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Introduction 

The design of a high-level radioactive waste (HLW) disposal facility developed by 
Andra (2005) in France involves emplacing metallic materials (containers, overpacks, liner) 
into a geological argillaceous formation. During the operational phase, ventilation of 
handling drifts will keep oxidising conditions at the front of disposal tunnels. Therefore, 
an oxidising transient may take place in parts of these tunnels in the post-closure phase 
possibly over several years. During this transient period, the environment of the disposal 
cell will evolve towards reducing and saturated conditions close to the equilibrium state 
of the original underground argillaceous formation. Moreover, high temperature conditions 
above 50°C may be encountered in this environment over a few hundred years. 

Uniform corrosion represents the main type of degradation of metallic materials for 
the long term. The oxidising transient will be characterised by high corrosion rates 
(e.g. localised corrosion) due to the presence of oxygen whereas during the following 
anoxic stage, the main alteration factor will originate from the pore water associated with 
lower corrosion rates (Féron, 2008). In any case, metallic materials corrosion will lead to the 
release of aqueous iron, which may induce alteration of the favourable confining 
properties of the clayey materials. In this context, reactive pathways related to the metal 
corrosion under oxidising conditions and then followed by reducing conditions remain to 
be further understood (evolution of pH, redox and influence of temperature). Furthermore, 
some other significant issues remain open, in particular the dissolution/precipitation 
processes, the argillite perturbation extent and the effects of these transformations on 
the confining properties of materials. 

The presence of micro-organisms in deep argillaceous environment (Poulain, 2006; 
Stroes-Gascoyne, 2007; Urios, 2012) and the introduction of new bacterial species in the 
repository during the operational phase raise the question of their survival under real 
disposal conditions. Indeed, the nature, the quantity of nutrients and the environmental 
conditions (space, temperature, water, radioactivity and pressure) are key parameters for 
bacterial development. Even though disposal conditions may be not favourable during a 
part of the thermal transient characterised by high temperature, irradiation conditions 
and heterogeneous water saturation, bacterial activity may resume when environmental 
conditions become more suitable (Motamedi, 1996). Moreover, argillite cracks and residual 
voids between the waste packages and the liner create additional space for bacterial 
development. Concerning the nutrient content, significant amounts of hydrogen (an 
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energetic substrate for bacteria) produced by anoxic corrosion of metallic materials are 
expected, which will favour the development of hydrogenotrophic bacteria (Libert, 2011). 
Furthermore, it is widely accepted that micro-organisms may locally affect the corrosion 
processes and the corrosion rates due to their influence on the water composition, pH 
and redox potential of the metal/environment interface (Beech, 2004). More specifically, 
sulphate-reducing bacteria (SRB) may produce ferrous sulphide, a corrosive product that 
may lead to significant pits on steel surface. Also, under anaerobic conditions, the 
iron-reducing bacteria (IRB) can reduce Fe(III) from iron oxides composing passive layers, 
which may impact corrosion by re-exposing the metal surfaces to corrosion. Therefore, 
the survival of bacteria cannot be excluded and their impact on corrosion phenomena 
must be investigated. 

In this context, this paper focuses on two studies regarding iron/argillite interactions. 
The first one addresses these interactions under oxidising and reducing conditions, while 
the second one tackles bacteria effects on corrosion in conditions that may prevail in a 
repository. These studies are both based on laboratory and in situ experiments. Iron and 
carbon steel have been chosen as typical of metallic components, and the Tournemire 
Toarcian argillite (Charpentier, 2003) has been selected as a representative argillaceous 
rock. These studies aim at acquiring additional data which will allow to strengthen the 
existing models, in particular regarding their space and time extrapolation. 

Scientific approach and main results 

A ten-year in situ experiment was conducted at the IRSN’s Tournemire underground 
laboratory to understand interaction processes between these two materials, steel and 
argillite, under disposal conditions. This in situ test consisted in emplacing five carbon 
steel discs within crushed and compacted argillite in the CR6 horizontal borehole drilled 
from the main tunnel (Dauzères, 213; Gaudin, 2009)). After ten years of interaction, 
samples were extracted by over-coring (diameter 250 mm) and preserved from oxidation. 
A complete characterisation stage was carried out to identify the physical-chemical 
evolution of this steel/argillite interface. 

Investigation of steel/argillite composition evidences: i) a precipitation of corrosion 
products with an alteration thickness ranging from 50 mm to 300 mm; ii) a heterogeneous 
diffusion of the released iron into the argillite with an extent estimated around 5 mm 
(Figure 1). This difference in perturbation thickness is linked with the occurrence of 
several cracks in the argillite. The occurrence of such ccracks may enhance local 
corrosion by creating preferential pathways for aggressive ionic species, but it also acts as 
preferential pathways for released iron and induces heterogeneous perturbations of the 
argillite. Corrosion products are mainly composed of hematite, magnetite and siderite. 
Corrosion rates (estimated from weight loss) decrease between two and six years, which 
suggests that the oxidising transient lasted more than two years. Around the interface, 
an increase in sulphur concentration is detected, which may be related with the presence 
of SRB (Figure 2). Regarding the argillite perturbation, a decrease in calcium concentration 
is observed. This might be interpreted as a dissolution of calcite and/or as a decrease of 
the Ca-smectite fraction in the illite/smectite mixed layer due to local changes in chemical 
conditions of the environment. 

An important porosity variation is evidenced at the argillite/carbon steel interface. 
The steel corrosion zone shows large porosity increases (up to 30%) within the corrosion 
products. On the opposite, the high porosity of the crushed argillite (45%) falls down to 
20% at the interface. These results indicate a partial clogging of the clayey material 
porosity resulting from the iron perturbation. 

Moreover, to assess the influence of bacteria on iron/argillite interactions, two 
percolation experiments were carried out at 60°C (temperature representative of those 
encountered close to the disposal cell over a few hundred years), with iron (powder and 
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rod) and Toarcian argillite (Matray, 2007) involving an artificial crack. Both experiments 
lasted 13 months, one under biotic conditions (with SRB and IRB) and the other under 
abiotic conditions (no bacteria) (Chautard, 2012). In the first one, two hydrogenotrophic 
bacteria species were introduced, namely a SRB and an IRB. The second experiment was 
carried out as a control experiment without bacteria in order to highlight specific processes 
induced by the presence of bacteria. Solution chemistry (major anions and cations 
concentration) was monitored over time, the characterisation of the solid phases (SEM, 
TEM, mRaman, mXRD) was carried out at the opening of cells (anoxic conditions were 
preserved as much as possible in all subsequent analyses). 

Figure 1: Carbon steel/argillite interface; iron diffusion into the argillite 

(a) Sample photography; (b) 3-D XR microtomography section highlighting iron gulfs in argillite 

 

Figure 2: Scanning electron microscopy (SEM) image by  
backscattering electrons (BSE) of the iron argillite corroded interface 

(a) EDX chemical mapping of the same area for sulphur  
(b) Bacteria biofilm in argillite near the sulphur enrichment at the interface (c) 

 

 

After 13 months of experiment, the characterisation of the microbial diversity at the 
end of the test confirmed that bacteria were still present in the biotic cell. The bacteria 
population monitoring (epifluorescence method) evidences a decrease of their number 
after 180 days, although their presence remains significant [Figure 3(a)]. The decrease of 
sulphate concentration is also observed in the biotic cell, which confirms their activities 
[Figure 3(b)] under the experiment conditions (nutrient-poor and small available space). 
Bacteria survival under similar conditions has also been observed by El Hajj, et al. (2010). 

The reactivity of the biotic experiment is evidenced by the specific evolution of the 
water composition at the bottom of the cell (pH, Ca, K, Mg) (Chautard, 2012). Around iron 
powder, observations on both experiments highlighted the formation of corrosion 
products, namely magnetite and chukanovite. Moreover, iron migration (10 mm) has been 
evidenced by SEM-EDX, the larger extents being associated with micro-cracks formed 
during the experiment. A decrease in calcium concentration all along the initial fracture 
and the micro-cracks is also observed and might be interpreted as a perturbation induced 

(b) (c) (a) 
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by the percolating fluid. Such a calcium depletion has already been observed in the in situ 
experiment. At the present characterisation stage, no significant difference between both 
experiments is evidenced thus far, except the local and heterogeneous sulphur increase  

 
 

Figure 3: Evolution of bacteria population (a) and sulphate concentration (b) 

   

with bacteria observed around the iron rod. This may be explained by low bacterial activity 
due to harmful conditions of the experiment (small available space and nutrient-poor). 
Additional characterisation data will help to further investigate these processes, including 
the potential impact of bacteria on iron (powder and rod)/argillite interactions. 

Conclusion 

The oxidising transient has been shown to be a key parameter controlling the system 
evolution during several years under the tested conditions. This phenomenon and its 
kinetics should be further considered and characterised to better assess its impact on 
reactive pathways. 

Bacteria survival in an experiment representative of HLW disposal conditions has 
been confirmed, though their population decreases due to the environment conditions 
harmful to bacteria. After 13 months of experiment, the reactivity of the biotic experiment 
is evidenced by the specific evolution of the water composition (pH, Ca, SO4), although no 
significant solid phases differences are evidenced so far, except a local sulphur increase 
observed around the iron rod. As bacteria activity may be an important parameter in the 
geochemical evolution of the iron/argillite system, further investigations must be 
conducted to better assess their effects on corrosion processes. 

Two IRSN projects, namely OXITRAN and BIOFILM, are underway to study bacterial 
and redox transient effects on corrosion processes under HLW conditions. 
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