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 Main goal: no migration of radionuclides into the 

environment for 100.000 years

 Geological final disposal in the Olkiluoto bedrock
• 400 to 500 m under ground and sea level

 Compressed bentonite as buffer material 

between bedrock and spent fuel cannister
• Absorbent swelling clay

• Also used in backfill

 Spheroidal graphite cast iron cannisters with an 

outer 50 mm thick copper corrosion barrier

Disposal of spent nuclear fuel in Finland
KBS-3 concept

1. Final disposal 

cannister with 

copper shell

2. Bentonite buffer

3. Tunnel backfill

4. Bedrock

Source: www.posiva.fi
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 Condition of the copper cannisters at the beginning of the disposal
• Increased temperature of the copper surface due to heat from the spent fuel (up to 90 °C)

• Slightly oxidation of copper due to interaction with the atmosphere above ground

 Initial conditions at the deep repository site:
• Deep saline groundwater

• Aerobic – but limited access of oxygen

after the disposal site is sealed

• Warm – especially near the cannisters

due to heat from the spent fuel

• Dry copper surface and dry bentonite

possible

• Temperature near the cannisters may

be too high for microbial activity

Disposal of spent nuclear fuel in Finland
Expected evolution of the corrosion environment

Simulated groundwater used in the KUKO-project:
• pH value 7.9

• F− 0.8 mg/l

• Cl − 5274 mg/l

• Br− 42 mg/l

• SO4
2− 595 mg/l

• HCO3
− 14 mg/l

• BO3
3− 6 mg/l

• Na+ 3180 mg/l

• K+ 55 mg/l

• Mg2+ 100 mg/l

• Ca2+ 280 mg/l

• Sr2+ 9 mg/l

• Mn2+ 0.2 mg/l
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 Expected changes during the equilibration period (several hundred years):

• Consumption of oxygen after the closure of the disposal site resulting in the transformation into 

an anoxic environment

A. Consumption by microbes

B. Reaction with minerals (e.g. Fe2+ from bentonite or bedrock)

C. Minor corrosion processes of copper – uniform and localized corrosion

• Cooling of the copper cannister due to the decay of the radioactive processes in the spent fuel

• Still above the ambient temperature of the bedrock

• Saline groundwater will cause swelling of the bentonite buffer

• Changes in the chemical composition of the porewater in contact with the copper cannister

• Difficult environment for microbes

Disposal of spent nuclear fuel in Finland
Expected evolution of the corrosion environment
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 Long-term conditions after the initial equilibration period:

• Ambient temperature in the bedrock (~10 °C in 400 to 500 m depth) will be reached after 

thousands of years.

• Kinetics of corrosion reactions slow down.

• Microbial activity becomes more likely.

• Anoxic conditions will prevail for ever because no oxygen should enter the disposal site.

• Copper is considered to be chemically stable in anoxic deep saline groundwater.

• The salinity of the deep groundwater may change over glacial timescales.

• Dilution with glacial melt water → lower salinity

• Upcoming of deep saline groundwaters → higher salinity

• The porewater of the bentonite will slowly equilibrate with the surrounding saline groundwater.

• The corrosion conditions will be mainly controlled by anoxic microbial activity.

Disposal of spent nuclear fuel in Finland
Expected evolution of the corrosion environment
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 The term ‘microorganisms’ mean microscopic bacteria, archaea and fungi.

• They have been around for 3.8 billions years,  

long before plants and animals existed.

• They can be found almost everywhere,

even in deep subsurface environments

down to a depth of several kilometres.

• They have adapted to very extreme

and diverse conditions.

Microorganisms

23.03.2022
Source: Wikimedia Commons

That’s us!



Microorganisms
Examples for microbial adaptability to extreme environments

 Low
• Nutrients

• Water availability

 High
• Salinity

• Pressure

 Extreme 
• Temperatures

• pH values

 Radiation

 Heavy metals
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 Requirements for microbial growth

• Water as solvent for the biological reactions

• Carbon source

• Other essential elements

• N, O, H, P and S

• Trace elements

• Energy

• Electron donors and acceptors

• Habitable space

Microorganisms
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 Origin of microbes at nuclear waste disposal sites:

• Deep saline groundwater and bedrock

• Bentonite

• Human activity

 Advantages of the chosen barrier materials:

• Copper has anti-microbial properties (e.g. door handles in hospitals).

• The space for microbes in the structure of swollen bentonite is 

limited, which may reduce their activity near the copper cannisters.

 Deep biosphere microorganism have ability to adapt to 

changing environmental conditions.

• They can stay even dormant for a long time if need.

Microorganisms
In geological repositories

Bedrock

Bentonite

Copper

cannister
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 Microbes can affect the performance of the barrier materials 

by changing the geochemical environment in repository.

• Production of gases like hydrogen, methane or carbon dioxide

• Formation of compounds that are corrosive to copper,

e.g. acetate, nitrate, nitrite, ammonium, sulphide and organic acids

 Microbial metabolic products can interact with radionuclides,

if they should be set free:

• Change of the redox state of the radionuclides

• Complexation of radionuclides

➢ Influences the adsorption of radionuclides and increases their 

solubility in water leading to a higher mobility in the environment

Microorganisms
In geological repositories

Bedrock

Bentonite

Copper

cannister
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 Microbes can form biofilms on metal surfaces.
• The activity of microorganisms attached to the

surfaces and the properties of formed biofilms are

essential factors when considering the possibility

of microbially induced corrosion.

• In aquatic environments, microorganisms attach

to surfaces and form multi-species biofilms.

• Microbial cells in a biofilm differ from free living cells

of the same species.

• Formation of extracellular polymeric substances

(EPS) = slime

• The conditions under the biofilm may differ remarkably from the surrounding solution.

• pH value, chloride gradients, concentration of metal cations and of other metabolites like 

sulphide, nitrate, acetate, organic acids etc.

Microorganisms
Biofilm formation

Source: Centre for Biofilm Engineering
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 Biofilm formation is the key step for the initiation of corrosion
• Not all microbes are able to induce corrosion.

• Some microbes promote the passivation of the metal surface or

produce corrosion inhibiting substances.

• Most microbes do not have any effect on corrosion.

 Groundwater microbes have commonly a great affinity to 

metallic copper surfaces resulting in the formation of biofilms.
• The communities forming biofilms differ from the ones that are 

dominating in groundwater environments.

 Microbial activity can affect the integrity of copper cannisters.
• Microbial metabolites may enable general or localized corrosion or 

can cause stress corrosion cracking.

Microbially induced corrosion (MIC) on copper
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 Microbes alter the appearance of the oxide film on copper surfaces:
• Anoxic conditions, room temperature, pre-oxidized samples (7 days in air at 90 °C)

Microbially induced corrosion (MIC) on copper
Examples from the MoToPro/KUKO-project

Sample Surface film characteristics After 1 year

Sterile simulated deep 

saline groundwater

Violet shade

Closed, relatively thick surface film

With sulphate reducing 

bacteria (SRB)

Brownish-greenish shade

Closed, relatively thin surface film

With nitrate reducing 

bacteria (NRB)

Red to violet shade

Not fully covering surface film

With SRB, NRB and 

acetogens (AA+HA)

Red to violet shade

Not fully covering surface film
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 Microbes alter the appearance of the oxide film on copper surfaces

and cause surface roughening (→ localized corrosion):

Microbially induced corrosion (MIC) on copper
Examples from the MoToPro/KUKO-project

With NRBWith SRB With SRB, NRB & AA+AH
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 Microbes alter the appearance of the oxide film on copper surfaces

and cause surface roughening (→ localized corrosion):

Microbially induced corrosion (MIC) on copper
Examples from the MoToPro/KUKO-project

SRB / SEM, topographical contrast SRB / SEM, elemental contrast

EDS map overlay of sulphur in greenish yellow



 Electrochemical in-situ corrosion 

monitoring:
• Corrosion current based on Tafel 

extrapolations of potentiodynamic

scans

• Commercial coupled multi-array 

sensors (CMAS)

Microbially induced corrosion (MIC) on copper
Examples from the MoToPro/KUKO-project

Sterile SRB

23.03.2022 VTT – beyond the obvious

Mixture = SRB+NRB+AA+HA

summer

holidays

trouble

trouble
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 Corrosion rates indicate that bacteria additions have a corrosion inhibiting effect:

Microbially induced corrosion (MIC) on copper
Examples from the MoToPro/KUKO-project

Sample Weight change with

corrosion products

Weight change

after cleaning

Corrosion 

products

Weight loss 

corrosion rates

Averaged Tafel 

corrosion rates

Sterile A -6.08 g/m2 -21.32 g/m2 15.23 g/m2 2.36 µm/a

1.68 µm/aSterile B -6.48 g/m2 -22.23 g/m2 15.74 g/m2 2.46 µm/a

Sterile weld* -5.70 g/m2 -18.78 g/m2 13.07 g/m2 2.07 µm/a

SRB A -3.70 g/m2 -4.55 g/m2 0.85 g/m2 0.49 µm/a

0.41 µm/aSRB B -3.59 g/m2 -4.34 g/m2 0.76 g/m2 0.46 µm/a

SRB weld* -1.94 g/m2 -4.02 g/m2 2.08 g/m2 0.43 µm/a

NRB A -2.61 g/m2 -8.09 g/m2 5.49 g/m2 0.88 µm/a

1.71 µm/aNRB B -2.74 g/m2 -7.55 g/m2 4.81 g/m2 0.82 µm/a

NRB weld* -2.30 g/m2 -7.23 g/m2 4.93 g/m2 0.79 µm/a

Mixture A -3.48 g/m2 -14.35 g/m2 10.87 g/m2 1.58 µm/a

0.60 µm/aMixture B -3.29 g/m2 -14.39 g/m2 11.10 g/m2 1.58 µm/a

Mixture weld* -1.95 g/m2 -6.00 g/m2 4.05 g/m2 0.65 µm/a

* The welded samples were laying flat on the bottom

of the glass bottle causing shading in some cases.
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 Knowledge on the conditions under the biofilm is essential to understand the 

processes that promote or inhibit corrosion in order to predict better the long-

term behaviour of copper cannisters at the repository.
• Microbial studies to identify microbes

• Literature data about typical metabolites and preferred environmental conditions

• q-PCR, genome sequencing, FISH (→ ongoing master thesis at VTT) etc.

• SEM, optical profilometry (e.g. CLSM), AFM etc.

• Identification of corrosion products and organic matter

• SEM/EDS, XRD, XPS, FTIR, Raman spectroscopy etc. 

• Probing of biofilms with micro-sensors

• Characterization of the conditions on the metal surface

• Challenging in thin biofilms

• pH value, ORP, oxygen, sulphide

• Ongoing master thesis in the KUKO-project

Understanding the effects of bacteria
on metal corrosion
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 The barrier materials used in the KBS-3 concept for the disposal of spent nuclear 

waste were chosen to keep the repository safe.
• The copper cannister is stable in anoxic deep saline groundwater.

• The bentonite buffer reduces the risk for corrosion further.

 The main risk for corrosion of copper in the repository is related to microbial 

activity.
• Experimental data suggests that the presence of microbes has an inhibiting effect on the 

corrosion reactions.

 To estimate the corrosion risk for the copper cannisters, it is essential to 

understand the influence of microbes on anoxic copper corrosion in detail.
• More studies of the nature of biofilms and of the effects of the metabolism of microbes on 

the conditions under biofilms is needed taking also the bentonite buffer into consideration.

Summary



Thank you for 
your attention!
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