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study (WP3) as well as the experimental set-up planned for the long-term exposure (WP4) are presented. 
Vilma Ratia-Hanby and Saara Söyrinki have worked as the project managers in 2024, and Amina 
Alimbekova, Maija Nuppunen-Puputti, Thomas Ohligschläger, Pekka Nevasmaa and Quynh Nguyen (all 
in BA5507/BA5512) have been participating in the work. In addition, personnel from BA5507/BA5512 (Taru 
Lehtikuusi, Jukka Maunumäki, Hanna Iitti, Tuomo Kinnunen, Arto Nyholm and Kari Korhonen), BA5203 
(Mirva Pyrhönen and Malin Bomberg) and BA4509 (Tiina Ikäläinen) have participated in the work.  
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1. Introduction 

The establishment of low and intermediate level waste repositories represents a critical component of 
Finland's comprehensive approach to nuclear waste management. A low and intermediate level waste 
(LILW) repository is a specialized facility designed to safely dispose of radioactive waste generated from 
various sources, such as nuclear power plants, research institutions, and medical facilities. These 
repositories employ multiple engineered barriers, including containment structures comprising of layers of 
steel and concrete, to isolate the waste from the environment and minimize the risk of radiation exposure 
to both humans and the ecosystem. The waste is typically packaged in accordance with strict regulations, 
and its disposal follows rigorous safety protocols to ensure long-term stability and safety. Such repositories 
play a crucial role in the responsible and sustainable management of radioactive waste, safeguarding 
public health and the environment for generations to come. 
 
MICWEST will study the corrosion behaviour of steel welds simulating conditions in Finnish LILW 
repositories, considering the environment at the planned disposal sites throughout their evolution: the 
ingress of groundwater, the ageing of concrete which is used as a release barrier, and the microbiological 
activity. The response of the weld joints to the corrosive environment is important because their corrosion 
behaviour often differs from the bulk material. The factors that are affecting the corrosion resistance were 
defined by testing within the project welded joints manufactured with different methods and post-
processing in various conditions simulating water in LILW repositories, including microbial content and 
different chemistries.  
 
The project consists of short-term electrochemical and microbiological tests as well as intermediate and 
longer-term corrosion tests, utilising also electrochemical. The current report describes the setups of the 
intermediate (6-month) and longer term (3 years) test setups.  

1.1 Goal and limitations 

The MICWEST project studies the performance of steel welds in LILW repository mimicking conditions. Its 
main objectives are to produce new knowledge on the behaviour and durability of weldments and welded 
joints of steels during the evolution of the LILW repositories, to define microbe-weld interactions on steel 
surfaces and to reveal weld-attached microbial community structures, and to define the role of different 
weld types, material combinations in welds and post treatment methods on weld durability and corrosion 
resistance. The goal of this report is to describe the setups of the intermediate and longer-term corrosion 
experiments for stainless steel (SS), ASTM 316L and ASTM 321, and carbon steel (CS), Fe37B and 
pressure vessel steel (PVS), together with their welds in the simulated groundwaters. The results of the 
short-term electrochemical experiments are presented in another report. Moreover, the results of the long-
term experiments are not yet included, while the preparation and experimental setup are presented in the 
following sections. 

2. Background 

This chapter consists of describing the background on the low and intermediate level waste repositories 
and the waters present in the bedrock surrounding the repositories. The chapter 2 has mainly been 
presented in VTT Research Report No VTT-R-00140-24 (Alimbekova et al., 2024). 

2.1 Low and intermediate level waste 

Nuclear waste according to the Nuclear Energy Act (Ydinenergialaki (990/1987) is defined as a spent fuel 
or materials and structures that have become radioactive and were removed from their use from nuclear 
power plant operations. Additionally, the nuclear waste from the nuclear energy use in Finland needs to 
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be processed, stored, and permanently disposed of within the country. The classification of the waste from 
the nuclear facilities for predisposal management, according to the nature and activity concentration of the 
waste defined by the Radiation and Nuclear Safety Authority (STUK) in Regulation STUK Y/4/2018 
(Radiation and Nuclear Safety Authority, 2018).  
 
The solid and liquid waste derived from the operation of nuclear power plants (NPP) can be categorised 
as (IAEA, 2009): very low-level waste (VLLW), low level waste (LLW), intermediate level waste (ILW). It is 
difficult to sharply categorize the waste due to the limit variations of the activity concentration according to 
the groups of radionuclides. Thus, the disposal facility planning, and design sometimes couple into the low 
and Intermediate level waste (LILW) (IAEA, 1998).  
 
The LILW typically comes from the objects and materials related to the treatment of radioactive liquids, 
resins, filter materials, evaporator residues, etc. Additionally, low level waste may include activated reactor 
hardware, discarded equipment, tools, or contaminated trash from daily operations. Typical items may 
include no longer usable clothing of the personnel, papers and other items for cleaning, miscellaneous 
contaminated parts from the maintenance, wood, dirt, glass, and other scraps (Äikäs & Anttila, 2008). The 
mentioned activity of the waste comes from the activation and fission products, like 60Co, 63Ni, 55Fe and 
137Cs, 90Sr and others (Vieno et al., 1998). Activation products are the products of neutron capture by the 
reactor structural materials. For example, the 63Ni, 55Fe products come from the neutron activation of the 
steel. The nuclear fission products are the fragments, or smaller nuclei, left from the nuclear fission (Yim, 
2022). 
 
In Finland, the sources of radioactive waste are mainly from operation of Olkiluoto and Loviisa NPPs. In 
addition, non-nuclear radioactive waste also come from medical, research, and industrial applications of 
the radioisotopes. Posiva Oy, a jointly owned company by Fortum Power, Heat Oy (FPH), and 
Teollisuuden Voima Oyj (TVO) is responsible for its own waste disposal.  
 
The reactors at Loviisa NPP started operation in 1977 and 1981, respectively, while the LILW repository 
construction was completed in 1998 (STUK, 2012). The repository is located at a depth of ~110 m in the 
granite bedrock. The hall-type waste caverns for solid LLW and a solidified ILW are separate. These LLW 
halls are constructed with concrete floors and shotcrete walls with drainage. The waste in the drums is 
stacked within the tunnel and is not backfilled. The ILW hall includes a concrete basin hosting the solidified 
waste containers. The basin will be closed by a lid and cavern backfilled (Pitkäoja, 2019). 
 
The design of the repository at Olkiluoto differs from that of Loviisa, primarily due to the variations of local 
geology. The Olkiluoto repository features two silos situated at a depth of 60-95 meters in tonalite bedrock. 
These silos are designated for solid low-level waste (LLW) and for bituminized intermediate-level waste 
(ILW) respectively. Each silo is a robust concrete structure encased within the rock silo. Once the silo is 
filled with concrete boxes of bituminized waste drums, the space is subsequently backfilled with crushed 
rock. (STUK, 2017)  

2.2 Disposal of low and intermediate level radioactive waste in repositories  

Most of the solid waste is directly handled, packaged, and stored before disposal. If the waste can be 
compressed, the LLW is packaged into the drums with a hydraulic compactor. Resins, for example from 
ion-exchange water purification systems are dried and then mixed with cement or bitumen and packed for 
disposal into the drums or concrete containers. LLW liquids and sludges are solidified with concrete, 
bitumen, or special solidification media directly into the disposal drum (Äikäs & Anttila, 2008). The ILW is 
first conditioned before storage and disposal. 
 
During the operation of a NPP, parts of the structural materials of the installation and some of the used 
process materials are activated by neutron absorption or contaminated with activated substances. The 
contaminated LILW from the operation of power plants consists for example of filters, evaporator 
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condensates and sludge from drainage waters, or maintenance waste like for example personal safety 
equipment and other solid process materials.  
 
When a NPP is decommissioned, more LILW from dismantling will be generated from the dismantling and 
needs to be dispose safely. The disposed material will include the reactor pressure vessel (RPV), pipes, 
valves, instrumentation, concrete from the building, or insulation materials. These components are typically 
made of various steel grades, such as CSs (structural material, steel barrels for waste), low-alloy steels 
(RPV), and different SSs (piping, instrumentation, inner cladding of the RPV). (Nummi, 2018) 

2.2.1 Systems involved / containers and whole reactors to be put into the repository 

To ensure that radioactive substances will not contaminate the environment, LILW needs to be stored 
long-term safely without surveillance in special repositories (STUK 2018, Guide YVL D.5). In Finland, the 
LILW will be disposed mainly in concrete containers and steel barrels into the bedrock caverns near the 
Finnish NPP sites. Larger radioactively activated and contaminated metallic structures, which typically 
consist of CS and SS, will be cut into smaller pieces during the decommissioning of the NPPs. It can be 
expected that the steel components of the former NPPs contain welds. The cut metal pieces will be packed 
according to their activity in reinforced concrete containers or steel containers. These containers will be 
disposed to underground caverns that are excavated into the bedrock. The caverns may be equipped with 
additional concrete barriers. After the disposal of the LILW containers, these underground chambers may 
be filled by grouting depending on the waste type. (Tuunanen et al., 2014; Nummi, 2018; Tommila, 2021) 
Therefore, the behaviour of steel and concrete under the environmental conditions at the disposal sites is 
essential for the performance of the repository. 
 
RPVs and the reactor internals to be disposed into the LILW repositories contain a large share of the 
radioactivity. It is possible to dispose RPVs together inside other ILW such as reactor internals. The 
pressure vessel steel (PVS) of the RPV and the stainless-steel cladding on the inside of the RPV would 
then serve as additional release barriers. It is necessary to close the many connections of the RPV to the 
water circuits of the former NPP by welding SS plates onto the openings. Finally, grout would be cast into 
the closed RPVs before they would be installed into the bedrock caverns that would further be filled with 
concrete. (Tommila, 2021)  

2.2.2 Surrounding environment and its influence on the durability of the LILW containers and the 
safety of LILW repositories 

Most of the activated and contaminated metallic waste from the operation and decommissioning of the 
NPPs consists of various carbon and stainless-steel grades depending on their former purpose. CS is also 
used for the steel containers and as reinforcement in the concrete containers and in the concrete basins 
or silos into which the containers will be placed. As CS is often used for structural purposes in NPPs, it 
can be assumed that many parts contain welds. Piping and instrumentation in the NPPs are often made 
from SS, which typically also contains weld seams. Generally, welds between parts of the same or similar 
steel grades are relatively common, making them an essential part of the waste. Dissimilar welded joints 
between CS and SS are commonly rare but cannot be excluded from occurring even in NPPs. 
 
It is reasonable to assume that most welds in equipment for the NPPs were produced under well-defined 
and controlled conditions resulting generally in a high weld quality. Nevertheless, the metal in and around 
a welded joint has generally different metallurgical properties than the base materials due to its different 
solidification process and a lack of thermo-mechanical treatments. It is even not uncommon that different 
steel phases occur in weld seams. Also, detrimental precipitates may form during cooling of welds. It is 
therefore likely that weld seams have different, often more or less worse corrosion properties than the 
wrought base materials, which is why it is important to study the corrosion properties of the welds. 
Additionally, oxide layers that form during welding at high temperatures on the weld nugget and on the 
surfaces of the base materials can increase the risk of corrosion. Especially scale and heat tints on SSs 
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can be detrimental to the corrosion resistance of the welded area. It is therefore often necessary to remove 
weld oxides especially from SSs to restore the initial corrosion resistance of the base material. Typically, 
this is achieved by pickling the welded area in a mixture of nitric and hydrofluoric acid, which often poses 
a work safety risk. In some cases, also mechanical weld cleaning methods like abrasive grinding can be 
applied successfully. (Kyröläinen, 1999) Therefore, it is important not only to understand the corrosion 
behaviour of steel sheets, but also of their welds which are influenced by the post-weld cleaning methods. 

2.2.3 Materials involved 

One large entity to be welded is the RPV, if it is to be disposed without dismantling. RPVs are made of 
thick plates of PVS, which is typically a low-alloyed Cr-Mo-V steel. The RPVs are often cladded on the 
inside by a thinner layer of stainless-steel sheet that is corrosion resistant against the reactor water. 
Welding methods and quality demands for the welds that might be needed to close the openings of the 
RPVs with SS sheets when disposing them without dismantling, have not yet been specified. It is, however, 
likely that the welds could be made between the stainless-steel cladding and the stainless-steel plugs. 
Nevertheless, it can be expected that the surrounding outer CS of the RPV would be in electrical contact 
with the welded stainless-steel plugs that are exposed to the outside environment. (Nummi, 2022) 

2.3 Waters 

2.3.1 Assumed phases of the repositories  

As the waste packages will be placed into the underground disposal caverns with concrete, the presence 
of concrete will play a substantial role for the conditions in the repository. The concrete and grout 
environment at the disposal sites will be initially highly alkaline. However, the conditions will not remain 
the same over the whole assessment time period lasting at least 100,000 years. During the evolution of 
the repositories, natural groundwater will flow into the caverns of the repositories. The water at the Finnish 
disposal sites can be often classified as brackish Na-Cl–type groundwater (Hatanpää, 2006). As its salinity 
exceeds the present values of the seawater in the Baltic Sea around Finland (Pitkänen, 1996), the salt 
content and composition of the pore water of the concrete that is in contact with the steel parts in the LILW 
will change significantly over time. It is expected that the groundwater flow into the repository will lead to 
a slow degradation of the concrete, for instance by erosion, leaching and chemical reactions with chemical 
compounds in the groundwater, like sulphate or carbonates. The chlorides in the groundwater may also 
attack steel reinforcements. Together with the formation of carbon dioxide from the possible decomposition 
of organic waste in some areas of the repositories, the groundwater will neutralize the alkaline concrete 
porewater over time, so that the initial high pH value of around 12-13 will eventually settle to neutral values 
of around 7 (Kari, 2014). 
 
It is assumed that the risk for corrosion of the steel parts in the repository will be initially suppressed by 
the high pH value of the alkaline grout and concrete environment ensuring their chemical stability (Winston, 
Revie and Uhlig, 2008). The uniform corrosion rates of CSs will be very low and localized corrosion of SS, 
like for instance chloride-induced pitting, will be unlikely (Ahlström, 2015). The alkaline environment will 
also help to immobilize radioactive transition metal cations by solid precipitate formation, so that they won’t 
pass easily into the environment for some time (Tandré, 2020). These positive effects of the alkaline 
concrete will persist for some time even after saline groundwater has entered the underground disposal 
site. But as the porewater in the concrete will be neutralized gradually to lower pH due to contact with the 
steel waste, the aggressiveness of the environment towards carbon and stainless-steel waste will increase 
(Rajala, 2017). At some point of the neutralizing process, the uniform corrosion of CS will become more 
pronounced, which could also lead to an increased hydrogen gas formation due to the predominant 
cathodic reaction of the corrosion processes in anoxic environments (Huang, 2021). Additionally, over 
time, the increasing chloride content in the water that is in direct contact with SS parts will raise the risk 
for localized corrosion, like pitting and crevice corrosion. Nevertheless, the probability of localized 
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corrosion will only increase slightly due to the low redox potential of the environment, that is assumed to 
remain anoxic. Similarly, the relatively low temperatures at the disposal site can slow down or even hinder 
completely the corrosion process of carbon and SSs. (Sedriks, 1996) All in all, there are several processes 
taking place and affecting the conditions present in the repository, thus also affecting the corrosion system. 

2.3.2 Pore water 

Cement has many favourable properties, both chemical and physical, making it a desirable barrier or matrix 
for the encapsulation of radioactive and toxic wastes. Chemically, cement has a high pH (e.g. its pore 
water) and forms hydration products which favour sorption and ion substitution. Physically, cement is a 
durable solid material with a low permeability in its hardened state which protects the radioactive waste, 
facilitating its safe transportation and storage. Cement is also an inexpensive and readily available 
material, durable in its hardened state, fluid when initially cast and tolerant to a variety of waste forms, 
including those in solid and liquid states. Cements have also been proved to show their stability when 
irradiated and ability to act as radiation shielding. Conventional cementitious materials such as ordinary 
Portland cement (OPC) and OPC-based composite cements, as well as novel cement systems can be 
used to create reliable immobilizing elements for safe storage and disposal of wastes. These barriers 
function, as well as interactions envisaged between various components, were considered in this CRP 
which was focused on predisposal management systems. 
 
In a chemical approach to cementitious materials degradation under simple leaching conditions, four states 
of the evolution of cement are suggested for benchmarking. These stages are achieved by sacrificial 
dissolution of cement substance and are summarized as follows (Glasser, 2011): (1) Stage I: The pH is 
dominated by alkalis: all normal cement mineral hydrates are present. (2) Stage II: The pH is dominated 
by Ca(OH)2: all normal hydrates are present. (3) Stage III: Ca(OH)2 is consumed: pH is buffered in the 
range 10–12. (4) Stage IV: Only degradation and reaction products are left to condition pH. The main 
cations in the cement pore water are Na, K, and Ca. The four-stage approach is used in performance 
assessments for radioactive waste repositories for geochemical modelling of cementitious barrier durability 
with respect to providing chemical buffering for radionuclide phases and physical/hydraulic durability 
(porosity, permeability and tortuosity) of the matrix portion of the barrier.  

2.3.3 Groundwaters (+ Differences in sites) 

The Loviisa NPP is located on the Hästholmen 13 km SSW from the town of Loviisa (Hatanpää, 2006). 
The bedrock at the site is composed of rapakivi granite and is Precambrian in age. The Olkiluoto repository 
is on the west side of the Olkiluoto island (Pitkänen et al., 1999). The bedrock surrounding the Olkiluoto 
site is also Precambrian in age and comprised of rapakivi granite. The rock chemistry of the Loviisa area 
is rich in iron and potassium, and poor in aluminium. In comparison to the Loviisa site, the Olkiluoto rock 
composition varies in terms of the main rock types present. Pyterlites of Loviisa is low in sulfur, but rich in 
chlorine. The mafic gneisses in Olkiluoto are, on the other hand, rich in sulfur and contain low amounts of 
chlorine.  
 
The groundwater types at Loviisa have similar characteristics to those found at Olkiluoto (Pitkänen et al., 
1998). Fresh groundwater is limited at both sites to the upper part of the bedrock. Brackish groundwater 
with total dissolved solids (TDS) ranging from 2 000-9 800 mg/l has been observed at both sites. The TDS 
increases with depth, and therefore at larger depths, the water is more saline, however, the enrichment of 
TDS varies with depth (the ions majorly present in water). For instance, in the Loviisa NPP grounds, the 
dilute Ca-Na-Mg-HCO3-(SO4)-(Cl)-type water is present at depths of 60 m. At depth ranges of 60–600 m 
SO4-rich brackish Na-(Ca)-Cl type groundwater is found, while at depth deeper than 600 m – saline Na-
Ca-Cl groundwater. The Olkiluoto groundwater changes with depth with the fresh but slightly brackish Na-
Cl-HCO3-type water at 0–150 m to brackish Na-Cl-(SO4) water at 150–500 m, and saline Ca-Na-Cl 
groundwater at the depths more than 500 m.  
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In the Olkiluoto groundwater, chloride (Cl-) is the most abundant anion. As the depth increases, the amount 
of Cl also increases. The main anions that contribute to the total alkalinity are HCO3+CO3, and the total 
alkalinity decreases with increasing depth. Notably, as the chloride amount increases, alkalinity values 
decrease from the precipitation of calcite, which already may precipitate at shallow depths at Olkiluoto. As 
for the cations, the calcium concentrations increase with depth with chloride. All groundwaters in Olkiluoto 
are highly enriched with calcium compared to the sea water. Magnesium shows a different behaviour, with 
waters being very depleted in Mg compared to the sea water. According to Pitkänen et al. (1994; 1996), 
the Mg contents are enriched in the brackish sulphate-rich groundwater at depths of approximately 100-
300 m. Potassium, similarly to magnesium, mainly enriches waters at the depths of 100-300 m, but there 
is a generally smaller concentration of K compared to Mg.   
 
The Loviisa groundwater also shows an increase in chloride amounts with increasing depths. However, 
compared to Olkiluoto, there is considerably more Cl- dissolved in the water. The main cations in Loviisa 
groundwater show a general increasing trend with increasing concentration of chloride, and thus depth. 
This for both Loviisa and Olkiluoto groundwater reflects the various water-rock interactions and mixing. 
 
Overall, the water collected near the surface (< 100 m) is characterized by low Cl (< 20 mg/l), as depth 
increases (100-300 m), brackish water contains moderate Cl levels of approximately 2500-5300 mg/l. At 
depths 600-1000 m the groundwater is saline with Cl levels ranging from 10000 mg/l to ~30000 mg/l. The 
total alkalinity similarly decreases with increasing depth. The observed maximum alkalinity is observed at 
depths of 20-50 m at 3.8 mEq/l in Loviisa groundwater. For Olkiluoto, fresh groundwater also showed 
maximum alkalinity values of ~7 mEq/l at the similar depth range. Both show high values due to the 
influence of atmospheric and biogenic CO2. At large depths, the total alkalinity of Loviisa and Olkiluoto 
groundwaters can be as low as 0.5 and 0.1 mEq/l respectively (Hatanpää, 2006; Pitkänen et al., 1999). 
 
The dissolved gases in the groundwater similar to the ions increase with depth. Main gases detected in 
the water are methane, hydrogen, sulfur-containing gases, and higher hydrocarbons (Lampen & Snellman 
1993, Snellman et al. 1995, Ruotsalainen & Snellman 1996).  
 
In the case with the redox conditions and pH of the groundwaters, there is a clear trend of increasing pH 
with depth and, as mentioned, greater salinity of the groundwater. The lowest pH values are commonly 
observed at shallow depths. The pH values of deep borehole groundwaters at Olkiluoto range from 7.3 to 
9.0 and at Loviisa 7 to 8. The initial increases in alkalinity and pH is generally interpreted as mainly resulting 
from fracture calcite dissolution in CO2-rich recharge water (Nordstrom et al., 1989). A similar interpretation 
is valid for HCO3-rich groundwater at Loviisa. 
 
The measured redox values (Eh(Pt)) refer to slightly or clearly reducing conditions for most of the brackish 
and saline groundwater samples. The brackish groundwater has the largest range of Eh values from about 
+30 to -340 mV and the saline groundwater has a bit higher range, +9 to -230 mV in Loviisa groundwater 
samples. A general feature of measured Eh(Pt) at Olkiluoto and Loviisa is that the most frequent 
observations of low, reducing conditions have been made in saline groundwater samples and with 
increasing pH. (Hatanpää, 2006; Pitkänen et al., 1999)  
 
The contents of total iron (Fetot) and ferrous iron (Fe2+) both increase with depth in the saline groundwaters. 
The median value of Fetot in the Olkiluoto groundwaters was 3.0 x 10-3 mmol/l compared with the theoretical 
lower limit (10-3 mmol/l) of iron for successful Eh measurements, if Fe2+ /Fe3+ is the redox controlling couple 
(Grenthe et al., 1992). However, according to previous evaluations (Pitkänen et al., 1996) sulphur species 
play the most important role in controlling redox conditions at Olkiluoto (Pitkänen et al., 1996). Total 
sulphide values (S2-

tot) = H2S + HS-+ S2- + polysulphides) show a general trend of elevated S2-
tot content 

mostly among samples from 250 – 500m depth suggesting microbially catalysed SO4 reduction. This is in 
good agreement with the results of microbes showing a large amount of sulfate reducing bacteria (SRB) 
at these depths in Olkiluoto and Loviisa groundwaters (Haveman et al., 1998). 
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Redox conditions in the Loviisa saline groundwater layer are clearly dominated by iron oxyhydroxides and 
dissolved iron in the groundwater. However, the calculated redox values suggest that the system has 
reached the sulfidic condition. In relation to the redox conditions, the pH level in saline groundwater is 
somewhat lower at Loviisa (around 7.5) than in Olkiluoto (likely above 7.5). The pH for the Loviisa deep 
groundwater will remain at a low level due to the very poor solubility limit for iron and the hydroxyl 
complexation of it. The predicted Eh range is -200±50 mV at Loviisa whereas it is -250±50 mV at Olkiluoto.  

2.4 Corrosion and its affecting factors 

Corrosion is the destructive attack of a metal by chemical or electrochemical reaction with its environment.  
Electrochemical corrosion is a chemical reaction involving the transfer of electrons from the zero-valent 
metal to an external electron acceptor, causing the release of the metal ions into the surrounding medium 
and the deterioration of the metal (Equations 1 & 2).  
 
M0 → Mn+ + ne-, anodic reaction (1)  
 
2H+ + 2e- → H2, predominant cathodic reaction in the absence of oxygen (2) 
 
There are four basic requirements for corrosion to occur. Among them is the anode, where dissolution of 
metal occurs, generating metal ions and electrons. These electrons generated at the anode travel to the 
cathode via an electronic path through the metal, and eventually they are used up at the cathode for the 
reduction of positively charged ions. These positively charged ions move from the anode to the cathode 
by an ionic current path. Thus, the current flows from the anode to the cathode by an ionic current path 
and from the cathode to the anode by an electronic path, thereby completing the associated electrical 
circuit. Anode and cathode reactions occur simultaneously and at the same rate for this electrical circuit to 
function. 
 
The five main types of corrosion classified with respect to outward appearance or altered physical 
properties are as follows (Revie, 2011): 
1. General Corrosion, or Uniform Attack. This type of corrosion includes the commonly recognized 
rusting of iron or tarnishing of silver. “Fogging” of nickel and high - temperature oxidation of metals are 
also examples of this type. Generally, for uniform attack, the initial corrosion rate is greater than 
subsequent rates. Duration of exposure should always be given when corrosion rates are reported 
because it is often not reliable to extrapolate a reported rate to times of exposure far exceeding the test 
period. 
2. Pitting. This is a localized type of attack, with the rate of corrosion being greater in some areas 
than in others. If an appreciable attack is confined to a relatively small, fixed area of metal, acting as anode, 
the resultant pits are described as deep. If the area of attack is relatively larger and not so deep, the pits 
are called shallow. 
3. Intergranular Corrosion. This is a localized type of attack at the grain boundaries of a metal, 
resulting in loss of strength and ductility. Grain – boundary material of limited area, acting as an anode, is 
in contact with large areas of grain acting as a cathode. The attack is often rapid, penetrating deeply into 
the metal and sometimes causing catastrophic failures. 
4. Dealloying, Dezincification, and Parting. Dealloying is the selective removal of an element from 
an alloy by corrosion. Parting is similar to dezincification in that one or more reactive components of the 
alloy corrode preferentially, leaving a porous residue that may retain the original shape of the alloy. 
5. Stress corrosion cracking. If a metal cracks when subjected to repeated or alternate tensile 
stresses in a corrosive environment, it is said to fail by corrosion fatigue. 
6. Hydrogen embrittlement. Hydrogen embrittlement is the process by which metals such as steel 
become brittle and fracture due to the diffusion of hydrogen into the metal (Winston, Revie, and Uhlig, 
2008). Hydrogen embrittlement may also be linked to the evolution of SCC. In many cases, the critical 
hydrogen concentration that can lead to failure of a sensitive material is low. 
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CS is the most easily corroding component of radioactive metal waste. The possible corrosion processes 
in the repository conditions can be predicted based on the potential-pH diagram of iron (Figure 1). Based 
on the Pourbaix diagram, if the potential of iron is more negative than -1100 mV on SHE (standard 
hydrogen electrode) scale metallic iron is across the whole pH range (0-16). In practice, the potential of 
an iron sample in water solution is between -400 … -800 mV, and so the corrosion can occur with three 
different reactions depending on the pH. First, a passive oxide layer formation is anticipated. However, 
this film does not stop the corrosion, only the corrosion rates are reduced. The maintenance of the passive 
film requires both a high pH (>9) and an excess of oxygen. In final repository conditions, the availability of 
oxygen is limited and thus all the oxygen in the concrete may be reduced by the slow corrosion reaction. 
However, due to the radioactive nature of the waste, the radiolysis of water at the metal surface inside the 
concrete container can create oxidizing conditions (Preece, 1982). 

If all the oxygen is consumed, the potential drops and the passive oxide layer becomes unstable and 
reduces. The corrosion rate of the steel in this ’active’ state is determined by the potential, the diffusion 
rates of the reactants and the corrosion products, and the resistivity of the surroundings (Preece, 1982). 

The most important on affecting the corrosion properties of steels is chloride, which is always present in 
the groundwater.  
 

 

Figure 1. Pourbaix diagram of Iron-Water system; c(Fe) = 10-6 mol/l, T = 25 °C (CC BY-SA 2.5). 

SSs are iron-base alloys containing chromium and usually also nickel. The corrosion of iron was discussed 
above, and to understand the corrosion of SS the corrosion mechanisms of nickel and chromium will be 
described. Corrosion rates of nickel in its alloys are slower than that of iron alloys in almost any conditions. 
Generally, oxidizing conditions favour the corrosion of Ni, but nickel can protect itself with a passive oxide 
layer. If the oxide layer is locally destroyed, however, pitting corrosion may occur. The corrosion rates of 
nickel alloys are expected to be low. However, high local concentrations of chlorine ions may cause the 
protective layer breakdown, similar to iron, causing pitting corrosion. Nickel is also a good electrode for 
hydrogen formation and local corrosion at highly alkaline conditions may lead to the formation of hydrogen. 

The passivity area of chromium extends over a wide area of pH at low potentials. In SS, the good corrosion 
properties are mainly based on the passive film formed by chromium oxides. Thus, chloride ions increase 
the risk of corrosion of SS, especially when local corrosion processes are enhanced in the presence of 
chloride, similar to Fe and Ni.  
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Corrosion can increase the rate of material degradation thus shortening the time during which the 
barriers work properly. Typically, corrosion rates and compound transport are very low due to the high pH 
in environments including concrete. However, the erosion of concrete and the flow of groundwater into the 
concrete barriers and waste packaging can expose the waste to various corrosion mechanisms. Steel 
corrosion can be limited in the high alkalinity due to formed passive layers (Winston, Revie and Uhlig, 
2008). In addition, it was shown that concrete has an inhibiting effect on corrosion at least at the beginning 
of the repository life span and limits the occurring microbe types to alkaliphilic bacterial groups (Rajala et 
al., 2016, Rajala 2017). The concrete casings form a protective barrier hindering the activities of 
microorganisms as long as they are intact maintaining the high alkaline pH and high carbonate 
concentration in the repository environment (Pedersen 1999, Rajala et al., 2016, Rajala 2017, Rajala et 
al., 2017). However, there are implications that microbial activity can also affect the concrete barrier 
performance by locally lowering the pH already after four years (Small et al., 2008) thus harming the overall 
durability of the whole disposal system. As a nuclear waste repository must be able to prevent the release 
of radionuclides for a long time it is necessary to study the impact of deep groundwater containing 
microorganisms on welded structures in a scenario where the concrete has aged and deteriorated so that 
deep groundwater is already passing to the steel structures and weldments.  
 

2.4.1 MIC-related occurrences and previous findings 

The deterioration of metals or metal alloys generated by microbial activity is termed microbially induced 
corrosion, microbiologically influenced corrosion or biocorrosion (MIC). The electrochemical nature of 
corrosion remains valid also for MIC. The participation of microorganisms in the process induces several 
effects, the most significant being local changes in the electrochemistry at the metal-solution interface 
under the microbial biofilm (Videla et al., 2005). MIC is not one distinct type of corrosion, but the term is 
used to designate corrosion resulting from the microbial metabolism of the metal surface biofilms or close 
to the surface. MIC is a result of interactions between the metal surface, abiotic corrosion products, and 
microbial cells and their metabolites (Beech et al., 2004). In most cases, MIC occurs as a localized 
corrosion that results in pitting, selective leaching, crevice corrosion, under-deposit corrosion, or erosion-
corrosion (Little et al., 1992). 
 
Subsurface groundwaters are likely to transport microbes within fractured bedrock. When the repositories 
evolve and aged concrete no longer maintains the inhibiting high pH, newly transported microbial cells will 
be introduced from the groundwater to the steel surfaces in the LILW. SS, CS, and welds in the LILW 
containers are then likely affected by biofilm formation, microbe-metal interactions, potential corrosion 
processes, and gas production (Small & Vikman, 2020). Microbial colonies can contain micro-niches with 
varying environmental conditions formed for example under the biofilm and the EPS layers. Damage 
caused by corrosion may generate a risk to the durability of the containers and their welds, and there is 
still insufficient data to understand or model MIC in different repository environments (Černoušek et al., 
2020). 
 
There is increasing information available on MIC in the welded joints, for example, in oil pipes (Liduino et 
al., 2019), or in cooling and/or sprinkler systems circulating either fresh or sea water (Carpén 2008, 
Yasuyuki et al., 2002), but there is rare information available regarding the corrosion resistance or 
behaviour of welded joints in contact with anoxic saline or brackish subsurface groundwaters. In other 
environments, it has been shown that MIC especially affects steel surface areas with welded joints (Liduino 
et al., 2019, Anzai et al., 2006), but welds and their microbial communities remain less represented in 
research. In marine environments, welded steel surfaces have reported higher corrosion rates compared 
to non-welded ones, and stagnant water increases corrosion rates compared to turbulent water flow 
(Liduino et al., 2019). In marine microcosms, steel surfaces, and two different weld types were shown to 
host different microbial communities (Garcia & Procópio 2020). This phenomenon could be due to different 
surface roughness properties providing better sites for microbial adherence or the welds having oxidized 
steel surfaces could contain different overall compositions than other steel surfaces, for example, higher 
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levels of manganese oxides. Higher manganese content at the welds could thus favour the actions of 
manganese cycling microbes related to the oxidation and reduction of manganese. Microbially mediated 
manganese oxidation and reduction are considered relevant in other environments as deposited 
manganese oxides on steel surfaces may promote corrosion (Beech & Sunner 2004, Linhardt 2010). 
 
Microbial activities within the steel surface biofilms, and potentially also weld biofilms, can be linked to 
multiple key biogeochemical cycles including sulfur, nitrogen, and manganese cycles (e.g., Rajala 2017). 
Especially the SRBs have been deemed important for microbially influenced corrosion (MIC) in anoxic 
repository conditions, as they potentially interact with the steel surfaces by transferring electrons or by 
producing corrosive metabolites or deposits during sulfate reduction (Urios et al., 2014, Li et al., 2018, 
Rajala 2017). In addition to facilitating better microbe-metal interaction, biofilms also enable microbe-
microbe interaction which can be crucial in oligotrophic environments. To our best knowledge, there are 
very few studies on the microbial community composition or their MIC-related roles on weld surfaces in 
the LILW repository conditions.  

 

2.4.2 Microbiology related to the LILW repositories  

One factor affecting the evolution of the repositories is the microbial activity. Repository environments are 
not isolated and interact with their surrounding biospheres and geospheres during their evolution. 
Microorganisms present in the Fennoscandian subsurface groundwaters and inhabit the surfaces of 
bedrock fractures and crevices as biofilms or as attached small colonies (Pedersen 2013; Purkamo et al., 
2016, Bomberg et al., 2016; Nuppunen-Puputti et al., 2020; Nuppunen-Puputti et al., 2022; Somervuori et 
al., 2021; Bell et al., 2020). The composition of the groundwater as well as the planktic microbial community 
compositions tend to fluctuate (Rajala et al., 2022).  
 
In the Olkiluoto repository site, the formed steel surface biofilms were shown to be unevenly distributed 
and focused on the materials grain boundaries after a two-year in-situ contact with groundwater (Rajala et 
al., 2022). The microbes in the formed biofilms differed from the planktic groundwater microbial 
communities which also changed over time (Rajala et al., 2022). The most common orders in the two 
studied drill holes (A and B) were Campylobacterales and Desulfobacterales - a consortium of sulfate-
reducing bacteria (SRB). In addition to SRB, sulfur-oxidizing bacteria, such as Sulfuricurvum, were 
observed in drillhole B. Furthermore, also archaea such as Methanosarcinales had attached to the steel 
surfaces. Despite the previous assumptions on groundwater stability, it was suggested that there are 
fluctuations of both the deep groundwaters and its microbiome which could have impacts on the evaluation 
of the repository’s stability and safety. The sulfur-cycling microbes could potentially enable better 
groundwater to contact with steel materials by enhancing local disruptions of the passive layer thus further 
enhancing the detrimental effects of chloride dissolved in the groundwater (Rajala et al., 2022). 
 
Metagenomic data from rock surfaces obtained from the Outokumpu deep borehole indicated that rock 
surface microbiomes host different genes related to manganese cycling, especially for the transport of 
manganese (Nuppunen-Puputti et al., 2022). Genes for both manganese oxidase (mcoA) and manganese-
oxidizing peroxidase (mopA) were observed in bacterial metagenome-assembled genomes (MAGs) 
(Nuppunen-Puputti et al., 2022). The microbial anaerobic manganese cycle has an interesting role as it 
couples multiple relevant biogeochemical pathways (Wang et al., 2022). In anaerobic conditions that will 
prevail later during the repository evolution, manganese could facilitate critical biogeochemical cycles 
linked to ammonium oxidation, sulfide oxidation, methane oxidation (ANME) as well as organic carbon 
oxidation (Wang et al., 2022).  
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3. Materials and methods  

3.1 Materials 

Four different steels representing materials used in NPPs, CS denoted as Fe 37 B, PVS, SS 321 and SS 
316L were investigated in this study. In addition, welds for PVS-316L, 321-316L and bead-on-plate welded 
Fe 37B samples with both gas-metal-arc welding and submerged-arc welding were investigated. Selected 
materials are described in the following paragraphs. Chapter 3.1 has mainly been presented in VTT 
Research Report No VTT-R-00140-24 (Alimbekova et al.,2024). 

3.1.1 Steels 

Fe 37 B 

The CS used for the tests was denoted as Fe 37B. The surfaces were machined before welding. The 
thickness of the material was 14 mm -16 mm. For welding, it was water jet cut into approximately 1000 
mm * 150 mm pieces. OES analysis by Eurofin showed that it had Mn and C as its main alloying elements, 
with small quantities of other elements including Si, Cu, Nb and Ni.  

PVS 

The PVS (PVS) was authentic steel obtained from a previous project on welding of PVS. It was received 
as a larger block with the dimensions of approximately 190 mm *115 mm, of which approximately 110 mm 
height of material was underneath the weld. This part was then cut to seven ca. 190 mm * 115 mm plates 
machined from both sides with a final thickness of approximately 8 mm for the welding tests, and three ca. 
190 mm * 115 mm plates of approximately 3 mm final thickness machined from one side for the initial 
baseline electrochemical tests. Before welding, the surfaces were washed with Eko Puhto detergent, and 
subsequently rinsed with water and 70% ethanol to remove grease and dirt. 
 

321 

SS 321 (EN 1.454) was obtained as 1000 mm * 100 mm waterjet cut pieces with the thickness of 8 mm 
for the welding tests. Before welding, the surfaces were washed with Eko Puhto detergent, and 
subsequently rinsed with water and 70% ethanol to remove grease and dirt. For the initial baseline 
electrochemical tests, 321 with a thickness of 2 mm was used. For the electrochemical measurements, 
the surfaces were ground to 500 grits, washed with ethanol, and dried thoroughly. 

316L 

SS 316L (EN 1.4404) was used as pieces with a minimum width of 95 mm and minimum length of 210 
mm. Thicknesses of 10 mm and 6 mm were used for the welding tests and 6 mm for the baseline 
electrochemical tests. The surfaces were also ground to 500 grits for the electrochemical measurements 
and treated in the same manner. The surface condition of the steel was 1D. Prior to welding, the surface 
was washed with Eko Puhto detergent, and subsequently rinsed with water and 70% ethanol to remove 
grease and dirt. 
 

3.1.2 Welded steels 

Altogether four types of welds were manufactured at the Taitotalo premises. The detailed parameters of 
the welds are presented in section 3.2.1. Figure 2a-d show the images of the types of manufactured welds. 
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a)                                                         b) 

  
c)                                                                             d) 

Figure 2. The welds produced by gas-metal-arc welds for a) PVS-316L, b) 321-316L and bead-on-plate 
welded Fe 37B samples with c) gas-metal-arc welding and d) submerged-arc welding. 

3.1.3 Waters 

Simulated concrete pore water (CPW) 

Simple alkaline solutions simulating concrete pore solutions were used for steel corrosion testing. In this 
work, concrete pore solution was simulated by a solution of NaOH, KOH, and Ca(OH)2 mixtures (15.8 g/l, 
37.3 g/l, and 0.178 g/l respectively) with pH 14, which was prepared with analytical grade reagents and 
Milli-Q water. The diluted CPW samples were prepared by diluting the CPW (pH 14) with Milli-Q water to 
obtain solutions with pH 10 and 8. The pH 7 solution is represented by pure Milli-Q water. The prepared 
samples were then specified as CPW1 (pH 14), CPW3 (pH 10), CPW5 (pH 8), and CPWDI (pH 7). 

Simulated groundwaters (GW) 

The compositions of the artificial groundwaters used in the experiments are shown in Table 1. The salt 
content of the groundwaters is based on the ionic composition of the groundwater at ~100m reported in 
the hydrogeochemical reports (Luukkonen et al., 1999, Pitkänen et al., 1998). All chemicals were analytical 
grade and solutions were prepared using Milli-Q water. To reach the groundwater pH, 1M NaOH was 
added. The pure simulated groundwater was diluted with the CPW to obtain pH 8 and 10. To reach an 
anoxic environment, argon (Ar) was used for deoxygenating the groundwater by bubbling the water in 
storage bottles for 30 minutes and then bubbling Ar in the cell for 20 minutes before the measurements. 
In case of precipitate formation, simulated groundwaters were mixed overnight under an argon 
atmosphere. The samples were then referred to as GW3-L (pH 10), GW5-L (pH 8), and GW-L. 
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Table 1. Simulated groundwater composition for tests. 

 Loviisa Simulated Groundwater (g/l) Olkiluoto Simulated Groundwater (g/l) 

NaCl 3.96 1.22 

Na2SO4 0.56 0.23 

KCl 0.044 0.008 

NaHCO3 0.134 0.432 

KBr 0.024 0.0052 

KF 0.003 0.0015 

CaCl2 ∙2H2O 2.255 0.248 

MgCl2 ∙6H2O 2.257 0.251 

Na2SiO3 ∙9H2O 0.052 0.032 

 

3.2 Methods 

This chapter describes methods including welding, intermediate and long-term test setup and 
microbiological methods. The paragraph 3.2.1 has mainly been reported in VTT Research Report No VTT-
R-00140-24 (Alimbekova et al., 2024). 
 

3.2.1 Welding 

Two arc-welding processes, submerged-arc welding (SAW) and gas-metal-arc welding (GMAW, i.e., 
MIG/MAG) were chosen for the preparation of the welded corrosion test samples. These processes are 
commonly applied for the welding of RPV and NPP components. SAW process is well-suited particularly 
for welding long, continuous seams as multiple-pas mechanized welding of thick-wall sections, as is the 
case with RPVs. GMAW process, in turn, is more versatile and can be applied either as manual or 
automated to all-position welds over a wide range of section thicknesses and for joining dissimilar metals, 
as well. 

SAW 

Experimental samples using SAW were made as bead-on-plate welds on plain CS (Fe37B), representing 
weld filling and cap beads in an authentic structure/repository container exposed to corrosive media. On 
each sample, two parallel weld beads were deposited using DC+ current mode. As welding materials, 
unalloyed low-carbon, medium-Mn, low-Si general purpose SAW wire OE-S2 (3.2mm; AWS A5.17: 
EM12K; EN ISO 14171-A: S2) was applied in the combination of an agglomerated rutile-type OP 191 flux 
(EN ISO 14174: SA AR 1 87 AC) with low basicity index (Boniszewski: 0.4) and intended for welding 
general structural steels. The applied welding parameters for the SAW bead-on-plate test welds are given 
in Table 2. 

Table 2. The applied welding parameters for the SAW bead-on-plate test welds. 

Process/ 
Parameters 

Welding current 
range I (A) 

Arc voltage range 
E (V) 

Torch travel speed 
v (cm/min) 

Heat input Q 
(kJ/mm) 

SAW: OE-2 (3.2 
mm) / 
OP 191 

575 - 580 31 - 32 44.5 2.4 – 2.5 

*) heat input calculated acc. to SFS-EN 1011-1 
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MIG/MAG 

Experimental samples using GMAW (MAG) were made both as multipass (i) bead-on-plate welds and 
(ii)multipass butt-welds into a square-I-groove with a minimal root gap and no root face. As base materials, 
four different steel types: plain CS (Fe37B), low-alloy (HSLA) PVS, extra-low carbon ‘acid-proof’ austenitic 
SS 316L and titanium-stabilised austenitic SS 321 were applied. For plain CS, two parallel weld beads 
were deposited as bead-on-plate welds, whereas for the rest of the materials, one weld bead was made 
into the square-I-groove on the top surface, and an additional root pass onto the reverse side to fully close 
the gap (as no full-penetration was achieved). As welding materials, un-alloyed C-Mn-Si-type OK Autrod 
12.51 solid wire (1.0mm; SFA/AWS A5.18: ER70S-6 / EN ISO 14341-A: G 3Si1), 308-type 12150-N-
B308LP rutile flux-cored filler wire DW-308LP (1.2mm; AWS A5.22 E308LT1-1/4) with ‘matching’ chemical 
composition and an over-alloyed 23/24%Cr–12/13%Ni 309MoL-type 12150-N-B309MoLP rutile flux-cored 
filler wire DW-309MoLP (1.2mm; AWS A5.22 E309LMoT1-1/4), were used. Of these, the last one was 
used for welding dissimilar weld joints between a low-alloy (HSLA) PVS and austenitic SS. For all filler 
materials, an Ar-25%CO2 mixture shielding gas was applied. The applied welding parameters for GMAW 
(MAG) test butt-welds are given in Table 3. 

Table 3. The applied welding parameters for GMAW (MAG) test welds. 

Process/ 
Parameters 

Welding current 
range I (A) 

Arc voltage 
range E (V) 

Torch travel speed v 
(cm/min) 

Heat input 
Q 
(kJ/mm) 

MAG: OK12.51 (1.0 
mm) 

190 – 205 
230 – 240 

 
23.5 – 24.8 
27.2 – 27.9 
 

45 – 60 

0.48 – 
0.55 
0.50 – 
0.54 

MAG: DW-309MoLP 
(1.2 mm) 

230 - 240 26 50.4 
0.57 – 
0.60 

MAG: DW-308LP (1.2 
mm) 

250 - 260 28.8 – 29 45 – 60 
0.60 – 
0.77 

 *) heat input calculated acc. to SFS-EN 1011-1 

 

3.2.2 Intermediate and long-term test 

Experimental setup for intermediate and long-term exposure tests 

Intermediate and long-term tests are needed as nuclear waste repositories must be able to prevent the 
release of radionuclides for a long time. Experimental setup mimicking the different evolutionary stages of 
the repository was created to evaluate the corrosion in welds and heat-affected zones (HAZ) in 
intermediate (6 months) and long-term (3 years) tests. The tests are carried out at 10 ˚C in an oxygen-
deprived environment. 
 
Weld types 
Differences between weld types are assessed by exposing SAG and MAG welded Fe37B steels to 
simulated groundwater at pH 8. In addition to the welded materials, reference material samples of the 
unwelded Fe37B will be added in the same conditions. To account for differences being highlighted across 
longer exposure time, this assessment is conducted for both the intermediate 6-month duration as well as 
the longer-term duration of approximately 3 years. For the 3-year exposure, also native groundwater 
conditions will be looked at, to verify how well the observations made in the simulated groundwater can be 
linked with the native groundwater. While there are local and seasonal differences in the composition of 
the groundwater, a successful setup should give similar indications of the differences between the weld 
types. 
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Materials and water selection 
The effect of changing water chemistry during the evolution of the repository is studied by using several 
different waters for exposures for certain materials. Three materials are tested in several waters for a 
shorter (intermediate) 6-month duration as well as longer exposure of approximately 3 years:  
 

(1) MAG-welded CS (Fe37B in these tests), since it is estimated to be among the frequently exposed 
materials in the LILW repositories.  

 
(2) Fe37B as a reference material for unwelded CS  

 
(3) SS weld (321 + 316L) in the as-welded condition  

 
Additional materials were selected for the longer-term exposures only:  
 

(4) PVS welded together with 316L  
 

(5) PVS to provide a point of reference  
 
The waters were selected to provide a range of conditions:  
 

(1) Simulated groundwater with pH10, to account for the early stages of the repository, when there are 
still effects of the pore water present. This also includes the addition of microbial enrichment 
obtained from native groundwater in Loviisa.  

 
(2) Simulated groundwater with pH8, to account for the more stabilized conditions in the repository. 

This also includes the addition of microbial enrichment obtained from native groundwater in Loviisa. 
The preliminary tests with microbes in WP2 indicated no major differences between pH7 and pH8 
simulated waters as microbes remained active and grew in both types of waters during the 4-week 
pre-study.  

 
(3) Sterilised simulated groundwater with pH8, to work as a point of reference for microbially influenced 

corrosion phenomena.  
 

(4) Native Loviisa groundwater (including indigenous microbial community), obtained on 30.10.2024. 
 

Post-cleaning methods of the welds 
The post-cleaning methods for the welds are assessed on the SS welds (321 with 316L). The welds are 
exposed in  
 
(1) as-welded condition,   
 
(2) ground/brushed condition, in which the oxide scales have been brushed off the weld and   
 
(3) pickled condition, in which the oxides have been removed chemically.   
 
The differences across the post-cleaning methods are evaluated in simulated groundwater with a pH 8 for 
both a 6-month duration as well a longer-term duration. In addition to welds, reference samples of both 
the SSs 321 and 316L are exposed to allow for comparisons of the effects of the weld. 
 
Sample preparation 
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As the flow rate in the repository is assumed to be low, an adequate liquid volume per sample surface 
area was defined to be approximately 10 ml/cm2. The dimensions of the samples were defined to meet 
the surface area requirements. The cut surfaces were polished (500 grit) and the samples were weighed. 
 
Test setup 
The cut samples were placed in 1 l glass bottles filled with argon and sealed with rubber corks. Both the 
bottles and samples were autoclaved at 160 ˚C for 2 hours. Bottles were filled with a) simulated ground 
water or b) pore water or c) Loviisa native water. A list of bottles showing investigated sample materials 
and water types for the intermediate test is shown in Table 4 and for longer-term test in Table 5. Examples 
of prepared samples for the tests are presented in Figure 3 and Figure 4. Figure 5 shows corrosion test 
setups for longer-term tests in native Loviisa groundwater. 
 

Table 4. Intermediate test samples, materials, water types, and weld finishing. 

Bottle number Water Material, weld Weld finishing 

1_1 SGW Fe37B, SAG as welded 

1_2 SGW Fe37B, SAG as welded 

1_3 SGW 321+316L as welded 

1_4 SGW 321+316L as welded 

1_5 SGW 321+316L ground 

1_6 SGW 321+316L pickled 

1_7 SGW 321  

1_8 SGW 316L  

1_9 SPW Fe37B MAG as welded 

1_10 SPW Fe37B  

1_11 SPW 321+316L as welded 

1_12 SGW Fe37B MAG as welded 

1_13 SGW Fe37B MAG as welded 

1_14 SGW sterilized Fe37B MAG as welded 

1_15 SGW sterilized Fe37B  

1_16 SGW sterilized 321+316L as welded 

1_17 SGW 321+316L as welded 

1_18 Loviisa native water 321+316L as welded 

 

Table 5. Long-term test samples, materials, water types, and weld finishing. 

Bottle Water Material, weld Weld finishing 

3_1 SGW Fe37B SAG as welded 

3_2 SGW Fe37B SAG as welded 

3_3 SGW Fe37B MAG as welded 

3_4 SGW Fe37B MAG as welded 

3_5 Loviisa native water Fe37B SAG as welded 

3_6 Loviisa native water Fe37B SAG as welded 
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3_7 SGW Fe37B MAG as welded 

3_8 SGW Fe37B MAG as welded 

3_9 SGW 321+316L as welded 

3_10 SGW 321+316L as welded 

3_11 SGW 321+316 G ground 

3_12 SGW 321+316 P pickled 

3_13 SPW Fe37B MAG as welded 

3_14 SPW Fe37B MAG as welded 

3_15 SPW Fe37B  

3_16 SPW PVS+316L as welded 

3_17 SPW PVS+316L as welded 

3_18 SPW 321+316L as welded 

3_19 SPW 321+316L as welded 

3_20 SGW PVS+316L as welded 

3_21 SGW PVS+316L as welded 

3_22 SGW 321  

3_23 SGW 316L  

3_24 Loviisa native water PVS+316L as welded 

3_25 Loviisa native water PVS+316L as welded 

3_26 Loviisa native water 321+316L as welded 

3_27 Loviisa native water 321+316L as welded 

3_28 Loviisa native water 321  

3_29 SGW sterilized Fe37B MAG as welded 

3_30 SGW sterilized Fe37B  

3_31 SGW sterilized PVS+316L as welded 

3_32 SGW sterilized PVS  

3_33 SGW sterilized 321+316L as welded 

3_34 SGW PVS+316L as welded 
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Figure 3. Prepared sample of a MAG-welded Fe37B steel from the top (on the left) and its cross section 
(on the right). 

  

Figure 4. Prepared sample of a MAG-welded 316L+321 from the top (on the left) and its cross section 
(on the right). 
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Figure 5. Longer- term test setups in native Loviisa groundwater. 

 

Long-term electrochemical tests  

Eight weld samples sized 1 cm2 x 1 cm2 were selected for long-term electrochemical testing. The test is 
carried out for three years. Each sample is placed in a 1 l glass bottle filled with native Loviisa water or 
simulated ground water and the bottles are then sealed with rubber corks. A three-electrode 
electrochemical cell, with Ag/AgCl and Pt-wire electrodes as reference and counter electrodes, 
respectively, is used. The working electrode surface area is 1 cm2. These assessments are carried out in 
an oxygen-deprived setting (under Ar flow) at a temperature of 10⁰C. The evaluations are performed 
utilizing a Gamry Instruments Potentiostat Reference 600. Sample materials and water are listed in Table 
5. 
 
For all tested weld samples, the open circuit potential (OCP) is monitored for 60 seconds every 30 minutes 
throughout the three years test. Electrochemical impedance spectroscopy measurement (EIS) and tafel 
curves are recorded within the range of −30 to +30 mV vs. Ag/AgCl with a scanning rate of 0.1667 mV/s 
after one week, two weeks, four weeks, and subsequently once every two months until the end of the three 
years test. The corrosion current and corrosion rate are determined from the Tafel curves using the Gamry 
Echem Analyst program. 
 
Galvanic corrosion measurements are done using a zero-resistance amperemeter (ZRA). Tests are 
carried out to measure the galvanic corrosion current flowing between the coupled dissimilar metals.  
 
 
Bioimaging 
Bioimaging is conducted on 321+316L weld and its surrounding bulk materials using 4′,6-diamidino-2-
phenylindole (DAPI), examining the biofilm coverage on different metal surface areas. This material was 
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chosen because it is compatible with bioimaging processes, which would not be achieved in typical CS. 
The samples will be grounded flat to be examined by widefield fluorescent microscopy. 
 

3.2.3 Microbiological methods 

Experimental set-up for the pretesting of conditions 

The effect of the LILW repository conditions on microbial communities evolves through time as the 
decreasing pH of the concrete pore water (CPW) will no longer be able to suppress microbial activities or 
growth. To estimate how simulated evolved repository conditions, affect the microbial communities 
introduced by the repository groundwater, we tested the short-term effects of different simulated repository 
environments on microbes. In December 2023, the preliminary testing was done in the anaerobic growth 
conditions. The microbial enrichment cultures originating from the repository site were used together with 
the set of simulated groundwaters mimicking the evolved repository site. The preliminary tests covered the 
effect of pH on microbes with pH series with simulated concrete pore water (Table 1). The measurement 
of ATP is used as a proxy for microbial metabolic activity. The ATP testing enables fast estimation of short 
exposure times on microbes and was then combined with other information on the microbial communities 
such as cell count calculation with epifluorescence microscopy (DAPI) as well as the quantitative 
polymerase chain reaction (qPCR) method. In addition, pH and redox were monitored weekly during the 
study. 
 
 
Preliminary test waters for microbiology 
Simulated waters were made with the recipe from the same stocks as for the electrochemical tests with 
added CPW for pH 8 and pH 10 waters (Alimbekova et al., 2024). The simulated waters were made 
anaerobic by boiling and purging with nitrogen while cooling on ice, transferred onto headspace bottles 
with continued purging with nitrogen gas and capped with blue butyl rubber caps and aluminum crimps, 
then sterilized by autoclaving 12ºC 15 min. Different water types and their sample IDs are presented in 

Table 6. 
 

Table 6. Simulated water types used in microbiological preliminary testing in WP2 and their Sample ID’s. 
Each sample set contained two replicates (A and B) for each sampling point. 

Simulated water Water type Microbe-mix Sample ID 

Loviisa 

pH 7 Yes L-pH7 

pH 8 Yes L-pH8 

pH 10 Yes L-pH10 

pH 7 No L-0 (pH7) 

Olkiluoto 

pH 7 Yes O-pH7 

pH 8 Yes O-pH8 

pH 10 Yes O-pH10 

pH 7 No O-0 (pH7) 

 

Inoculant microbial mixture from pre-enriched groundwater communities 

The enrichment process for the different microbial groups from the original groundwaters from Loviisa 
(PLVA5) and Olkiluoto (VLJ-KR9) sites was started in 2023 and was described in the previous MICWEST 
report (Alimbekova et al., 2024). The separate enrichments for SRB, iron-reducing bacteria (IRB), iron-
oxidizing bacteria (IOB) and manganese-oxidizing bacteria (MnOB) were refreshed prior to the preliminary 
tests for the long-term experiments by transferring enriched inoculant to fresh culture media batch by 
syringe technique. This was done in anaerobic conditions in a glove box and enrichment was continued at 
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the +11°C temperature mimicking the in-situ conditions at sampled depths. At the beginning of the 
preliminary test, a mixture of different microbes was prepared by merging the SRB, IRB, IOB and MnOB 
enrichments originating from either Loviisa or Olkiluoto waters. Altogether 5 mL from each enrichment 
were added to the 75 mL of the simulated Loviisa or Olkiluoto pH 7 waters, mixed well and divided 2.5 mL 
into the preliminary test bottles at the beginning of the experiment. Each sampling point had own set of 
bottles, that were not continued further. All the incubations during the preliminary test were done at the 
same +11ºC in-situ temperature, in the dark. 
 

pH, redox and ATP measurements 

Each week, the pH, redox (portable instrument, Hach Lange GmbH, Germany) and ATP levels of the 
enrichments were measured from the aliquoted enrichment broth. The ATP was measured using the 
Bac-Titer Glo™ Microbial cell viability assay kit (Promega, USA) with rATP standards (cat.no#P1132, 

Promega, USA) according to the manufacturer’s instructions. First, the frozen reaction mix was thawed 
at room temperature. Then, the Bac-Titer Glo™ buffer was transferred to a substrate bottle and mixed 

well. For each ATP assay, 250 µL of the reagent and 250 µL of the sample were mixed in a 

measurement cuvette, incubated at the RT in the dark for 5 minutes, and then the luminance was 
measured with the luminometer (Bio-Orbit, Finland).  
 

Cell count enumeration by microscopy 

DAPI (2.5 mg/mL, 4’6-diamidino-2-phenylindole, SIGMA D9542) was diluted to 0.5 mg/mL using sterilized 
25% glutaraldehyde (GTA, Merck 820603). The fixed water samples were then stained with diluted DAPI 
at room temperature and in a dark place for 20 minutes. After that, the microbial cells were collected by 
filtering the water samples through 0.2 µm filters (Millipore GTBP02500). Each filter was aseptically placed 
onto a 76 x 50 mm microscope slide (Thermo Scientific), mounted with a drop of BacLight oil (Invitrogen), 
and covered with a glass slide (VWR, Cat. No. 631-0137). In the presented study, widefield 
epifluorescence microscopy (Zeiss, Axiocam-Imager M2) with a magnification of 100X equipped with Zeiss 
Zenlite software was employed for imaging. Each sample was imaged for 15 fields. The number of microbial 
cells per volume (cell/mL) would be counted and calculated following the equation (3): 

𝐵 =  
𝑁×𝐴𝑡

𝑑×𝑉𝑓×𝐺×𝐴𝑔
  (3) 

where B is the number of microbial cells per volume (cell/mL), N is the total counted cells in the captured 
field, and At represents the effective area of the filtered membrane, which equals 283.53 mm2 in this study; 
d is denoted the dilution factor, while Vf is the filtering volume of each sample, and G is the number of 
calculated captured fields in each sample. The area of the capturing view of the lens (Ag) was 0.008017463 
mm2. The average microbial cells per sample volume was calculated using Excel software. 

DNA extraction and qPCR 

The inoculant mixes, water samples at the start and at the end of the experiment as well as non-inoculated 
controls were filtered onto the Sterivex 0.2 µm pore-sized filters and kept frozen at -80ºC until DNA 

extractions took place. The DNA was extracted with the DNeasy PowerWater kit (Qiagen, The 
Netherlands) according to the manufacturer’s instructions and the DNA was eluted to 100 µL of the kit’s 

elution buffer. The DNA concentration was measured with the Qubit® 2.0 Fluorometer (Invitrogen, USA) 
and with the dsDNA Quantitation, High Sensitivity kit (Thermo Fisher Scientific, USA). 
 
The bacterial 16S rRNA gene counts were estimated with the quantitative polymerase chain reaction 
(qPCR) analysis with the Roche LightCycler480 instrument (Roche Diagnostics, Switzerland) as described 
in Nuppunen-Puputti et al., 2023. For each sample, three replicate reactions were run. Shortly, the 
amplification was done with bacterial 16S rRNA gene targeting primers Bact_341F and Bact_805R 
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(Herlemann et al., 2011) using the SensiFAST SYBR No-Rox 2×Mastermix (Bioline, UK). In total 0.5 µM 

of both primers were added to the mastermix. The volume per reaction was brought to 10 µL with molecular 

biology-grade water. The qPCR was done with the SYBR green method starting with denaturation at 95ºC 

for 15 minutes, followed by 40 cycles of 95ºC for 10s, 57ºC for 35s, and 72ºC for 30s, ending with the final 

elongation step for 3 minutes as well as melting curves analysis and cooling steps. The run included a 
bacterial plasmid standard of an Escherichia coli 16S rRNA gene with 10-fold dilutions ranging from 108 to 
101 gene copies. 

Metagenomic analysis of the former steel surface and water samples  

Samples for metagenomic analysis originating from the repository site groundwater and the TERKOR-
project's long-term experiments (steel and water samples) were sequenced at Eurofins Genomics 
(https://eurofinsgenomics.eu). Metagenomic libraries were processed as 2 ×150 bp paired-end 
sequencing on the Illumina platform targeting to produce at least 10 million read-pairs for each sample. 
Metagenomic sequences were mainly analyzed and handled in the CSC Puhti supercomputer 
(https://puhti.csc.fi) under project 2008348. The quality of the raw sequences was first inspected with 
FASTQC (v. 0.11.9) for individual samples and merged into the quality report with the multiQC (v.1.15) 
program. The reads were checked, and paired-end Illumina reads merged with SeqPrep (v. 1.3.2), and 
low-quality sequences as well as Illumina-adaptor sequences were trimmed with Trimmomatic (v. 0.39) 
for both single and paired reads. Samples were co-assembled with MEGAHIT (v. 1.2.9) and assembly 
statistics were evaluated with Quast (v.5.2.0). Anvio contigs databases were built with Anvi’o (v. 7.1) for a 
minimum of 1500 bp long contigs with anvi-gen-contigs-database and merged to Anvi’o profile database 
with anvi-merge. Sequence reads were mapped back to the assembly with Bowtie2 (v.2.4.4) and samtools 
together with Anvi’o indexing. The automated binning was done with CONCONC and METABAT2 followed 
by merging and optimization of the bins with DASTOOL2. After that, the bins are manually curated in Anvi’o 
(v. 7.1). At the Q4 of the 2024, the final set of curated metagenome-assembled genomes (MAGs), as well 
as read-based sequence analysis, will be done for example to analyse potential corrosion and biofilm 
formation related functional genes. The taxonomy of the total microbial communities was checked with 
Kaiju (v. 1.9.2-3) from the read-based gene calls with the nr Euk database. Metagenomic analysis will 
continue 2024-2025. 

4. Results 

 

4.1 Microbiology preliminary tests (WP2) 

4.1.1 Weekly measurements (ATP, pH, redox) 

ATP measurements 

Both water types showed lower ATP levels at the start of the experiment and increased after 1-week in 
Loviisa waters and after 2-weeks in Olkiluoto waters (Figure 66). During the experiment higher, but 
fluctuating ATP levels were detected in Olkiluoto simulated waters, whereas ATP levels remained more 
constant in Loviisa waters. The highest ATP levels were measured in O-pH 7 waters at the end 
measurements (on average 1874 pM ATP ± 330 standard deviation, SD) being higher than L-pH7 waters 
(on average 595 pM ATP ± 531 SD). Also, Loviisa pH-7 waters had one order of magnitude higher ATP 
levels at the end measurements compared to the start. ATP levels remained below detection limits in both 
types of the pH 10 simulated waters as well as in all non-inoculated control waters (Table 7 & Table 8). 

https://eurofinsgenomics.eu/
https://puhti.csc.fi/
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Table 7. The ATP concentrations at the final week measurements across samples as attomoles mL-1 
(amoles) and cell count mL-1 detected by microscopical enumeration by DAPI. n.a.= not applicable, b.d. 
= below detection limit. 

Sample  ATP amoles mL-1 Cells mL-1 DAPI 

L-pH7 (A) 9,7 × 105 4,3 × 106 

L-pH7 (B) 2,2× 105 1,1 × 106 

L-pH8 (A) 3,3× 105 3,6 × 106 

L-pH8 (B) 2,4× 105 1,7 × 106 

L-pH10 (A) b.d. n.a. 

L-pH10 (B) b.d. n.a. 

O-pH7 (A) 2,1× 106 3,9 × 106 

O-pH7 (B) 1,6× 106 6,8 × 106 

O-pH8 (A) 6,6× 105 2,1 × 106 

O-pH8 (B) 5,2× 105 2,4 × 106 

O-pH10 (A) b.d. n.a. 

O-pH10 (B) b.d. n.a. 

 

Table 8. Mean ATP concentrations, mean cell counts by DAPI, mean ATP concentration per cell and 
mean 16S rRNA gene copy counts by qPCR at the final week measurement including pH7 and pH8 
samples. 

Sample 
 Mean ATP 
amoles mL-1 

Mean cell count 
mL-1 DAPI 

Mean ATP 
concentration cell-1 

Mean 16S rRNA 
gene copies mL-1 

L-simulated 
waters 

4,4 × 105 2,8 × 106 6,3 2,2 × 107 

O-simulated 
waters 

1,2 × 106 3,8 × 106 3,1 4,4 × 107 
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Figure 6. The amount of the ATP in simulated Loviisa and Olkiluoto waters in a 4-week preliminary test 
(WP2). Colors indicate different samples. 

pH measurements 

 
Despite added CPW to the pH8 waters, the initial final pH of the anaerobically prepared simulated waters 
(pH 7 and pH 8) resembled each other at the beginning of the study after inoculation with microbial mix 
(Figure 7). The highest increase in pH towards the end of the experiment was seen in the inoculated 
Loviisa-type pH10 waters. A slight increase in pH could be seen in Olkiluoto waters during the study. The 
most fluctuation was seen in the Loviisa-type pH7 waters. Interestingly, the end pH measurements for O-
pH 7 samples with higher ATP levels were > 8.7. 
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Figure 7. The pH measurements during the 4-week preliminary test in Loviisa-type (upper plot) and 
Olkiluoto-type (lower plot) simulated waters. 

Redox measurements 
 
The Loviisa pH10 waters had higher redox values compared to pH 7 or pH 8 waters (Figure 8). Redox 
values mainly lowered throughout the study being lowest at the final week 4 measurements. Redox 
values were lower for Loviisa waters, which developed more consistently compared to more fluctuating 
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redox values in Olkiluoto waters. Redox potential in the non-inoculated control bottles remained mostly 
positive through the test period ranging between -24 and 85.  

 

Figure 8. The development of redox values during the 4-week preliminary tests. Upper plot describes 
redox in Loviisa-type waters and the lower plot in Olkiluoto-type waters. 
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4.1.2 Enumeration of microbial cell counts in simulated waters 

The microbial cell counts were monitored with epifluorescence microscopy (DAPI) and qPCR. 
At the beginning of the sampling, Live/Dead staining was tested but was not feasible with CPW-supplied 
waters and was switched to DAPI staining at the first weekly monitoring (Figure 9). In addition, the pH 10 
samples were not fully successful with the DAPI stain either. 
 
For L-pH7 waters, the average cell counts increased throughout the study, whereas for L-pH8 waters the 
observed cell counts fluctuated more (Figure 10). For Olkiluoto-type simulated waters, the more constant 
increase of cell counts in samples was observed for O-pH8 waters, whereas high increases and drops 
were detected for the O-pH7 waters. These fluctuations could be related to the uneven distribution of cells 
in the original inoculant mixture. At the start of the experiment, the L-pH8 waters had an average cell count 
of 3.5 ×106 mL-1(SD ± 1.4 × 106) and O-pH8 4.5 × 106 cells mL-1 (SD ± 3.3 × 104). After 4-weeks, L-pH7 
waters hosted approximately 2.9 ×106 mL-1 (SD ± 2.6 × 106), L-pH8 2.7 × 106 cells mL-1 (SD ± 1.3 × 106), 
and O-pH8 waters had an average cell count of 5.4 ×106 cells mL-1 (SD ± 2.1 × 106). As DAPI was feasible 
only for samples with less CPW, the pH10 results are not included. 
 
The mean cell counts observed with the microscopy counting method utilizing DAPI stain were 2.8 × 106 
and 3.8 × 106 ml-1 for Loviisa and Olkiluoto type waters (pH7 and pH8) (Table 8). Furthermore, the mean 
ATP concentration per cell then was 6.3 amoles cell-1 for these Loviisa type of waters, and 3.1 amoles cell-
1 for Olkiluoto simulated waters (Table 8). These mean ATP concentrations per cell are slightly higher than 
previously described for the native groundwaters from Äspö, Oskarshamn and Forsmark sites in Sweden 
and from Olkiluoto, Finland (Eydal et al., 2007). Eydal et al. (2007) reported a mean ATP concentration of 
0.43 per cell (as amoles cell-1) for groundwaters originating from sampled depths down to 1000 m. 
Considering that our WP2 measurements covered enrichments in simulated groundwater environment 
after 4-week incubation, higher ATP levels would be expected. 

 

Figure 9. Representative images of DAPI-stained microbial cells in simulated waterL-pH7. 
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Figure 10. Average cell counts detected by DAPI staining and epifluorescence microscopy cell counting 
in the Loviisa (L) and Olkiluoto (O) simulated waters through a 4-week WP2 preliminary testing. 

 

4.1.3 Molecular biology 

The DNA concentrations in the inoculant microbial mixes differed in their measured DNA concentrations 
as the Loviisa enrichment had 25 ng/mL DNA, whereas the Olkiluoto enrichment had a higher DNA 
concentration of 380 ng/mL (Table 9). DNA concentrations were higher at the end of the experiment for all 
tested water types. For some samples, the DNA concentrations remained below the assay detection limit 
(<0.5 ng/mL). Also, the DNA content of the negative non-inoculated controls (L-0 and O-0, pH7) as well 
as DNA extraction blank controls remained below the detection limit. 

Table 9. The DNA concentrations (ng/mL) of the microbial inoculation mix, samples and controls at the 
start of the experiment or after 4-week incubation. n.a. = not applicable. b.d. = below detection limit. 

Sample ID Sampling time 
DNA-concentration 

(ng/mL) 

Mix, O-pH7 Start 380 

Mix, L-pH7 Start 25 

O-pH7 Start 26 

O-pH8 Start 22 

O-pH10 Start b.d. 

L-pH7 Start b.d. 

L-pH8 Start b.d. 
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L-pH10 Start 42 

O-pH7 End 5.2  × 103 

O-pH8 End 720 

O-pH10 End 45 

L-pH7 End 3.5 × 103 

L-pH8 End 1.0 ×103 

L-pH10 End b.d. 

L-0 (pH7) End b.d. 

O-0 (pH7) End b.d. 

DNA-extraction control 01 n.a. b.d. 

DNA-extraction control 02 n.a b.d. 

 
The change of bacterial abundance in different types of waters was also estimated using qPCR for 
estimating the bacterial 16S rRNA gene copies mL-1 in the water at the start and at the end of the 
experiment (4 weeks). The initial microbial inoculant mixes for both waters were originally enriched from 
each site, with 1,1 × 107 (SD ± 2.9×104) and 6.8 × 104 (SD ± 1.5 ×104) bacterial 16S rRNA gene copies 
mL-1 in Loviisa and Olkiluoto enrichment mixes, respectively. After inoculation, the level of bacterial 16S 
rRNA gene copy counts varied in different samples at the start (Figure 11). A clear increase in the bacterial 
16S rRNA gene copy counts was seen in Loviisa waters with pH 7 or 8, whereas the copy counts in pH 10 
water dropped towards the end of the experiment. However, all the Olkiluoto waters showed an increase 
in all copy counts, also in pH10 water type. The mean observed bacterial 16S rRNA gene copy counts 
were 2.2 × 106 and 4.4 × 106 mL-1 for Loviisa and Olkiluoto (pH7 & PH8) water types at the end of the 
experiment, respectively (Table 8).  
 

 

Figure 11. The copy counts of the bacterial 16S rRNA gene in the simulated Loviisa (L) and Olkiluoto (O) 
waters at the beginning of the tests and after 4-week incubation. The different colors indicate the 
sampling time.  



 RESEARCH REPORT VTT-R-00721-24 

34 (41) 

 

 
 
 

 

 

4.1.4 Suggestion for long-term tests based on microbiological preliminary tests (WP2) 

 
Based on the preliminary testing, both pH7 and pH8 waters would be suitable for long-term testing as in 
these conditions the added microbes remained active and water types supported enough growth during 
the study period. However, the tested pH8 waters contained a low amount of the CPW, probably thus 
presenting the situation in the repository conditions with leached concrete mixing with the local 
groundwater.  
 
 

4.2 Metagenomics (WP2) 

While the metagenomic studies and curation of the binned metagenome-assembled genomes (MAGs) are 
still on-going in 2024-2025, the read-based taxonomy of the gene calls was done with Kaiju to understand 
the total community composition before binning individual microbial genomes (Figure 12). Most of the 
sequence reads deriving from the microbial community affiliated with Bacteria, but also contained: 

• 0.9% of Eukaryota (mostly Fungi) and 
• 0.8% Archaea (mostly DPANN group) 
• 0.1% viruses 

The data showed that the Pseudomonadota was the most prominent bacterial phylum (51% of the 
sequence reads). Considering the potential observed groups of SRB, Thermodesulfobacterota phylum 
was diverse and made up 5% of the bacterial reads. Also, the class Clostridia, which belongs to the 
Terrabacteria group, contained further SRB groups, such as Desulfotomaculaceae and 
Desulfitobacteraceae. 
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Figure 12. An example snapshot from the hierarchical Krona chart visualizing the taxonomy for read-based 
gene calls that were compared to NCBI BLAST via nr Euk database in Kaiju analyses. In detail, here are 
the abundances of Thermodesulfobacteriota belonging reads shown as percentages of the total 
community. 

 

5. Summary 

This is the second research report of the MICWEST project, included in the SAFER2028 programme. The 
objective of MICWEST is to study the performance of steel welds in low- and intermediate level waste 
(LILW) repository mimicking conditions. This will be done through defining the type of corrosion in welds 
and heat-affected zones (HAZ) in different conditions mimicking the different evolutionary stages of the 
repository, studying microbe-weld interactions on steel surfaces and defining the role of different weld 
types, material combinations in welds and post-weld cleaning methods on weld durability and corrosion 
resistance. The studied materials are Fe37B carbon steel, pressure vessel steel, stainless steels ASTM 
316L and ASTM 321. For welding, submerged-arc welding and gas-metal-arc welding were used. Post-
weld cleaning methods consisted of grinding/brushing and pickling. The waters are representing the 
different evolutionary phases of the repository: simulated groundwater with pH10 and pH8 to mimic the 
conditions towards the beginning and stabilised conditions. Native groundwater from Loviisa is used as a 
reference. 
 
The current report presents the experimental setup for on-going intermediate and long-term tests and the 
results of the preliminary microbiological assessments. The short-term corrosion test results will be 
presented in a separate report. 
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The microbiological preliminary tests confirmed that both simulated water types with pH 7 or pH 8 
supported microbial community activity and growth, thus both being suitable option for the long-term study. 
While pH 10 waters suppressed some microbial activity, they would allow a different point of view for long-
term test representing earlier repository phase. In these conditions, weld surface biofilms could provide 
microbial communities a beneficial niche and protection from environmental stressors. 
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