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ABSTRACT 

Research in 2007 continued the general program of analysing microorganisms and gas 
in deep groundwater. New tasks examined the presence of anaerobic methane oxidation, 
the growth of slime on the tunnel walls of ONKALO, and the possible presence of 
microorganisms that produce complexing agents in groundwater and the slime. 

Microbiology, chemistry, and dissolved gas data were assembled in 2007 from three 
deep drillholes in Olkiluoto, Finland, ranging in depth from 39.5 to 294.0 m and in 
2005–2007 from six drillholes in ONKALO ranging in depth from 7.1 to 78.5 m. In 
addition, 24 analyses of gas from nine deep drillholes ranging in depth from 16 to 490 
m and one analysis of gas from an ONKALO drillhole of a depth of 14.6 m were 
executed. The microbiology of shallow and deep groundwater from Olkiluoto had 
previously been analysed for almost three years from 2004 to 2006. Microbiological and 
geochemical data strongly suggested that the anaerobic microbial oxidation of methane 
(ANME) is active at a depth of approximately 300 m in Olkiluoto. However, proof of 
the presence and activity of ANME microorganisms was deemed necessary before the 
existence of active ANME processes in Olkiluoto groundwater could be accepted. Part 
of the research on behalf of Posiva Oy in 2007 therefore was focused on the 
development and testing of methods for detecting ANME microorganisms. The 
groundwater from the ONKALO tunnel was also analysed, and slimy biofilms were 
found growing on the rock walls at some positions in ONKALO late 2006. It was 
assumed that the ONKALO slime microbes were growing on various substances added 
to the shotcrete, the injected concrete, or both. Part of the 2007 research focused on 
detailed analysis of the slime microorganisms and their potential for acid production. 
The presence of microorganisms that produce complexing agents, for example, 
siderophores such as pyoverdin and ferrioxamine, was indicated in 2006 in the 
ONKALO slime as judged from DNA diversity data. It was deemed important to start 
researching the prevalence of microbes, present in Olkiluoto groundwater and 
ONKALO slime, having the ability to produce complexing agents.  

The total amount of gas was found to increase with depth, as was the case in previous 
years. There was great variability in total gas volume over depth down to a depth of 
approximately 300 m, consistent with the results from 2005–2006. Three different 
methods were used to analyse the groundwater samples: TNC returns cell numbers, 
adenosine triphosphate (ATP) returns a measure of biomass, and cultivation returns a 
measure of microbe diversity and numbers. The outputs of these independent methods 
were found to correlate. ATP and TNC have previously been shown to correlate, but the 
demonstration of correlation between ATP and most probable number (MPN) 
cultivations is new and supports the quality of the MPN results. Adding a quantitative 
polymerase chain reaction (Q-PCR) method to groundwater investigations, combined 
with isolating and characterizing cultivable microorganisms from the highest dilutions 
of the MPN tubes, will reveal specific details about the diversity and activity of the 
studied populations. Q-PCR methods were successfully developed in 2007. A schematic 
model of the processes ongoing in the ONKALO slime has been postulated. 
Formaldehyde and other organic compounds from the grout additions and the methane 
promote the growth of methanotrophs and aerobic and iron-reducing microbes in the 
ONKALO slime. Oxygen can be derived from the air and ferric iron from iron oxides. 
Methanogens, located deep within the ONKALO slime where oxygen is depleted, 



 

produce methane as a final decomposition step after the organic carbon sources added 
with the grouting are degraded by the aerobic microbes. Sulphide is produced via 
sulphate reduction and precipitates with ferrous iron forming iron sulphide, which 
subsequently is converted to sulphuric acid in contact with air, causing pit corrosion of 
concrete. The results suggest that microbes that produce complexing agents are 
favoured by the grouting additions. Research in 2007 also investigated microorganisms 
that produce complexing agents in Olkiluoto and ONKALO. Samples were analysed for 
DNA signatures typical of pyoverdin producers such as Pseudomonadaceae and 
Shewanella. The results indicate that such microorganisms were more common than 
expected. They were frequently found in numbers of 1000 or more per mL of 
groundwater and were also found in the ONKALO slime. Several organisms were 
isolated and tested for their production of complexing agents, which are produced under 
both aerobic and anaerobic conditions. Detailed characterization of the isolates is 
continued in 2008. 

 



 

OLKILUODON POHJAVEDEN MIKROBIOLOGIA, TULOKSET JA 
TULOSTEN TULKINTA 2007 
 
TIIVISTELMÄ 

Vuoden 2007 aikana suoritetut tutkimukset jatkoivat yleistä, syvissä pohjavesissä 
esiintyvien mikro-organismien ja kaasujen tutkimusohjelmaa. Uutena tutkimuskohteena 
tarkasteltiin anaerobista metaanin hapettumista, biofilmin kasvua ONKALOn seinissä, 
sekä kompleksinmuodostajina toimivien mikro-organismien läsnäoloa pohjavedessä ja 
ONKALOn seinien biofilmeissä. 

Mikrobiologinen, kemiallinen, sekä liuenneiden kaasujen koostumusta kuvaava data 
koottiin vuonna 2007 kolmesta, syvyydeltään 39,5–294,0 m kairanreiästä, ja vuonna 
2005–2007 kuudesta ONKALOon kairatusta kairanreiästä. ONKALOon kairatut reiät 
olivat pituudeltaan 7,1–78,5 m. Lisäksi yhdeksästä 16–590 m pituisesta kairanreiästä 
suoritettiin 24 kaasuanalyysia, sekä yksi kaasuanalyysi ONKALOssa sijaitsevasta 14,6 
m kairanreiästä. Olkiluodon matalien ja syvien pohjavesien mikrobiologiaa on aiemmin 
tutkittu lähes kolmen vuoden mittaisella jaksolla vuosien 2004–2006 välillä. 
Mikrobiologinen, sekä geokemiallinen data viittaavat voimakkaasti mikrobitoiminnasta 
johtuvaa anaerobista metaanin hapettumista (ANME) tapahtuvan Olkiluodossa noin 300 
m syvyydellä. Aktiivisten, Olkiluodon pohjavedessä tapahtuvien ANME -prosessien 
olemassaolon varmistamiseksi tarvitaan kuitenkin todisteita ANME mikro-organismien 
läsnäolosta ja toiminnasta. Tästä syystä osa Posiva Oy:n tutkimustoiminnasta keskittyi 
vuonna 2007 ANME mikro-organismien havaitsemismenetelmien kehittämiseen ja 
testaamiseen. Tutkimuksissa analysoitiin myös ONKALOsta kerättyä pohjavettä, ja 
vuoden 2006 loppupuolella havaittiin limamaisen biofilmin kasvavan paikoin 
ONKALOn seinämillä. Limassa esiintyvien mikrobien oletettiin käyttävän ravinnokseen 
ruiskubetoniin tai injektointimassaan lisättyjä lisäaineita. Osa vuoden 2007 
tutkimuksista keskittyi limassa esiintyvien mirko-organismien ja niiden hapon-
tuottopotentiaalin yksityiskohtaiseen analyysiin. Kompleksinmuodostajien, esim. 
Siderophorien kuten pyoverdin tai ferrioxamiinin tuottajina toimivien mikro-
organismien olemassaolosta ONKALOn limassa saatiin viitteitä vuonna 2006 DNA-
datan perusteella. Tästä syystä tutkimusten aloittaminen kompleksinmuodostajien 
tuottajina toimivien mikrobien levinneisyyden selvittämiseksi Olkiluodon pohjavedessä, 
sekä ONKALOn limassa katsottiin tarpeelliseksi.  

Edellisten vuosien tapaan liuenneen kaasun määrän todettiin lisääntyvän syvyyden 
myötä. Vuosina 2005-2006 saatujen tulosten tapaan kaasun kokonaismäärässä oli 
havaittavissa suurta vaihtelevuutta n. 300 m syvyydelle asti. Pohjavesinäytteiden 
analysoinnissa käytätettiin kolmea eri metodia: TNC -menetelmällä saadaan selville 
solujen kokonaismäärän, adenosiini trifosfaattimenetelmällä (ATP) saadaan selville 
biomassan suuruus, ja soluviljelyn avulla voidaan selvittää mikrobien lajirunsautta ja 
kokonaismäärää. Kolmen itsenäisen analyysimenetelmän tulosten havaittiin korreloivan. 
ATP- ja TNC -metodien tulosten on jo aiemmin tiedetty korreloivan, mutta korrelaatiota 
ATP:n ja soluviljelyn tulosten (Most Probable Number, MPN) välillä ei ole ennen 
havaittu ja sen havaitseminen tukee MPN tulosten luotettavuutta. Kvantitatiivisen 
polymeraasiketjureaktiometodin (Q-PCR) käyttöönotto pohjavesitutkimuksissa, 
yhdistettynä viljeltävien mikro-organismien eristämiseen ja karakterisointiin MPN -
putkien suurimmista laimennoksista tuottaa täsmällistä tietoa tarkasteltujen popu-



 

laatioiden diversiteetistä ja toiminnasta. Q-PCR -menetelmiä kehitettiin onnistuneesti 
vuonna 2007. Injektointimassan lisäaineiden sisältämä formaldehydi, sekä muut 
orgaaniset yhdisteet edistävät metaanin ohella metanotrofisten, aerobisten, sekä 
raudanpelkistäjäbakteerien kasvua ONKALOn seinien biofilmissä. Mikrobit saavat 
tarvitsemansa hapen ONKALOn ilmasta, kun taas rautaoksidit toimivat ferriraudan 
lähteinä. ONKALOn seinien biofilmien syvimmissä, hapettomissa osissa elävät 
metanogeeniset mikrobit tuottavat metaania lopullisena hajoamistuotteena, sen jälkeen, 
kun aerobiset mikrobit ovat kuluttaneet injektointimassan sisältämän orgaanisen hiilen. 
Sulfidien tuotanto tapahtuu sulfaattien pelkistymisen kautta ferroraudan muodostaessa 
rautasulfidia. Rautasulfidi muodostaa rikkihappoa joutuessaan kosketuksiin ilman 
kanssa, mikä aiheuttaa betonin syöpymistä. Tulokset viittaavat injektointimassan 
lisäaineiden edistävän kompleksinmuodostajia tuottavien mikrobien kasvua.  

Vuoden 2007 tutkimuksissa tarkasteltiin myös kompleksimuodostajien tuottajina 
toimivia mikrobeja Olkiluodon alueella, sekä ONKALOssa. Näytteistä analysoitiin 
tyypillisten pyoverdin tuottajina toimivien mikrobien, kuten Pseudomoadaceae ja 
Shewanella DNA-jäljet. Tulosten mukaan kyseiset mikro-organismit ovat yleisempiä 
kuin aiemmin oli odotettu, ja mikrobeja tavattiin säännöllisesti yli 1000 millilitrassa 
pohjavettä, sekä ONKALOn seinien biofilmeissä. Useita mikro-organismeja eristettiin 
ja testattiin niiden kompleksinmuodostajien tuottokyvyn suhteen, joka tapahtuu sekä 
aerobisissa, että anaerobisissa oloissa. Eristettyjen organismien yksityiskohtaista 
karakterisointia jatketaan vuonna 2008. 
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Key to abbreviations used frequently in the text 
Abbreviation Meaning Short description 
AA Autotrophic acetogens Microbes able to produce acetate from carbon 

dioxide and hydrogen 

AGW Analytical-grade water Purified water  

AM Autotrophic methanogens Microbes able to produce methane from carbon 
dioxide and hydrogen 

AODC Acridine orange direct count Method based on nucleic acid staining for the 
determination of cell numbers  

apsA Adenosine-5’-phosphosulphate 
reductase alpha subunit 

Part of a key enzyme in the reduction of sulphate 
by sulphate-reducing bacteria 

ART Agar roll tubes Tubes for the anaerobic isolation of 
microorganisms 

ATP Adenosine triphosphate Energy carrier in a living organism 

CFU Colony-forming unit A cell that has divided repeatedly, e.g., on an agar 
plate, forming a dense colony of many identical 
cells 

CHAB Culturable heterotrophic aerobic 
bacteria 

Microbes able to live on oxygen and organic 
carbon and that grow in the laboratory 

DNA Deoxyribonucleic acid The genetic code, which builds the genome unique 
to each organism 

fthfs Formyltetrahydrofolate synthetase  Part of a key enzyme in the production of acetate 
by acetogens 

HA Heterotrophic acetogens Microbes able to produce acetate from organic 
carbon 

HM Heterotrophic methanogens Microorganisms able to produce methane from 
organic carbon 

IRB Iron-reducing bacteria Microbes able to reduce iron(III) in their respiration 

MOB Methane-oxidizing bacteria Oxygen-dependent microbes able to use methane 
as a carbon and energy source 

MPN Most probable number Method for enumeration of microbes 

MRB Manganese-reducing bacteria Microbes able to reduce manganese(IV) in their 
respiration 

NRB Nitrate-reducing bacteria Microbes able to reduce nitrate in their respiration 

PCR Polymerase chain reaction Technique used to exponentially amplify DNA or 
RNA 

Q-PCR Quantitative polymerase chain 
reaction 

Technique used to quantify DNA or RNA using the 
PCR method 

RNA  Ribonucleic acid  Part of the ribosome, which constructs all the 
proteins in an organism 

rDNA Ribosomal DNA DNA encoding for the ribosome 

SRB Sulphate-reducing bacteria Microbes able to reduce sulphate in their 
respiration 

TGGE Temperature-gradient gel 
electrophoresis 

Method for separating different DNA 
macromolecules 

TNC Total number of cells The number of cells in a water sample or on a solid 
phase, usually determined by means of 
microscopy using the AODC method 
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1 INTRODUCTION 

The microbiology of shallow and deep groundwater in Olkiluoto, Finland, was analysed 
for almost three years from 2004 to 2006. The extensive sampling and analysis 
programme produced a substantial database, including 60 analytical datasets on the 
microbiology of Olkiluoto groundwater, described and interpreted previously in 
Pedersen (2008). Shallow groundwater in Olkiluoto contained dissolved oxygen at 
approximately 10% or less of saturation. The presence of aerobic and anaerobic 
microorganisms, including methane-oxidizing bacteria, was documented. The data 
confirmed earlier findings suggesting that oxygen reduction processes were ongoing in 
the shallow part of the bedrock. These microbial processes reduce intruding oxygen in 
the shallow groundwater using dissolved organic carbon and methane as the main 
electron donors. Shallow groundwater was not analysed in 2007. Microbiological and 
geochemical data strongly indicated that the anaerobic microbial oxidation of methane 
(ANME) is active at depths down to approximately 300 m in Olkiluoto, as has been 
suggested previously, based on interpretations of geochemical data (Andersson et al. 
2007). However, proof of the presence and activity of ANME microorganisms was 
deemed necessary before the existence of active ANME processes in Olkiluoto 
groundwater could be accepted. Part of the research on behalf of Posiva Oy in 2007 
therefore focused on the development and testing of methods for detecting ANME 
microorganisms. Groundwater from the ONKALO tunnel was also analysed as part of 
the research. 

Growth of slimy biofilms on the rock walls was found at some positions in ONKALO in 
late 2006. These biofilms seemed far too thick to have fed on groundwater only. It was 
assumed that the ONKALO slime microbes were growing on various substances added 
to the shotcrete, the injected concrete, or both. If the slime is growing on substances in 
the concrete, sulphide production would not be limited by the energy sources contained 
in the groundwater only; rather, it could occur on the tunnel wall, under the slime, and 
in the aquifers. It was hypothesized that the sulphide under the slime would eventually 
oxidize to sulphuric acid that might corrode the shotcrete, thereby creating a risk of 
falling rock and concrete from the tunnel roof. This is a classic problem in many 
underground sewer systems made of concrete. Part of the 2007 research involved 
detailed analysis of the slime microorganisms and their potential for acid production.  

Microorganisms that produce complexing agents, for example, siderophores such as 
pyoverdin and ferrioxamine (Johnsson et al. 2006; Essén et al. 2007; Moll et al. 2007, 
2008), have been found in shallow Olkiluoto groundwater and in the ONKALO slime as 
judged from DNA diversity data. It was deemed important to research the extent of the 
microbial production of complexing agents in Olkiluoto groundwater and in the 
ONKALO slime.  

1.1 Olkiluoto (OL) investigations, 2007 
Microbiology, chemistry, and dissolved gas data were assembled from three deep 
drillholes in Olkiluoto ranging in depth from 39.5 to 294.0 m. In addition, 24 gas 
analyses covering nine deep drillholes ranging in depth from 16 to 490 m were 
executed. Sampling and analysis protocols had previously been adapted and tested for 
quality and reproducibility (Pedersen 2008), and contamination controls were also 
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performed. Biomass was determined by calculating total numbers of microorganisms 
and concentrations of ATP. The aerobic cultivation method used comprised aerobic 
plate counts. Anaerobic MPN methods were used to determine nitrate-, iron-, 
manganese-, and sulphate-reducing bacteria, acetogenic bacteria, and methanogens. The 
concentrations of dissolved nitrogen, oxygen, methane, helium, carbon dioxide, 
hydrogen, carbon monoxide, and ethane were analysed. The results of these analyses 
have been merged and interpreted, and the outcome is reported. Cultivation and 
molecular methods for detecting ANME microorganisms in deep groundwater were 
developed and tested on groundwater from OL-KR-6 (328 m) and OL-KR-13 (294 m). 
Cultivation for MPN and ANME resulted in enrichment cultures from which 
representative strains could be isolated and described, and analysed for their ability to 
produce complexing agents. 

1.2 ONKALO (ONK) investigations, 2005 – 2007 
Microbiology, chemistry, and dissolved gas data were assembled from 2005 to 2007 
from six drillholes in ONKALO ranging in depth from 7.1 to 78.5 m. In addition, gas 
was analysed from one drillhole of a depth of 14.6 m. Sampling and analysis protocols 
had previously been adapted and tested for quality and reproducibility (Pedersen 2008). 
The aerobic cultivation methods used comprised aerobic plate counts and MPN 
determinations of aerobic methane-oxidizing bacteria. Anaerobic MPN methods were 
used to determine nitrate-, iron-, manganese-, and sulphate-reducing bacteria, 
acetogenic bacteria, and methanogens. The concentrations of dissolved nitrogen, 
oxygen, methane, helium, carbon dioxide, hydrogen, carbon monoxide, and ethane were 
analysed. The six ONKALO drillholes were also analysed for the presence of 
microorganisms that produce complexing agents. Representative strains were isolated 
and described. The sites in ONKALO with slime formation were sampled in fall 2006 
and fall 2007. Research was performed to describe the microbiology and geochemistry 
of the slime, and to understand the underlying cause of the observed abundat slime 
growth and the potential influence of the slime on the ONKALO construction and a 
future repository. 
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2 MATERIALS AND METHODS 

Materials, methods, and analytical procedures were described in detail in the recent 
Posiva report 2008-2 (Pedersen 2008). That report is referred to for materials, methods, 
and analytical procedures used previously; descriptions and details of new materials, 
methods, and analytical procedures will be given in this working report. The findings of 
previous work have been presented in Pedersen et al. (2008). 

2.1 Sampling procedures  

Deep groundwater samples for the analysis of gas and microbiology were taken as 
described previously (Pedersen 2008). New in 2007 was the sampling of a deep 
drillhole by pumping groundwater from the sampling depth to the surface (OL-KR 6, 
422–428 m section) and the sampling of drillholes, fractures, and slime in ONKALO. 

2.1.1 Sampling and analysis of dissolved gas in groundwater 

The groundwater was sampled using the PAVE system. The procedures for sampling 
and analysing gas using PAVE have been evaluated using appropriate quality controls 
(Pedersen 2008). The sampled drillholes are listed in Table A-1. Analysis of dissolved 
gas is as described in the Appendix of the Posiva 2008-2 report (Pedersen 2008). 

2.1.2 Sampling deep Olkiluoto groundwater for microbiology using PAVE 

The deep groundwater was sampled using the PAVE system. The procedures for 
microbiological analysis using PAVE have been evaluated using appropriate quality 
controls (Haveman et al. 1999). The four sampled drillholes are listed in Table A-2. The 
methods for pressure vessel use and microbe sampling have been previously evaluated 
(Hallbeck and Pedersen 2008). 

2.1.3 Sampling OL-KR 6 422–428 m with a drillhole pump 

Drillhole OL-KR 6 was equipped with a bladder pump and new tubing to the surface 
before start of the sampling. Pumping began 18 October 2007 at an intermittent rate of 
650 mL over 2 min every 5 min, resulting in an average pumping rate of 130 mL per 
minute. Dates and times for sampling are listed in Table A-2. The first sampling was 
done approximately 24 h after start of pumping. Samples were taken during the 
pumping intervals either using sterile syringes or directly into sampling vessels. Ten 
sealable, sterilized anaerobic glass tubes (no. 2048-00150; Bellco Glass, Vineland, NJ, 
USA), sealed with butyl rubber stoppers (no. 2048-117800; Bellco Glass) and 
aluminium crimp seals (no. 2048-11020, Bellco Glass), were each filled with 
approximately 10 mL of sampled groundwater for analysis of the most probable number 
(MPN) of cultivable microorganisms. From each sampling point, seven sterile, 50-mL 
polypropylene tubes (Sarstedt, Landskrona, Sweden) were filled with groundwater. 
Three samples were subsequently analysed for ATP, three for the total number of cells 
(TNC), and one for cultivable, heterotrophic aerobic cells (CHAB) as described in 
section 2.2. In addition, samples were taken for RNA and DNA analysis as described 
for the respective methods in section 2.3. 
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2.1.4 Sampling the ONKALO groundwater 

The sampled ONKALO drillholes and dates are listed in Table A-1 (for gas) and Table 
A-2 (for microbiology). The drillholes stood open before and during sampling, and the 
flow rates adjusted according to Table 2-1. Two different methods were employed for 
sampling. The PAVE sampler were used for sampling drillhole ONK-PVA 1 on 26 
October 2005 and for sampling ONK-PVA 1, ONK-PVA 2, and ONK-PVA 3 on 10 
April 2007. Samples were transferred from the PAVE sampler directly into the 
sampling vessels. The PAVE sampler was also used for sampling gas from ONK-PVA 
1 on 4 June 2007. The remaining samples from ONK-KR 1–3 and ONK-PVA 1–3 were 
sampled into the respective sampling vessels in the tunnel. The sampling vessels were 
as follows: 10 sealable, sterilized anaerobic glass tubes (no. 2048-00150; Bellco Glass), 
sealed with butyl rubber stoppers (no. 2048-117800; Bellco Glass) and sealed with 
aluminium crimp seals (no. 2048-11020, Bellco Glass), were each filled with 
approximately 10 mL of sampled groundwater for analysis of the most probable number 
(MPN) of cultivable microorganisms. At each sampling point, seven sterile, 50-mL 
polypropylene tubes (Sarstedt, Landskrona, Sweden) were filled with groundwater. 
Three samples were subsequently analysed for ATP, three for the total number of cells 
(TNC), and one for cultivable, heterotrophic, aerobic cells (CHAB), as described below. 
In addition, samples were taken for RNA and DNA analysis as described for the 
respective methods below. 

Table 2-1. Flow rates in ONKALO drillholes in October 2007. The flow rates were 
adjusted with valves to particular sampling rates.  

Drillhole Sampling flow rate 
(mL min–1) 

Maximal flow rate 
(mL min–1) 

ONK-KR 1 20–25 250 

ONK-KR 2 30–38 150 

ONK-KR 3 6–10 6–10 

ONK-PVA 1 170 750 

ONK-PVA 2 4–6 4–6 

ONK-PVA 3 60–70 125 

2.1.5 Sampling the ONKALO slime 

Slime at the 555-m, 575-m, and 771-m positions in the ONKALO tunnel was sampled 
on 2006-10-13 (Table 2-2). The ONKALO slime at the 550-m (Figure 2-1) and 771-m 
positions in the ONKALO tunnel was sampled on 2007-10-21 (Table 2-3). The slime 
was collected using sterilized tweezers, spoons, and knives from the walls of the tunnel 
and placed in different sterile vessels depending on the parameter to be examined, as 
outlined in Table 2-2 and Table 2-3. 



9 

 

Table 2-2. Parameters examined and sampling procedures for the ONKALO slime 
sampled on 2006-10-13. 

Analysed 
parameter 

Sample vessel Addition in vessel Storage 

1. Morphology 50-mL Falcon tube 
(GTF, Göteborg, 
Sweden) 

--- 4°C until analysis 

2. Identification of the 
dominant species 

50-mL Falcon tube 
(GTF, Göteborg, 
Sweden) 

--- 4°C until analysis 

 

 

Figure 2-1. Sampling the ONKALO slime at the 550-m position in the ONKALO tunnel. 
Sterile vessels and tweezers were used during sampling. 
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Table 2-3. Parameters examined and sampling procedures for the ONKALO slime 
sampled on 2007-10-21. 

Analysed 
parameter 

Sample vessel Addition in 
vessel 

Storage 

1. Morphology 50-mL Falcon tube (GTF, Göteborg, 
Sweden) 

Formalin to an end 
concentration of 2% 

4°C until analysis 

2. Identification of the 
dominant species 

15-mL Falcon tube (GTF, Göteborg, 
Sweden) 

5 mL of sterile 0.9% 
NaCl solution 

4°C until analysis 

3. Presence of aerobic 
microbes 

15-mL Falcon tube (GTF, Göteborg, 
Sweden) 

5 mL of sterile 0.9% 
NaCl solution 

4°C until analysis 

4. Identification of 
pyoverdin-producing 
microbes 

15-mL Falcon tube (GTF, Göteborg, 
Sweden) 

5 mL of sterile 0.9% 
NaCl solution 

4°C until analysis 

5. Presence of SRB  10-mL syringe with needle and 
subsequent inoculation into an 
anaerobic tube (see section 2.5.5) 

--- Room 
temperature until 
analysis 

6. Acidity of the slime  Ө 90 mm Petri dish --- 4°C until analysis 
7. Carbon in the water 
from the slime 

50-mL Falcon tube (GTF, Göteborg, 
Sweden) 

--- –22°C until 
analysis 

8. Composition in the 
slime gas 

20-mL syringe with needle and 
subsequent inoculation into an 
evacuated 8-mL vial (see section 
2.5.8) 

Glass beads as 
volume reducer 

Room 
temperature until 
analysis 

9. Biologically 
produced gas 

See no. 8 See no. 8 See no. 8 

2.2 Methods for microbiological analyses 

2.2.1 Determining total number of cells 

The total number of cells (TNC) was determined using the acridine orange direct count 
(AODC) method as devised by Hobbie et al. (1977) and modified by Pedersen and 
Ekendahl (1990). Details can be found in the Posiva 2008-2 report (Pedersen 2008). 

2.2.2 ATP analysis 

The ATP Biomass Kit HS for determining total ATP in living cells was used (no. 266-
311; BioThema, Handen, Sweden). This analysis kit was developed based on the results 
of Lundin et al. (1986) and Lundin (2000). The ATP biomass method used in this work 
has previously been described, tested in detail, and evaluated for use with 
Fennoscandian groundwater, including Olkiluoto groundwater (Eydal and Pedersen 
2007). 

2.2.3 Determining cultivable aerobic bacteria 

Petri dishes containing agar with nutrients were prepared as described elsewhere 
(Pedersen and Ekendahl 1990) for determining the numbers of CHAB in groundwater 
samples. Ten-times dilution series of culture samples were made in sterile analytical 
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grade water (AGW), purified using the Millipore Elix 3 system (Millipore, Solna, 
Sweden), containing 1.0 g L 1 of NaCl and 0.1 g L 1 of K2HPO4; 0.1-mL portions of 
each dilution were spread with a sterile glass rod on the plates in triplicate. The plates 
were incubated for 7–9 days at 20°C, after which the number of colony-forming units 
(CFU) was counted; plates containing 10–200 colonies were counted. Details can be 
found in the Posiva 2008-2 report (Pedersen 2008). 

2.2.4 Analysis of most probable number of cultivable anaerobic 
microorganisms 

Anaerobic media for determining the most probable number of microorganisms (MPN) 
in groundwater were prepared according to the procedures described by Widdel and Bak 
(1992). The specifications of the media were formulated based on previously measured 
chemical data from Olkiluoto. This allowed the formulation of artificial media that 
mimicked in situ groundwater chemistry as closely as possible, for optimal microbial 
cultivation (Haveman and Pedersen 2002). Media for several metabolic groups, i.e., 
nitrate-reducing bacteria (NRB), iron-reducing bacteria (IRB), manganese-reducing 
bacteria (MRB), sulphate-reducing bacteria (SRB), autotrophic acetogens (AA), 
heterotrophic acetogens (HA), autotrophic methanogens (AM), and heterotrophic 
methanogens (HM), were autoclaved and anaerobically dispensed according to the 
formulations described in the Posiva 2008-2 report (Pedersen 2008). Inoculations for 
NRB, IRB, MRB, SRB, AA, HA, AM, and HM were performed in the laboratory within 
24 h from sampling for deep and ONKALO groundwater samples. The MPN 
procedures resulted in protocols for scoring tubes positive or negative for growth, 
relative to control levels. Five parallel tubes for each of three dilutions were used to 
calculate the MPN of each group, according to the calculations of the American Public 
Health Association (1992). The lower and upper 95% confidence intervals for the MPN 
method applied to five parallel tubes equalled approximately 1/3 and 3 times the 
obtained values, respectively; the detection limit was 0.2 cells mL 1. Further details of 
the procedures can be found in the Posiva 2008-2 report (Pedersen 2008). 

2.2.5 Isolating and characterizing microorganisms 

Agar roll tubes (ARTs) were prepared from three different main ingredients: the agar 
tubes (described below), sterile MPN medium (the same as in the MPN cultures, see 
section 2.2.4) in 100-mL serum bottles (Nordic Pack, Stockholm, Sweden), and the 
bacteria used for the MPN cultures (Table A-3 and Table A-4). The highest dilutions of 
MPN cultures that tested positive in the MPN analysis were used to inoculate the ARTs. 
All isolation work on nitrate-reducing bacteria (NRB) was performed as described in 
section 2.2.6, except for the samples from OL-KR 37, 166–176 m. 

The ARTs were prepared by mixing 0.15 g L 1 of KH2PO4 (Merck, Darmstadt, 
Germany), 1.0 g L 1 of CaCl2 × 2H2O (Merck), 7.0 g L 1 of NaCl (Merck), 0.67 g L 1 of 
KCl (Merck), 1.0 g L 1 of NH4Cl (Merck), 0.5 g L 1 of MgCl2 × 6H2O (Merck), and 67 
g L 1 of agar (Merck) in AGW. The solution was sterilized in 1-L batches by 
autoclaving at 121°C for 20 min, and then immediately dispensed anaerobically in an 
anaerobic box (Coy Laboratories Products, Grass Lake, Michigan, USA) in 3-mL 
aliquots into 27-mL anaerobic tubes (no. 2048-00150; Bellco Glass). The tubes were 
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fitted with butyl rubber stoppers and sealed with aluminium crimp seals (nos. 2048-
117800 and 2048-11020, respectively; Bellco Glass).  

The tubes containing agar were stored at room temperature until ART preparation. The 
agar in the agar tubes was melted in boiling water. To temper the agar tubes and keep 
the agar liquid they were moved into a water bath at approximately 60 C. Sterile MPN 
medium was adjusted to 45 C in a water bath. To a tube containing liquefied agar, 7 mL 
of 45 C MPN medium and 1 mL of bacterial culture of an appropriate cell density were 
carefully added; the ingredients were mixed by gently turning the tube. The tubes were 
then placed directly into an ART device that spun them, forcing the inoculated agar, 
containing nutrients, to become distributed on the inside surface of the tube until the 
agar solidified.  

Table 2-4. Microorganisms were isolated from MPN cultures from different drillholes; 
i.o. = isolation work has started and pure cultures are growing; p.c. = pure cultures 
obtained, 16S = 16S DNA sequencing has been performed, blank = MPN not 
performed; x = isolation not performed. 

Drillhole 
 

Sampled 
(Y-M-D) 

Depth 
(m) 

NRB SRB AA 

OL-KR 37 2006-11-28 111.6 p.c./16S p.c. p.c./16S 
OL-KR 40 2007-05-07 255.1 p.c./16S p.c./16S p.c. 
OL-KR 13 2007-08-08 294.0 p.c./16S p.c./16S p.c./16S 
OL-KR 30 2007-11-19 39.5 i.o. i.o. i.o. 
OL-KR 42 2007-12-03 328.4 i.o. i.o. i.o. 
OL-KR 6 2007-10-19 328.4  x x 
OL-KR 6 2007-10-20 328.4  x i.o. 
OL-KR 6 2007-10-21 328.4  i.o. x 
OL-KR 6 2007-10-23 328.4  i.o. i.o. 
OL-KR 6 2007-10-24 328.4  i.o. i.o. 
OL-KR 6 2007-10-25 422–428  i.o. i.o. 

ONK-PVA 1 2005-10-25 14.6 x x x 

ONK-PVA 1 2006-04-28 14.6 x x x 

ONK-PVA 1 2006-10-13 14.6 x x x 

ONK-PVA 1 2007-04-10 14.6 x x x 

ONK-PVA 1 2007-10-21 14.6 p.c.   

ONK-PVA 2 2007-04-10 65.2 x x x 

ONK-PVA 2 2007-10-20 65.2 i.o.   

ONK-PVA 3 2007-04-10 78.5 x x x 

ONK-PVA 3 2007-10-20 78.5 p.c.   

ONK-KR 1 2005-10-13 7.1    

ONK-KR 1 2007-10-21 7.1 i.o.   

ONK-KR 2 2005-10-13 30.5    

ONK-KR 2 2007-10-24 30.5 p.c./16S   

ONK-KR 3 2007-10-20 44.8 p.c.   
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After incubation the ARTs at 17°C for 6–16 weeks, the colonies formed were examined 
by ocular inspection and counted. Some of them were selected for further cultivation; 
the colonies selected were transferred, in an anaerobic box, into liquid MPN medium in 
sealed, anaerobic tubes as described above. These cultures were again incubated at 17°C 
but for only 1–13 weeks, until growth was observed. After incubation, the cultures were 
filtered and stained with acridine orange, as described in section 2.2.1, and examined 
under a microscope (Nikon DIAPHOT 300; Tekno-Optik Göteborg, Sweden) to 
evaluate the morphology and confirm that pure cultures had been obtained. Some of 
these cultures were selected for 16S rDNA-sequencing. DNA extraction was performed 
as described in section 2.3.2, except that 1.5 mL of culture instead of 10 mL was used. 
PCR was then performed and the samples were sequenced as described in section 2.3.5, 
except that they were not cloned before sequencing.  

2.2.6 Analysis of producers of complexing agent producers 

Cultures from MPN tubes containing nitrate-reducing bacteria (NRB) were plated 
aerobically on nutrient agar with a content similar to the basal NRB medium (Pedersen 
2008), including agar 15 g L 1 (Merck). Yellow staining of the agar indicated the 
production of pyoverdin, so such cultures were focussed on in subsequent isolation and 
characterization procedures. Single colonies were selected and subcultured in anaerobic 
tubes containing liquid NRB medium. After growth, the cultures were filtered, stained 
with acridine orange, and examined under a microscope to confirm morphology and that 
pure cultures were obtained. Several of these cultures were selected for 16S rDNA-
sequencing as described in section 2.3.5. The chrome azurol S (CAS) assay was used to 
check for complexing compounds, as described elsewhere (Johnsson et al. 2006). 

2.3 Molecular Biology – DNA methods 

2.3.1 Sampling procedures 

Samples were repeatedly taken from OL-KR 6 at a depth of 328 m as described in 
section 2.1.3. One sample was taken every day for six days to investigate the possible 
effects of pumping and to scan for ANME genetic signatures. Additional groundwater 
samples were taken in the ONKALO tunnel from the following drillholes: ONK-KR 1 
(at a depth of 7.1 m), ONK-KR 2 (at a depth of 30.5 m), ONK-KR 3 (at a depth of 44.8 
m), ONK-PVA 1 (at a depth of 14.6 m), ONK-PVA 2 (at a depth of 65.2 m), and ONK-
PVA 3 (at a depth of 78.5 m). Samples were taken from two different slimes on the 
ONKALO tunnel wall, as described in section 2.1.4; one was white and included gas 
while the other was pink and solid. The white slime was growing at the 550-m position 
in the tunnel and the pink slime at the 771-m position.  

2.3.2 DNA extraction 

Total genomic DNA was extracted from 10 mL of each groundwater sample using the 
DNeasy Blood&Tissue kit (no. 69504; QIAGEN, Solna, Sweden) according to the 
manufacturer’s protocol for Gram positive bacteria. The DNA extractions were then 
stored at –20°C. 
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2.3.3 RNA extraction and Q-PCR standards 

RNA was extracted from 500–650 mL of groundwater that was filtered at the drillhole 
site within a few minutes of sampling in a 500-mL sterile plastic Filtropur BT50 0.2-
μm, 500-mL bottle top filter (no. 83.1823.101; Sarstedt, Landskrona, Sweden) screwed 
onto a 1-L glass bottle (Fisher Scientific, Göteborg, Sweden) and connected to a 
vacuum pump (no. N810FT.18; KF LAB, Neuberger, Germany). The filter was cut out 
and immediately placed into 15 mL of RNA Later solution (no. AM7021; Ambion, 
Stockholm, Sweden); the filter was washed with the RNA Later solution and then 
discarded. The RNA Later solution containing the cells was subsequently centrifuged at 
8000 rpm for 15 min in the laboratory in Göteborg, the supernatant was discarded, and 
the total RNA was extracted from the pellet using the RNeasy Mini kit (no. 74104; 
QIAGEN, Solna Sweden) according to the manufacturer’s protocol. RNA concentration 
was measured on a NanoDrop ND-1000 UV-Vis spectrophotometer (NanoDrop 
Technologies, Wilmington, DE, USA) and extracted RNA was stored at –80°C. The 
RNA quality was checked on a 1% formaldehyde agarose gel.  

A standard curve for quantifying adenosine-5’-phosphosulphate reductase alpha subunit 
(apsA) was produced by extracting total RNA from 8 mL of a pre-culture of 
Desulfovibrio aespoeensis (#SRB5) in pure culture (Motamedi and Pedersen 1998). A 
standard curve for quantifying the formyltetrahydrofolate synthetase (fthfs) was 
produced by extracting total RNA from 8 mL of a pre culture of Acetobacterium 
carbinolicum (#AA1) in pure culture. The RNA from these pure cultures was extracted 
according to the manufacturer’s protocol (QIAGEN). 

2.3.4 Selection and design of primers 

Two different primers were designed to detect the amounts of active sulphate-reducing 
bacteria and acetogens in different samples. The primers were designed in Primer3 
(http://frodo.wi.mit.edu/) to check for primer-dimer, hairpin structures, etc. The apsA 
gene is highly specific to sulphate-reducing microorganisms, so it was used to detect 
and quantify sulphate reducers. The primers were composed by aligning 30 sulphate 
reducers common in our investigated groundwater systems and identifying consensus 
primers in the apsA region. The Q-PCR primers for acetogens were designed in Primer3 
as well. The fthfs gene was the target gene-specific to different Acetobacterium species. 
The primers chosen for apsA were F304 (5´-GAG CGT GTC TTC ATC GTC AA-3´) 
and R416 (5´-GCG TTG CAG GTG TAG ACG TA-3´) and for fthfs were the 
acetocarb231f (5´-TAT GGC GGC CTT TTG TTT AG-3´) and acetofthfs478r (5´-TGG 
CAA TCA CGG AGT TAC AA-3´). 

2.3.5 PCR, cloning, and sequencing 

The eubacterial primers 27f and 1492r were used for the 16S rDNA PCRs (Lane 1991). 
Each PCR mixture for the bacterial 16S rRNA contained 0.5 μL of each primer solution 
(10 pmol μL 1), 20 ng of DNA, 12.5 μL × 2 of iProof Mastermix (no. 172-5310; Bio-
Rad Laboratories, Sundbyberg, Sweden) in a final reaction volume of 25 μL. 
Amplification was carried out on a thermal PCR cycler (MyCycler; Bio-Rad 
Laboratories). After initial denaturation for 3 min at 98°C, 30 cycles were performed, 



15 

 

each cycle consisting of 30 s at 98°C, 90 s at 59°C, and 90s at 72°C; a final extension 
step was carried out for 7 min at 72°C. PCR products were visualized on a 1% agarose 
gel containing ethidium bromide (EtBr) (no. 161-0433; Bio-Rad Laboratories) and the 
bands were then cut out and purified using the Gel Extraction kit (no. 28604; QIAGEN, 
Solna Sweden) according to the manufacturer’s protocol. They were then poly-A tailed 
according to the manufacturer’s protocol (Invitrogen, Lidingö, Sweden). This was done 
to secure A-overhang on the PCR products, since the DNA polymerase used was a 
proofreading enzyme that is unable to add the A bases at the ends of the PCR products. 
The products were cloned into pCR 2.1 using the TOPO TA Cloning Kit before being 
transformed into Top10F´ chemically competent Escherichia coli according to the 
manufacturer’s protocol (Invitrogen). Clones were selected and each clone was grown 
in 1 mL × 2 of YT medium containing 50 g mL 1 of kanamycin overnight. They were 
then extracted using the QIAprep Spin Miniprep Kit according to the manufacturer’s 
protocol (QIAGEN). The 16S rDNA gene sequences were then determined by the 
MWG Biotech Sequencing Team (Ebersberg, Germany) using the universal internal 
16S rRNA primer 907r and then aligned with sequences from GenBank using the 
BLAST tool at NCBI (http://www.ncbi.nlm.nih.gov) based on high BLAST score 
similarities. 

2.3.6 Temperature-gradient gel electrophoresis 

Temperature-gradient gel electrophoresis (TGGE) was performed using a DCode 
Universal Mutation Detection System (Bio-Rad Laboratories). A PCR was run using an 
optimized protocol for the GMF5 and 907r primers (Muyzer 1995). Each PCR mixture 
for universal bacterial 16S rDNA contained 0.5 μL of each primer solution (10 pmol 
μL 1), 30 ng of DNA, and 12.5 μL × 2 of iProof Mastermix in a final reaction volume of 
25 μL. Amplification was carried out on a thermal PCR cycler (MyCycler). After initial 
denaturation for 5 min at 98°C, 30 cycles were performed, each cycle consisting of 30 s 
at 98°C, 40 s at 67.5°C, and 30 s at 72°C; a final extension step was carried out for 7 
min at 72°C. PCR samples were applied directly onto 6% (w/v) polyacrylamide gels in 
1.25 × tris/acetic acid/EDTA (TAE) buffer containing 6 M urea (no. 161-0731; Bio-Rad 
Laboratories), 0.1% ammonium persulphate (no. 161-0700; Bio-Rad Laboratories), and 
0.1% N,N,N,N-Tetra-methyl-ethylenediamine (TEMED) (no. 161-0800; Bio-Rad 
Laboratories). Electrophoresis was performed at a constant voltage of 80 V and a 
temperature gradient of 57–65°C; the ramp rate used was 2°C h 1 and the gels were run 
for 4 h. After electrophoresis, the gels were incubated in 1.25 × TAE containing 1 × 
SYBR Green under aluminium foil for 30 min. The bands were then analyzed using a 
SYBR filter in a GelDoc according to the manufacturer’s protocol (Bio-Rad 
Laboratories). The strongest bands were cut from the TGGE gel and put into 100 μL of 
water overnight. This water, which contained DNA from the TGGE gel, was used as a 
template for a 16S rDNA PCR reaction as described in section 2.3.5, except that 1 μL of 
the water was used as a template. PCR products were run on a 1% agarose gel 
containing EtBr, and the bands were then cut with a scalpel and purified using the Gel 
Extraction kit as described above (section 2.3.5). The 16S rDNA gene sequences were 
then determined by the MWG Biotech Sequencing Team (Ebersberg, Germany) using 
the universal internal 16S rDNA primer 907r and then aligned with sequences from 
GenBank using BLAST at NCBI based on high BLAST score similarities. 
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2.3.7 Quantitative PCR for extracted RNA 

Real-time PCR reactions using total RNA as the template were conducted to produce 
complementary DNA (cDNA) that was then used in the quantitative PCR (Q-PCR). The 
Affinity Script RT kit (no. 600559; Stratagene, AH Diagnostics, Skärholmen, Sweden) 
was used for the RT reactions; 10 ng of total RNA was used for each reaction and the 
reactions were run according to the manufacturer’s protocol. This resulted in a cDNA 
concentration of 0.5 ng ul 1; this sample was serially diluted six times in ¼ increments 
for the apsA Q-PCR, 1 ng per reaction being the most concentrated standard sample. 
The 1/10 dilution turned out to be the best dilution for the standard curve for fthfs Q-
PCR, so the sample was diluted by 1/10 in six serial dilutions as well, 1 ng being the 
most concentrated standard sample. The Q-PCR reactions were run in duplicate to get as 
precise measurements of the Ct values as possible. Each PCR mixture contained 0.5 μL 
of each primer solution (10 pmol μl 1), 1 ng of cDNA, 12.5 μL × 2 of Brilliant SYBR 
Q-PCR Mastermix (no. 600548; Stratagene, AH Diagnostics AB) in a final reaction 
volume of 25 μL. Amplification was carried out on a Q-PCR thermal cycler (Mx3005P; 
Stratagene, AH Diagnostics AB). The primers were temperature optimized and the 
products with the standard samples were checked on agarose gels to verify the size of 
the fragments. The dissociation curves (melting curves) were also checked to evaluate 
the specificity of the primers. The optimal program for apsA consisted of initial 
denaturation for 10 min at 95°C, and then 40 cycles were performed, each cycle 
consisting of 30 s at 95°C, 1 min at 62°C, and 40 s at 72°C; a final extension step was 
carried out for 7 min at 72°C. The optimal program for fthfs consisted of initial 
denaturation for 10 min at 95°C, and then 40 cycles were performed, each cycle 
consisting of 30 s at 95°C, 1 min at 55°C, and 40 s at 72°C; a final extension step was 
carried out for 7 min at 72°C. 

2.4 Analysis of diversity and activity using molecular methods in 
groundwater 

2.4.1 OL-KR 6 328 m 

DNA was extracted from OL-KR 6 in six samples taken over seven days after the start 
of pumping, as described above (section 2.3.2). PCR, cloning, and sequencing were 
done as described in section 2.3.5, except that the number of PCR cycles used for the 
16S rDNA PCR was 35 for the samples taken from OL-KR 6. This was done because of 
problems amplifying bacteria from this drillhole, probably because of the high amount 
of dissolved solids in this groundwater. RNA was extracted as described above (section 
2.3.3), except that for the pure cultures used as standards, 8 mL was centrifuged directly 
and the pellet was then prepared according to the manufacturer’s protocol (section 
2.3.3). For the groundwater, RNA samples were extracted from 650 mL of groundwater 
filtered directly from the outlet tubing from the pump in the drillhole, to avoid RNA 
degradation. Q-PCR was performed as described in section 2.3.7.  
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Table 2-5. Samples analyzed by sequencing and Q-PCR from six sample occasions 
distributed over seven days after start of pumping in drillhole OL-KR 6, 328 m. 

Drillhole Sampling 
date 

16S rDNA 
primers 

Cloning Sequencing 
primer 

Q-PCR 
primers 

OL-KR 6 2007-10-19 27f/1492r - - apsA/fthfs 

OL-KR 6 2007-10-20 27f/1492r - - apsA/fthfs 

OL-KR 6 2007-10-21 27f/1492r - - apsA/fthfs 

OL-KR 6 2007-10-23 27f/1492r - - apsA/fthfs 

OL-KR 6 2007-10-24 27f/1492r - - apsA/fthfs 

OL-KR 6 2007-10-25 27f/1492r pCR2.1 TOPO 907r apsA/fthfs 

2.4.2 ONKALO 

DNA was extracted from a total of six drillholes, ONK-KR 1–3 and ONK-PVA 1–3, 
between depths of 7.1 and 78.5 m as described in section 2.3.2. PCR, cloning, and 
sequencing were performed as described in section 2.3.5 and 12 clones for each 
drillhole where selected and sequenced after cloning. RNA was extracted as described 
above (section 2.3.3), except that for the pure cultures used as standards, 8 mL was 
centrifuged directly and the pellet was then prepared according to the manufacturer’s 
protocol (section 2.3.3). For the groundwater samples, RNA was extracted from 500 mL 
of groundwater. Q-PCR was performed as described in section 2.3.7.  

 

Table 2-6. Samples analysed by sequencing and Q-PCR from six drillholes in the 
ONKALO tunnel. 

Drillhole Sampling 
date 

16S rDNA 
primers 

Cloning 
vector 

Sequencing 
primers 

Q-PCR 
primers 

ONK-KR 1 2007-10-21 27f/1492r pCR2.1 TOPO 907r apsA/fthfs 

ONK-KR 2 2007-10-24 27f/1492r pCR2.1 TOPO 907r apsA/fthfs 

ONK-KR 3 2007-10-20 27f/1492r pCR2.1 TOPO 907r apsA/fthfs 

ONK-PVA 1 2007-10-21 27f/1492r pCR2.1 TOPO 907r apsA/fthfs 

ONK-PVA 2 2007-10-20 27f/1492r pCR2.1 TOPO 907r apsA/fthfs 

ONK-PVA 3 2007-10-20 27f/1492r pCR2.1 TOPO 907r apsA/fthfs 
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2.5 Analysis of the ONKALO slime and related groundwater 
After the sampling the ONKALO slime (Figure 2-1), analyses of the parameters 
presented in Tables 2-2 and 2-3 were performed according to the methodology 
described in Tables 2-7 and 2-8. 

Table 2-7. The parameters analysed in the ONKALO slime sampled on 2006-10-13. 

Parameter analysed in 
the ONKALO slime 

Analysis Responsible 
laboratory 

Sampling site in 
ONKALO 

1. Morphology Ocular inspection and 
microscopy 

Microbial Analytics 
Sweden AB 

555 m, 575 m, and 771 m 

2. Identification of 
dominant species 

DNA extraction, TGGE, 
PCR, and sequencing 

Microbial Analytics 
Sweden AB 

555 m, 575 m, and 771 m 

3. Presence of aerobic 
microbes 

Qualitative CHAB 
analysis and sequencing 

Microbial Analytics 
Sweden AB 

555 m, 575 m, and 771 m 

Table 2-8. The parameters analysed in the ONKALO slime sampled on 2007-10-21. 

Parameter analysed in 
the ONKALO slime 

Analysis Responsible 
laboratory 

Sampling site in 
ONKALO 

1. Morphology Ocular inspection and 
microscopy 

Microbial Analytics 
Sweden AB 

550 m and 771 m 

2. Identification of 
dominant species 

DNA extraction, cloning, 
and sequencing 

Microbial Analytics 
Sweden AB 

550 m and 771 m 

3. Presence of aerobic 
microbes 

Quantitative CHAB 
analysis and sequencing 

Microbial Analytics 
Sweden AB 

550 m 

4. Identification of 
microbes producing 
complexing agents 

DNA extraction, cloning, 
and sequencing 

Microbial Analytics 
Sweden AB 

550 m and 771 m 

5. Presence of SRB  SRB MPN  Microbial Analytics 
Sweden AB 

550 m 

6. Acidity of slime Unisense microelectrode Microbial Analytics 
Sweden AB 

550 m 

7. Carbon in water from 
the slime 

Measurement of DOC and 
DIC 

POSIVA OY 550 m and 771 m 

8. Composition of slime 
gas 

GC-FID Microbial Analytics 
Sweden AB 

550 m and 771 m 

 

2.5.1 Morphology 

The macroscopic morphology of the ONKALO slime was observed on the walls of the 
ONKALO tunnel. The ONKALO slime samples taken from the 555-m, 575-m, and 
771-m positions in the tunnel in October 2006 and from the 550-m and 771-m positions 
in October 2007 were observed under a microscope. A small piece of each ONKALO 
slime was mounted in a drop of sterile water between a glass slide and a cover slip. The 
prepared samples were observed under a light microscope using 40 × magnification 
(Leica DMLB; Wetzlar GmbH, Stockholm, Sweden). The ONKALO slime was 
photographed using a DP200 digital microscope camera (Deltapix, Sollentuna, 
Sweden).  
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2.5.2 TGGE analysis and cloning of the ONKALO slime 

In 2006, the dominant species of microbes in the ONKALO slime at the 550-m and 771-
m positions in the tunnel were identified using DNA extraction, TGGE analysis, cutting 
out the dominant TGGE bands, DNA extraction, PCR, and sequencing at MWG, as 
described in sections 2.3.2, 2.3.5, and 2.3.6, with the following modifications. The DNA 
extractions of the ONKALO slime samples were initialized by washing the slime three 
times in sterile 0.9% NaCl solution. The samples were then incubated in lysis buffer 
overnight. From this point, the DNA extraction, TGGE, PCR, cloning, and sequencing 
with the 907r primer were performed as described in sections 2.3.2, 2.3.5, and 2.3.6 

In 2007, the dominant species of microbes in the ONKALO slime at the 550-m and 771-
m positions were identified using DNA extraction, cloning, and sequencing as described 
in sections 2.3.2 and 2.3.5, with the following modifications. The DNA extraction was 
initialized by washing the slime three times in sterile 0.9% NaCl solution. The slime 
was then weighed and incubated in lysis buffer overnight. From this point, the DNA 
extraction, 16S-PCR, cloning, and sequencing were performed as described in sections 
2.3.2 and 2.3.5. 

2.5.3 CHAB analysis of the ONKALO slime 

In 2006, the qualitative presence of CHAB in ONKALO slimes from the 555-m, 575-m, 
and 771-m positions in the tunnel was evaluated. Pieces of the ONKALO slimes, 
approximately 1 × 1 cm, were cut using a sterile knife. The pieces were placed on 
CHAB plates (section 2.2.3) and incubated at room temperature in the dark for 5 days. 
The dominant morphologies of the formed colonies on the plates were selected and 
subcultured on new plates. Subsequently, DNA was extracted from the colonies, and 
PCR and sequencing performed (as described in sections 2.3.2 and 2.3.5). 

The number of CHAB was quantified in the ONKALO slime from the 550-m position 
in the tunnel in October 2007. The method used to quantify the CHAB was described in 
section 2.2.3, with the following modifications. Before CHAB analysis, the ONKALO 
slime was homogenized using an IKA Ultra Turrax Tube Dispenser and sterile DT-20 
Dispersion Tubes (Fisher Scientific, Göteborg, Sweden). The wet slime was washed in 
sterile 0.9% NaCl solution three times, its wet weight was determined, and then it was 
homogenized in 10 mL of sterile 0.9% sterile NaCl solution at maximum speed for 2 × 
1 min. After these steps, the CHAB analysis was performed as described in section 
2.2.3. 

After incubation, five colonies that possessed dominant morphologies were identified, 
as they repeatedly occurred in the highest dilutions in which growth was found. The 
total number of CHAB was calculated as were the numbers of each of the dominant 
morphologies. The dominant morphologies were reinoculated onto new CHAB plates. 
When the colonies appeared, they were further reinoculated into liquid CHAB media 
(i.e., CHAB media without agar (section 2.2.3) and incubated at room temperature in 
the dark for 5 days, followed by DNA extraction, PCR, and sequencing (sections 2.3.2 
and 2.3.5). 
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2.5.4 Identification of chelating agent-producing microbes in the ONKALO 
slime 

The identified dominant microbes in the ONKALO slime from the 550-m and 771-m 
positions in the tunnel (from analyses 2 and 3 in Table 2-8) were compared with 
previous research results in the literature, to evaluate whether these could be producing 
chelating agents. The amount of bacteria in each sample could be calculated by using 
the standard curve plotted by the instrument, and then reading the dilution factor of the 
sample of interest compared with that of the most concentrated standard sample. The 
standard sample was first measured to determine how many bacteria were present in the 
pure culture mL–1, this result later being used to calculate how many sulphate reducers 
were present in the samples. The Ct value is a measure of the amount of a specific group 
or species of bacterium that can be measured in the sample of interest using the specific 
primers. This is a relative measure and not an exact value, and the result depends on the 
primer design, primer concentration, annealing temperature, RNA quality, RT reactions, 
Q-PCR, and choice of Q-PCR equipment (in this case, Mx3005P; Stratagene). It is a 
complex and sensitive system. The Ct value is measured in an early exponential phase 
of the PCR, instead of from the final product as in conventional PCR. This makes it 
much more sensitive and enables detection of smaller variations much more precisely 
than with conventional PCR. The RNA indicates the activity instead of just the presence 
of DNA; this is very important, since DNA only indicates the presence of bacteria, not 
whether they are inactive in various resting stages or actively metabolizing. However, if 
RNA is found by using a specific primer, the microbes of interest are definitely alive 
and active. A summary of the calculations made can be found in the sections 3.3.5 and 
3.4.5. 

2.5.5 MPN of SRB in the ONKALO slime 

Black ONKALO slime located nearest the concrete at the 550-m position in the tunnel 
was sampled in 2007 according to Table 2-3, using a BD Luer Lok 10-mL syringe (no. 
300912; VWR, Stockholm, Sweden) and a BD Microlance 3 needle (no. 301900; 
VWR), and transferred to a sterilized anaerobic glass tube (no. 2048-00150; Bellco 
Glass), sealed with a butyl rubber stopper (no. 2048-117800; Bellco Glass) and sealed 
with an aluminium crimp seal (no. 2048-11020, Bellco Glass). The MPN analysis of 
SRB was performed as described in section 2.2.4 within 2 h of sampling. 

2.5.6 Acidity of the ONKALO slime 

Two samples of black ONKALO slime located nearest the concrete at the 550-m 
position in the tunnel were collected in Petri dishes (Figure 2-2); the pH was repeatedly 
measured, both inside the ONKALO slime and in the accompanying water (Figure 2-3), 
using the Unisense microelectrode system. A needle electrode (PH-N; Unisense A/S, 
Aarhus, Denmark) was connected to a picoamperemeter with a 12-bit A/D converter 
(PA1000; Unisense A/S) powered and connected to a laptop computer via a USB 
connector. The electrode was calibrated according to the manufacturer’s instructions, 
using pH buffers at 4.0 and 7.0. Before analysis, the slime was transferred to a plastic 
Petri dish containing CHAB agar, to obtain a reference point for the electrode and to 
protect the sensitive electrode from hitting the bottom of the Petri dish. 
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Figure 2-2. Slime from the 555-m position in the ONKALO tunnel sampled for pH 
measurements in the black parts of the slime. 

 

Figure 2-3. pH measurement in the ONKALO slime using the Unisense system. The 
reference point cable (grey) was positioned in the slime. 
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2.5.7 Dissolved carbon  

Two samples of water flowing through the ONKALO slime, one from the 550-m and 
771-m positions in the tunnel, were collected in October 2007 according to Table 2-3, 
for analysis of dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC). 
The samples were sent to Posiva Oy, and the DIC and DOC analyses were either 
performed according to their standard protocols or subcontracted to external 
laboratories.  

2.5.8 Composition and origin of the gas in the ONKALO slime bubbles 

Two slime samples from each of the 771-m and 555-m positions in the tunnel were 
collected in October 2007 according to Table 2-3; these slime samples contained gas in 
internal bubbles, the composition of which was analysed. The following gases were 
analysed: nitrogen, oxygen, carbon dioxide, carbon monoxide, hydrogen, methane, 
ethane, and helium. The samples were analysed at the Microbial Analytics Sweden AB 
laboratory, using gas chromatography–flame ionization (GC–FID), gas 
chromatography–thermal conductivity detector (GC–TCD), and gas chromatography–
reduction gas detector (GC–RGD) according to the protocols described elsewhere 
(Pedersen et al. 2008).  

One vial containing a gas sample originating from the ONKALO slime at the 550-m 
position in the tunnel was sent to Hydroisotop GmbH (Schweitenkirchen, Germany) to 
determine the isotopic fractionation of the hydrogen and carbon in the methane and 
carbon dioxide. The results were compared with those for abiotically produced Coleman 
OTC-50 carbon dioxide (gas code 020337904Y; AGA, Göteborg, Sweden) and methane 
(from OL-KR 8 sampled on 2007-10-02 at a depth of 556 m in Olkiluoto) and biotically 
used carbon dioxide and produced methane (from a pure culture of the methanogenic 
bacterium Methanobacterium subterranum DSM 11074T). This was done to evaluate 
whether heavier or lighter isotopes of carbon in carbon dioxide and of carbon and 
hydrogen in methane were enriched in the gas in the ONKALO slime, and the possible 
explanations for this. 
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3 RESULTS 

3.1 Dissolved gas in groundwater 
The previous results and the methods used to sample and analyse gas in deep 
groundwater have been reported and discussed elsewhere (Pedersen 2008). It was found 
that there were differences in the composition of the analysed gas and in the amounts of 
different gas components between parallel samples that should display similar values. It 
was assumed that these errors were caused by the sampling procedure or the PAVE 
vessel. From the data obtained in 2007, it can now be concluded that the problem relates 
to the PAVE vessel. Unlike in 2005–2006, when the PAVE vessels used mostly 
contained nitrogen in their pressure compartments, in 2007 the lab, Microbial Analytics 
Sweden AB, obtained parallel samples from PAVE vessels containing either nitrogen or 
argon in their pressure compartments. It was then clear that the sealing of the piston 
between the lower gas-filled compartment and the water sample did not work well, as 
gas from the lower compartment had repeatedly contaminated the samples. The most 
likely cause of this leakage was scratches and other irregularities causing surface 
unevenness on the inside of the PAVE tube. When the piston passes such areas in the 
PAVE vessel, gas may escape from the pressure compartment and contaminate the 
sample. This was very obvious from the argon analysis: all six samples from PAVE 
vessels containing argon in the pressure compartment had elevated argon concentrations 
(Figure 3-1). It is more difficult to observe this effect when nitrogen is used in the 
pressure compartment. This is because naturally occurring nitrogen mostly dominated 
the samples, which makes any contamination less obvious. To complicate the situation 
even more, additional nitrogen may also contaminate the samples when the PAVE 
vessels are being emptied. This is done by pressurizing the lower compartment with 
nitrogen, to force the piston upwards. This implies that samples from vessels containing 
argon in the lower compartment may become contaminated with nitrogen, in addition to 
argon. Back-calculation by comparing the samples from vessels containing nitrogen 
versus argon in the respective pressure compartments is thus impossible, because at 
least three unknown errors are present in two cases. In some cases, it appeared as 
though the lower pressure compartment was leaking to the exterior as well, because 
different volumes of water were obtained from the same depth (Table A-1). This can 
only occur if the pressure in the lower compartment differs between sampling occasions 
or if the piston becomes stuck (not very likely). The problem would be correctable if the 
gas used in the pressure compartment did not occur naturally in detectable amounts in 
deep groundwater. The noble gas neon would be perfect. This gas can easily be 
analysed for using GC, enabling the detection of contamination from the lower 
compartment occurring while filling and emptying the PAVE vessel. Neon could also 
be used to force the sample out of the PAVE vessel.  

The total gas volume increased with depth, as was found in previous years. There was 
great variability in the total gas volumes over depths down to approximately 300 m 
(Figure 3-2), also consistent with the results from 2005–2006. This variability was 
present in the nitrogen content as well (Figure 3-3). The leakage problem discussed 
above can be assumed to have caused most of the variability in both total gas and 
nitrogen amounts. As a rule of thumb, nitrogen may be overestimated due to the 
frequent contamination of the samples from the pressure compartment. This effect 
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should be less pronounced at depths below 300 m where the proportion of nitrogen in 
the dissolved gas decreases (Figure 3-4) and the total volume of gas increases, which 
also was the case for the five deepest samples analysed. Assuming the volume of the 
contamination to be relatively constant, a greater volume of gas will be less influenced. 
In early 2008, some of the PAVE vessels were upgraded with new pistons, seals, and 
tubes in an attempt to solve the contamination problem. 

The results of the analysis of gas in deep groundwater in 2007 are compiled in Table 
A-1. These results have been merged with the results from 2005–2006 in all figures for 
comparison of reproducibility and to check for changes in composition and amounts. 
The results for all gases analysed in 2007 can be plotted within the range of the results 
from previous years, except for hydrogen, which was somewhat lower in concentration 
than in 2005–2006 (Figure 3-3 to Figure 3-10). The outcome of the analysis of gas is 
discussed in section 4.1. 

 

Figure 3-1. The amount of extractable dissolved argon gas in Olkiluoto groundwater. 
Filled symbols indicate results from PAVE vessels containing nitrogen in the pressure 
compartment. Open symbols indicate results from PAVE vessels containing argon in the 
pressure compartment. 
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Figure 3-2. The total amount of extractable dissolved gas in Olkiluoto groundwater. 
Filled symbols indicate results obtained in 2005–2006. Open symbols indicate results 
obtained in 2007. 

Figure 3-3. The amount of extractable dissolved nitrogen gas in Olkiluoto groundwater. 
Filled symbols indicate results obtained in 2005–2006. Open symbols indicate results 
obtained in 2007. 
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Figure 3-4. Nitrogen as a percentage of the total amount of gas in Olkiluoto 
groundwater. Filled symbols indicate results obtained in 2005–2006. Open symbols 
indicate results obtained in 2007. 

 

Figure 3-5. The amount of extractable dissolved helium gas in Olkiluoto groundwater. 
Filled symbols indicate results obtained in 2005–2006. Open symbols indicate results 
obtained in 2007. 
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Figure 3-6. The amount of extractable dissolved methane gas in Olkiluoto groundwater. 
Filled symbols indicate results obtained in 2005–2006. Open symbols indicate results 
obtained in 2007. 

 

Figure 3-7. The amount of extractable dissolved carbon dioxide gas in Olkiluoto 
groundwater. Filled symbols indicate results obtained in 2005–2006. Open symbols 
indicate results obtained in 2007. 
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Figure 3-8. The amount of extractable dissolved hydrogen gas in Olkiluoto 
groundwater. Filled symbols indicate results obtained in 2005–2006. Open symbols 
indicate results obtained in 2007. 

 
Figure 3-9. The amount of extractable dissolved carbon monoxide gas in Olkiluoto 
groundwater. Filled symbols indicate results obtained in 2005–2006. Open symbols 
indicate results obtained in 2007. 
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Figure 3-10. The amount of extractable dissolved ethane gas in Olkiluoto groundwater. 
Filled symbols indicate results obtained in 2005–2006. Open symbols indicate results 
obtained in 2007. 

3.2 Deep Olkiluoto groundwater microbiology analysed using PAVE 
vessels 

Three complete analyses were performed of deep groundwater samples in 2007. A 
fourth sample from OL-KR 13 was analysed specifically to test and develop molecular 
methods for detecting ANME microorganisms. Therefore, some of the MPN analyses 
(i.e., for IRB and MRB) were not performed on this sample; the complete dataset 
including statistical details can be found in Table A-2 to Table A-4. 

3.2.1 Total number of cells 

The total number of cells (Table 3-1) in deep groundwater was within the range, i.e., 2.7 
 103  1.5  105 cells mL 1, found previously in Olkiluoto (Pedersen 2008). The 

average of all previous analyses (n = 21) was 5.7  104 cells mL 1, and the observations 
for 2007 were all close to this average value.  

3.2.2 ATP 

The amount of ATP (Table 3-1) in deep groundwater was within the range, i.e., 3.1  
103 to 2.1  105 amol mL 1, found previously in Olkiluoto (Pedersen 2008). The average 
of all previous analyses (n = 19) was 3.0  104 amol mL 1, and the observations for 
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groundwater samples investigated in 2007. 
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Table 3-1. Cell numbers and biomass (ATP) determinations for deep groundwater from 
Olkiluoto sampled in 2007. TNC = total number of cells, CHAB = cultivable 
heterotrophic aerobic bacteria. Statistical details can be found in Table A-2. 

Drillhole 
 

Sampled 
(Y-M-D) 

Section 
(m) 

TNC 
(cells mL 1) 

ATP 
(amol mL 1) 

CHAB 
(cells mL 1) 

CHAB/ 
TNC (%) 

ATP/ 
TNC 

OL-KR 40 2007-05-07 282–285 4.6 × 104 3.91× 104 15.0 × 103 32.61 0.850 
OL-KR 13 2007-08-08 362–365 9.1 × 104  1.00 × 104 0.13 × 103 0.14 0.110 
OL-KR 30 2007-11-19 50–54 8.2 × 104 1.32 × 104 4.33× 103 0.53 0.161 
OL-KR 42 2007-12-03 175–179 2.7 × 104 1.70 × 104 0.83 × 103 3.27 0.630 

3.2.3 Cultivable heterotrophic aerobic bacteria 

The numbers of CHAB (Table 3-1) in deep groundwater were within the range, i.e., 1.0 
 101–1.2  105 cells mL 1, found previously in Olkiluoto (Pedersen 2008). The average 

of all (n = 14) previous analyses was 1.2  104 cells mL 1, and the observations for 2007 
were all at or below this average value. A large proportion of the TNC could be 
cultivated as CHAB from OL-KR 40 groundwater, which supports the inference from 
the ATP/TNC value that the microbial populations from this drillhole were active. 

3.2.4 Most probable number of cultivable anaerobic microorganisms 

The stacked number profile of MPN values for all deep groundwater samples analysed 
from 2005 to 2007 is shown in Figure 3-11. The NRB analysis was introduced into the 
sampling programme in 2005, so values are missing from some of the stacked MPN 
bars for deep groundwater. This may partly explain why the stacked bars for drillholes 
KR 2, KR 7, KR 10, KR 19, and KR 27 are shorter than the remaining bars, which 
incorporate NRB data. In addition, IRB and MRB were not analysed for KR 13 in 2007. 
KR 40, at the 256-m sampling point, displayed the largest stacked value of all analysed 
deep groundwater samples. 
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Figure 3-11. Stacked values of most probable numbers of various physiological groups 
of microorganisms in deep Olkiluoto groundwater, 2005–2007. New data from 2007 are 
indicated by red text. NRB = nitrate-reducing bacteria, IRB = iron-reducing bacteria, 
MRB = manganese-reducing bacteria, SRB = sulphate-reducing bacteria, AA = 
autotrophic acetogens, HA = heterotrophic acetogens, AM = autotrophic methanogens, 
and HM = heterotrophic methanogens. 

3.2.5 Isolating and characterizing microorganisms 

NRB, SRB, and AA have been isolated from MPN cultures from the OL-KR 37, OL-
KR 40, OL-KR 13, OL-KR 30, and OL-KR 42 drillholes. Pure cultures have been 
isolated from the first three samplings and the 16S rDNA is being sequenced; this work 
is ongoing in 2008. 

3.2.6 Analysis of producers of complexing agents 

While incubating the NRB plates from OL-KR 13, all of the plates turned yellow, 
indicating the production of complexing agents, in this case pyoverdins, during growth 
(Table 3-2). One of the isolated pure cultures was identified by sequencing the 16S 
rDNA, giving 100% identity with Pseudomonas fluorescens, a pyoverdin-producing 
species (Johnsson et al. 2006). Furthermore, 16S rDNA sequences from two isolates 
originating in OL-KR 40 displayed 100% identity with Pseudomonas stutzeri, a species 
forming other kinds of complexing agents (Essén et al. 2007). 
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Table 3-2. Number of yellow plates from the NRB isolation work, indicating pyoverdin 
production.  

Drillhole 
 

Sampled 
(Y-M-D) 

Depth 
(m) 

Total no. of 
plates 

No. of 
yellow plates 

MPN 
dilution 

 
OL-KR 37 2006-11-28 111.6 3 0 10–3 
OL-KR 37 2006-11-28 111.6 3 0 10–4 
OL-KR 40 2007-05-07 256 6 0 10–4 
OL-KR 13 2007-08-08 294 3 3 10–2 
OL-KR 13 2007-08-08 294 3 3 10–3 

3.3 OL-KR 6 422–428 m sampled with pump 
The OL-KR 6 drillhole, section 422–428 m (depth 328 m), was analysed daily for seven 
days of pumping, except for a pause on day four. Pumping started on 18 October 2007 
at an average rate of 130 mL groundwater min 1. Microbiological parameters were 
analysed daily as reported next. The complete dataset including statistical details can be 
found in Table A-2 to Table A-4. 

3.3.1 Total number of cells 

The average TNC from all previous analyses of groundwater from 2004 to 2006 (n = 
21) was 5.7  104 cells mL 1, while the observed TNC during the October 2007 
pumping was approximately 1.0  104 cells mL 1, well below the average overall value 
(Figure 3-12). The TNC did not change significantly during the pumping period. 

3.3.2 Biomass 

The amount of biomass, analysed as ATP, was largest on the first day of pumping, after 
which it decreased by approximately 50% (Figure 3-12). The average ATP from all 
previous analyses of groundwater from 2005 to 2006 (n = 19) was 3.0  104 amol mL 1; 
the observed ATP values during pumping were all close to this average value. 

3.3.3 Cultivable heterotrophic aerobic bacteria 

The CHAB numbers were highest the first two days of pumping, after which they 
decreased approximately 10 fold (Figure 3-12). The average CHAB number from all 
previous analyses of groundwater from 2005 to 2006 (n = 19) was 3.0  104 cells mL 1; 
the CHAB numbers observed during pumping were about ten times lower than this 
average value. 
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3.3.4 Most probable number of cultivable anaerobic microorganisms 

There were sporadic and low numbers of AA and AM, just above the detection limit for 
this analysis (0.2 cells mL 1) (Figure 3-12). SRB were not detected for the first two days 
of pumping; they did show up on day three, and the observed numbers peaked at 80 
cells mL 1 on day five, after which the numbers declined on days six and seven to 30 
and 5 cells mL 1, respectively. 
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Figure 3-12. The numbers of analyzed microbes found when pumping drillhole OL-KR 
6, section 422–428 m, depth 328 m. Pumping started on 18 October 2007 at an average 
rate of 130 mL groundwater min 1. TNC = total number of cells, ATP = adenosine 
triphosphate, CHAB = cultivable heterotrophic aerobic bacteria, SRB = sulphate-
reducing bacteria, AA = autotrophic acetogens, and AM = autotrophic methanogens. 

3.3.5 Molecular analysis of diversity and activity in groundwater 

16S rDNA PCR 
The 16S rDNA PCR was performed as described earlier in section 2.3.5. The positive 
16 S rDNA PCR product appeared identical in size to those from the different 
ONKALO drillholes described in section 3.4.5. 
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Cloning and Sequencing 
One PCR reaction yielded enough material to perform cloning and sequencing, which 
was performed on the sample from the last day of sampling. The uncultured Arcobacter 
sp. clone, P 5-5, was the most common species in this drillhole and present in eight of 
12 clones. Other species present were Shewanella frigidimarina and Sulfuricurvum 
kujiense (Table 3-3). OL-KR 6 contained a high content of dissolved solids (Pedersen 
2008) and probably also metals known to disturb PCR reactions. These dissolved 
substances were observed during sampling as precipitates and appear to have introduced 
error into the PCR reactions. 

 

Table 3-3. Identification of sequenced clones from OL-KR 6 from last sampling day, 
2007-10-25. 

No. of 
identical 
clones 

Bacterial group Closest 
relative 

NCBI 
accession 
no. of 
closest 
relative 

Identity 
length (base 
pairs) 

Identity 
(%) 

12 Epsilonproteobacteria Uncultured 
Arcobacter 
sp. Clone P5-
5 

EF419216 792/806 98 

2 Gammaproteobacteria Shewanella 
frigidimarina 

AB365067 336/336 100 

1 Epsilonproteobacteria Uncultured 
bacterium 
clone 
SLB125 

DQ787679 815/829 98 

1 Epsilonproteobacteria Sulfuricurvu
m kujiense 

AB080643 722/736 96 

 

Quantitative PCR 
The amount of bacteria from each sample could be calculated using the standard curve 
plotted by the instrument and then reading the dilution factor of the sample of interest 
compared with that of the most concentrated standard sample. The standard sample was 
first measured to determine how many bacteria were present in the pure culture mL 1; 
this value was later used to calculate how many sulphate reducers were present in the 
samples. The Ct value is a measure of the amount of a specific group or species of 
bacterium that can be measured in the sample of interest using the specific primers. This 
is a relative measure and not an exact value; it depends on the primer design, primer 
concentration, annealing temperature, RNA quality, RT reactions, Q-PCR, and choice 
of Q-PCR equipment (Mx3005P; Stratagene). It is a complex and sensitive system. The 
Ct value is measured in an early exponential phase in the PCR instead of from the final 
product as in a conventional PCR. This makes it much more sensitive and enables 
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detection of smaller variations much more precisely than with conventional PCR. The 
RNA indicates the activity instead of just the presence of DNA; this is very important, 
since DNA only indicates the presence of bacteria, not whether they are inactive in 
various resting stages or actively metabolizing. However, if RNA is found by using a 
specific primer, the microbes of interest are definitely alive and active. 

The relative activity in the Q-PCR was calculated as follows. Ct values, dilution factors, 
RA, and other values obtained from the Q-PCR apparatus are shown in Table A-5. For 
the pure culture of D. aespoeensis strain #SRB5, the concentration was 2.95  108 cells 
mL 1. RNA was extracted from 8 mL as described in section 2.3.3, so the RNA 
extraction was done from 2.36  109 cells in total. The RNA was eluted in 50 μL of 
water for a concentration after extraction of 4.72  107 cells μL 1. For the cDNA 
reaction, 0.227 μL of RNA was used as a template in the 20-μL reaction, resulting in a 
cDNA concentration of 0.227  4.72  107 (20 cells μL) 1; this gave 5.36  105 cells 
μL 1 cDNA that were used later in the Q-PCR. Since 10 ng of RNA was used for the 
20-μL cDNA reaction, the cDNA concentration was 0.5 ng μL 1. One ng was the 
highest standard concentration used and was the same as 2 L of cDNA. Thus 8 mL 
contained 5.36  105 cells  2 = 1.07  106 cells, which corresponds to the 1.34  105 
cells mL 1 used for the standard sample with the highest concentration per sample. 
From this we can calculate the numbers in the samples from the drillholes, by 
measuring the dilution in the standard curve for the Ct of the specific sample and 
comparing it with the most concentrated standard sample. For example, if we have a Ct 
value for OL-KR 6, we can mark that value in the standard curve for D. aespoeensis 
strain #SRB5 and then draw a line to the dilution on the x-axis. This dilution was then 
multiplied by the amount of bacteria per reaction in the standard sample of highest 
dilution and the amount mL 1 of the specific group of bacteria present, for example, the 
amount of sulphate reducers, in the drillhole being examined. Those samples were then 
compared internally to detect which system contained the most sulphate reducers, so 
relative activity was used as the final unit in the diagrams. The relative activity of the 
sample containing the smallest relative numbers of bacteria was set to 1 and the other 
samples were then divided by this number to yield a relative activity for the sample of 
interest. 

For the #AA1 standard, the starting material had a concentration of 5.45  107 cells 
mL 1. RNA was extracted from 8 mL of a pure culture (A. carbinolicum), representing 
4.36  108 cells. This was then diluted in 50 μL of water when the RNA was eluted; 
after extraction, the concentration was 8.72  106 cells μL 1. The sample was diluted 10 
fold, and 0.694 μL of this dilution was taken for the cDNA reaction that totalled 20 L. 
The cDNA concentration of 0.694 /10  8.72  106 per 20 cells μL 1 = 5.36  104 cells 
μL 1 was now obtained for a cDNA concentration of 0.5 ng μL 1. One ng was the 
highest standard concentration and was the same as 2 μL of cDNA. Thus 8 mL 
contained 3.03  104 cells  2 = 6.06  104 cells, which corresponds to the 7.58  103 
cells mL 1 used for the standard sample with the highest concentration.  

In drillhole OL-KR 6, samples were taken for six days after the start of pumping. Q-
PCR detected SRB on the first day of sampling (Figure 3-13), but detected no acetogens 
at all. 
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Figure 3-13. Q-PCR results from the seven days of pumping of drillhole OL-KR 6, from 
2007-10-19 to 2007-10-25. Filled bars indicate the calculated number of SRB as judged 
from the standard curves based on the amount of apsA RNA. Hatched bars indicate the 
relative activity of SRB as judged from the amount of apsA RNA. 
    

3.3.6 Isolating and characterizing microorganisms 

Isolation work is ongoing on samples from drillhole KR 6 in 2008. 

3.4 ONKALO groundwater 
Six different drillholes along the ONKALO tunnel were sampled for microbiological 
analyses from 2005 to 2007. The extent of the analyses has varied depending on the 
purpose of the sampling and analysis. Three PVA drillholes were sampled for full 
microbiological analysis, as was done for deep groundwater. In addition, limited 
analyses were performed to obtain a rough idea of the numbers of cells and biomass in 
the drillholes and to scan for microorganisms that produce complexing agents. The 
complete dataset including statistical details can be found in Table A-2 to Table A-4. 
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3.4.1 Total number of cells 

The TNC ranged from 5.3 × 103 to 3.5 × 105 cells mL 1 along the sampled tunnel length 
(approximately 800 m) (Table 3-4). There was no clear trend with depth, drillhole, or 
sampling time, though some of the highest values coincided with the use of Groutaid in 
the vicinity of ONK-KR 3, 460 m (Table 3-9).  

Table 3-4. Cell numbers and biomass (ATP) determinations for groundwater from the 
ONKALO tunnel sampled in 2007. TNC = total number of cells, CHAB = cultivable 
heterotrophic aerobic bacteria. Statistical details can be found in Table A-2. 

Drillhole 
 

sampled 
(Y-M-D) 

Depth 
(m) 

TNC 
(cells mL 1) 

ATP 
(amol mL 1) 

CHAB 
(cells mL 1) 

CHAB/ 
TNC 
(%) 

ATP/ 
TNC 

ONK-PVA 1 2005-10-25 14.6 3.2 × 104 5.32 × 104 0.30 × 103 0.93 1.663 
ONK-PVA 1 2006-04-28 14.6 1.6 × 105 3.23 × 104 0.21 × 103 0.13 0.202 
ONK-PVA 1 2006-10-13 14.6 1.4 × 104 5.55 × 103 0.03 × 103 0.24 0.396 
ONK-PVA 1 2007-04-10 14.6 5.9 × 104 7.83 × 104 4.97 × 103 84.2 1.327 
ONK-PVA 1 2007-10-21 14.6 1.4 × 104 8.40 × 103 0.33 × 103 2.36 0.60 
ONK-PVA 2 2007-04-10 65.2 2.3 × 105 3.20 × 105 2.80 × 103 1.22 1.391 
ONK-PVA 2 2007-10-20 65.2 7.8 × 104 6.23 × 104 0.45 × 103 0.58 0.80 
ONK-PVA 3 2007-04-10 78.5 3.5 × 105 2.93 × 105 4.57 × 103 1.31 0.837 
ONK-PVA 3 2007-10-20 78.5 5.3 × 103 1.60 × 103 0.03 × 103 0.57 0.30 
ONK-KR 1  2005-10-13 7.1 3.4 × 105 1.44 × 104 0.18 × 103 0.05 0.042 
ONK-KR 1 2007-10-21 7.1 3.4 × 104 1.38 × 104 0.44 × 103 1.29 0.41 
ONK-KR 2 2005-10-13 30.5 1.3 × 105 1.28 × 105 0.76 × 103 0.58 0.985 
ONK-KR 2 2007-10-24 30.5 3.5 × 103 2.32 × 104 2.40 × 103 68.6 6.63 
ONK-KR 3 2007-10-20 44.8 3.1 × 105 4.73 × 105 7.60 × 103 2.45 1.53 

3.4.2 Biomass 

ATP concentrations ranged from 1.60 × 103 to 4.73 × 105 cells mL 1 along the sampled 
tunnel length (approximately 800 m) (Table 3-4). There was no clear trend with depth, 
drillhole, or sampling time, though the data correlated well with TNC results (not 
shown). There was an unusually high concentration of extracellular ATP in ONK-KR 3, 
corresponding to approximately 20% of the total amount analysed. Generally, this 
amount is otherwise fixed at approximately 103 amol ATP mL 1; this value coincided 
with the use of Groutaid in the vicinity of ONK-KR 3, 460 m (Table 3-9). 

3.4.3 Cultivable heterotrophic aerobic bacteria 

The CHAB ranged almost two orders of magnitude from 0.03 × 103 to 7.6 × 103 cells 
mL 1 along the sampled tunnel length (approximately 800 m) (Table 3-4). There was no 
clear trend with depth, drillhole, or sampling time, though the highest CHAB value 
coincided with the use of Groutaid in the vicinity of ONK-KR 3, 460 m (Table 3-9). 
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3.4.4 Most probable number of cultivable anaerobic microorganisms 

The stacked MPN values for all ONKALO groundwater samples analysed from 2005 to 
2007 are shown in Figure 3-14. The MPNs of physiological groups of bacteria were 
only analysed in full for samples from PVA drillholes. All drillholes were analysed for 
NRB. The stacked MPN values for full analysis were in the same range as was found in 
some analyses of deep groundwater from a depth of approximately 300 m (Figure 3-11) 
and of some shallow Olkiluoto groundwater (Pedersen 2008). Large numbers of NRB 
were found in all but three samples (two from PVA-1 and one from PVA-3).  
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Figure 3-14. Stacked values of most probable numbers of various physiological groups 
of microorganisms in ONKALO groundwater, 2005–2007. Datasets containing the full 
analysis of all physiological groups are indicated by red text; otherwise, only nitrate-
reducing bacteria were analysed for. NRB = nitrate-reducing bacteria, IRB = iron-
reducing bacteria, MRB = manganese-reducing bacteria, SRB = sulphate-reducing 
bacteria, AA = autotrophic acetogens, HA = heterotrophic acetogens, AM = 
autotrophic methanogens, and HM = heterotrophic methanogens. 

3.4.5 Molecular analysis of diversity and activity in groundwater 

The microorganisms found in the different drillholes in the ONKALO tunnel are 
presented in Table 3-5. A great diversity of microbes were found in the sampled 
ONKALO groundwater, as outlined next. 
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16S rDNA PCR 
Analysis by means of 16S rDNA PCR was carried out for the six different drillholes 
ONK-KR 1–3 and ONK-PVA 1–3, to sequence the samples as described in Materials 
and Methods (section 2.3.5) and shown in Figure 3-15. 

 

Figure 3-15. 16S rDNA PCR with the primer pair 27f and 1492r as described earlier 
(section 2.3.5). The first lane shows a molecular weight marker ranging from 100 to 
1500 bp; the six strong bands shown are ONK-PVA 1–3 and ONK-KR 1–3. The PCR 
product was the right size for the 16S rDNA gene, i.e., approximately 1450 bp.  

 
Cloning and Sequencing  
The uncultured bacterium SRRT-05, found in ONK-KR 1 and ONK-KR 3, is very 
similar to a microaerophilic sulphur-oxidizing bacterium called Thiovolum (Table 3-5). 
In ONK-KR 2, most of the clones were very similar to Dehalobacterium 
formicoaceticum; an SRB belonging to the Delta group of bacteria was also found, a 
sulphate reducer known to form clusters with ANME (Lösekann et al. 2007). Finally, 
sequences that clustered with Desulfosporosinus were found in ONK-KR 2. The 
uncultured bacterial clone LaP15L60 belonging to the group Hydrogenophilaceae is 
similar to Thiobacillus thioparus (M979426); this bacterium dominated ONK-KR 3, 
which appeared to contain only sulphur oxidizers. The other two sulphur-oxidizing 
bacteria found in ONK-KR 3 were most similar to Thiovolum and Sphingobacteria. 

ONK-PVA 1 contained a mix of bacteria (Table 3-5) comprising many different clones, 
many of which were not similar to anything else found in the NCBI databases (87–90% 
identity). D. formicoaceticum clones were overrepresented, being present in four of 12 
clones, and Desulfosporosinus was also present in ONK-PVA 1. In ONK-PVA 2, the 
same uncultured LaP15L60 sulphur-oxidizing bacteria as in ONK-KR 3 seemed to be 
dominant, according to the cloning results (four of 12 clones). Bacteria similar to 
Desulfosporosinus and T. carboxydiphila were also present. Cellulomonas was also 
found. Two uncultured bacteria were found that could not be identified using the 
databases in ONK-PVA 3. Various Polaromonas dominated in ONK-PVA 3 
groundwater, which also contained P. naphtalenivorans. 
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Table 3-5. Sequence data obtained from different ONKALO drillholes, 2007-10-19 to 
2007-10-25. Some sequences found were not further characterized, so information was 
not obtained as to the bacterial group to which the sequence of interest belonged based 
on the sequence information obtained (-). 

Drillhole No. of 
identical 
clones 

Bacterial group Closest relative NCBI 
accession 
no. of 
closest 
relative 

Identity 
length 
(base 
pairs) 

Identity 
(%) 

ONK-KR 1 6 Epsilonproteobacteria  Uncultured 
bacterium SRRT05 

AB240460 835/839 99 

 1 Deltaproteobacteria Uncultured 
bacterium clone 
Ika12b 

EF467586 863/881 97 

 1 Deltaproteobacteria Desulfocapsa 
thiozymogenes 

X95181 852/885 96 

 1 Epsilonproteobacteria Uncultured 
bacterium clone 
LaC15H74 16S 

EF667743 695/695 100 

 1 - Uncultured 
bacterium clone 
Molly20PossVerru
co 

AY775495 791/876 90 

 1 Deltaproteobacteria Uncultured 
bacterium clone 
zEL75 

DQ415864 872/885 98 

 1 Clostridia Desulfosporinus sp. 
44a-T3a 

AY82482 861/871 98 

ONK-KR 2 7 Bacillales Dehalobacterium 
formicoaceticum 

X86690 631/657 96 

 1 Clostridia Desulfosporosinus 
sp. strain STP12 

AJ582757 871/892 97 

 1 Deltaproteobacteria Uncultured 
bacterium clone 
GOUTA17 

AY050586 855/861 99 

 1 Sphingobacterium Iron-reducing 
enrichment clone 
Cl-A9  

DQ677001 859/870 98 

 1 Clostridia Desulfosporinus sp. 
44a-T3a 

AY82482 858/873 98 

ONK-KR 3 8 Epsilonproteobacteria Uncultured 
bacterium clone 
LaP15L60 

EF667630  866/874 99 

 3 Epsilonproteobacteria Uncultured 
bacterium clone 
SRRT05 

AB240460 832/835 99 

 1 Epsilonproteobacteria Uncultured 
bacterium clone 
LaC15L03 

EF667508 816/828 98 

ONK-PVA 
1 

4 Bacillales Dehalobacterium 
formicoaceticum 

X86690  96 

 1 - Uncultured 
bacterium clone 
65965968 

DQ434839 834/887 94 

 1 Clostridia Desulfosporinus sp. AY82482 854/874 97 
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44a-T3a 
 1 - Uncultured 

bacterium 
CS_B045 

AF419687 838/869 96 

 1 - Uncultured 
bacterium clone 
BJ-169 

EU043224 735/839 87 

 1 - Uncultured 
bacterium  

AM086128 798/853 93 

 1 - Uncultured 
bacterium clone 
WM61 

DQ415773 851/879 96 

 1 Verrumicrobia Uncultured 
Verrucomicrobia 
bacterium clone 
MVP-26 

DQ676300 795/881 89 

 1 Proteobacteria Uncultured 
proteobacterium 
clone GASP-
MA3S2_A03 

EF663450 743/796 93 

ONK-PVA 
2 

4 Epsilonproteobacteria Uncultured 
bacterium clone 
LaP15L60 

EF667630  99 

 2 Clostridia Thermincola 
carboxydiphila 

AY603000 784/859 91 

 1 - Uncultured 
bacterium clone 
EV818CFSSAHH2
19 

DQ337019 837/863 96 

 1 Clostridia Desulfosporosinus 
sp. strain STP12 

AJ582757 874/899 97 

 1 - Uncultured 
bacterium gene for 
16S rRNA, partial 
sequence, clone 
RB380 

AB240361 866/881 98 

 1 - Uncultured 
bacterium clone 
ph5Ac302-6 

AY527740 733/766 94 

 1 Clostridia Desulfosporinus sp. 
44a-T3a 

AB240460 857/872 98 

 1 Actinobacteridae Cellulomonas sp. 
KAR88 

EF451715 832/832 100 

ONK-PVA 
3 

5 Gammaproteobacteria Pseudomonas 
anguilliseptica 

X99541 625/625 100 

 4 Betaproteobacteria Polaromonas sp. 
JS666 

CP000316 864/879 98 

 1 Betaproteobacteria Polaromonas 
aquatica 

AM039831 627/641 97 

 1 Betaproteobacteria Polaromonas 
naphthalenivorans 

CP000529 833/878 94 

 1 Gammaproteobacteria Shewanella 
livingstonis 

AJ300834 497/497 100 
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Q-PCR 
The cloning results indicate the presence of more sulphate reducers in KR 1–3 than in 
PVA 1–3, a pattern also seen in the apsA Q-PCR results (Figure 3-16). RNA was 
extracted from the groundwater samples taken in the ONKALO tunnel drillholes ONK-
KR 1–3 and ONK-PVA 1–3, as described in section 2.3.3, and RT- and Q-PCRs were 
then run on the samples. The calculations of relative activity were made as described in 
section 2.4.1, but using the Ct values for ONK-KR 1–3 and ONK-PVA 1–3. Ct values, 
dilution factors, RA, and other values obtained from the Q-PCR are shown in Table 
A-6. 

 
Figure 3-16. Q-PCR results from the six drillholes in the ONKALO tunnel, KR 1–3 and 
PVA 1–3, sampled from 2007-10-19 to 2007-10-25. Filled bars indicate the calculated 
number of SRB as judged from the standard curves based on the amount of apsA RNA. 
Hatched bars indicate the relative activity of SRB as judged from the amount of apsA 
RNA. 
 

3.4.6 Isolating and characterizing microorganisms 

Isolation work began in October 2007 on the ONKALO samples; this work is ongoing 
in 2008. 
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Table 3-6. Number of yellow plates from the NRB isolation work for ONKALO 
groundwater, indicating pyoverdin production.  

Drillhole 
 

Sampled 
(Y-M-D) 

Depth 
(m) 

No. of 
yellow 
plates 

Total no. of 
plates 

MPN 
dilution 

ONK-PVA 1 2007-10-21 14.6 0 1 100 
ONK-PVA 2 2007-10-20 65.2 0 0 10–2 
ONK-PVA 3 2007-10-20 78.5 1 1 10–1 
ONK-KR 1 2007-10-21 7.1 0 0 10–2 
ONK-KR 2 2007-10-24 30.5 1 1 10–3 
ONK-KR 3 2007-10-20 44.8 1 1 10–5 

 



44 

 

 

 

Figure 3-17. Aerobic cultures of bacteria isolated from ONK-KR 3 (left) and PVA 1 
(right), seen in visible light (top) and under an ultraviolet lamp (bottom).  

3.4.7 Analysis of producers of complexing agents 

When incubating the NRB plates for ONKALO groundwater samples taken in October 
2007, plates from ONK-PVA 3, ONK-KR 2, and ONK-KR 3 turned yellow (Table 3-6), 
indicating the production of complexing agents, in this case pyoverdins, during growth 
(Figure 3-17). These compounds display strong fluorescence in ultraviolet (UV) light, 
and fluorescence could be confirmed for all cultures that turned yellow (Figure 3-17). 
Several cultures also displayed fluorescence when cultivated under anaerobic conditions 
(Figure 3-18). 
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Figure 3-18. Anaerobic cultures of bacteria isolated from ONKALO tunnel drillholes, 
sampled in October 2007, seen in visible light (top) and under an ultraviolet lamp 
(bottom). From left to right: ONK-KR 3, dilution10–3; ONK-PVA 1, dilution10–0; ONK-
PVA 3, dilution10–1; ONK-KR 2, dilution10–3; sterile medium.  
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3.5 ONKALO slime and related groundwater 

3.5.1 Morphology of the ONKALO slime 

The three sites at 550–555 m, 575 m, and 771 m examined in October 2006 and October 
2007 contained ONKALO slime of different morphologies, which was confirmed both 
macroscopically and microscopically.  

At 550–555 m, the ONKALO slime consisted of a white substance filled with gas 
bubbles (Figure 3-19). The ONKALO slime at this site increased in abundance from 
October 2006 to October 2007. Under a light microscope, cells of a coccoid shape were 
found to be the dominant microbial morphology (Figure 3-20). Under the white gaseous 
substance, the ONKALO slime looked different; here, the ONKALO slime was black 
and more viscous (Figure 3-21). 

At the 575-m position in the tunnel, ONKALO slime with a brown coating was 
observed in October 2006 (Figure 3-22). Under the microscope, rod-shaped cells 
attached to a brown coating (probably iron) were found to be the dominant microbial 
morphology (Figure 3-23). In October 2007, the ONKALO slime at this position in the 
tunnel was completely encrusted with the brown coating (Figure 3-24), and sampling 
was impossible. 

At 771 m, the ONKALO slime as seen on the tunnel wall in October 2006 was pink and 
solid (Figure 3-25), and under the microscope mainly long thin rods were observed 
(Figure 3-26). Compared with the ONKALO slime sampled in October 2007, this pink 
and solid slime morphology had decreased in abundance and was found at only one 
fairly small spot at the 771-m position in the tunnel. 

 

 

Figure 3-19. The white, gaseous ONKALO slime at the 550-m position in the tunnel. 
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Figure 3-20. The white, gaseous ONKALO slime at the 550-m position in the tunnel, as 
seen under a microscope. 

 

Figure 3-21. The black, viscous ONKALO slime at the 555-m position in the tunnel, 
located under the white, gaseous biofilm. 
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Figure 3-22. The brown-coated ONKALO slime at the 575-m position in the tunnel as 
seen in October 2006. 

 

Figure 3-23. The brown ONKALO slime at the 575-m tunnel position in the tunnel, as 
seen under a microscope. 
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Figure 3-24. The brown-encrusted ONKALO slime at the 575-m position in the tunnel, 
as seen in October 2007. 

 

Figure 3-25. The pink, solid ONKALO slime at the 771-m position in the tunnel. 
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Figure 3-26. The pink, solid ONKALO slime at the 771-m position in the tunnel, as seen 
under a microscope. 

Table 3-7. Identified isolated CHAB cultures in the ONKALO slimes sampled in 
October 2006. 

Sample ID ONKALO 
depth (m) 

Closest 
relative 

Accession 
number 

Identity 
length 
(base 
pairs) 

Identity 
(%) 

OS-1, OS-2, 
and OS-3 

557  Shewanella 
putrefaciens 

DQ986382 523/523 100 

OS-4 575 Pseudomonas 
fluorescens 

AY092072 296/297 100 

OS-5, OS-7:2, 
and OS-8:2 

575, 771 Pseudomonas 
anguilliseptica 

AF439803 543/547 99 

OS-6 599.5 Arthrobacter 
oxydans 

EF204377 476/477 99 

OS-7:1 and 
OS-8:1 

771 Arthrobacter 
bergeri 

AJ609632 501/502 99 
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3.5.2 CHAB analysis of the ONKALO slime 

In the ONKALO slime at the 555-m position in the tunnel, Shewanella putrifaciens was 
found, at the 575-m position Pseudomonas fluorescence, Pseudomonas anguilliseptica, 
and Arthrobacter oxydans were found, and at the 771-m position Arthrobacter bergeri 
and another strain of Pseudomonas anguilliseptica were found. 

After sequencing, three of the five morphologies could be identified as a 
Flavobacteriaceae bacterium, Hydrogenophaga atypica, and Hydrogenophaga 
taeniospiralis (Table 3-8). The other two morphologies could not be identified because 
more than one type of 16S rDNA was present in the sequence, resulting in a corrupt 
sequence pattern. However, one of the morphologies probably comprised more than one 
type of microbe all belonging to the genus Pseudomonas. The most abundant CHAB in 
the white, gaseous ONKALO slime was most closely related to Hydrogenophaga 
taeniospiralis (3 ± 0.3 × 107 g–1 wet weight). 

Table 3-8. Morphology and numbers of the different sequenced CHAB in the ONKALO 
slime from the 550-m tunnel position sampled in October 2007. 

Colony 
morphology 

Mean 
no. of 
CHAB 
(g–1 wet 
weight) 

St. 
dev. 

Closest 
relative 

Accession 
no. 

Identity 
length 
(base 
pairs) 

Identity 
(%), 
Nov. 
2007 

Total number 5 × 107 4 × 106 -   - 

Large, white–
yellow 

2 × 105 2 × 105 *   * 

Small yellow 1 × 107 3 × 106 Flavobacteriaceae 
bacterium TDMA-
5  

AB264126 651/667 97 

Large, white 
irregular 

1 × 106 1 × 106 Probably 
Pseudomonas** 

  - 

Yellow with 
white halo 

2 × 106 5 × 105 Hydrogenophaga 
atypica  

AJ585992 851/860 98 

Small white 3 × 107 3 × 106 Hydrogenophaga 
taeniospiralis  

AY771764 832/839 99 

 
* The sequence contained 16S rDNA from at least two species.  
** The sequence contained 16S rDNA from at least two species, probably all of genus Pseudomonas. 
 

3.5.3 MPN of SRB in the ONKALO slime 

The MPN analysis of SRB was conducted in October 2007 using a sample of the 
ONKALO slime nearest the concrete at the 550-m position in the tunnel, i.e., the black 
ONKALO slime shown in Figure 3-21. SRB could not be detected in this sample using 
the present analytical methodology. 
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Figure 3-27. pH measurements in the black ONKALO slime from the 550-m position in 
the tunnel. The Unisense electrode was manually moved in and out of the slime (Figure 
2-3). The top and bottom figures show results for two different disks with different 
slimes. 
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3.5.4 Acidity of the ONKALO slime 

The black ONKALO slime from the 550-m position in the tunnel, nearest the concrete 
wall, possibly contained iron sulphide (Figure 3-21). If sulphide comes in contact with 
air, sulphuric acid can be produced abiotically or via microbial activity, which in turn 
will dramatically reduce the pH. The acidity of the ONKALO slime was analysed using 
the Unisense system in October 2007. The pH reading dropped to approximately 1–2 
every time the electrode was inserted into the black ONKALO slime and rose to 
approximately 7–9 when the electrode was put into the water again (Figure 3-27). The 
conditions inside the black ONKALO slime were obviously strongly acidic, while the 
water was slightly alkaline, probably due to carbonate dissolution from the concrete. 
The results of the pH measurements in the two slime samples are shown in Figure 3-27. 

3.5.5 Dissolved carbon  

In October 2007, the amounts of DIC and DOC were measured in the water passing 
through the slime at the 771-m and 550-m positions in the tunnel (Table 3-9). The 
amounts were compared with the DOC and DIC amounts from drillhole ONK-KR 3 at 
the depth of 46 m between 2005-08-23 and 2006-06-05 (reference numbers 5W1341, 
5W1334, 5W1342, 5W1334, 5W1457, 5W1450, 5W1458, 5W1450, 2006-01486-01, 
2006-03659-01, 2006-01486, 5W1123, 5W1097, and 2006-03659). The amounts of 
grouting at the sites were also compared (Table 3-9). The data indicated that more 
grouting had been added in the vicinity of ONK-KR 3 (13270 kg of grouting, 279 kg of 
ScanCem-40, and 1841 kg of Groutaid) than at the 550-m position where the ONKALO 
slime was sampled (4062 kg of grouting, 95 kg of ScanCem-40, and 770 kg of 
Groutaid). At the 771-m position in the tunnel, no grouting had been added. Less DOC 
(0.6 to 0.8 times less) and more DIC (2 to 3 times more) were found flowing through 
the ONKALO slime at both the 550-m and 771-m positions than in the ONK-KR 3 
drillhole in ONKALO tunnel (Table 3-9). 

Table 3-9. Grouting and dissolved carbon in ONK-KR 3 and in ONKALO at 550 m and 
771 m. 

Sampling 
point 

Sampling 
date 

Grouting (kg) DIC (mg l–1) DOC (mg 
l–1) 

n 

ONK-KR 3, 
460 m 

2005-08-23 to 
2006-06-05 

Cement: 13270 
ScanCem-40: 279 
Groutaid: 1841 

28 ± 14 11 ± 2 9 

ONKALO 
slime, 550 m 

2007-10-21 Cement: 4062 
ScanCem-40: 95 
Groutaid: 770 

79 ± 0.5 9 ± 0.4 2 

ONKALO 
slime, 771 m 

2007-10-21 None 61 ± 3 7 ± 0.3 2 
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3.5.6 Composition and origin of the gas in the ONKALO slime bubbles 

The composition of the gas bubbles in two samples each of the ONKALO slime at the 
550-m and 771-m positions in the tunnel was analysed in October 2007 by means of 
GC-FID, GC-TCD, and GC-RGD. The composition of the bubbles was compared with 
that of air, mostly to evaluate whether the bubbles consisted of air or whether they 
comprised a different gas mixture (Table 3-10). The results revealed that the gas inside 
the bubbles consisted of larger amounts of nitrogen (60000–70000 ppm more), carbon 
dioxide (800–3500 ppm more), and methane (3100–77000 ppm more) than were found 
in air (Table 3-10). The amount of oxygen, on the other hand, was lower than in air 
(90000–120000 ppm less). Obviously, the gas in the bubbles consisted of another gas 
mixture than air. The ONKALO slime microbes might have used the gas bubble 
contents in their metabolism, and isotopic data could reveal the origin of the found 
gases.  

The δ13C-CH4 signature in the methane in the ONKALO slime bubbles was –52‰ 
(VPDB). In comparison, the δ13C-CH4 signatures in methane from OL-KR 42 308–321 
m (sampled on 2007-09-10), OL-KR 8 556.5–561.0 m (sampled on 2006-04-27), OL-
KR 8 556.5–561.0 m (sampled on 2007-10-02), and PP36 (sampled on 2006-10-11) 
were –48.4‰, –37.0‰, –38.1‰, and –46.4‰, respectively. Some biogenic methane 
production appears to have occurred in the ONKALO slime; otherwise, a deep δ13C-
CH4 signature comparable to that of the 556-m samples would have been found. 

Table 3-10. Composition of gas in the bubbles in the ONKALO slime at the 550 m and 
771 m positions. 

Sampling 
point 

Sampling 
date 

H2 
(ppm) 

CO2 
(ppm) 

CO 
(ppm) 

CH4 
(ppm) 

C2H6 
(ppm) 

He 
(ppt) 

O2 
(ppt) 

N2 
(ppt) 

ONKALO 
slime 550 m 

2007-10-21 bd a 3790 ± 
608 

13 ± 2 77200 
± 
40200 

bd bd 86 ± 50 840 ± 
28 

ONKALO 
slime 771 m 

2007-10-21 bd 1120 ± 
238 

14 ± 2 3130  
± 778 

bd bd 125 ± 
1.25 

849 ± 
1.82 

Tunnel air - 0.04 340 0.05 0.97 - 5.24 210 780 
a below detection 
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Figure 3-28. TGGE image of the ONKALO slime samples from October 2006. Lanes A–
C represent samples from the 555-m position in the ONKALO tunnel, D–E from the 
575-m position, and F–H from the 771-m position. 
 

3.5.7 TGGE analysis and cloning of the ONKALO slime 

In October 2006, TGGE analysis was performed on samples of ONKALO slime at the 
555-m (three samples), 575-m (two samples), and 771-m (three samples) positions in 
the tunnel. As shown in Figure 3-28, the ONKALO slime PCR products from the three 
samples from the 555-m position in the tunnel resembled each other (Lanes A–C), 
differing from the two samples from the 575-m position (Lanes D–E) and the three 
samples from the 771-m position (Lanes F–H).  

Five bands from the TGGE image shown in Figure 3-28 were cut out and sequenced. 
These bands were affiliated with Flavobacterium sp., Pseudomonas sp., Methylobacter 
tundripaludum, Hydrogenophaga sp., and a filamentous bacterium that grows in visible 
biofilms in consortium with archaea (Table 3-11). 
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Table 3-11. The microbes in TGGE bands 1–5, analysed in October 2006. 

ONKALO 
depth (m) 

Band 
no. 

Closest relative 
(February 2008) 

Accession 
no. 

Identity 
length 
(base 
pairs) 

Identity 
(%) 

555  1 Flavobacterium sp. EF681122 189/195 97 
555  2 Pseudomonas sp. -a  32/32 100 
771 3 Methylobacter 

tundripaludum 
AJ414655 502/524 95 

771 4 Filamentous bacterium b AJ307949 493/502 98 
771 5 Hydrogenophaga sp. DQ413154 530/547 96 
a Too short a sequence to be able to differentiate between several Pseudomonas species 

b This sequence is similar to that of a bacterium known to grow in visible biofilms in aggregates with archaea in 
cold sulphurous springs (Rudolph et al. 2001). 
 

3.5.8 Molecular analysis of diversity in the ONKALO slime 

Two different slimes were collected from the tunnel wall during the October 2007 
sampling in ONKALO at the 550-m and 771-m positions in the tunnel. DNA was 
extracted directly from the ONKALO slime (Table 3-12). 

Identifying the dominant species in the ONKALO slime by cloning revealed that the 
pink morphology slime at the 771-m position (Figure 3-25 and Figure 3-26) was 
dominated by microbes affiliated with Haliscomenobacter hydrossis (four of 10 clones, 
98% similarity; Table 3-12). This bacterium has repeatedly been found in activated 
sludge from wastewater treatment plants, and is known to form long filaments (Mulder 
and Deinma 2006). H. hydrossis grows on organic carbon and energy sources and 
requires oxygen for its respiration (Mulder and Deinma 2006). Other species found in 
the solid and pink ONKALO slime at the 771-m position were Rhodoferrax 
ferrireducens (99% similarity) and Methylobacter tundripaludum (94% similarity). R. 
ferrireducens is an iron-reducing bacterium that grows on a variety of organic energy 
and carbon sources (Finneran et al. 2003; Eriksson et al. 2005), while M. tundripaludum 
is a methanotroph that grows on oxygen and methane (Bowman 2005). The presence of 
M. tundripaludum was also confirmed in the TGGE analysis (Table 3-11). 

The white and gaseous ONKALO slime at the 550-m position in the tunnel (Figure 3-19 
and Figure 3-20), on the other hand, was dominated by aerobic methanotrophs and 
methylotrophs (in total, four of 10 clones; Table 3-12): Methylotenera mobile (97% 
similarity), Methylococcaceae sp. (97% similarity), and Methylophilus methylotrophus 
(99% similarity). M. methylotrophus and M. mobile are suggested to belong to the same 
family (Kalyuzhnaya et al. 2006). This family does not use methane but methyl-
containing substances, such as formaldehyde, and contains known slime producers 
(Bowman 2005). The white slime also contained a relative of the filamentous, gliding 
microbe Flavobacterium succinicans (97% similarity, three of 10 clones). F. 
succinicans uses organic carbon sources under both aerobic and anaerobic conditions 
(Bernardet and Bowman 2006) and has been reported to be pathogenic to certain species 
of protozoa (Bernardet and Bowman 2006). This observation made sense, since 
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protozoa were observed grazing on the ONKALO slime under the microscope (Figure 
3-29).  

One of the isolated colonies, determined by CHAB analysis to exist in numbers of 
approximately 107 g–1 wet weight of the white, gaseous ONKALO slime, was affiliated 
with the Flavobacterium genus (98% similarity). A Flavobacterium was also found by 
using TGGE (Table 3-11), additional evidence that this type of microbe makes up a 
substantial part of the white ONKALO slime. Another microbial genus detected in the 
white ONKALO slime (one of 10 clones; Table 3-12), in the TGGE analysis (Table 
3-11), and as isolated CHAB colonies (2/5; Table 3-8) was Hydrogenophaga (98–99% 
similarity). This genus is known to use organic carbon sources if present; in addition, 
the genus is known for its ability to live on carbon dioxide and hydrogen gas (Willems 
and Gillis 2005). A relative of R. ferrireducens was also present in the white slime (one 
of 10 clones, 98% similarity; Table 3-12), as was a distant relative of Bosea thiooxidans 
(one of 10 clones, 92% similarity; Table 3-12), an aerobic microbe that draws energy 
from reduced sulphur-containing compounds (Das 2005).  

 

Figure 3-29. Protozoon found grazing on the ONKALO slime from the 550-m position 
in the tunnel, as seen under the light microscope. The protozoon is the circular 
structure in the middle of the picture. 

3.5.9 Analysis of producers of complexing agents 

The presence of complexing agent-producing microbes in the ONKALO slime was 
evaluated by examining the microbes found, during identification via TGGE, cloning, 
and CHAB analyses (sections 3.5.7, 3.5.8, and 3.5.2), at the 550–555-m, 575-m, and 
771-m positions in the tunnel. Identification revealed the presence of pyoverdin 
producers in the slime, especially as P. fluorescence was found (Table 3-7). P. 
fluorescence is a common soil microbe, and some strains are known to produce 
complexing agents that can release radionuclides into water solution (Johnsson 2006). 
Other microbes found to be more dominant in the slime, namely the methano- and 
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methylotrophs (Table 3-12), have been shown to excrete methanobactins, bioligands 
specific to copper uptake from both solutions and mineral copper sources (Knapp et al. 
2007). 

Table 3-12. Sequence data obtained from drillholes in ONKALO slime sampled in 
October 2007. Some sequences found were not further characterized, so information 
was not obtained as to the bacterial group to which the sequence of interest belonged 
based on the sequence information obtained (-).  

Sample 
description 

No. of 
identical 
clones 

Bacterial group Closest relative NCBI 
accession 
no. of 
closest 
relative 

Identity 
length 
(base 
pairs) 

Iden-
tity 
(%) 

ONKALO 
slime, 771 m  

4 Sphingobacteria Haliscomenobacter 
hydrossis 

AJ784892 847/864 98 

 1 Epsilonproteobacteria Nitratiruptor sp. AP009178 17/17 100) 
 1 Betaproteobacteria Uncultured 

bacterium clone 
KuyT-IWPS-94 

EU263748 827/847 97 

 1 Betaproteobacteria Rhodoferax 
ferrireducens 

CP000267 869/877 99 

 1 Gammaproteobacteria Methylobacter 
tundripaludum 

AJ414655 275/292 94 

 1 Crenarchaeota Uncultured 
Crenarchaeota 

EF562579 126/126 100 

ONKALO 
slime, 550 m 

3 Deltaproteobacteria Flavobacterium 
succinicans 

AM230494 829/862 97 

 2 Betaproteobacteria Methylotenera 
mobila 

DQ287786 657/672 97 

 1 Alphaproteobacteria Bosea thiooxidans AF508803 766/827 92 
 1 Betaproteobacteria Hydrogenophaga 

sp. 
DQ413154 831/847 98 

 1 Gammaproteobacteria Methylococcaceae 
bacterium 

DQ119050 191/196 97 

 1 Betaproteobacteria Rhodoferax 
ferrireducens 

CP000267 870/880 98 

 1 Betaproteobacteria Methylophilus 
methylotrophus 

AB193724 203/205 99 
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4 DISCUSSION 

4.1 Dissolved gas in groundwater 
The observed gases can be of three different origins. First, deep crustal processes can be 
assumed to the be source of hydrogen, helium, nitrogen, and methane. Second, 
dissolution of air in recharging groundwater may explain some of the gases in 
groundwater, oxygen being an obvious example. When analysed for, oxygen was found 
to depths of at most 16.5 m in shallow groundwater (Pedersen 2008). However, as 
oxygen is consumed by microorganisms, its shallow distribution cannot be concluded to 
depend on limited mixing with depth. Argon is an inert gas and its presence in 
groundwater may also indicate the origin of nitrogen, if the ratio between argon and 
nitrogen is consistent with the ratio of those gases in water in equilibrium with air. The 
atmospheric nitrogen/argon ratio is 83.54 and many samples exceeded this value (Figure 
4-1). High ratios above this value may suggest nitrogen of a very deep, thermogenic 
origin (Andrews et al. 1989), but stable isotopes will be needed to draw a valid 
conclusion. Third, sampling artefacts: inspection of Figure 4-1 reveals a very scattered 
pattern of ratios, most likely artefacts due to malfunctioning PAVE vessels as discussed 
in section 3.1. Further inspection of all available gas analyses confirms the problem of 
leaking PAVE pistons (Figure 4-2). Most of the results from samplers containing argon 
in the pressure compartment display elevated concentrations of argon in the sampled 
water relative to samplers containing nitrogen. PAVE samplers containing nitrogen in 
the pressure compartment will overestimate the nitrogen concentrations of the samples 
taken, and PAVE samplers containing argon will overestimate the argon concentrations. 
In addition, the concentrations of all other gases will be diluted relative to the amount of 
gas that leaks into the sample compartment from the pressure compartment. At present, 
it is impossible to use nitrogen/argon ratios to deduce the origin of these gases. 
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Figure 4-1. The nitrogen/argon ratios for Olkiluoto groundwater gas samples taken in 
2007. 
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Figure 4-2. The amount of extractable dissolved argon gas in Olkiluoto groundwater; 
all available results. Filled symbols indicate results from PAVE vessels containing 
nitrogen in the pressure compartment. Open symbols indicate results from PAVE 
vessels containing argon in the pressure compartment. 

 

Comparing the nitrogen/helium ratio indicates a drift from samples with similar ratios of 
approximately 50 at depths below 300 m to very high ratios, all at depths shallower than 
approximately 300 m (Figure 4-3). There are several possible explanations for this. 
Degassing of helium to the atmosphere can be assumed to be faster than that of 
nitrogen, because the atmospheric concentration of helium (5 ppm) is much lower than 
that nitrogen (80%), which increases the transport rate of helium compared with that of 
nitrogen. However, the leaking PAVE problem, discussed in section 3.1, may also 
explain the ratios. If there were a leak of nitrogen from the lover PVB pressure vessel 
compartment into the sample, the nitrogen/helium ratio would increase. This would be 
most obvious in samples containing small amounts of gas, which would be more 
influenced by an assumed fixed-volume contamination than would samples containing 
large amounts of gas. If the nitrogen/helium ratios were all similar at a given depth, it 
would suggest that the nitrogen comes from deep sources. Helium is known to be 
produced at great depths due to radioactive decay and is also known to diffuse from the 
mantle, as discussed elsewhere (Pedersen 2008); nitrogen may follow a similar process. 
However, stable isotope data and new samples taken with properly functioning PAVE 
vessels will be required for significant conclusions to be made. 
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Figure 4-3. The nitrogen/helium ratios for Olkiluoto groundwater gas samples. Filled 
symbols indicate results obtained in 2005–2006. Open symbols indicate results obtained 
in 2007. 

4.2 Deep Olkiluoto groundwater microbiology 
Three different methods were used to analyse the groundwater samples: TNC returns 
cell numbers, ATP returns a measure of biomass, and cultivation returns a measure of 
microbe diversity and numbers. It has been demonstrated here and elsewhere that TNC 
and ATP values correlate in Fennoscandian Shield groundwater. It was demonstrated by 
Eydal and Pedersen (2007) that the amount of ATP in groundwater samples reflects the 
number of cells as well as their biovolume and activity. When the amount of ATP in the 
samples was scatter plotted versus the stacked MPN values for shallow (see Pedersen 
2008) and deep groundwater samples, significant correlations were found (Figure 4-4 
and Figure 4-5). The scatter plots also indicate that there was about ten times more ATP 
per cultivated microorganism in shallow than in deep groundwater. This is because the 
percentage of TNC that was cultivatable was ten times higher in deep than in shallow 
groundwater. In conclusion, the outputs of three independent methods were found to 
correlate. ATP and TNC have previously been found to correlate (see Pedersen 2008), 
but the demonstration of correlation between ATP and MPN cultivations is new 
(Pedersen et al. 2008). Adding Q-PCR to groundwater investigations, combined with 
isolating and characterizing cultivable microorganisms from the highest dilutions of the 
MPN tubes, will reveal specific details about diversity and activity of the studied 
populations, as discussed elsewhere in this report. 
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Figure 4-4. The relationship between stacked values of most probable numbers of 
various physiological groups of microorganisms in deep Olkiluoto groundwater (Figure 
3-11) versus ATP concentration. The scatter plot and correlation only include datasets 
representing all physiological groups. The least square regression lines for ATP versus 
stacked MPN are shown for deep groundwater samples (10Log(ATP) = 0.109  
10Log(MPN) + 3.26; r = 0.80, p = 0.0001, n = 18). Dashed lines indicate the 95% 
confidence interval. 
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Figure 4-5. The relationship between stacked values of most probable numbers of 
various physiological groups of microorganisms in shallow Olkiluoto groundwater 
versus ATP concentration (Pedersen 2008). The least square regression lines for ATP 
versus stacked MPN are shown for shallow groundwater samples (10Log(ATP) = 0.124 

 10Log(MPN) + 3.78; r = 0.68, p = 0.0001, n = 18). Dashed lines indicate the 95% 
confidence interval. 
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For a long time, scientists have observed profiles of methane, sulphate, sulphide, and 
carbon dioxide in anaerobic aquatic sediments that strongly suggested the presence of 
active ANME (Zehnder and Brock 1980; Thomsen et al. 2001). It was not until recently, 
however, that the ANME microorganisms underlying this process were identified 
(Boetius et al. 2000). It was obvious that strong methane and sulphate gradients meet at 
several locations at a depth of 300 m in Olkiluoto (see Pedersen 2008). Furthermore, it 
was obvious from determinations of ATP and of the MPNs of various physiological 
groups of bacteria that microbial abundance and activity both peak at these sample 
locations. Finally, sulphide concentrations were also very high at the same locations. Of 
the sites evaluated and discussed earlier (see Pedersen 2008), OL-KR 6, 328 m, OL-KR 
10, 316 m, and OL-KR 13, 294 m had the greatest potential for pronounced anaerobic 
methane oxidation; these three sampling locations had high concentrations of ATP and 
DOC and high MPNs of NRB, SRB, AA, and HA relative to those at other deep 
groundwater sampling locations. The drillhole OL-KR 40, 256 m, sampled and analysed 
in 2007, also belongs to this group because of its similar high results of the TNC, ATP, 
and CHAB analyses (Table 3-1) and similar high MPN (Figure 3-11).  

Inspecting the ratio of methane to helium in all data from 2005–2007 over depth 
confirms previous observations that, except for OL-KR 4, 70 m, the ratio decreases 
distinctly by approximately 10 fold from 350 m up to 200 m. It was concluded that the 
observed drop could be due to the activity of ANME microorganisms (Pedersen 2008). 
Methane oxidation should result in the production of carbon dioxide. Some such carbon 
dioxide may precipitate as carbonate, but there should also be an increase in the amount 
of dissolved carbon dioxide. This was indeed the case, and plotting the ratio of carbon 
dioxide to methane against depth (Figure 4-7) indicates that there was a significant 
increase in this ratio at 300 m, which suggests that carbon dioxide is being produced 
there, possibly via ANME processes. 
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Figure 4-6. The methane/helium ratios for Olkiluoto groundwater gas samples. Filled 
symbols indicate results obtained in 2005–2006. Open symbols indicate results obtained 
in 2007. 
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Figure 4-7. The carbon dioxide/methane ratios for Olkiluoto groundwater gas samples. 
Filled symbols indicate results obtained in 2005–2006. Open symbols indicate results 
obtained in 2007. 

4.3 OL-KR 6, 422–428 m 
The diversity and activity of microorganisms in drillhole OL-KR 6 was analysed using 
molecular techniques and the results were described in section 3.3.5. Despite the high 
amount of dissolved solids in OL-KR 6, one PCR reaction yielded PCR fragments that 
could be cloned, the one performed on the sample from the last day of sampling. The 
clones sequenced offered a preliminary glimpse of the microbial diversity in OL-KR 6. 
The uncultured Arcobacter sp. clone P 5-5 was the most common species in this 
drillhole, present in eight of 12 clones (Table 3-3). Another species present was 
Shewanella frigidimarina, a non-fermenting, facultative, iron-reducing anaerobe from 
the gamma group of proteobacteria. Shewanella produces siderophores, and they can 
also reduce the highly mobile U(VI) complex to poorly soluble uraninite (U(IV)O2) 
(Kalinowski et al. 2004), thus limiting its migration further in groundwater. 
Sulfuricurvum kujiense was another bacterium present in the OL-KR 6 sample from the 
last day of sampling; it is a facultative anaerobe, a chemolithoautotrophic and sulphur-
oxidizing bacterium. It utilizes sulphide, elemental sulphur, thiosulphate, and hydrogen 
as the electron donors and nitrate as the electron acceptor under anaerobic conditions, 
but not nitrite; oxygen also served as the electron acceptor under microaerobic 
conditions. It does not grow using sugars, organic acids, or hydrocarbons as its carbon 
and energy sources (Kodama and Watanabe 2004). 
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4.4 ONKALO groundwater 
The TNC, ATP, and CHAB varied over two orders of magnitude (Table 3-4), some of 
this variability being found over time in single drillholes. However, except for ONK-
PVA 1, ONKALO drillholes have been sampled on only one or two occasions, so 
conclusive statements must await further analysis. For PVA1, the numbers were 
reproducible over time, except possibly for the sample from 2006-04-28. This is in line 
with observations of shallow groundwater, where several drillhole groundwaters 
displayed reproduced numbers with time (Pedersen 2008). The diversity and activity of 
microorganisms in ONK-KR 1–3 and ONK-PVA 1–3 were analysed using molecular 
techniques, and the results were described in section 3.4.5. There was great diversity in 
the sampled ONKALO groundwater, as outlined next. 

Sulphur-oxidizing bacteria 
The uncultured bacteria SRRT-05 found in KR 1 and KR 3 (Table 3-5) was very similar 
to a microaerophile sulphur-oxidizing bacterium called Thiovolum (Miroshnichenko et 
al. 2004). Those drillholes had a lower water flow rate than the others did, with a flow 
of only 20–25 mL min–1 in ONK-KR 1 and 6–10 mL min–1 in ONK-KR 3. 

The uncultured bacterial clone LaP15L60 belonging to the group Hydrogenophilaceae 
was similar to Thiobacillus thioparus (M979426). This bacterium dominated ONK-KR 
3 groundwater, which appeared to contain sulphur oxidizers only; it also dominated 
ONK-PVA 2 groundwater. Thiobacilli are acidophiles that can oxidize sulphur to 
sulphuric acid. Thiobacillus thioparus has relatives that can produce siderophores and 
reduce uranium (Beller 2006). This would probably have one positive and one negative 
effect, since it can both mobilize uranium by forming siderophores and immobilize it by 
reducing it. A relevant and observed problem might be that T. thioparus can produce 
sulphuric acid from sulphide, as was found in the ONKALO slime (section 3.5.4). The 
other two sulphur-oxidizing bacteria found in ONK-KR 3 are most similar to Thiovolum 
sp. and Sphingobacteria. Groundwaters from ONK-KR 3 and ONK-PVA 2 were similar 
in their bacteria content. The water in these two drillholes flows at the slowest flow rate 
of all sampled drillholes, which could be one explanation of why the bacteria living in 
those two drillholes are so similar. 

Potential ANME partners 
ONK-KR 1 was the drillhole containing the most sulphate-reducing bacteria from the 
groups that can form clusters with anaerobic methanotrophs during anaerobic methane 
oxidation. Some were also found in KR 2; these belong to the Deltaproteobacteria and 
there are two main groups involved, Desulfobacteraceae and Desulfobulbaceae (Lloyd 
et al. 2006; Yoon et al. 2008). These bacteria are very interesting, since their presence 
indicates that anaerobic methane oxidation might be occurring in the shallow ONKALO 
tunnel groundwater. To be sure this is the case, we also must look for archaea in those 
drillholes to see whether anaerobic methanotrophs are also present. It will therefore be 
important to develop an archaea primer pair that can pick up those methanotrophs, and 
this effort is currently in progress. Some archaea primers have been tested, but since it is 
impossible at this stage to know exactly what archaea might be present in the tunnel, 
testing them is time consuming and complicated. Another problem is that not that many 
sequences from anaerobic methanotrophs have been submitted to GenBank, so even if 
we can get nice sequences they might not match anything present in the databases. 
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Some 16S rRNA archaea primers and primers specific to methanogens have been tested 
and seem to work nicely, depending on the size of the fragments; these sequences, 
however, did not find close matches in GenBank and are still under evaluation. Other 
sulphate reducers also found in ONKALO and belonging to the Epsilon group of 
bacteria do not live in ANME clusters (Inagaki et al. 2006).  

Desulfosporosinus sp. 
Desulfosporosinus is an SRB genus present in almost all drillholes in different species 
that can produce siderophores and reduce uranium. Uranium reduction is favourable to 
nuclear waste disposal, since the uranium(VI) is reduced to uranium(IV), which is solid 
and immobile. Siderophore production, on the other hand, is a negative effect, since 
these molecules can bind to and transport any escaping radionuclides (Nevin 2003; 
Suzuki et al. 2004). 

Dehalobacterium formicoaceticum 
Dehalobacterium formicoaceticum is the closest relative of the most common bacteria 
found in KR 2. It is a strictly anaerobic acetogen using dichloromethane as a source of 
energy (Mägli et al. 1996).  

Uncultured bacteria 
Except for the clones matching species in the databases, a mix of bacteria were found, 
especially in ONK-PVA 1, not similar to anything else found in the databases (87–90% 
identity). Most of these bacteria seem to be involved in the bioremediation of uranium 
in some way or have relatives involved, according to the literature, though more 
detailed study is needed to determine more precisely what they do. Most of them have 
not yet been cultured and there was no further information about them in the databases; 
it was thus impossible to determine exactly what they do. They can, however, be further 
investigated to determine if they were present in the cultures and not only in the 
groundwater from which DNA has been extracted. This was, however, an indication of 
what we had and the bacteria discovered using molecular techniques were of course the 
ones present at the site. Another possibility is that archaea were present that were not 
picked up by other bacterial 16S rRNA universal primers, so suitable archaea primers 
for this system will be evaluated. Several primer pairs that worked well at the Äspö 
Hard Rock Laboratory (HRL) in Sweden have already been tested; they did not, 
however, seem to work that well for the Olkiluoto and ONKALO samples. There is a 
common problem with archaea primers: they might seem suitable at first glance, and 
when running a PCR and an agarose gel, the right size of fragment appears; when the 
samples are cloned, sequenced, and compared to other sequences in the databases, 
however, it turns out that only bacterial sequences have been cloned, since the primers 
are rather unspecific. Therefore, we must find specific archaea primers that pick up only 
the archaea of interest and as few bacteria as possible, preferably none; since archaea 
and bacteria share many sequence similarities, however, this is almost impossible.  

Other bacteria 
A relative of the bacterium T. carboxydiphila was found in ONK-PVA 2, but was only 
91% similar to the sequence found in GenBank. Cellulomonas sp. was also found and it 
might produce siderophores. 
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4.5 The ONKALO slime 

4.5.1 Identified microbes and their role in the slime 

The ONKALO slime differed in appearance depending on where it was found. It was 
white and gaseous at the 550–555-m position in the tunnel (Figure 3-19), black and 
viscous nearest the grouting at the 550-m position (Figure 3-21), encrusted with a brown 
coating at the 575-m position (Figure 3-24), and solid and pink at the 771-m position 
(Figure 3-25). The black ONKALO slime type was strongly acidic inside (pH 1–2, 
Figure 3-27), while the water surrounding it was neutral or slightly alkaline (pH 7–9, 
Figure 3-27). The solid and pink ONKALO slime and the white and gaseous ONKALO 
slime each consisted of several microbial species, which were not the same in the two 
slime types. 

Methanotrophs and methanogens 
Aerobic methanotrophs were found in large amounts in the slime, as described in 
sections 3.5.7 and 3.5.8, by means of both TGGE and cloning. One of the clones in the 
pink slime is most similar to Methylobacter tundripaludum, an aerobic methanotroph 
(Kalyuzhnaya et al. 2006). However, it only displays a 94% sequence identity to this 
bacterium and is more similar (98% sequence identity) to an uncultured bacterium clone 
B12 (accession number DQ145157). It would be interesting to run an archaea PCR on 
this sample to see what appears, since the bacterium most similar to our sample 
(Methylobacter) is also the bacterium to which some of the anaerobic methane oxidizers 
are most similar on the bacterial side of the phylogenetic tree. A sequence belonging to 
Crenarchaea was also present in one clone, but the sequence was too short to determine 
more precisely which archaea it was. The composition of the gas in the ONKALO slime 
suggested that methanogens might be present in the slime, so it would be informative to 
sequence the slime with archaeal primers as well. However, it seems likely that 
Methylobacter can produce pink slime under nitrogen-limited conditions; they produce 
exopolysaccharide, so a bacteria similar to this is likely present in the slime (Bergey and 
Holt 1994; Wise et al. 2001). Other aerobic methanotrophs present in the white slime 
were Methylotenera mobile (which belongs to a family that uses formaldehyde as a 
carbon source), Methylococcaceae bacterium, and Methylophilus methylotrophus (an 
aerobic obligate methanotroph using methanol as a source of carbon and energy); M. 
methylotrophus can also produce slime (Bergey and Holt 1994). Various other aerobic 
methanotrophs seem to be present in the white slime, so it might be useful to conduct Q-
PCR for methanogens and methanotrophs in the future; there are genes present in all 
aerobic methanotrophs that could be used for this purpose (Schubert et al. 2006; 
Kalyuzhnaya et al. 2006). 

Slime-producers 
In the pink slime from a depth of 771 m in ONKALO, Haliscomenobacter hydrossis 
was found. This long and extremely thin filamentous gram-negative bacterium (Mulder 
and Deinma 2006) belongs to the Sphingobacteria that can produce biofilms. It can 
grow on several different substrates, such as dextrin, starch, oils, and casein, and at 
many different temperatures and pHs. It is also a nitrate reducer (Mulder and Deinma 
2006). The former name of Flavobacterium succinicans was Cytophaga succinicans, 
and this is the dominant species in the white slime sampled at a depth of 551 m; it is a 
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facultative anaerobic bacteria belonging to the Myxobacteria (Bernardet and Bowman 
2006). This group of bacteria possesses huge genomes compared with those of other 
bacteria. The so-called slime bacteria belong to the gram-negative group Proteobacteria. 
Myxobacteria can move actively by gliding; they move in “swarms” (also known as 
wolf packs) containing many cells held together by intracellular molecular signals. This 
close concentration of cells is sometimes necessary to maintain a high concentration of 
extracellular enzymes needed to catalyze digestion. They produce several usable 
biomedical and industrial chemicals, such as antibiotics (Reichenbach 2001; Kiskowski 
et al. 2004; Sozinova et al. 2005). Under conditions of malnutrition, so-called fruiting 
bodies are produced by contact-mediated signalling. These fruiting bodies appear in 
different shapes and colours depending on the species. Cells in the fruiting bodies begin 
as vegetative rod-shaped bacteria and develop into round myxospores with thick cell 
walls, which are important to enable them to survive until more nutrition becomes 
available. This process is consumes less energy and slime moulds are formed.  

Myxobacteria live in neutral or basic pH. They can develop light yellow, red, or brown 
pigments, as was the case in the tunnel slime in ONKALO. They glide on water films 
along firm surfaces and secrete slime (polysaccharides). Some use cellulose as a carbon 
source while others secrete antibiotics that kill other bacteria that they then eat 
(Reichenbach 2001; Kiskowski et al. 2004; Sozinova et al. 2005). All these 
characteristics strongly suggest that such bacteria are what constitute the ONKALO 
slime, and three of 10 clones in the white slime are these Myxobacteria. This group 
predominates in the white slime, together with the aerobic methanotrophs (three of 10 
clones). Flavobacteriaceae bacterium TDMA-5 is a carotenoid-producing zeaxanthin 
that results in yellow-coloured growing colonies, which was also seen in the slime 
colonies growing on CHAB plates (Asker 2008). One of the clones picked out from the 
slime grown directly on CHAB plates contains this bacterium. It is a Sphingobacteria 
and is found in the same group as the ones found in the white slime, namely, 
Flavobacteria. It is probably a Myxobacteria too, but not of the same species as in the 
white slime. They are only 83% identical to each other. The colony of 
Flavobacteriaceae bacterium from the CHAB plates is small and yellow (Table 3-8). 
This provides evidence that we can culture the slime bacteria, since this bacterium 
seems to be dominant in the cloning experiment and very important for slime 
production in ONKALO. Hydrogenophaga was a hydrogen oxidizer found in the white 
slime; it is another slime-producing bacterium (Yoon et al. 2008) that was present in 
colonies one and two on the CHAB plates. 

Other microbes found in the slime 
Nitratiruptor sp. is a sulphur oxidizer that probably also grows in the slime 
environment; it is a chemolithoautotrophic bacterium that can use, for example, sulphur 
compounds, nitrate, and oxygen as electric donors. Bosea thiooxidans is another 
sulphur-oxidizing bacteria that was present in the white slime. Both these microbes have 
genes for sulphur oxidation that might be used in the future to measure the active 
numbers of those bacteria by means of Q-PCR (Das 1996). Rhodoferax ferrireducens is 
a facultative anaerobic bacterium that was found in both the pink and white slimes; it 
can oxidize acetate through Fe3+ reduction (Finneran et al. 2003).  
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Methodology 
Identification was performed on two different occasions, in October 2006 and October 
2007 (Table 2-2 and Table 2-3), using different approaches (i.e., TGGE cloning and 
CHAB analysis; see sections 3.4.3 and 3.4.5). The presence of some microbes was 
confirmed on both sampling occasions (e.g., methanotrophs, Pseudomonas sp., 
Flavobacterium sp., and Hydrogenophaga sp.; see sections 3.5.7 and 3.5.2), while a few 
were discovered mainly by cloning (e.g., H. hydrossis and R. ferrireducens). Most of 
the diversity was thus confirmed by two or more independent analytical methods, 
supporting our identification of the dominant microbes in the ONKALO slime. It is 
impossible to read the sequencing data in samples containing more than one species, 
since there are several overlapping sequencing curves; cloning is a very good way to 
solve the sequencing problem in such samples. Another way to determine what is 
present in such samples is to run TGGE to separate the different species present; this is 
not always as sensitive as cloning, since it can be difficult to separate the species well 
enough to detect all of them. Another disadvantage is that the method involves the 
handling of many toxic chemicals, such as polyacrylamide, so cloning seems to be the 
best way to determine the different species present in samples containing many different 
species. 

Safety for humans and the integrity of the spent nuclear fuel 

For several reasons, concerning both human safety and nuclear waste integrity, it was 
crucial to identify the microbes in the ONKALO slime. Based on the species 
identification presented in section 3.5.8, growth on methane and other organic carbon 
sources under both iron-reducing and aerobic conditions were thought likely to occur at 
a depth of 771 m. Based on the dominance of heterotrophic H. hydrossis, heterotrophic 
growth on organic carbon sources other than methane seems to be dominant. Based on 
the species identification information, aerobic methanotrophy and methylotrophy, 
resulting in a decrease in methane, methyl-containing compounds, and oxygen and an 
increase in carbon dioxide would be expected in the white ONKALO slime. In addition, 
a certain amount of degradation of organic carbon sources other than methane can be 
expected in the white ONKALO slime, and possibly also microbial pathogenesis to 
protozoa grazing on the ONKLAO slime. 

In conclusion, the presence of the abovementioned microbes does not comprise a threat 
to humans working in the tunnel, but their threat to the nuclear waste repository remains 
to be explored. 

4.5.2 Identifying ONKALO slime microbes able to form complexing agents 

Regarding the potential for pyoverdin production in ONKALO slime, the microbe 
identification and CHAB analysis revealed that Pseudomonas spp. were connected to 
the ONKALO slime (Table 3-7, Table 3-8, and Table 3-11). Thus, there is a possibility 
of pyoverdin formation and radionuclide dissolution (Johnsson 2006). The good news, 
however, is that the ONKALO slime is dominated by other microbes with no know 
capacity for pyoverdin production (Table 3-12). Based on this information, the risk of 
the ONKALO slime mobilizing uranium and other radionuclides can be regarded as 
low, but not yet insignificant. However, the other microbes found to be more dominant 
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in the slime (Table 3-12), namely, the methano- and methylotrophs, have been shown to 
excrete methanobactins, bioligands specific to copper uptake, both from solutions and 
mineral copper sources (Knapp et al. 2007). The microbes need the copper in their 
enzymes for methane metabolism. If these microbes come too close to the copper 
canisters containing nuclear waste, there is a risk of copper dissolution. Although this 
risk is also regarded for now to be fairly small, it still warrants investigation. 

4.5.3 Carbon and energy for the slime 

The grouting products 

It is easy to imagine that the carbon source for the growth of the ONKALO slime would 
have to be substantial; the following discussion illustrates this. 

Based on the CHAB analysis (Table 3-8), the white and gaseous ONKALO slime 
contained 5 × 107 cells g–1 of slime (wet weight). Most likely, the aerobic 
methanotrophs shown to dominate the white ONKALO slime (section 4.5.1) were not 
evident in this analysis, since none of their carbon sources was present in the growth 
medium. So, a rough estimate based on the DNA is that 4/10 of the microbes belonged 
to this group (Table 3-12), the actual number probably being approximately 108 cells g–

1. If we take the discussion further, we can also cite the great plate count anomaly, 
which suggests that at most only 1% of all microbes can be cultured using the CHAB 
method (Staley and Konopka 1985). Assuming that this anomaly applies for the 
ONKALO slime results in a TNC of 1010 cells g–1 wet weight of slime. The theoretical 
maximum number of bacteria in a volume is 1012 cells per cm3, assuming a cubic size of 
1 μm for the cells. That would imply that 99% of the slime was water while 1% 
comprised microbial cell mass and slime. This was confirmed by determining the dry 
weight of 21.06 g of slime from the 550-m position in the tunnel. After 24 h at 65 C, the 
dry weight was 0.26 g, which corresponds to a water content of 98.8%. More dry weight 
determinations should be done to assess the variability in dry weight along the tunnel.  

The amount of ONKALO slime (especially at the 550-m position in the tunnel) was 
extensive: it covered an area of at least 10 × 2 m and the thickness of the layer was 
approximately 0.05 m. The volume was thus 1 m3 (0.05 × 10 × 2 m2) and the weight, 
assuming a 99% water content, would have been 1000 kg of which 10 kg was organic 
mass. An active microbe (Escherichia coli) contains approximately 10–13 g of C cell–1. 
One kg of ONKALO slime (wet weight) would thus contain at least 1 g of C in 
microbial cells (10–13 g of C cell–1 × 1010 cells). With a water content of 99%, the 
remaining 9 g per kg wet weight would have comprised extracellular slime. 
Consequently, the biofilm at the 550-m position in the tunnel contained at the least 104 
g of C, i.e., 10 kg. Furthermore, the average microbe incorporates approximately 50% 
of its source carbon into biomass while the other 50% is expelled as carbon dioxide. 
This would mean that a total of 20 kg of carbon was needed to build the ONKALO 
slime biomass at the 550-m position. There are uncertainties in these calculations, but 
they provide a good approximation of the amount of carbon needed to build the biomass 
in the ONKALO slime. 
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An organic carbon source that would supply the slime growth has yet to be identified. It 
is possible that enough carbon was added to the system via the grout used for injection 
and shotcrete. At the 550-m position in the tunnel, 770 kg of Groutaid has been added 
(Table 3-9). According to the manufacturer, 2.5% or 19 kg of the material is organic 
carbon (770 kg × 0.025). Obviously, approximately the same amount of carbon was 
added with the Groutaid as was needed to build the biomass on the walls covered with 
shotcrete at the 550-m position in the ONKALO tunnel. The shotcrete on the ONKALO 
tunnel walls contained another added organic compound, ScanCem-40 (Table 3-9). This 
compound contains formaldehyde, which is an identified carbon source for several of 
the methanotrophic microbes found in the ONKALO slime (section 3.4.5). 

Methane  
The microbes in the white and gaseous ONKALO slime at the 550-m position contained 
gas bubbles (Figure 3-19), which were sampled. To date, it is impossible to give 
absolute gas composition results, because the sampling of the slime gas was more 
qualitative than quantitative. An absolute gas analysis demands careful precautions to 
exclude oxygen from the sampled gas, and the gas sampling procedures in ONKALO in 
October 2007 probably allowed some air contamination. However, much can be said in 
any case, because the measured concentrations of methane and carbon dioxide were 
higher in the ONKALO slime gas than in air, and the oxygen content was lower. Based 
on the results regarding the gases inside these gas bubbles in the ONKALO slime (Table 
3-10), the metabolism of the ONKALO slime seems to be connected to methane, 
oxygen, and carbon dioxide. Since it was demonstrated that methanotrophs were present 
in the ONKALO slime (Table 3-11 and Table 3-12 and section 4.5.1), methanotrophy 
was likely ongoing in the ONKALO slime, as follows: 

O2 + CH4 � CO2 + H2O 

The high concentrations of methane found in the ONKALO slime at the 550-m position 
in the tunnel (the gas in the slime at the 771-m position also contained methane and 
carbon dioxide, but not as much as at the 550-m position in the tunnel) are usually not 
found in groundwater at the same depth, for example, in the OL-KR 30 groundwater 
sampled on 2007-10-19 (Table A-1). In this water, the methane content was around a 
tenth of what was detected inside the ONKALO slime. The origin of the high methane 
concentration still remains to be evaluated. A possible explanation could be biotic 
methanogenesis. Methanogens are microbes able to produce methane from carbon 
dioxide and hydrogen gas, both of which are degradation products of the aerobic 
degradation of certain organic compounds: 

CO2 + 4 H2 � CH4 + 2 H2O 

acetate: 

CH3COOH � CH4 + CO2 

or methyl-containing carbon compounds in several different ways, often also yielding 
carbon dioxide as a degradation product. 

The isotopic analyses of the methane suggest that it may be of biogenic origin. The 
presence of methanogens inside the ONKALO slime will have to be tested and 
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evaluated further, since these organisms were not detectable using the present 
methodology. 

DOC and DIC 
Less DOC (0.6 to 0.8 times less; Table 3-9) and more DIC (2 to 3 times more; Table 
3-9) were found flowing through the ONKALO slime than was present in nearby 
drillhole groundwater. The DOC and the DIC measurements in the water that had been 
flowing through the ONKALO slime suggested the degradation of organic carbon (e.g., 
methane or grouting carbon) to inorganic carbon (i.e., carbon dioxide). 

4.5.4 Sulphuric acid production on the concrete walls in ONKALO 

The pH in the black ONKALO slime at the 550-m position in the tunnel (Figure 3-21) 
was 1–2, i.e., very low. Iron sulphide was likely present in this biomass, giving it the 
black colour. When sulphide comes in contact with oxygen, sulphuric acid can form: 

H2S + 2 O2 � H2SO4  

The sulphuric acid, in turn, lowers the pH value drastically. Such a low pH could be 
destructive to the concrete and result in pit corrosion and eventually water leakage. The 
origin of the sulphide would have to be evaluated, but a possible explanation is that 
sulphate-reducing microbes were responsible. However, when the presence of SRB was 
evaluated in this study, none could be found, possibly due to a sampling methodology 
that introduced too much air (SRB are sensitive to air). DNA identification of the 
microbes in the black ONKALO slime would probably give more information. There is 
also the possibility of using the Q-PCR approach and evaluating the activity of SRB in 
the ONKALO slime. The production of sulphide can also be connected to the methane. 
For about a year now, there have been suspicions of ongoing anaerobic methane 
oxidation in the Olkiluoto groundwater. Anaerobic methane oxidizers and certain 
sulphate reducers always live in close contact with each other, each depending on the 
other’s existence. 

4.5.5 A conceptual model of the ONKALO slime 

The ONKALO slime constitutes an entire ecosystem. We have definitely come one step 
closer to defining the ONKALO slime: what it is, what it does, and what consequences 
we can expect from its existence. A model has taken form (Figure 4-8), as follows: 

 The carbon from the grouting was substantial and promoted growth of the 
ONKALO slime at the 550-m position in the tunnel. Where no grouting was added 
(at the 771-m position in the tunnel; Table 3-9) the growth was thus less dense.  

 Formaldehyde, present in the ScanChem concrete addition (Table 3-9), probably 
promoted the substantial growth of methanotrophs in the slime (section 3.5.7, 3.5.8, 
and 4.5.1), while others were growing on the great amount of methane present in the 
slime gas (Table 3-10, section 4.5.3). Still other bacteria can grow on organic carbon 
from the grouting and oxygen from the air or ferric iron from, for example, the iron 
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oxides that were abundant in the slime. Degradation products of these processes 
were hydrogen gas, ferrous iron, and, especially, carbon dioxide. 

 Obviously, methanogenesis seemed to have been stimulated in some way by the 
grouting materials. Where no grouting was added (at the 771-m position in the 
tunnel; Table 3-9), the methane production was less pronounced (Table 3-10). 
Possibly methanogens, located deep within the ONKALO slime where oxygen was 
already depleted, produced methane as a last decomposition step, after the organic 
carbon sources added with the grouting had been degraded by the aerobic microbes 
and the amounts of carbon dioxide and hydrogen gas or one-carbon compounds 
were high.  

 In the oxygen-depleted parts of the ONKALO slime, SRB were also present, 
possibly living on both hydrogen and carbon dioxide produced during the aerobic 
degradation of the grouting material, or directly on organic carbon from the grouting 
material. Sulphate was added with groundwater.  

 The activity of the SRB resulted in the production of sulphide, which could be 
converted to sulphuric acid if it came into contact with oxygen from the air. The 
sulphide was also converted to iron sulphide together with the ferrous iron produced 
in the outer layer of the slime, thereby colouring the slime black. The production of 
sulphuric acid can lead to pit corrosion of the concrete. 
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Figure 4-8. Schematic of the hypothetic processes ongoing in the ONKALO slime at the 
550-m position in the tunnel. 1) Formaldehyde and other organic compounds from the 
grout additions and methane from a yet-to-be-discovered source promoted the growth 
of methanotrophs and aerobic and iron-reducing microbes in the ONKALO slime. 
Oxygen was derived from the air and ferric iron from, for example, iron oxides. The 
degradation products of the processes were hydrogen gas, ferrous iron, and, especially, 
carbon dioxide. 2) Methanogens, located deep within the ONKALO slime where oxygen 
was already depleted, produced methane as a last decomposition step after the organic 
carbon sources added with the grouting were degraded by the aerobic microbes and the 
amounts of carbon dioxide and hydrogen gas or one-carbon compounds were high. In 
addition, sulphate reducers were present, possibly living on both hydrogen and carbon 
dioxide produced during the aerobic degradation of the grouting material, or directly 
on organic carbon from the grouting material. Sulphate was added with groundwater. 
The produced sulphide and the ferrous iron from the iron reduction formed black iron 
sulphide. 3) The sulphide could abiotically be converted to sulphuric acid together with 
atmospheric oxygen, causing pit corrosion of shotcrete. 

4.5.6 Research questions 

The next step will be to prove our hypothesis; to do this, we suggest a follow-up of this 
study by: 

Evaluating methanogenesis and sulphide reduction. Strong evidence that these 
microbial processes exist in the slime was presented here, but the specific species 
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involved and their metabolisms remain to be detected. This can be done using both 
molecular and microbial techniques. 

Examining the microbes in the slime using RNA based methods. These methods can be 
used to investigate the activity of certain microbes (i.e., sulphate-reducing, sulphur-
oxidizing, and methanotrophic microbes) using Q-PCR and the distribution of certain 
microbes using FISH. 

Examining the microbes in the slime using the MPN method. A full MPN analysis 
would give indications of all the different kinds of microbes present in the ONKALO 
slime and would include the analysis of the following groups: methanogens (growing on 
hydrogen gas and carbon dioxide as well as organic carbon), acetogens (growing on 
hydrogen gas and carbon dioxide as well as organic carbon), methanotrophs (both 
aerobic and anaerobic), and iron-, manganese-, and sulphate-reducing microbes 
(growing on organic carbon).  

Examining chelating agent-producing microbes in the ONKALO slime. The production 
of different chelating agents can be determined using various assays, such as the CAS 
assay for pyoverdins. 

Analysing and studying the exact carbon compounds present in the grouting additives. 
What exactly is the carbon added with the grouting? When this is known, we can 
evaluate how the carbon source may be linked to microbial processes. 

Evaluating concrete corrosion. The grouting under the acidic black biofilms will be 
analysed to detect, if possible, pit corrosion. 

4.6 Isolated and characterized microorganisms 
The isolation and characterization of microorganisms started in 2007. The process of 
enrichment, isolation, and characterization is slow, primarily because of the slow 
growth rate of several of the isolates (e.g., typically, methanogens can take up to two 
months to grow). Therefore, there are as yet no final results to discuss under this 
heading. However, it is anticipated that a set of isolates of microorganisms with 
characteristics typical of Olkiluoto will be produced in 2008. These isolates will be 
characterized and identified, and this work has already started. Subsequently, 
representative isolates can be used for modelling purposes in the laboratory. The 
credibility of such laboratory exercises depends greatly on the origin of the 
microorganisms used. By applying microorganisms isolated from Olkiluoto, the results 
will be more reliable, compared with using general type strains from culture collections.  

The selection strategy for isolation and characterization has been to use enrichment 
from the highest MPN and CHAB dilutions. The isolates consequently should represent 
common microorganisms in Olkiluoto. The process for characterizing the isolates 
includes the molecular identification of key genes, such as 16S-rDNA, apsA with SRB, 
and fthfs with acetogens. The genetic information can subsequently be used to analyse 
the presence, amount, and activity in situ of various microorganisms using the 
developed molecular Q-PCR methodology. The obtained information can then be 
compared with the cultivation and isolation results, to evaluate consistency in results 
and conclusions. 
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4.7 Bio-mobilization of radionuclides 
It is well known that microbes can mobilize trace elements (Pedersen 2002). First, 
unattached microbes and viruses (Kyle et al. 2008) may act as large colloids, 
transporting radionuclides on their surfaces with the groundwater flow. Second, 
microbes are known to produce ligands that can mobilize soluble trace elements and 
that can inhibit trace element sorption to solid phases (Johnsson et al. 2006; Essén et al. 
2007). Two common groundwater species have been found to produce complexing 
agents: Pseudomonas stutzeri and Pseuadomonas fluorescens. These two species have 
been found in significant numbers in Olkiluoto (section 3.2.6, Table 3-2) and ONKALO 
groundwater (Table 3-6, isolation in progress) and in ONKALO slime (Table 3-7). They 
produce several different complexing agents, as presented next. 

The siderophore production of the facultative anaerobe Pseudomonas stutzeri, strain 
CCUG 36651, grown under both aerobic and anaerobic conditions, was investigated 
using liquid chromatography and mass spectrometry (Essén et al. 2007). The bacterial 
strain has been isolated at a depth of 626 m at the Äspö HRL. In bacterial culture 
extracts, the iron in the siderophore complexes was replaced with gallium to facilitate 
siderophore identification using mass spectrometry. P. stutzeri was shown to produce 
ferrioxamine E (nocardamine) as the main siderophore, together with ferrioxamine G 
and two cyclic ferrioxamines having molecular masses 14 and 28 atomic mass units 
lower than that of ferrioxamine E, suggested to be ferrioxamine D2 and ferrioxamine 
X1, respectively. In contrast, no siderophores were observed from anaerobically grown 
P. stutzeri. None of the siderophores produced by aerobically grown P. stutzeri was 
found in anaerobic natural water samples from the KJ0052F01 drillhole circulation at 
the MICROBE site. However, anaerobic siderophore production has been demonstrated 
in pure cultures in the laboratory (Johnsson et al. 2006). 

Several Pseudomonas species synthesize siderophores called pyoverdins under iron-
deficient conditions. Pyoverdins produced by different species display many structural 
similarities: they are yellow green, water-soluble, and, due to the presence of a 
chromophore, fluorescent pigments that are very effective in complexing and 
transporting iron(III). Structurally, they can be divided into three different parts: a) a 
peptide chain composed of 6 to 12 mainly hydrophilic amino acids bound via their N-
termini to the carboxyl group of the chromophore, b) the chromophore (1S)-5-amino-
2,3-dihydro-8,9-dihydroxy-1H-pyrimido[1,2-a]quinoline-1-carboxylic acid, and c) an 
acyl chain attached to the NH2 group of the chromophore consisting of dicarboxylic 
acid residues, for example, succinate or its amide form depending on the growth 
conditions (Figure 4-9). The composition of the peptide chain displays great diversity 
depending on the producing strain. To date, more than 50 different pyoverdins have 
been reported in the literature. So far only one pyoverdin produced by a P. fluorescens 
strain has been structurally determined using X-ray analysis (Moll et al. 2008).  

Pyoverdin-type siderophores have a high potential to dissolve, bind, and thus transport 
uranium in the environment. The formation of complexes of UO2

2+ with pyoverdins 
released by the groundwater bacterium Pseudomonas fluorescens (CCUG 32456) 
isolated at a depth of 70 m in the Äspö HRL has been studied (Moll et al. 2008). Mass 
spectrometry indicated that the cells produce a pyoverdin mixture of four main 
components: pyoverdin with a succinamide side chain, pyoverdin with a succinic acid 
side chain, ferribactin with a succinamide side chain, and ferribactin with a glutamic 
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acid side chain. Three pK values could be determined from the pH-dependent changes 
in the absorption spectra of the pyoverdin mixture: log ß012 = 22.67 ± 0.15 (pK1 = 4.40), 
log ß013 = 29.15 ± 0.05 (pK2 = 6.48), and log ß014 = 33.55 ± 0.05 (pK3 = 10.47). The 
fluorescence properties of the pyoverdin mixture were pH dependent. The emission 
maximum changed from 448 nm at pH = 2.1 to 466 nm in the pH 3.8 8.9 range. At pH 
> 4, a monoexponential fluorescence decay dominates with a decay time of 5865 ± 640 
ps. A drastic change in the intrinsic fluorescence properties, for example, static 
fluorescence quenching, occurred due to the complex formation with UO2

2+. Species 
containing UO2

2+ of the MpLqHr type were identified from the dependencies observed in 
the ultraviolet visible and time-resolved laser-induced fluorescence spectroscopy spectra 
at pyoverdin concentrations below 0.1 mM. The following average formation constants 
were determined: log β112 = 30.00 ± 0.64 and log β111 = 26.00 ± 0.85 at ionic strength I 
= 0.1 M (NaClO4). The determined stability constants can be used directly in safety 
calculations of the mobilizing effect of released pyoverdins on uranium, in uranium-
contaminated environments such as mine and radioactive waste disposal sites.  
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Figure 4-9. Structure of the pyoverdin from P. fluorescens (CCUG 32456) with a 
succinamide (Suca) side chain (Suca-Chr-Ala-Lys-Gly-Gly-OHAsp-(Gln-Dab)-Ser-Ala-
cOHOrn). Asterisks indicate the complexation sites. The amino acids Ala, Lys, and Gln 
(underlined) are D configured. 
 
The information gained from the investigation of producers of complexing agents is 
valuable with respect to the safety analysis of future repositories for spent nuclear fuel. 
High concentrations of the complexing compounds in question would enhance the 
transport of several radionuclides, because many radionuclides combine with 
siderophores. Of course, the results here represent only a few of many possible 
conditions in and around a repository, but the first steps have been taken with respect to 
method development in the survey of deep groundwater environments for the presence 
of microbes that produce complexing compounds. Future investigations could be 
expanded to search for complexing compounds produced by fungi in the near and far 
fields of a repository (Ekendahl et al. 2003; Reitner et al. 2005). Fungi have been found 
in groundwater, and are present in the bentonite clay to be used as backfill and buffer. A 
larger variety of groundwater than that investigated here should also be scanned for 
complexing compounds, and the array of methods for their detection may need to be 
expanded. 
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A.  APPENDIX 

Table A-1. Gas data for the deep Olkiluoto and ONKALO groundwater, sampled in 2007. The table also shows the content of each gas per L of 
extracted gas. 

Drillhole Upper 
level 
(m) 

Lower 
level 
(m) 

Depth 
Z-up 
(m) 

Sample 
date 

 

Extraction 
date 

 

Time from 
sampling to 
analysis (d) 

Volume 
water 
(mL) 

Extracted 
gas 

(mL) 

Extracted 
gas 

(mL L–1) 

Analysed 
air 
(%) 

OL-KR 4-N2 81.0 85.0 70 2007-01-31 2007-02-02 2 75.0 4.2 56.0 1.05 
OL-KR 4-N2 81.0 85.0 70 2007-01-31 2007-02-02 2 213.0 11.3 53.1 0 
OL-KR 6-N2 422 425 328 2007-04-03 2007-04-05 2 89.0 10.6 119.5 0 
OL-KR 6-N2 422 425 328 2007-03-27 2007-04-05 2 241.0 20 83.0 0 
OL-KR 7-N2 220 230 197 2007-04-02 2007-04-04 2 91.0 5.1 56.0 2.99 
OL-KR 7-N2 220 230 197 2007-04-02 2007-04-04 2 221.5 12.5 56.5 1.17 
OL-KR 40-N2 282 285 255 2007-05-05 2007-05-08 3 89.0 11.9 133.5 13.98 
OL-KR 40-N2 282 285 255 2007-05-05 2007-05-08 3 77.0 6.2 81.0 6.19 
OL-KR 7-N2 284 288 257 2007-05-29 2007-06-05 7 90.0 4.7 52.2 11.76 
OL-KR  7-N2 284 288 257 2007-05-29 2007-06-05 7 253.0 14.5 57.2 10.54 
ONK-PVA 1-N2 - - 15 2007-06-04 2007-06-07 3 86.0 6.0 69.8 15.39 
OL-KR 6-N2 135 137 102 2007-06-05 2007-06-13 8 232.0 16.4 70.7 0 
OL-KR 6-N2 135 137 102 2007-06-05 2007-06-13 8 82.0 5.6 68.3 0 
OL-KR 37-N2 166.0 176.0 112 2007-07-03 2007-07-07 4 94.0 12.3 131.0 11.79 
OL-KR 37-Ar 166.0 176.0 112 2007-07-03 2007-07-07 4 82.0 6.6 80.5 3.98 
OL-KR 6-N2 125 130 94 2007-08-15 2007-08-17 2 227.0 12.1 53.4 0 
OL-KR 6-Ar 125 130 94 2007-08-15 2007-08-17 2 88.0 7.3 83.0 2.67 
OL-KR 31B-N2 25.0 28.0 16 2007-08-15 2007-08-17 2 255.0 12.0 47.1 3.21 
OL-KR 31B-Ar 25.0 28.0 16 2007-08-15 2007-08-17 2 87.0 5.2 59.8 0 
OL-KR 8-N2 556.5 561 490 2007-10-02 2007-10-08 6 270.0 114.3 423.0 0 
OL-KR 6-N2 98.5 100.5 74 2007-10-03 2007-10-08 5 230.0 13.6 59.1 0 
OL-KR 6-Ar 98.5 100.5 74 2007-10-03 2007-10-08 5 79 11.1 141 0 
OL-KR 42-N2 308 321 281 2007-10-09 2007-10-11 2 76.0 11.1 146.0 6.4 
OL-KR 42-Ar 308 321 281 2007-10-09 2007-10-11 2 67.5 8.0 119.0 2.15 
OL-KR 30-N2 50 54 40 2007-11-19 2007-11-20 1 66.0 6.8 103.0 2.29 
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Table A-1. Continued 
Drillhole 
 

Hydrogen 
(ppm) 

Helium 
(ppm) 

Argon 
(ppm) 

Nitrogen 
(ppm) 

CO 
(ppm) 

CO2 
(ppm) 

CH4 
(ppm) 

C2H6 
(ppm) 

C2H4 
(ppm) 

C2H2 
(ppm) 

C3H8 
(ppm) 

C3H6 
(ppm) 

Total gas 
(%) 

OL-KR 4-N2 12.5 1100 13400 847000 10 62000 53800 14.8 <0.4 <0.4 <0.4 <0.4 97.8 
OL-KR 4-N2 2.5 <20 3880 973000 1 18700 12000 4.67 0.24 <0.4 <0.4 <0.4 101.0 
OL-KR 6-N2 4.4 24500 8000 814000 5 1420 148000 510 <0.4 <0.4 <0.4 <0.4 99.7 
OL-KR 6-N2 4.7 44200 10300 707000 4 1100 244000 932 <0.4 <0.4 <0.4 <0.4 101.0 
OL-KR 7-N2 12 3880 17000 939000 15 34000 12100 27.9 <1 <1 <1 <1 101.0 
OL-KR 7-N2 45.5 5480 13400 945000 118 26300 13600 31.4 <0.4 <0.4 <0.4 <0.4 100.0 
OL-KR 40-N2 6.4 4070 6120 946000 24 9630 4580 38.8 <0.4 <0.4 <0.4 <0.4 97.1 
OL-KR 40-Ar 9.0 8390 25800 956000 23 13800 7540 66.2 <0.9 <0.9 <0.9 <0.9 101.0 
OL-KR 7-N2 8.2 6600 5070 940000 15 33400 12900 23.5 <0.8 <0.8 <0.8 <0.8 99.8 
OL-KR 7-N2 8.9 7530 4750 939000 6 18800 13300 22.5 <0.4 <0.4 <0.4 <0.4 98.3 
ONK-PVA 1-
N2 10.1 <20 1120 926000 38 48400 11300 3.31 <0.8 <0.8 <0.8 <0.8 98.7 
OL-KR 6-N2 8.8 2010 8610 969000 9 8550 653 1.06 <0.4 <0.4 <0.4 <0.4 98.9 
OL-KR 6-N2 17.5 1580 6900 926000 17 26000 1620 8.31 <0.4 <0.4 <0.4 <0.4 95.9 
OL-KR 37-N2 6.6 728 7110 963000 18 10400 1180 1.39 <0.4 <0.4 <0.4 <0.4 100.0 
OL-KR 37-Ar 6.6 2790 33100 938000 18 24400 2390 7.35 <0.7 <0.7 <0.7 <0.7 98.3 
OL-KR 6-N2 6.8 3050 18300 930000 8 16000 5430 16.4 <0.4 <0.4 <0.4 <0.4 97.3 
OL-KR 6-Ar 9.7 4030 17500 945000 11 11900 3180 9.15 <0.7 <0.7 <0.7 <0.7 98.2 
OL-KR 31B-N2 50.6 <20 5900 940000 25 33400 1020 <0.4 <0.4 <0.4 <0.4 <0.4 97.3 
OL-KR 31B-Ar 67.4 <36 20700 914000 15 51300 1310 <0.7 <0.7 <0.7 <0.7 <0.7 98.8 
OL-KR 8-N2 3.2 24200 4400 216000 1 70 731000 4870 <0.4 <0.4 54.4 <0.4 98.1 
OL-KR 6-N2 7.4 573 13100 961000 3 39600 5390 117 <0.4 <0.4 5.1 <0.4 102.0 
OL-KR 6-Ar 3.2 1930 11100 960000 7 26900 2500 36.40 <0.4 <0.4 0.9 <0.4 100.0 
OL-KR 42-N2 1.1 7440 6700 932000 8 8300 72300 74.9 <0.4 <0.4 <0.4 <0.4 99.4 
OL-KR 42-Ar 8.7 13200 126200 805000 8 12500 193000 226 <0.4 <0.4 <0.4 <0.4 104.0 
OL-KR 30-N2 3.2 <20 <100 914000 4 77700 7060 1.58 <0.4 <0.4 <0.4 <0.4 99.9 
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Table A-2. Biomass determinations for groundwater in Olkiluoto and ONKALO, sampled in 2007. TNC = total number of cells, SD = standard 
deviation, n = number of observations, CHAB = cultivable heterotrophic aerobic bacteria, and MPN = sum of all most probable number of 
cells values (see Tables A-3 and A-4). 
Drillhole 
 

Sampled 
(Y-M-D) 

Depth 
(m) 

TNC 
(cells mL 1) 

SD 
 

n 
 

ATP 
(amol 
mL 1) 

SD 
 

n 
 

CHAB 
(cells 
mL 1) 

SD n CHAB/ 
TNC 
(%) 

ATP/ 
TNC 

MPN/ 
TNC 
(%) 

OL-KR 40 2007-05-07 255.1 4.6 × 104 6.1 × 103 3 3.91× 104 8.23 × 103 9 15.0 × 103 1.97 × 103 3 32.61 0.850 53.51 
OL-KR 13 2007-08-08 294.0 9.1 × 104  1.3 × 104 3 1.00 × 104 8.20 × 102 9 0.13 × 103 0.006 × 103 3 0.14 0.110 0.33 
OL-KR 30 2007-11-19 39.5 8.2 × 104 9.8 × 103 3 1.32 × 104 3.38 × 103 9 4.33× 103 0.060 × 103 3 0.53 0.161 0.98 
OL-KR 42 2007-12-03 157.0 2.7 × 104 4.0 × 104 3 1.70 × 104 3.53 × 103 9 0.83 × 103 0.17 × 103 3 3.27 0.630 6.17 
OL-KR 6 2007-10-19 328.4 1.2 × 104 1.5 × 103 3 4.93 × 103 0.72 × 103 9 3.07 × 103 0.55 × 103 3 25.58 0.411 0.0 
OL-KR 6 2007-10-20 328.4 8.5 × 103 2.4 × 103 3 2.26 × 103 0.21 × 103 9 4.13 × 103 0.75 × 103 3 48.59 0.266 0.0 
OL-KR 6 2007-10-21 328.4 9.3 × 103 1.8 × 103 3 2.13 × 103 0.42 × 103 9 0.73 × 103 0.13 × 103 3 7.85 0.229 0.0 
OL-KR 6 2007-10-23 328.4 6.7 × 103 3.2 × 102 3 1.78 × 103 0.34 × 103 9 0.90 × 103 0.080 × 103 3 13.43 0.266 1.20 
OL-KR 6 2007-10-24 328.4 8.6 × 103 6.8 × 102 3 1.65 × 103 0.13 × 103 9 0.76 × 103 0.19 × 103 3 8.84 0.192 0.35 
OL-KR 6 2007-10-25 328.4 6.2 × 103 2.1 × 103 3 2.28 × 103 0.24 × 103 9 0.73 × 103 0.15 × 103 3 11.77 0.368 0.09 

ONK-PVA 1 2005-10-25 14.6 3.2 × 104 2.8 × 103 2 5.32 × 104 1.50 × 103 3 0.30 × 103 0.076 × 103 3 0.93 1.663 1.10 
ONK-PVA 1 2006-04-28 14.6 1.6 × 105 2.1 × 104 3 3.23 × 104 5.11 × 102 3 0.21 × 103 0.14 × 103 3 0.13 0.202 2.17 
ONK-PVA 1 2006-10-13 14.6 1.4 × 104 3.2 × 102 3 5.55 × 103 4.86 × 102 3 0.03 × 103 0.06 × 103 3 0.24 0.396 1.15 
ONK-PVA 1 2007-04-10 14.6 5.9 × 104 5.9 × 103 3 7.83 × 104 3.00 × 103 3 4.97 × 103 7.03 × 103 3 84.24 1.327 29.19 
ONK-PVA 1 2007-10-21 14.6 1.4 × 104 4.0 × 103 3 8.40 × 103 1.15 × 103 9 0.33 × 103 0.05 × 103 3 2.36 0.60 0.02 
ONK-PVA 2 2007-04-10 65.2 2.3 × 105 4.4 × 104 3 3.20 × 105 5.55 × 103 3 2.80 × 103 0.62 × 103 3 1.22 1.391 2.32 
ONK-PVA 2 2007-10-20 65.2 7.8 × 104 2.5 × 104 3 6.23 × 104 0.46 × 103 3 0.45 × 103 0.0 3 0.58 0.80 0.17 
ONK-PVA 3 2007-04-10 78.5 3.5 × 105 1.8 × 104 3 2.93 × 105 1.40 × 104 3 4.57 × 103 0.15 × 103 3 1.31 0.837 1.47 
ONK-PVA 3 2007-10-20 78.5 5.3 × 103 4.1 × 103 3 1.60 × 103 0.16 × 102 9 0.03 × 103 0.052 × 103 3 0.57 0.30 0.01 
ONK-KR 1 2005-10-13 7.1 3.4 × 105 4.4 × 104 6 1.44 × 104 1.95 × 103 3 0.18 × 103 0.44 × 103 3 0.05 0.042 - 
ONK-KR 1 2007-10-21 7.1 3.4 × 104 1.4 × 104 3 1.38 × 104 1.43 × 103 3 0.44 × 103 0.096 × 103 3 1.29 0.41 0.09 
ONK-KR 2 2005-10-13 30.5 1.3 × 105 3.3 × 104 6 1.28 × 105 1.71 × 104 3 0.76 × 103 0.60 × 103 3 0.58 0.985 - 
ONK-KR 2 2007-10-24 30.5 3.5 × 103 2.3 × 103 3 2.32 × 104 6.04 × 103 9 2.4 × 103 0.62 × 103 3 68.57 6.63 37.14 
ONK-KR 3 2007-10-20 44.8 3.1 × 105 3.6 × 104 3 4.73 × 105 3.17 × 104 3 7.6 × 103 0.55 × 103 3 2.45 1.53 0.35 
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Table A-3. The most probable numbers of nitrate-, iron-, manganese-, and sulphate-reducing bacteria (NRB, IRB, MRB, and SRB, respectively) 
in groundwater from Olkiluoto and ONKALO. L and U limits are the 95% confidence values.  
Bore- 
hole 

Sampled 
(Y-M-D) 

Depth 
(m) 

NRB 
(cells 
mL 1) 

L 
limit 

U 
limit 

IRB 
(cells 
mL 1) 

L 
limit 

U 
limit 

MRB 
(cells 
mL 1) 

L  
limit 

U  
limit 

SRB 
(cells 
mL 1) 

L 
limit 

U 
limit 

OL-KR 40 2007-05-07 255.1 24000 10000 94000 130 50 390 300 100 1300 2 1 12 
OL-KR 13 2007-08-08 294.0 300 100 1200 - - - - - - <0.2 - - 
OL-KR 30 2007-11-19 39.5 800 300 2500 0.8 0.3 2.4 3 1 12 0.4 0.1 1.7 
OL-KR 42 2007-12-03 157.0 1400 600 3600 22 10 58 240 100 940 <0.2 - - 
OL-KR 6 2007-10-19 328.4 - - - - - - - - - <0.2 - - 

OL-KR 6 2007-10-20 328.4 - - - - - - - - - <0.2 - - 

OL-KR 6 2007-10-21 328.4 - - - - - - - - - 0.2 0.1 1.1 

OL-KR 6 2007-10-23 328.4 - - - - - - - - - 80 30 250 

OL-KR 6 2007-10-24 328.4 - - - - - - - - - 30 10 120 

OL-KR 6 2007-10-25 328.4 - - - - - - - - - 5 2 17 

ONK-PVA 1 2005-10-25 14.6 110 40 300 <2 - - 2 1 1.1 <2 - - 

ONK-PVA 1 2006-04-28 14.6 130 50 390 6 0.2 18 130 50 390 5 2 7 

ONK-PVA 1 2006-10-13 14.6 0.4 0.1 1.7 <0.2 - - 0.4 0.1 1.7 0.4 0.1 1.7 

ONK-PVA 1 2007-04-10 14.6 17000 7000 48000 2.3 9 86 2.3 9 86 35 16 82 

ONK-PVA 1 2007-10-21 14.6 2.3 0.9 8.6 - - - - - - - - - 

ONK-PVA 2 2007-04-10 65.2 700 300 2100 5 2 15 1600 600 5300 7 3 21 

ONK-PVA 2 2007-10-20 65.2 130 50 390 - - - - - - - - - 

ONK-PVA 3 2007-04-10 78.5 2300 900 8600 0.2 0.1 1.1 >1600 - - 7 3 21 

ONK-PVA 3 2007-10-20 78.5 0.7 0.2 2.1 - - - - - - - - - 

ONK-KR 1 2005-10-13 7.1 - - - - - - - - - - - - 

ONK-KR 1 2007-10-21 7.1 30 10 120 - - - - - - - - - 

ONK-KR 2 2005-10-13 30.5 - - - - - - - - - - - - 

ONK-KR 2 2007-10-24 30.5 1300 500 3900 - - - - - - - - - 

ONK-KR 3 2007-10-20 44.8 1100 400 3000 - - - - - - - - - 
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Table A-4. The most probable numbers of autotrophic acetogens (AA) and methanogens (AM), heterotrophic acetogens (HA) and methanogens 
(HM), and methane-oxidizing bacteria (MOB) in groundwater from Olkiluoto and ONKALO. L and U limits are the 95% confidence values. 
Bore-hole Sampled 

(Y-M-D) 
Depth 

(m) 
AA 
(cells 
mL 1) 

L 
limit 

U 
limit 

HA 
(cells 
mL 1) 

L 
limit 

U 
limit 

AM 
(cells 
mL 1) 

L 
limit 

U 
limit 

HM 
(cells 
mL 1) 

L 
limit 

U 
limit 

MOB 
(cells 
mL 1) 

L 
limit 

U 
limit 

OL-KR 40 2007-05-07 255.1 50 20 170 130 50 390 <0.2 - - <0.2 - - - - - 
OL-KR 13 2007-08-08 294.0 1.3 0.5 3.8 0.4 0.1 1.7 <0.2 - - <0.2 - - - - - 
OL-KR 30 2007-11-19 39.5 0.2 0.1 1.1 <0.2 - - <0.2   <0.2   - - - 
OL-KR 42 2007-12-03 157.0 <0.2 - - 3 1 12 <0.2   <0.2   - - - 
OL-KR 6 2007-10-19 328.4 <0.2 - - - - - <0.2 - - - - - - - - 

OL-KR 6 2007-10-20 328.4 0.2 0.1 1.1 - - - <0.2 - - - - - - - - 

OL-KR 6 2007-10-21 328.4 <0.2 - - - - - <0.2 - - - - - - - - 

OL-KR 6 2007-10-23 328.4 0.2 0.1 1.1 - - - 0.2 0.1 1.1 - - - - - - 

OL-KR 6 2007-10-24 328.4 0.4 0.1 1.7 - - - <0.2 - - - - - - - - 

OL-KR 6 2007-10-25 328.4 0.4 0.1 1.5 - - - <0.2 - - - - - - - - 

ONK-PVA 1 2005-10-25 14.6 <2 - - <2 - - <2 - - <2 - - - - - 

ONK-PVA 1 2006-04-28 14.6 >1600 - - >1600 - - <0.2 - - <0.2 - - <0.2 - - 

ONK-PVA 1 2006-10-13 14.6 80 30 250 80 30 250 <0.2 - - <0.2 - - <0.2 - - 

ONK-PVA 1 2007-04-10 14.6 130 50 390 50 20 170 0.4 0.1 1.7 <0.2 - - <0.2 - - 

ONK-PVA 1 2007-10-21 14.6 - - - - - - - - - - - - - - - 

ONK-PVA 2 2007-04-10 65.2 3000 1000 12000 28 12 69 <0.2 - - <0.2 - - - - - 

ONK-PVA 2 2007-10-20 65.2 - - - - - - - - - - - - - - - 

ONK-PVA 3 2007-04-10 78.5 1100 400 3000 130 50 390 <0.2 - - <0.2 - - - - - 

ONK-PVA 3 2007-10-20 78.5 - - - - - - - - - - - - - - - 

ONK-KR 1 2005-10-13 7.1 - - - - - - - - - - - - - - - 

ONK-KR 1 2007-10-21 7.1 - - - - - - - - - - - - - - - 

ONK-KR 2 2005-10-13 30.5 - - - - - - - - - - - - - - - 

ONK-KR 2 2007-10-24 30.5 - - - - - - - - - - - - - - - 

ONK-KR 3 2007-10-20 44.8 - - - - - - - - - - - - - - - 
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Table A-5. Q-PCR data obtained from total RNA extracted from groundwater from 
drillhole OL-KR 6 in Olkiluoto pumped over six days, 2007-10-19 to 2007-10-25. 
Samples exceeding Ct values of 40 are negative since the amount of bacteria is less than 
1 for both apsA Q-PCR and fthfs Q-PCR. 
Drillhole 
/standard 

Gene Standard 
curve, 
(ng) 

Standard 
curve 
(Ct) 

Amount 
/sample 
(ng) 

Sample 
(Ct) 

Dilution 
factor 

Relative 
amount 
bacteria/mL 
groundwater 

Relative 
amount 
bacteria 
(RA) 

Standard 
#SRB 5 
pure culture 

apsA 1 29.10    1.34  105  

 apsA 0.25 30.37    3.35  104  
 apsA 0.063 31.40    8.38  103  
 apsA 0.016 33.40    2.09  103  
 apsA 0.004 35.69    5.23  102  
 apsA 0.001 38.61    1.31  102  
 apsA 0.00025 No Ct    33  
Standard 
#AA 1 pure 
culture 

fthfs 1 30.12    7.58  103  

 fthfs 0.10 33.76    7.58  102  
 fthfs 0.01 37.01    76  
 fthfs 0.001 No Ct    8  
 fthfs 0.0001 No Ct    1  
 fthfs 0.00001 >40    0  
 fthfs 0.000001 >40    0  
OL-KR 6, 
2007-10-19 

apsA   1 34.03 0.01290 1728 4.71 

OL-KR 6, 
2007-10-20 

apsA   1 No Ct - 0 0 

OL-KR 6, 
2007-10-21 

apsA   1 No Ct - 0 0 

OL-KR 6, 
2007-10-23 

apsA   1 No Ct - 0 0 

OL-KR 6, 
2007-10-24 

apsA   1 No Ct - 0 0 

OL-KR 6, 
2007-10-19 

fthfs   1 >40 - 0 0 

OL-KR 6, 
2007-10-20 

fthfs   1 >40 - 0 0 

OL-KR 6, 
2007-10-21 

fthfs   1 >40 - 0 0 

OL-KR 6, 
2007-10-23 

fthfs   1 >40 - 0 0 

OL-KR 6, 
2007-10-24 

fthfs   1 >40 - 0 0 

OL-KR 6, 
2007-10-19 

fthfs   1 >40 - 0 0 

OL-KR 6, 
2007-10-20 

fthfs   1 >40 - 0 0 
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Table A-6. Q-PCR data obtained from total RNA extracted from groundwater taken 
from drillholes ONK-KR 1-3 and ONK-PVA 1-3, 2007-10-19 to 2007-10-25, in the 
ONKALO tunnel. 
Drillhole 
/standard 

Gene Standard 
curve 
(ng) 

Standard 
curve 
(Ct) 

Amount 
/sample 
(ng) 

Sample 
(Ct) 

Dilution 
factor 

Relative 
amount 
bacteria/mL 
groundwater 

Relative 
amount 
bacteria 
(RA) 

Standard 
#SRB 5 pure 
culture 

apsA 1 29.10    1.34  105  

 apsA 0.25 30.37    3.35  104  
 apsA 0.063 31.40    8.38  103  
 apsA 0.016 33.40    2.09  103  
 apsA 0.004 35.69    5.23  102  
 apsA 0.001 38.61    1.31  102  
 apsA 0.00025 No Ct    33  
Standard #AA 
1 pure culture 

fthfs 1 30.12    7.58  103  

 fthfs 0.10 33.76    7.58  102  
 fthfs 0.01 37.01    76  
 fthfs 0.001 No Ct    8  
 fthfs 0.0001 No Ct    1  
 fthfs 0.00001 >40    0  
 fthfs 0.000001 >40    0  
ONK-KR 1, 
2007-10-19 

apsA   1 35.52 0.037 4917 13.40 

ONK-KR 2, 
071020 

apsA   1 33.19 0.027 3618 9.85 

ONK-KR 3, 
071021 

apsA   1 No Ct - - 0 

ONK-PVA 1, 
2007-10-23 

apsA   1 34.57 0.0069 925 2.52 

ONK-PVA 2, 
2007-10-24 

apsA   1 35.86 0.0027 367 1.00 

ONK-PVA 3, 
2007-10-25 

apsA   1 No Ct - - 0 

ONK-KR 1, 
2007-10-19 

fthfs   1 >40 - - 0 

ONK-KR 2, 
2007-10-20 

fthfs   1 >40 - - 0 

ONK-KR 3, 
2007-10-21 

fthfs   1 >40 - - 0 

ONK-PVA 1, 
2007-10-23 

fthfs   1 >40 - - 0 

ONK-PVA 2, 
2007-10-24 

fthfs   1 >40 - - 0 

ONK-PVA 3, 
2007-10-25 

fthfs   1 >40 - - 0 

 




