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Microbial processes 

Biological life processes should be separated from chemical inorganic processes. This 
is because most life processes are running along biochemical process pathways that are 
very different from those of inorganic chemical processes. Many chemical processes are 
restricted by various reaction barriers, e.g. the reduction process of sulphate to sulphide 
(Cross, 2004; Goldstein, 1994). They are, therefore, very slow or not possible at all under 
conditions typical for repositories for interim storage and long-term storage of radioactive 
wastes. Biological processes, consequently, include many reactions that do not occur in 
sterile, lifeless chemical systems. This is because life has the ability to over-run activation 
energy barriers and other energetic circumstances that block spontaneous chemical 
reactions. Life is possible from -20°C up to around 113°C, where all life processes stop. 
Life is also possible within a large pH range, from pH 1 up to at least pH 12.5 (Pederson, 
2004; Takai, 2011). Finally, many processes overlap biology and chemistry such as sulphide 
and ferrous iron oxidation, which occur both as chemical and biological processes. Life 
processes in radioactive waste interim and long-term repositories will almost exclusively 
be under the control of micro-organisms. 

Microbial processes comprise red-ox reactions with decomposition and the production 
of organic molecules with different electron donors, energy sources and electron acceptors. 
Organic carbon in wastes, buffer materials and reduced inorganic molecules such as H2 
from anaerobic corrosion processes and methane from geological sources are possible 
electron donors and energy sources for microbial processes. During the microbial oxidation 
of these energy sources, micro-organisms preferentially reduce electron acceptors in a 
particular order. First O2, and thereafter nitrate, manganese(IV), ferric iron, sulphate, 
sulphur and carbon dioxide are reduced. Simultaneously, fermentative processes lower 
pH and supply the metabolising micro-organisms with, for example, H2, methane and 
short-chain organic acids such as acetate. Fermentation, in contrast to respiration, does 
not require an external electron acceptor, the oxidation-reduction process comprises 
rearrangement of electrons in exogenic modes, thereby releasing energy for life processes. 

It is well known that microbes can mobilise trace elements (Anderson, 2011, and 
references therein). Firstly, unattached microbes may act as large colloids, transporting 
radionuclides on their cell surfaces with the groundwater flow. Secondly, microbes are 
known to produce ligands that can mobilise soluble trace elements and that can inhibit 
trace element sorption to solid phases. Thirdly, viruses are commonly present in large 
numbers in groundwater and most of them are the size of colloids and their proteinaceous 
shells readily sorb trace elements (Kyle, et al., 2008a, 2008b). Fourthly, a large group of 
microbes catalyse the formation of iron oxides from dissolved ferrous iron in groundwater 
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that reaches an oxidising environment (Anderson and Pedersen, 2003). Biofilms in aquifers 
will influence radionuclide retention processes in groundwater (Anderson, et al., 2007). 

Radioactive waste repositories will not be sterile, and microbial processes will occur 
at rates determined by the prevailing chemical and physical conditions of the respective 
repository (Figure 1). Low- and intermediate-waste repositories (LIWR) will contain large 
amounts of organic material that can be degraded by micro-organisms with formation of 
gas and compounds that may mobilise radionuclides. Interim storage in pools with pure 
water must be applied to cool down high-level radioactive wastes (HLRW) before final 
disposal. Some micro-organisms have adapted to live at very low concentrations of 
organic carbon (<2-3 mg organic carbon per litre). These microbes often live attached in 
biofilms and they increase the risk for clogging, accumulation of radionuclides on surfaces 
and biocorrosion of stainless steel. In deep repositories for HLRW, micro-organisms in 
groundwater and buffer materials can produce sulphide and other substances that are 
corrosive to metal canisters. Some microbes may mobilise radionuclides. Below follows  
a brief compilation of various aspects regarding microbial processes than must be 
addressed in safety cases. 

Figure 1: Major microbiological processes that can  
occur in radioactive waste storages and repositories 

 

Interim storage facilities 

Growth of micro-organisms are often observed in interim storage facilities (ISF) 
(Masurat, 2005; Wolfram, 1997). Microbial growth in ISF is a concern for ion exchanger 
and rod filter clogging. Biofilm can also bind radioactive substances and particles, thereby 
accumulating radioactivity at positions in the systems supposed to be radiation free. 
Biofilms are known to increase the risk for microbially induced corrosion (MIC) which 
eventually may damage stainless steel construction in storage pools and tubes for 
circulation of cooling water. 

Low and intermediate radioactive waste repositories 

The pH in low and intermediate radioactive waste repositories (LIRW) will decrease 
over time (Small, 2008). Therefore, the influence of microbial processes will increase in 
magnitude concomitantly. In an aerobic repository environment microbial degradation of 
plastic polymers via de-polymerisation will occur. The initial degradation is mediated by 
de-polymerases which break down the long polymer into oligo-, di- and monomers  
(Gu, 2003, and references therein). The closer to a natural polymer the structure of the 
polymer is, the faster the microbial degradation proceeds. The aerobic degradation end 
products are carbon dioxide and water. Microbial degradation of polymers occurs in 
anaerobic environments as well. The degradation products in anaerobic processes are 
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organic acids, carbon dioxide, methane and water (Gu, 2003, and references therein).  
The degradation of polymers is often a slow process but initially when O2 is present 
microbial degradation will produce smaller units that can be utilised in anaerobic microbial 
degradation processes. Polyethene is degraded by lignin degrading white rot fungi by the 
action of a manganese peroxidase (Iiyoshi, 1998). Especially in nutrient-limited conditions 
the elongation capacity and tensile strength of the polyethylene were found drastically 
decreased by degradation of the fungi tested. 

Bitumen is a complex colloidal system consisting of a mixture of mainly high molecular 
aliphatic and aromatic hydrocarbons. It consists mainly of four different compound groups; 
saturated hydrocarbons, cyclic hydrocarbons, resins and dispersed particles known as 
asphaltenes. Roffey and Nordqvist (1991) concluded that biofilm formation on bitumen 
occurred both under aerobic and anaerobic conditions. A pH of 9.8 did not inhibit growth 
on bitumen by aerobic micro-organisms. Degradation studies of bitumen have shown 
that parts of the hydrocarbons in bitumen are biodegradable. Potter and Duval (2001) 
could measure a 50% decrease in the aromatic and aliphatic fractions in a bitumen-based 
fuel sample (trade name Orimulsion). The bitumen had a large surface area, glass beads 
were covered with the substance and the degradation was aerobic. Factors that affect the 
degradation rate are surface area, temperature, availability of additional nutrients like 
nitrogen and phosphorous and of course the access to O2. Bitumen mixed with waste will 
have an uptake of water. This happens both when bitumen is immersed in water and 
placed in humid air. Tests showed that samples with a mixture of bitumen, salt and sludge 
particles swelled about 10-15% in one year and samples with radioactive waste swelled to 
twice its original volume. Other tests showed no difference between non-radioactive and 
radioactive waste samples (Pettersson, 2011). Water in the bitumen-waste mixture will 
increase the possibility for microbial degradation of the hydrocarbons in the bitumen 
concomitant with degradation of the waste product, because water is needed for 
microbial processes to proceed. 

Cellulose is a compound that is easily degraded by microbial processes. It is also 
chemically degraded under alkaline conditions (Glaus, 1999; Van Loon, 1997, 1999) to 
compounds that can be further degraded by microbial processes (Baily, 1986). There will 
be some moisture in the material which will facilitate heterotrophic degradation by mould 
and bacteria especially as long as there is O2 present in the repository. During aerobic 
respiration water is formed which enhances further degradation of the cellulose material. 
When O2 has been consumed, fermenting processes are likely to start (Baily, 1986). These 
processes acidify the environment through production of acids like acetic, citric, oxalic, 
together with carbon dioxide. In addition, anaerobic respiration processes can occur  
such as nitrate-reduction, iron-reduction and sulphate-reduction depending on how the 
ion-exchange resin was prepared, for instance with Na salts like nitrate or sulphate. 
Lignin is one part of the carbohydrates in wood. This compound is mostly degraded by 
fungi named “white rot”. 

The ion-exchangers used in nuclear power plants are usually strongly acidic with 
styrene resin. One type of ion-exchange is Amberlite IR-120 which is a strong acidic 
ion-exchanger with sulphonic acid groups on a styrene resin (Pettersson, 2001). Styrene 
(vinyl-benzene) is a polymer and it is a natural component in plants. It is aerobically 
degradable by different types of bacteria (Grbic-Galic, 1990; Omori, 1974, 1975; Shirai, 1979; 
Sielicki, 1978). It has also been shown to be degraded by an anaerobic consortium of 
micro-organisms (Grbic-Galic, 1990). Ion exchange resins can swell up to 200% in water 
(Snellman, 1985). The ionic state of the resin affects the swelling capacity, H+ and OH− 
results in the largest swelling. Resins are therefore treated with sodium sulphate to reduce 
the swelling. Glass-wool and mineral-wool are examples of insulation materials that are 
deposited in LILW repositories. During the production of the insulation phenol-plastic 
(Bakelite) is used as binding agent. From this addition phenol and formaldehyde are 
produced in the insulation products. These compounds are organics that can be degraded 
by micro-organisms both aerobically and anaerobically (Flyvbjerg, 1993). 
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Microbial growth is possible in a waste matrix that has been solidified with cement or 
concrete. The main microbial process that can degrade concrete is acid production by 
micro-organisms. Concrete degradation by micro-organisms is a well-documented problem 
in sewage pipes made of concrete and it has also been found in LIRW (Gorbunova, 2012). 
Because of the high load of organic material in many LILW, the O2 in the water is rapidly 
depleted by aerobic micro-organisms and anaerobic degradation by sulphate-reducing 
bacteria (SRB) takes over with production of hydrogen sulphide. The hydrogen sulphide is 
oxidised if it contacts O2 and sulphuric acid is formed. The hydrogen sulphide oxidation 
can also be anaerobic by sulphur-oxidising bacteria using nitrate as electron acceptor 
(Preisler, 2007). This occurs at lake/sea sediment surfaces and i.e. by the sulphur-oxidising 
bacteria Beggiatoa, which is responsible for the oxidation of hydrogen sulphide in marine 
sediments. 

Studies have been performed on microbially-induced degradation of concrete.  
Small, et al. (2008) investigated the biogeochemistry and gas production from low- and 
intermediate-level waste in concrete and steel tanks. During the seven years of the 
experiment, the measured pH in the storage decreased from between 10 and 11 to 7.5 in 
the water above the concrete tanks used for storage of different kind of waste. In tanks 
with biodegradable material, the pH was as low as 5.5. Vincke, et al. (2002) studied the 
influence of different additives on the hydrogen sulphide oxidation and sulphuric acid 
production. In their study, in laboratory scale experiments, the pH decreased from 8 to  
1 in microbially active systems. In sterile systems the pH did not change. Micro-organisms 
capable of causing degradation of silicate materials were found in a LIRW that had been 
in operation for 15-45 years (Gorbunova, 2012). 

High-level waste repositories 

A large and diverse array of investigations and experiments has been conducted to 
increase the understanding of microbial processes in deep groundwater and HLRW 
repositories. Sampling procedures have been developed and thoroughly tested, as have 
underground facilities for model studies (Nielsen, 2006; Pedersen, 2012a, 2013). The first 
important parameter to analyse in repository environments is biomass. Three different 
methods have been developed and found to correlate. Microscopic counts and biochemical 
analysis of adenosine-three-phosphate (ATP) agreed well (Eydal, 2007). The determination 
of cultivable micro-organisms and ATP also agreed well when analysed (Pedersen, et al., 
2008). Many different phenotypes of micro-organisms have been found via cultivation 
(Hallbeck, 2008, 2012), including fungi (Ekendahl, 2003; Reitner, 2005). The influence of 
viruses on microbial processes has been identified as an important factor to include in 
model studies. In particular, they seem to have an important mitigation effect on 
sulphide production by SRB (Eydal, 2009; Kyle, 2008a; Pedersen, 2013) 

Microbial biofilms was found to significantly influence the sorption of radionuclides 
on glass and rock surfaces (Anderson, et al., 2006a, 2007). In addition, it has been 
demonstrated that microbial iron oxidising biofilms are strong sorbents for trace 
elements (Anderson, et al., 2006b; Anderson and Pedersen, 2003). Micro-organisms from 
deep groundwater produce complexing agents that mobilise radionuclides (Essén, 2007; 
Johnsson, 2006). Such complexing agents have a strong influence on radionuclide mobility. 
They can mobilise uranium (Kalinowski, 2004, 2006) and strongly bind curium (Moll, 
2008b), uranium (Moll, 2008a) and neptunium (Moll, 2010). Interactions between SRB  
and curium have also been identified (Moll, 2004). Finally, it has been found that 
micro-organisms can sorb radionuclides on their cell surfaces (Pedersen and Albinsson, 
1991), thereby facilitating mobilisation. 

H2 is readily used by many different phylogenetic traits of anaerobic micro-organisms, 
such as SRB (Barton, 2009), acetogens (Drake, 2002) and methanogens (Ferry, 1992).  
Of particular interest is the H2 produced during the anaerobic corrosion of iron components 
in a repository, for example, the rock bolts installed to secure the tunnel from falling 
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rocks. Such corrosion, evolving H2, may lead to the local production of large amounts  
of sulphide (Pedersen, 2012a, 2012b, 2013). In HLRW repositories with sulphate-rich 
groundwater there is a strong potential for microbial sulphate reduction to sulphide via 
two metabolic processes. First, in addition to the naturally occurring H2 in groundwater, 
iron in water-filled deep underground repository construction is bound to corrode 
anaerobically with the concomitant production of H2 (Reardon, 1995), which may induce 
SRB growth and sulphide production. Second, in the case where sulphate-rich groundwater 
mixes with deep methane-rich groundwater SRB growth and activity can be induced 
(Pedersen, 2013). Regarding the anaerobic metabolism of methane, the situation is 
obscure. Although anaerobic oxidation of methane (AOM) with sulphate as final electron 
acceptor is a well-documented process, detailed information about the metabolic 
pathways of AOM awaits successful cultures (Knittel, 2009). The electron donor is likely to 
be methane, but more research is required before conclusions can be drawn regarding 
the detailed nature and extent of AOM processes in HLRW environments. 
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