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Abstract 
Redox processes influence key geochemical characteristics controlling radionuclide behavior 

in the near and far field of a nuclear waste repository. A sound understanding of redox related 

processes is therefore of highest importance for developing a Safety Case. The EURATOM 

7th EC Framework Program Collaborative Project REdox phenomena COntrolling SYstems 

(RECOSY) started in April 2008 and extended over 4 years. Main objectives of RECOSY 

were related to the improved understanding of redox phenomena controlling the long-term 

release or retention of radionuclides in nuclear waste disposal and providing tools to apply the 

results to Performance Assessment and the Safety Case. The RECOSY consortium had 32 

Beneficiaries, 6 Associated Groups to RECOSY and support of an End-User Consultancy 

Group. The work program had six RTD work packages (WP1-6) covering near-field and far-

field aspects as well as all relevant host-rocks considered in Europe. Work packages include 

“Development of redox determination methods”, “Redox response of defined and near-natural 

system”, “Redox reactions of radionuclides”, “Redox processes in radionuclide transport” and 

“Redox reactions affecting the spent fuel source-term”. It is the intention of this paper to 

highlight in which way the results obtained from RECOSY can feed the process 

understanding needed for the stepwise development of the Safety Case associated with deep 

geological disposal. 
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Introduction 
The present work describes the advances achieved within the REdox phenomena COntrolling 

SYstems (RECOSY) Collaborative Project performed within the 7th Framework programme 

of the Euratom programme of the European Commission. The Project extended from April 

2008 to March 2012 and its main objectives were the development of a sound understanding 

of the redox phenomena that can control the long-term release of radionuclides from a nuclear 

waste repository, as well as the retention of the radionuclides on their potential way towards 

the biosphere. The project was initiated to answer the questions still not resolved within the 

redox phenomena controlling systems and in order to improve the understanding of these 

processes and further contribute to acceptance of the Safety Case. Redox processes were 

partly studied within one of the precursor projects of RECOSY, the Integrated Project 

Funmig. The technical outcome of Funmig on studies related with redox processes was 

summarised by Bruggeman et al. (2012 and references therein). Some gaps and open issues 

were identified that gave rise to the definition of the RECOSY programme aimed at a deeper 

investigation on redox processes of relevance for the deep geological disposal of radioactive 

waste. The outcome of RECOSY has been reported and published in more than 50 peer-

reviewed scientific articles. It is not the intention of this paper to repeat or summarize that 

outcome, but to highlight in which way the results obtained from the project can feed the 

process understanding needed for the stepwise development of the Safety Case associated 

with deep geological disposal. 

The reliability of redox measurements for site characterization, redox disturbances by the 

near-field materials, changes induced by glaciation scenarios or the redox buffer capacity of 
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host-rocks and the kinetics of response to redox perturbations were subjects addressed by the 

project. From a bottom-up approach, questions concerning the interpretation of mixed 

potentials, surface mediated reactions, redox states of actinides and long-lived fission 

products, the source term of spent nuclear fuel in the presence of corroding steel as well as the 

role of microbes and biofilms on the evolution of the redox state have been tackled. 

The key objectives of RECOSY have been to provide (i) a better determination of the system 

redox conditions, (ii) understanding of relevant redox processes, and (iii) to evaluate the 

impact of these processes on the disposal Safety Case. For this purpose, scientific and 

technical objectives have covered the understanding of redox buffer capacities, redox kinetics 

and long-term redox evolution and the relevance of the redox impact on the radionuclide 

transport. 

The RECOSY project involved 32 partners of 13 European countries, one institution from 

Russia and one European Joint Research Centre. Six Associated Groups to the project, 

including groups from the US, Korea and Japan, were also involved. The project was 

structured in 5 scientific and technical work packages, one work package on documentation, 

one on training and dissemination and one on management. The scientific and technical work 

packages were devoted to different key issues related with redox phenomena. Figure 1 shows 

a schematic view of the structure of the project and interrelations among work packages. A 

group of end users, mainly composed by representatives of nuclear waste management 

agencies and regulators helped, along the project, to ensure that the research was done in line 

with the interests of the end users, contributing to enhance evidences for the development of 

the Safety Case and providing data on processes or parameters to help safety assessments. 
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According to IAEA (2012) the Safety Case is the collection of scientific, technical, 

administrative and managerial arguments and evidences in support of the safety of a disposal 

facility, covering the suitability of the site and the design, construction and operation of the 

facility, the assessment of radiation risks and assurance of the adequacy and quality of all of 

the safety related work associated with the disposal facility. Safety Assessment, an integral 

part of the Safety Case, is driven by a systematic assessment of radiation hazards and is an 

important component of the Safety Case. 

The term disposal implies that the waste repositories will hold the waste for undefined periods 

of time, that is, that there is no intention to retrieve the waste (although it may be possible) or 

to intrude in any way in the disposal facility after its closure. One of the components of the 

safety case is the description of the disposal system. Such description includes information on 

(i) the near field, including the type of wastes, the system engineering, i.e. the different 

barriers emplaced in the facility to protect the waste, (ii) the far-field, this is the 

hydrogeological, geological, geochemical, sysmic, etc. features of the repository, and (iii) the 

biosphere, that is, climate and population, water bodies, soils, biota, etc.  

The Safety Case as well as the Safety Assessment of a geological disposal facility of high 

level radioactive waste is continuously evolving and being fed through the different research 

and technologic activities developed at very different levels for all the subsystems conforming 

the scheme of the repository. In fact, it is considered that the safety case evolves step by step 

and that the scientific understanding of the disposal system and of the facility must be 

progressively improved. This implies that, as new findings appear, focus of research activities 

must be reoriented or reinforced in specific issues of concern. 
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The Safety Assessment relies on the definition of several safety functions, understood as non-

unique, in a way that the assessment cannot rely on the performance of one single safety 

function. If one function is not performing, there must be other functions defined as to 

monitor the adequate safety and performance of the repository. Each safety function must, on 

its turn, be qualified by at least one safety indicator. Each facility must have its own Safety 

Case defined, safety functions and safety indicators. Although some facilities can share some 

of these safety elements, the criteria for accepting the performance of a safety function must 

not be the same for all repositories: it is design dependant as well as emplacement dependant. 

However, there are common process-understanding needs to all Safety Case descriptions, as it 

is the case for redox processes.  

The results obtained within RECOSY have helped to enhance the understanding of some of 

the redox processes which are common to most of the deep geological repositories conceived 

up to date. The project has provided data and parameters contributing to the Safety Case and 

Safety Assessments.  

Potential radionuclide migration from radioactive waste deposits is importantly affected by 

redox phenomena. This refers to all the different parts of such a potential migration path, 

starting from the emplaced waste itself. The dissolution of the different nuclides from the 

waste forms depends on redox conditions. The dissolution of spent fuel is associated with 

oxidation of U(IV) to soluble U(VI). The conversion, stability and potential dissolution of 

metallic waste containers are also related with redox processes. The same is true for 

conversion of material in the engineered barrier. In crystalline and clay host rock systems, the 

far-field conditions, stability, formation and dissolution of minerals, will depend on changes 
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in the groundwater composition, associated with changes in climatic conditions and land-use. 

In all these cases, redox conditions will play a key role influencing dissolution and mineral 

formation rates, the sorption of radionuclides on these minerals and the timely change of their 

inventory. Redox conditions also determine the chemical state of several radionuclides and 

thus govern their retention/mobility. For the disposal Safety Assessment, thus, relevant 

conditions and processes need to be identified, and the capability to make long-term 

prediction under varying conditions is required. The pre-requisite for this is the capability to 

determine the redox conditions, including the understanding of the type of information 

different redox determination methods provide.  

The Project research activities were organised into 5 different scientific and technical blocks, 

as shown in Figure 1, one of them dealing with the development of analytical methods and 

techniques to assess the redox state of the different systems and the other four focused on 

studying redox processes affecting the migration of radionuclides in the different parts of the 

repository, from the waste matrix itself to the geosphere. 

To exemplify how the results obtained within the RECOSY project can contribute with 

phenomenological observations and data parameters to feed the Safety Case, two different 

repository concepts are analysed, corresponding to two of the most advanced programmes in 

Europe: (a) the French design for vitrified and bituminous waste cells to be emplaced in a 

clayey host-rock (see Figures 2 and 3), and (b) the Swedish design for high level spent fuel 

repository, to be emplaced in a crystalline host-rock (see Figure 4). 
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A. The French concept 
Two different categories of high-level long-lived waste (HLLL waste) are considered in the 

French concept (ANDRA 2005): 

High-level waste (C waste) representing about a 1% of the volume of radioactive waste 

produced in France, but 96% of the total radioactivity. This type of waste consists of non-

recyclable materials resulting from nuclear plants, spent fuel reprocessing, and produces heat 

for several tens of years. This requires a period of temporary storage allowing the waste to 

cool down prior to its disposal in the repository. C waste is vitrified, that is, incorporated in a 

glass matrix that confers high confinement properties to the wastes and it is then located into 

stainless steel drums. 

Intermediate-level long-lived waste (B waste), mainly formed by metals from claddings of the 

fuels, sludges from treatment of effluents and equipment from nuclear plant operations. This 

type of waste represents about a 4% of the volume of the total radioactive waste. B waste does 

not generate important amounts of heat and it is normally stabilised in a matrix of concrete or 

bitumen and placed in containers of steel or concrete. 

The French system also considers non-reprocessed spent fuels (CU) although they are not 

included in the “waste” types because they contain uranium and plutonium that can be 

reprocesses and recycled. Although not considered currently as wastes, their disposal is 

studied in case there is a decision of non-reprocessing in the future. 

The release of radionuclides from the waste and their subsequent transfer will take place over 

at least several hundreds of thousands of years. In the context of the safety analysis of the 

repository, these processes are qualitatively and quantitatively modelled and the parameters 
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and models used must be derived from the characteristics of the elements, as well as from the 

characteristics of retention of the different barriers in the repository. In the ANDRA (2005) 

safety analysis, the radionuclide transfer processes are studied in a sequential manner: first, 

the release of radionuclides from the waste packages, especially due to the degradation of the 

waste and the conditioning matrix is presented, and, in a second step, the migration of 

radionuclides from the waste into the repository and the hosting Callovo-Oxfordian formation 

is presented. 

The release of radionuclides is associated with the nature of the waste and the immediate 

environment (chemistry of the water, redox conditions, corrosion products, etc.). The redox 

behaviour of the different radionuclides in the wastes is considered from the point of view of 

release from the matrix. This means that an analysis based on redox properties of the 

individual nuclides is done. For example, for molybdenum and technetium reducing 

conditions are presumably leading to the formation of very insoluble secondary phases that 

limit their mobility, while oxidising or mildly reducing conditions give rise to a high release 

of these elements from the waste matrix due to the formation of anionic highly mobile 

species. Trivalent actinides are assumed to be mostly immobile due to, among other issues, 

their retention on the negatively charged surface of the altered glass layer, while uranium and 

neptunium behaviour depend on the redox conditions of the system. 

The retention of radionuclides in the repository cells is also dependent on the redox 

conditions. Radiation from C and spent fuel disposal cells may cause water radiolysis with the 

subsequent oxidant generation, although the large amounts of steel and iron based materials in 

the system are expected to buffer the system, keeping it under reducing conditions for long 
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periods of time. Thus in this type of cells, the redox is controlled by the Fe(II)/Fe(III) pair and 

the different ferriferous phases present (metal iron, corrosion products (magnetite, anchorite), 

pyrite, ferriferous montmorillonite and siderite in the swelling clay, pyrite and ankerite in the 

Callovo-Oxfordian argillites) (ANDRA, 2005). Pyrite / magnetite and pyrite / goethite 

assemblies form two reducing buffers (approximately -300 mV in the pH conditions of the 

disposal cells). The corrosion products of steel and iron from the lining and containers keep 

the redox potential under reducing conditions (ca -400 mV) in the spent fuel cells. 

In the argillites present in the hosting formation, the redox potential is controlled by the 

sulphate/sulphide system (around -200 mV) and, in the presence of corroding steel, the large 

amounts of hydrogen generated can also contribute to the prevalence of reducing conditions 

in the system. 

Reducing conditions are also assumed in the B cells, where the large presence of slag used to 

make the immobilising concrete matrices and backfills contains pyrite, which imposes a redox 

potential in the concrete, which is comparable to that of the argillites. In contact with the 

primary waste packages, the corrosion of steel gives rise to the formation of magnetite which 

forms a redox pair with the mineral species present in the argillites (gœthite, hematite) and 

buffers the potential between -200 mV and - 300 mV (ANDRA, 2005). 

A complete analyses and definition of the safety functions during the post-closure period of 

the repository can be found in ANDRA (2005). Among them, two safety functions can be 

affected by the evolution of the redox conditions: (i) limiting the release of radionuclides and 

immobilizing them in the repository, and (ii) delaying and reducing the migration of 

radionuclides. The RECOSY project contributed with different type of research and evidences 
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supporting the Safety Case and safety functions, providing data, parameters and models for 

the Safety Assessment.  

 

The far field of the repository 
The host rock formation is composed of an alternation of sedimentary strata with clay 

dominance and limestone strata that were deposited between 250 million and 135 million 

years ago. The clay-dominated strata is the Callovo-Oxfordian formation (COX), a clay 

material with varying contents of natural organic matter and minor minerals such as 

carbonates and sulphides. 

RN immobilization on surfaces: Iron-bearing phases 

The iron system has been described in the ANDRA Safety Case as one of the most actives in 

the repository system as well as in the hosting formation. From the ANDRA (2005) safety 

analyses briefly presented above, it is clear that the different iron-bearing phases are the ones 

credited to buffer the redox state of the repository and surroundings. Within RECOSY, 

different activities were aimed at studying the immobilization of radionuclides on iron-

bearing phases.  

Chakraborty et al. (2010) tested the ability of Fe(II)-bearing calcite in immobilizing Se(IV) 

through reduction. It was shown by spectroscopy that the presence of Fe(II) on the surface of 

calcite increased the sorption of Se(IV) to the surface in comparison with the sorption 

observed on calcite in the absence of Fe(II). The reduction extent of Se(IV) to Se(0) was of 

50% in 24 hours. When increasing the equilibration time between Fe(II) and calcite, no 
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reduction of Se(IV) was observed. According to the explanation provided by the authors, the 

observed reduction of Se(IV) by Fe(II) occurs only in the presence of iron on the calcite 

surface. When increasing the equilibration time, Fe(II) was being incorporated in the calcite 

structure by cation substitution and therefore not on the surface of the carbonate. Such 

understanding is important to provide evidences on the role of surfaces in mediating redox 

processes and support them with observations. 

Scheinost and Charlet (2008) studied the reduction of selenate or selenite by different iron 

solids. The authors showed that selenite was rapidly reduced within one day by 

nanoparticulate mackinawite (FeS) and magnetite (the main product of corrosion of steel 

under anoxic conditions), while only one third of selenite was reduced by micrometre-sized 

siderite. Depending on Fe(II)-bearing phase and pH, four different reaction products were 

observed to form: red and grey elemental Se, and two iron selenides with structures similar to 

Fe7Se8 and FeSe. The thermodynamically most stable Ferroselite (FeSe2) was not observed 

until later in the project, by Charlet et al. (2012). Charlet et al. (2012) provided evidences of 

the abiotic formation of Ferroselite from the reduction of selenite and selenate in the presence 

of a pyrite precursor, greigite (Fe3S4). It is common in solubility calculations in support of 

performance assessments to neglect the formation of Ferroselite as likely solid controlling the 

concentration of Se. This is made on the basis that, although thermodynamically stable, there 

has been up-to-date, an important lack of supporting experimental evidence of its formation 

under abiotic conditions. Therefore, the observations of by Charlet and co-workers constitute 

a very important advance in support of safety assessment calculations.  
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Studies on clays and argillites 

Iron is one of the most common redox species in soils and sedimentary rocks. Amongst iron-

bearing phases, phyllosilicates might play key roles in various bio-geochemical processes 

involving redox reactions, where structural iron (Festr) acts as a renewable source/trap of 

electrons. An important work within RECOSY was devoted to model the di-octahedral 

smectites CEC variation versus the level of structural iron. (Hadi et al., 2012 and references 

therein) presented a large set of data from kinetics, spectroscopic and electrochemical studies 

on dioctahedral smectites demonstrating that reduction of Festr impacts many clay properties 

such as colour, layer charge, swelling pressure, and colloidal properties, all of them linked to 

layer structural changes. The experiments also suggested that the mechanism of reduction of 

Festr was partially reversible, depending on the type and the properties of the primary clay and 

on the extent of iron reduction level. Up to date only empirical models were available for 

explaining structural changes of this type or materials due to their oxidation state. Hadi et al. 

(2012) developed a mechanistic model to explain the excess of charge generated in the 

smectite layer due to the process of reduction of Festr, thus providing a predictive tool to 

support safety assessments calculations on the properties of swelling clays linked to redox 

alteration. 

The role of clays in retarding radionuclide migration was also deeply investigated in the 

RECOSY project. Savoye et al (2012) reported a weak but measurable uptake of iodide by the 

Callovo–Oxfordian claystones, exhibiting a reversible behaviour. As the same authors 

recognized, the use of these sorption data for a performance assessment calculation with 129I− 

requires some caution, because of the large uncertainties in the estimated values of the 
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distribution ratio and the fact that the exact mechanisms governing the retention phenomena, 

and thus their kinetics, are not yet known. Savoye et al. (2012) observed a trend in the 

diffusion of Se through the Callovo-Oxfordian formation that could not be explained only by 

diffusivity. Reduction of selenium had to be accounted for in order to explain the 

observations, supporting the role of reduction in Se retardation. Spectroscopic analyses were 

supporting these evidences (see Figure 5). 

Since pyrite (FeS2) is the mineral dominating the redox properties of the Boom Clay, it is 

currently postulated that selenite introduced in the Boom Clay system will be reduced to Se(0) 

similar to its behaviour with pure pyrite. Breynaert et al., (2010) determined from XAS-based 

spectroscopic investigation, for the first time, the solid phase Se speciation in the Boom Clay 

system after equilibration with selenite. This type of information is essential to validate and 

improve the present conceptual model for the geochemistry of selenium under Boom Clay 

conditions and also contributes enormously to the supporting evidences of the ANDRA Safety 

Case, based on analogies among the clays. 

The electrochemical characterization of clays was one of the activities of the Project. Three 

different techniques were used to this aim: Voltammetry of Microparticles (VMP), 

Voltammetry of Microparticles in Thin Layer (VMPTL), and Clay Matrix Voltammetry 

(CMV). VMPTL is based on VMP but presents much higher sensitivity so that it is possible 

to provide for an in-situ characterization of the soils, thus contributing to the generation of 

data in support of the safety case (Perdicakis et al., 2012; Perdicakis et al. 2012b). 

Banik et al. (2010) conducted studies on the redox speciation of Np, Pu and Tc on crushed 

clays, Callovo-Oxfordian and Opalinus Clay. Spectroscopic redox speciation indicated that 
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Pu(V) was reduced to Pu(IV) due to the interaction with the clay surface, while Np(V) and 

Tc(VII) remained in the same initial oxidation state. With time, the redox potential measured 

in the experiments decreased and the sorption extent increased, pointing towards a slow 

reduction of these two elements to their tetravalent states. 

The role of Natural Organic Matter 

In the field of the characterization and role of the natural organic matter, the RECOSY project 

worked on the development of different extraction protocols to isolate the organic matter 

(Grasset et al., 2010). Schäfer et al. (2009) reported that kerogen, although being a minor 

component of the Opalinus clay, due to its association with pyrite, is responsible of half of the 

redox buffer capacity of the clay. This result contributes to the consideration of the organic 

matter redox activity in the safety assessment in clays in general, as it is the case of the 

French one.  

Humic substances are ill-defined materials with not fully understood redox activity. There are 

discussions on the inventory of redox buffering groups as well as the type of redox active 

groups in humic acids. Scherbina et al. (2010) conducted Time-Resolved Laser Fluorescence 

Spectroscopic measurement on humic acids (HA) to identify redox functional groups. From 

the results obtained quinoid systems were identified as likely key contributors to the redox 

behaviour of humics. This provides qualitative evidences for the development of the models 

in support of the assessment of the effect of natural organics on the migration of 

radionuclides. Further investigating the effect that organics have on the mobility of 

radionuclides, Ivanov et al., (2012) studied the effect of humic substances on the sorption of 

uranyl on bentonites and developed a mechanistic model for the description of the behaviour. 
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The waste and the engineered barriers 
Different studies have dealt with investigations on the effect that materials present in the 

wastes can have on the mobility of radionuclides. From figure 2 and 3 materials such as 

steels, cement related materials and bentonites are identified as engineering barriers emplaced 

for preventing radionuclide migration.  

Studies on organic compounds present in the waste 

Enhanced mobility of radionuclides due to organic compounds present in the wastes has been 

largely studied. Waste derived organic materials, such as those originated from 

decontamination activities of the power plants, products of degradation of cellulosic wastes, 

organics used in separation processes, etc., present complexing properties for radionuclides, 

especially so for more hydrolysable elements such as actinides or lanthanides. Compounds 

such as EDTA (ethylene diammino tetraacetic acid), ISA (issosacharinic acid) or Gluconate 

have a large tendency to complex metallic ions, due to the carboxylic groups contained in 

their structure. This effect can be especially important if, as in the case of the B-type wastes 

of ANDRA, hyperalkaline conditions can develop due to massive presence of concrete used 

as immobilisation matrix or in engineering structures of the repository. Complexation with 

this type of ligands was shown to have an important effect on the redox behaviour of 

Technetium. Evans and Halland (2012) showed that in the presence of EDTA or Picolinic 

Acid (PA), the reduction of pertechnetate to the more immobile tetravalent Tc was 

suppressed. This behaviour was not observed in the presence of ISA, where Tc was kept in its 
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tetravalent state after adding ISA, and even if this organic was added before addition of a 

reducing agent, pertechnetate reduction was observed. Thus, evidences for the process of 

immobilisation of Tc through reduction to Tc(IV) were supported in the presence of a strong 

complexing ligand such as ISA, and also evidences on the effect that other complexing agents 

such as EDTA and PA can have on the redox behaviour of important Safety Assessment 

radionuclides. 

 

Redox processes affecting radionuclide migration under hyperalkaline 
conditions imposed by cement-based materials 

Cement based materials are ubiquitous in the French concept of the B-type wastes due to their 

use as stabilisation matrix as well as their presence in containers, plugs and barriers. The role 

of cement phases in limiting the mobility of radionuclides is thus one of the important 

components contributing to the safety function of limited mobility of radionuclides. 

Nevertheless, the retention of radionuclides on this type of materials is normally dependent on 

the redox state of the radionuclide. 

Gaona et al. (2011) studied the sorption of Np onto CSH phases under different redox states. 

These authors showed that Np(IV) was sorbed onto the CSH phases of the cement and that it 

was incorporated in the structure of these phases, the initial surface interaction leading to a 

more internal bonding in the structure of the CSH solid. No differences in the EXAFS spectra 

of the Np(IV)-bearing CSH were observed after exposure of the samples to air, indicating that 

the incorporation of tetravalent Np in the structure prevented its oxidation, and thus decreased 

its mobility. No influence of pH was either observed in the range of pH 10 to 13.5 for the case 
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of Np(IV) sorption given the predominance of the Np(OH)4(aq) species in this pH range. 

Another publication of the same authors (Gaona et al., 2012) also showed EXAFS results 

indicating that Np(V) was incorporated in the CSH structure and provided evidences from 

XANES measurements on the existence of Np(VI) under hyperalkaline oxidizing conditions. 

This type of highlights evidences on the fact that the association of Np with cementitious 

materials is not only at a surface level, but more intimate and longer term, representing a more 

efficient way of retardation of the release and migration of Np from the near field. 

Riba et al. (2012) reported experiments to check whether the increase in the solubility of 

U(IV) solid phases under the hyperalkaline conditions developed in the repository system 

could be attributed to the formation of anionic hydroxide species of U(IV) such as U(OH)5- or 

U(OH)6
2-. Despite the fact that the U(OH)4(aq) complex is currently the only U(IV) hydrolysis 

species accepted by the NEA database (Guillaumont et al. 2003), discussion on U(IV) 

speciation under alkaline conditions has been on-going for decades (Rai and Ryan 1990; 

Ollila 2002; Fujiwara et al. 2005). The results of the study by Riba et al. (2012) concluded 

that the solubility increase observed could not be attributed to higher hydroxide species but to 

the stabilisation of U(VI) versus U(IV) under hyperalkaline conditions and, therefore, 

confirmed that speciation and solubility models for uranium do not need of invoking the 

existence of anionic species of U(IV) beyond U(OH)4(aq). 

Anoxic corrosion of steel materials present in the wastes and waste packages generate 

predominantly iron(II)/iron(III) phases, such as magnetite, with a simultaneous generation of 

hydrogen. This process is common to different deep geological concepts due to the use of 

iron-based materials as waste barriers. The role that magnetite can have on the immobilisation 
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of redox sensitive radionuclides was studied within RECOSY. Huber et al. (2012) reported a 

correlation between the Fe(II) content on the surface of magnetite and the amount of reduced 

uranium. Consequently, the highest tetravalent U content was observed in case of the 

interaction with a freshly prepared magnetite which present a higher fraction of Fe(II) on the 

surface. A novel result of the research was the EXAFS results that indicated that some U 

might be incorporated into octahedral sites of magnetite after contact time of 550 d and pH of 

5.7, thus representing a stronger way of retention of uranium than a sole surface interaction.  

. 

B. The Swedish concept 
The Swedish nuclear fuel cycle is open. Therefore, spent nuclear fuel is the waste to be 

deposited in the high level nuclear waste repository. This material consists of a 98% of UO2 

and a 2% of fission and minor radioelements. 

The Swedish KBS3 concept shown in Figure 4 considers the disposition of the fuel inside cast 

iron inserts and copper canisters, emplaced in holes, backfilled with bentonite (mostly 

montmorillonite), buried at around 500 m depth in a stable granitic host-rock. 

The far field of the repository 

Stable redox conditions in the geosphere are a fundamental safety condition for the KBS-3 

spent nuclear fuel repository as they guarantee the redox stability of the copper canister (see 

engineered barriers) and by extending the redox stability of the UO2 spent fuel matrix. In this 

context, reducing conditions (Eh<0.1 V) have to be ensured through the lifetime of the 
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repository. This is clearly stated in the SR-Site report when discussing the required safety 

functions (SKB, 2011): 

A fundamental requirement is that of reducing conditions. A necessary condition is the 

absence of dissolved oxygen, because any evidence of its presence would indicate oxidising 

conditions. The presence of reducing agents that react quickly with O2, such as Fe(II) and 

sulphide is sufficient to indicate reducing conditions. Other indicators of redox conditions, 

like negative redox potential, are not always well defined and thus less useful as a basis. 

Nevertheless, redox potential is a measure of the availability of all kinetically active oxidising 

species. 

 This requirement ensures that canister corrosion due to oxygen dissolved in the groundwater 

is avoided. Furthermore, should a canister be penetrated, reducing conditions are essential to 

ensure a low dissolution rate of the fuel matrix, to ensure favourable solubilities of several 

radioelements and, for some elements, also to ensure redox states favourable for sorption in 

the buffer, the backfill and the host rock. 

In addition to dissolved O2, other oxidising groundwater components could be considered, for 

example nitrate and sulphate. However nitrate and sulphate can only be reactive by the 

intervention of microbes, which require both nutrients and reduced species such as dissolved 

hydrogen, methane or organic matter in order to be able to reduce nitrate or sulphate, 

whereas dissolved oxygen may react directly e.g. with the copper canister or the spent fuel. 

Nevertheless, some fundamental contradictions within the required chemical conditions for 

the stability of the repository arise; in the one hand reducing conditions are necessary but in 
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the other hand low sulphide concentrations have to be ensured. A large supply of Fe(II) in the 

geosphere maybe the key to reconcile both conditions. 

Laaksoharju et al. (2008) and Gimeno et al. (2009) presented most of the developments made 

within the SKB programme related to redox measurements and interpretation which are 

clearly based on the pioneering experimental work performed by Wikberg (1987) and the 

redox modelling work by Nordstrom and Puigdomènech (1986). As already pointed out in 

Bruno (2012), the outcome of the redox characterisation programme in Forsmark was not 

providing results in line with the expectations. The measured redox potentials in the Forsmark 

sites had been interpreted by Gimeno et al. (2012 and references therein) to be controlled by 

the Fe(III)/Fe(II) and the CO2/CH4 couple. However, the modelling work was not able to 

explain the variability in sulphur concentrations, a key safety component for the stability of 

the Cu-canister. 

Studies on Fe(II)/Fe(III) systems  

Fe(II)-bearing minerals are fundamental for ensuring the necessary RDC (reducing capacity) 

to buffer potential oxic water intrusion (for instance in the event of melt water intrusion in the 

repository). Furthermore, iron-sulphide mineral phases are key to ascertain the fate and 

mobility of sulphide in Forsmark groundwaters. An experimental investigation of the RDC 

behaviour of pyrrhotite was conducted within RECOSY. After pyrite, pyrrhotite is the most 

common iron sulphide in nature. The factors affecting pyrite and pyrrhotite oxidation are 

similar, but pyrrhotite has not been analysed in extent. Betelu et al. (2012) observed that 

reduction of pyrite in the presence of H2 at 90°C produces the transformation of pyrite 

superficially into pyrrhotite, forming a layer that slows down the further reduction process. At 
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25°C, Ignatiadis et al. (2012) also reported the formation of the pyrrhotite surface layer onto 

pyrite. This can have implications on the type of surfaces interacting with radionuclides 

migrating with the water flow. 

Some experimental work was thus focused on the kinetic behaviour of pyrrhotite. Kinetic 

experiments to evaluate the oxygen uptake capacity of pyrrhotite or pyrite were performed at 

two initial dissolved oxygen concentrations, 70 and 20%, at 25±0.2 ºC. Experiments with 

pyrrhotite and pyrite shows Fe, sulphate and thiosulphate aqueous concentrations increase 

with time. In both cases, [O2] decreases and SO4
2-, Fe(II) and Fetotal aqueous concentrations 

increase with time. In the case of pyrrhotite, faster processes are observed. According to the 

information found in the literature (Nicholson, 1994, Belzile et al. 2004; Murphy and 

Strongin, 2009) the presence of ordered vacancies within the Fe lattice in the non-

stoichiometric pyrrhotite crystal structure (Fe1-xS, x from 0.125 to 0), may be the reason 

accounting for the faster oxidation rate of pyrrhotite when compared with pyrite. From the 

experiments, the precipitation of Fe-oxyhydroxides onto the pyrrhotite surface could be 

observed. The results indicated that although pyrite or pyrrhotite dissolution processes were 

kinetically driven and control the pH of the solution, the redox potential is controlled by the 

Fe(II)/Fe(III)-oxyhydroxides redox pair. The Fe2+ generated is oxidized to Fe3+, which under 

the favourable conditions of neutral to alkaline pH values leads to the precipitation of 

amorphous Fe-oxyhydroxides which, in turn, may evolve to more crystalline phases.  

The contribution of FeS solid phases to the RDC of Fennoscandian groundwater systems was 

further confirmed by the geochemical modelling work undertaken by Gimeno et al. (2009) on 

the groundwater data collected during the site investigations of the Laxemar and Forsmark 
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sites. The outcome of the work indicated that amorphous FeS solid phases could precipitate in 

groundwaters with sulphide content larger than 0.04 mg/L. The potential equilibrium between 

these groundwaters and FeS phases could indicate a continuous sulphide supply by sulphate-

reducing bacteria (SRB). This has been further investigated in the microbial studies of the 

project section. 

Some additional interesting mechanistic work was developed by the RECOSY project 

regarding the capacity of Fe/S minerals in immobilising radionuclides has been previously 

presented. 

The role of microbes on the reductive dissolution of iron(III) oxides and the reduction of 

U(VI) to U(IV) was investigated by Alexandratos and Behrends (2012).  In order to clarify 

the mechanisms, abiotic experiments were devised to understand the reduction of iron(III) 

oxides by sulphur. Various Fe(III)-oxide polymorphs were used in the investigations. 

Lepidocrocite and hematite were analysed, clearly showing that the reduction of hematite was 

slower than the reduction of more reactive lepidocrocite. The coupling with the uranium 

system indicated that U(VI) reduction by sulphide is more efficient in the presence of 

hematite, probably because the lower competition for electron transfer compared to 

lepidocrocite. 

One of the main characteristics of the Forsmark site, compared to other Fennoscandian 

locations, is the relatively large occurrence of calcite in the upper part of the bedrock. Calcite 

plays in this respect an important role in the alkali buffering of the geosphere. In this context, 

it is interesting to establish the interplay between the two main components of the master 

variable capacity buffering (pH and pe) at the Forsmark site. Mettler et al. (2009) performed 
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dedicated work within RECOSY on the surface interactions between calcite and Fe(II) and 

the subsequent implications for the oxidation of Fe(II) by air. The main result in this context 

is that Fe(II) oxidation was faster in the presence of calcite, but if Fe(II) is incorporated into 

the calcite structure the rate of oxidation and the oxygen uptake becomes slower. Hence, the 

availability of Fe(II) in carbonates has to be considered when discussing RDC implications in 

the geosphere. This was confirmed by the geochemical modelling work concerning the two 

potential repository sites in Sweden (Laxemar and Forsmark) performed by Gimeno et al. 

(2009), which indicated that near-surface groundwaters are oversaturated with respect to 

siderite. 

One of the key safety functions in the SR-Site safety assessment is retention. Radionuclide 

retention is mainly influenced by redox processes, which affect both the aqueous and solid 

surface speciation. 

A substantial amount of work within the RECOSY project was devoted to the redox 

speciation of radionuclides and its influence on radionuclide mobility in the geosphere.  

The effect of redox conditions on radionuclide sorption and speciation was also investigated 

within the RECOSY project. Some interesting results were obtained on the extent of sorption 

of Am(III) on magnetite and hematite. The results indicated that sorption of Am(III) onto 

Fe(III) solid phases is stronger than in Fe(II) solid phases. Am(III) sorption on hematite 

showed a positive correlation with pH, while in the case of magnetite the correlation was 

negative. 
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The interaction of redox sensitive radionuclides with pyrite has been extensively studied as 

discussed in previous sections. The interaction of pyrite with selenium is thoroughly 

discussed in the sub-section concerning the ANDRA concept and it will not be repeated here.  

Evidences of microbially mediated processes 

Pedersen et al. (2011) investigated the role of microbes on the evolution of the RDC related to 

the Fe/S phases in the geosphere. The group studied in the laboratory the influence of SRB 

(sulfate-reducing bacteria) on the redox potential. They also performed site investigations in 

the Äspö hard rock laboratory on the relation between bacterial numbers and redox potential. 

The outcome of the investigations indicated that SRB played an important role in defining the 

RDC of the system and subsequently on the measured redox potentials. 

The work on microbially mediated processes was extended to their influence on radionuclide 

redox speciation. (Krawczyk-Bärsch et al., 2008, 2011, 2012) investigated uranium redox 

speciation on biofilms. The improvement of miniaturised oxygen microsensors and 

electrochemical microsensors allowed them to be used in situ in the Königstein uranium mine 

in Germany. The combination of the measurements with chemical modelling indicated that 

U(VI)-sulphate complexes were formed both in the biofilm and the contacting solution.  

In situ microsensor measurements were also performed in Äspö (Sweden) and Onkalo 

(Finland) biofilms, Krawczyk-Bärsch et al. (2012). The combination of the field 

measurements together with the geochemical modelling indicated that the ternary 

Ca2UO2(CO3)3 aqueous species was formed. 
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Druteikiené et al., (2010) performed dedicated studies to investigate the influence of 

microorganisms on the redox behaviour of Pu and Tc. The results indicated that Bacyllus 

micoides was able to reduce the initial Pu(IV) to Pu(III) at low pH.  

Results of the combined effect of microorganisms and iron-bearing mineral hematite on Tc 

(VII) sorption peculiarities using batch-type experiments showed that after exposure of 

Tc(VII) for 144 hours with bacteria Arthrobacter globiformis and Cellulomonas cellulans 78 

and 98% of Tc remained in solution. Differences in Tc(VII) sorption processes onto hematite 

due to microbial activity of microorganisms isolated from the groundwater borehole were 

observed as well.  

Additional experiments with only microorganisms and without Fe-oxides were performed. 

Microorganisms which showed the highest influence on Tc(VII) sorption onto hematite were 

used for additional experiments. Sorption results obtained from these additional experiments) 

showed that sorption of Tc(VII) by microorganisms is lower compared to that when the 

experimental system consisted of hematite and microorganisms. The results showed that 

microorganisms could have some reductive effect on Fe2O3 and its sorption capability. 

 

The waste and the engineered barriers 

Redox processes in the engineered barriers 

The containment and retardation functions attributed to the engineered barriers in the SR-Site 

Safety Assessment are not directly connected to redox safety indicators. However, as 

previously stated, many of the chemical conditions of the geosphere have an impact on the 
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main containment indicator of the copper canister, i.e. its material integrity. The material 

integrity of the copper canister may chemically be affected by corrosion processes that are 

directly linked to the redox condition, as well as other chemical components, mainly sulphide, 

but also chloride. 

The bentonite buffer material in SR-Site has neither direct or indirect connection with redox 

processes, although the Fe(II) content of the clay material has implications for the RDC of the 

engineered barrier system as well as for the retention of redox-sensitive radionuclides. Since, 

these processes have been largely studied in RECOSY in connection with the COX clay, they 

are explained in the appropriate section of the French safety case. 

The main contributor to the RDC of the near-field (EBS) is the cast-iron inlet of the copper 

canister. The anaerobic corrosion of metallic Fe(s) by water generates H2(g) and magnetite as 

products. Hence, the RDC of the EBS of the KBS3 is mainly controlled by the anaerobic 

corrosion of the cast-iron inlet. This has substantial implications for the stability of the UO2 

spent fuel matrix, as we discuss later on. 

In the RECOSY project there have been a number of investigations aimed to understand the 

anaerobic corrosion of metallic Fe(0), mainly in connection with the spent fuel investigations. 

However, there are a few studies where the iron corrosion process itself has been at the focus 

of investigations. 

Dobrev et al. (2012) performed experiments to measure the redox potential during the 

anaerobic corrosion of iron powder and steel plates. The corrosion rate was measured by 

hydrogen evolution and the corrosion products were identified by XRD and Raman 

spectroscopy. The observed decrease on redox potential was a direct function of the Iron 
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Surface to Water Volume ratio, as well as of temperature. The authors also added bentonite to 

some of the experiments and obtained an increase of the corrosion rate. This was explained by 

the exchange of Fe(II) onto the bentonite which had an accelerating effect on the corrosion 

reaction. 

Carbol et al. (2012) report results on the reductive immobilisation of Pu on iron canister 

materials by studying Pu(VI)-carbonate solutions in contact with steel coupons under well-

controlled atmosphere. The outcome of the experiment was a limited (1%) deposition of Pu 

onto the magnetite surface. In a similar manner, Cui et al. (2012) studied the retention of Np 

on the surface of iron canister material. 

Redox processes in the waste form 

The redox state is one of the key chemical conditions controlling the spent fuel containment 

function as well as the radionuclide retention function of the KBS3 repository as stated in SR-

Site (SKB, 2011). The redox condition and by extension the RDC of the EBS in contact with 

the waste is mainly controlled by the anaerobic corrosion of the cast-iron inlet of the canister 

to generate hydrogen gas and magnetite. In this context, a number of investigations were 

performed within the RECOSY project. 

Electrochemical investigations of spent fuel in the presence of corroding iron, by using thin-

film model systems were conducted (Stumpf et al., 2012). The outcome of the experiments 

indicated that in H2 atmosphere the reduction of UO2+x to UO2 is possible. Similar thin-film 

studies were performed by the same group with the addition of Pd-particles to mimic the 

effect of ε-particles. The authors could clearly show a marked effect of the Pd particles on the 

electrochemical behaviour of UO2. The electrochemical reactivity (dissolution) of the thin-
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layer UO2 electrodes was lower in H2 containing solutions (Ar-5% H2) than in contact with 

air. The reactivity was substantially decreased in the hydrogen containing experiments when 

using Pd-doped UO2 electrodes, a clear indication of the catalytic role of the Pd-particles, 

according to the authors. This was confirmed by the XPS measurements on the UO2+x 

surfaces exposed to H2. Only when Pd was present, the surface was reduced to UO2. Some 

additional experiments with atomic H, gave support to the hypothesis of a dissociative 

mechanism activated by the Pd particles. 

An important advance of the project was the study of the effect of epsilon particles on the 

reactivity of UO2 and the catalytic effect on the hydrogen activation preventing the 

dissolution of the uranium from the fuel (Trummer et al., 2009; Trummer 2011). 

In order to check if other redox processes can be catalysed by the ε-particles of spent fuel, a 

thorough study of the decomposition of H2O2 on doped UO2 was conducted (Lousada et al, 

2012, Pehrmann et al., 2012). This is important, as hydrogen peroxide is one of the key 

oxidants generated by water radiolysis on the spent fuel surface. The authors concluded from 

their investigations that the dissolution yield of UO2 by H2O2 decreased with lanthanide 

doping. The catalytic decomposition of H2O2 onto the UO2 surface initially produced 

adsorbed OH radicals. The overall dissolution rate is insensitive to the extent of doping and 

the redox reactivity of the UO2 pellets decreased significantly with increased lanthanide 

doping. 

Fors et al. (2009) performed dissolution experiments of rim fractions of spent nuclear fuel in 

controlled H2 atmosphere. The authors measured the redox potential evolution and obtained 

stable reducing potentials in the -0.375 to -0.45 V range. The redox potential was sensitive to 
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oxygen intrusion during operation and reversible to reducing conditions once restored. The 

reducing conditions had a clear effect on the measured radionuclide concentrations, with 

extremely low uranium and plutonium values (10-10 and 10-11 mol·dm-3) being observed. The 

release of Cs stopped which indicated that the dissolution of grain boundaries was 

insignificant. This indicated that at the H2 concentration ranges investigated (10-3 mM) the 

radiolytic oxidative dissolution of UO2 spent fuel is inhibited.  

Special mention is for the long-term research reported by Loida et al (2012) who reported the 

results obtained after 10 years of research of the corrosion of spent nuclear fuel in the 

presence of magnetite. 

Development of techniques and procedures for the 

determination of redox state  

The measurement of redox potentials in natural systems is fraught with methodological and 

technical difficulties. One of them is concerned with the development of mixed potentials, 

what makes difficult the interpretation of the redox measurements in the field. In this context, 

the RECOSY project has made substantial contributions in several aspects. The kinetics of the 

reduction of Np(V) to Np(IV) were studied in front of the redox potential by using different 

reducing agents. Apparently, there was a direct dependence of the half-life of Np(V) reduction 

with the value of the redox potential (see Figure 6) Nevertheless, when varying the 

concentration of the reducing agent, and keeping constant the value of pH and the redox 

potential, the half-life of the reduction varied considerable, indicating that other variables 
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besides redox and pH must be accounted for when analysing redox systems which are not at 

equilibrium. 

One of the initiatives within the project was specifically addressed at testing how redox 

determinations obtained by following different methodologies compared among them. A 

detailed report of the results obtained can be found elsewhere (Altmaier et al., 2012) and here 

only a brief summary will be given. The initiative was called Intercomparison Exercise (ICE). 

Different groups of researchers with different technical equipment and handling protocols 

conducted redox determinations on the same set of samples at KIT-INE. A comparison among 

the different results obtained indicated that the redox state of aqueous systems could be 

determined by the existing experimental techniques, although the confidence level depended 

on the type of systems investigated and the experimental and handling protocols followed. 

Both artificial and natural samples were tested. The techniques tested included amperometry, 

the use of combined commercial electrodes, Au, Pt and C-Glass electrodes, optodes and 

determination o redox state of chemical elements accompanied by thermodynamic 

calculations. Natural samples presented larger differences between determinations probably 

due to their lower level of characterisation. From the outcome of the ICE recommendations at 

various levels were issued, including: (i) recommendations aimed at improving the quality of 

the redox measurements and data interpretation, and (ii) recommendations on future research 

activities to improve the reliability redox measurements. The ICE was one of the extremely 

positive outcomes of the project and represents a state-of-the-art work in the determination of 

redox systems. From the perspective of safety assessment, the RECOSY ICE represents a step 
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forward contributing to the improvement of the definition of the safety case through more 

accurate and complementary determinations of the redox state of systems of interest. 

In a more general way, the development of redox determination techniques as covered in WP 

2 of RECOSY, had clear implications for the establishment of reliable redox measurements 

during site characterisation of the geosphere. For instance, the development of optodes for the 

determination of O2 in the sub-ppm range by the University Potsdam. The determination of 

O2 concentrations in uranium-containing biofilms is a particular application with interesting 

consequences for the Forsmark site where uranium occurrences have been identified. Also, 

the development of ultramicroelectrodes compatible with concentrated brines as well as the 

development of microsensors for redox measurements in COX formation was a positive 

advance of the project helping in the site characterisation process needed for the development 

of safety assessment. 

Summary and Conclusions 

The RECOSY project has contributed to the improvement of process understanding, data 

collection and safety parameters determination to be used in present and future Safety Cases. 

The importance of systematic and reliable assessment of redox processes has been highlighted 

by the work performed within RECOSY on several technical and scientific topics and levels. 

Figure 7 summarises the contributions of RECOSY to safety features in the different 

repository subsystems for the ANDRA and SKB deep geological repository concepts. The 

RECOSY project has  successfully provided input for the integration of redox processes in the 

development of the Safety Case and implementation in Safety Assessment.  
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Figure 1. Structure of the RECOSY project with the different work packages and its 

organization. 
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Figure 2. Disposal cell for ANDRA C-type wastes. From ANDRA (2005). 
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Figure 3. Disposal cells for ANDRA B-type wastes. From ANDRA (2005) 
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B waste disposal cell while in operation

The disposal cell for type B waste consists of:

- a disposal chamber, the body, irradiating, not accessible to personnel, rectangular in shape and 4 to 7 m wide

depending on the packages size. The packages are positioned inside it on 3 or 4 levels and in 2 to 4 columns

across the cell. For handling and ventilation, limited clearances (10 to 15 cm) are left between the top of the

packages and the cell roof, as well as in between the package columns and between the packages and the

cell walls; 

- a disposal cell head (approximately 13 m long) fitted with an dual-gate airlock, to provide personnel 

radiological protection. The disposal package transfer cask is docked with the outer door of the airlock in which

there is a remote-controlled lifting trolley which retrieves the package from the cask and conveys it into the

disposal chamber. 

The cell access drift is designed to receive a seal - consisting of a very low permeability (less than 10-11 m/s)

swelling clay core and of concrete abutments - which closes the cell when it is decided. In order to improve

sealing effectiveness, the drift useable diameter is reduced to 5 or 6 m, depending on the packages, and its

ground support is designed so as to limit any mechanical disturbances.

The dimensioning and mechanical stability of B waste cells

The cell stability and the limitation of the ground mechanical disturbance are provided by various 

components that are effective over different timescales: the ground support providing safety of the cell

at construction, the lining which provides the structure stability over a period of at least a century. This

lining consists of a concrete ring and a filling, and forms a rectangular disposal chamber adjusted to the

geometry of the stacked packages.

• The ground support, positioned gradually as the cell is excavated, consists of a mesh, short bolts and

a 25 cm thick shotcrete layer.

• The cell lining ring only works under compression and does not have to be reinforced, which improves

its durability. It consists of a 70 cm thick layer (at the level of the arch roof) of high  performance

concrete(BHP 60 MPa).

• The filling concrete which reduces the residual void spaces to less than 5% between packages whilst

maintaining a functional clearance (ten centimetres or so) between the packages for a period of at least

a century, for repository reversibility purposes.

Otherwise, the disposal cell stability has been checked with respect to earthquakes and this aspect is

not dimensioning.
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2.2.3 Representation of radionuclide migration in disposal cells

• B waste disposal cells

Once released by the waste packages, the radionuclides can migrate within the cell, subsequently reaching the

Callovo-Oxfordian formation or the clay plug located at the head of the disposal drift. 

Similarly to the disposal package concrete, the cell lining concrete is not assigned hydraulic or transport perfor-

mances. It is represented as a homogeneous environment that ensures only chemical confinement by limiting

toxic fluxes via precipitation and sorption phenomena.

The cell plug (and its anchoring in the rock) is intended to prevent or slow down the water flows possibly

passing through it. It therefore has hydraulic properties. A value of 10-11 m/s is adopted for the swelling clay

permeability, which leads to a lower performance than that observed within the scope of the TSX experiment

conducted in an underground laboratory in Canada (full scale clay plug test). This is therefore a cautious choice

as it reduces the expected performance. The nature of the clay plug (swelling clay) also leads to the attribution

of chemical retention performance.

B waste disposal cell and radionuclide transfer phenomena modelling

• C waste disposal cells

Once released by the waste packages, the radionuclides can migrate directly towards the Callovo-Oxfordian

formation, the clay plug or the repository drift contiguous to the cell plug.

The cell plugs are represented with properties identical to those of the B waste disposal cells (not including

the anchoring, not available for C waste disposal cells due to their small diameter and the absence of a

fractured zone directly at the plug level). Given their large number, it has been assumed that a fraction of 1/1000

of C waste disposal cell plugs is defective as of repository closure (due to the low hydraulic performance of the

plug-rock interface). This choice does not affect transfers in the model considered.

• Spent fuel (CU) disposal cells 

Once released by the waste packages, the radionuclides can migrate directly towards the Callovo-Oxfordian

formation after migrating through the clay buffer engineered barrier, the clay plug or the repository drift conti-

guous to the cell plug.

Radionuclide transport in spent fuel disposal cells is represented similarly to transport in C waste disposal cells.

The specific characteristic is the presence of a swelling clay buffer engineered barrier around the cells. This

engineered barrier is assigned hydraulic performance and retention properties similar to those of the plug.

Given the continuity between the cell plug and the swelling clay engineered barrier, no cell plug defects are

considered.
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Figure 4. KBS-3 concept for disposal of spent nuclear fuel. From SKB (2011). 

  

!"# !"#$%&'((')(

$%&#'()*#+,-+./&/#.0#1%&#/(0&12#(//&//'&*1#+-.3&41#5675)1&#(-&8

(1#9.-/'(-:;

)*<&/1)=(1).*/#(*>#1.#0,1,-&#/(0&12#(//&//'&*1#+-.3&41/;

?*#)'+.-1(*1#/1&+#@&(>)*=#,+#1.#1%&#+-&/&*1#-&+.-1#A(/#1%&#+-&+(-(1).*#.0#1%&#567B(*#/(0&12#(//&//7
'&*1#-&+.-1C#+,D@)/%&>#)*#E.<&'D&-#FGGH;#$%&#567B(*#-&+.-1#A(/#-&<)&A&>#D2#1%&#5A&>)/%#/(0&12#
(,1%.-)1)&/#()>&>#D2#(#=-.,+#.0#)*1&-*(1).*(@#&I+&-1/C#(*>#1%&#.,14.'&#.0#1%&#-&<)&A#%(/#D&&*#1(:&*#
)*1.#(44.,*1#)*#1%&#5675)1&#(//&//'&*1;

!"#$%&'()*+
5.4)&12J/#-&K,)-&'&*1/#.*#@.*=71&-'#/(0&12#.0#*,4@&(-#A(/1&#-&+./)1.-)&/#(-&#,@1)'(1&@2#&I+-&//&>#
)*#@&=(@#-&=,@(1).*/;#$A.#>&1()@&>#-&=,@(1).*/#(-&#)//,&>#D2#1%&#5A&>)/%#6(>)(1).*#5(0&12#?,1%.-)12#
L55MN#,*>&-#1%&#E,4@&(-#?41)<)1)&/#?41#(*>#1%&#6(>)(1).*#O-.1&41).*#?41C#-&/+&41)<&@28

*,4@&(-#A(/1&P#L55M95#FGGQ8F!N;

R&(@1%#(*>#1%&#S*<)-.*'&*1#)*#4.**&41).*#A)1%#1%&#9)*(@#M(*(=&'&*1#.0#5+&*1#E,4@&(-#9,&@#
.-#E,4@&(-#T(/1&P#L55M95#FGGQ8UVN;

$%&/&#1A.#>.4,'&*1/#(-&#-&+-.>,4&>#)*#1%&)-#&*1)-&12#)*#?++&*>)I#?#1.#1%)/#-&+.-1;#$%&#A(2#)*#A%)4%#
1%)/#5675)1&#-&+.-1#(>>-&//&/#1%&#-&K,)-&'&*1/#)/#)*>)4(1&>#D2#-&0&-&*4&/#1.#-&@&<(*1#/&41).*/#.0#1%)/#
-&+.-1C#(/#)*/&-1/#)*#1%&#-&=,@(1.-2#1&I1/#)*#1%&#?++&*>)I;

$%&#+-)*4)+(@#(44&+1(*4&#4-)1&-).*C#&I+-&//&>#)*#55M95#FGGQ8UVC#4.*4&-*/#1%&#+-.1&41).*#.0#%,'(*#
#0.-#(#

(*>#%&-&>)1(-2#&00&41/;#$%&#-)/:#@)')1#4.--&/+.*>/#1.#(*#&00&41)<&#>./&#@)')1#.0#(D.,1#!;"W!G #5<X2-;#
$%)/C#)*#1,-*C#4.--&/+.*>/#1.#(-.,*>#.*&#+&-4&*1#.0#1%&#&00&41)<&#>./&#>,&#1.#*(1,-(@#D(4:=-.,*>#-(>)(7
1).*#)*#5A&>&*;#9,-1%&-'.-&C#1%&#-&=,@(1).*#55M95#FGGQ8F!#-&K,)-&#>&/4-)+1).*/#.0#1%&#&<.@,1).*#.0#
1%&#D)./+%&-&C#=&./+%&-&#(*>#-&+./)1.-2#0.-#/&@&41&>#/4&*(-)./Y#(*>#&<(@,(1).*#.0#1%&#&*<)-.*'&*1(@#
)'+(41#.0#1%&#-&+./)1.-2#0.-#/&@&41&>#/4&*(-)./C#)*4@,>)*=#1%&#'()*#/4&*(-).C#A)1%#-&/+&41#1.#>&0&41/#
)*#&*=)*&&-&>#D(--)&-/#(*>#.1%&-#)>&*1)0)&>#,*4&-1()*1)&/;

!"#$%&'()*+!"#$!%&'()!*+,*$-.!/+0!123-+345!+/!3-$,.!,6*5$40!/6$57

Cladding tube

Fuel pellet of
uranium dioxide

Spent nuclear fuel

Copper canister with
ductile iron insert

Crystalline
bedrock

Bentonite clay Surface portion of final repository

Underground portion of
final repository

500 m



 

 
(D-N°: 1.3) – Application of Redox in the Safety Case 
Dissemination level: PU  
Date of issue of this report: 28/12/2012 
 
 

45 

 

 
Figure 5. (A) µXRF mapping of the Se reduced forms acquired at 12.66 keV. (B) µXRF 

mapping of the Selenite. (C) µXRF mapping of Fe acquired at energies ranging from 6.1 to 

6.7 keV. The resolution is for one pixel: 100 µm in X-axis and 50 µm in Y-axis. (D) 

Normalised average values as a function of the diffusion distance. Frasca (2011) 

 

 

 



 

 
(D-N°: 1.3) – Application of Redox in the Safety Case 
Dissemination level: PU  
Date of issue of this report: 28/12/2012 
 
 

46 

 
 
Figure 6. Dependence of the half-life of Np(V) reduction on the redox potential (pe). Taken 
from Fellhauer (2013) 
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Figure 7. Relation of the studies developed within RECOSY with the safety-related features 
of the different repository subsystems. 
 


