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Abstract
In view of its favourable sealing properties the bentonite buffer represents an important component in the multi-barrier concept of high-level waste repositories. These properties may be
adversely influenced during the initial phase after repository closure when complex thermalhydro-mechanical-chemical (THMC) processes occur. In particular, the effect of heat emanating
from the decay of the waste and, in case steel materials are present, corrosion processes may have
an adverse impact on the performance of the buffer. The latter are strongly influenced by the
redox conditions which are oxic initially but will become reducing upon O2 depletion. The abovementioned effects and underlying processes have not been studied in detail in the past.
To gain improved understanding on the performance of bentonite buffers, the Alternative Buffer
Materials (ABM) test at the Äspö Hard Rock Laboratory (HRL), involving an international
consortium and managed by SKB, was launched in 2006. The setup includes a series of boreholes
in which various bentonite materials were emplaced as rings, stacked upon each other, and
surrounding a carbon steel heater. This report documents work related to the ABM2 package
which was exposed to temperatures up to 130° C and to artificial saturation for a period of five
years. The experiment is considered to be an analogue for the buffer with regard to its thermal
and redox evolution during the initial stage after repository closure. The realistic temperatures
and smaller dimensions should lead to more pronounced heat- and corrosion-induced effects.
Moreover, the exposure of different bentonite materials with different mineralogy, layer charges
and Fe contents should give a more comprehensive view of the different processes involved.
The overall objective of the study was to gain improved understanding of the combined impact
of heat and corrosion on the bentonite buffer performance in a repository-type setting. This should
provide a more solid basis for constraining safety functions of the bentonite buffer during the
repository lifetime. In particular the study was focused on the analysis of steel/bentonite interfaces
which were exposed to realistic redox conditions with regard to the repository nearfield. An
important corollary objective was the improvement of characterisation methods for Fe-bentonite
interfaces.
A novel multi-method approach was developed and applied to unravel the redox evolution and
the effects of temperature and corrosion on the different bentonite materials. A thorough procedure for maintaining anoxic conditions during sample preparation and analysis was adopted. Eight
bentonite materials and 11 interface samples from ABM2 were analysed by scanning electron
microscopy (SEM) coupled with energy dispersive x-ray spectroscopy (EDX), µ-Raman spectroscopy, x-ray diffraction (XRD), x-ray fluorescence spectrometry (XRF) and 57Fe Mössbauer
spectrometry.
The main findings include:
•

The adopted methodology yielded an extensive and consistent dataset of different bentonite
materials and enabled coherent interpretation in spite of complex events having occurred
during the in situ test.

•

The identified processes are consistent with those reported in previous in situ tests at the Äspö
HRL and the Grimsel test site. Moreover, the study enabled more detailed understanding
regarding Fe-bentonite interaction in a repository-type setting.
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•

Corrosion of the heating rod induced a Fe front extending ∼ 5 – 20 mm into the adjacent
bentonite, except for the high Fe-bentonite material (Rokle) where no Fe increase was
observed. The main fraction of this Fe accumulation in the clay was found to be Fe(III) oxides.
Also, some Fe(II) (not pertaining to the original material) was found whose nature, however,
has not yet been identified. This additional Fe(II) diffused further into the clay. The identified
Fe speciation highlights the important role of oxic corrosion, but also demonstrates that
anaerobic corrosion occurred after depletion of O2 from the system. A phenomenological
model for the evolution of corrosion and iron-bentonite interaction processes is proposed.

•

The Fe profiles in the clay could be adequately fitted by an empirical bimodal diffusion
model. The approach and derived diffusion coefficients are consistent with those obtained by
a previous study on Fe(II) in bentonite. The simple diffusion model, however, does not reflect
the underlying mechanisms, which besides diffusion involve sorption, precipitation and redox
reactions.

•

Cation exchange reactions between Na+, Ca2+, Mg2+ and K+ occurred both horizontally and
vertically in the package by diffusive equilibration with the artificial Äspö water. The cation
exchange capacity (CEC) displays almost no change as a function of distance to the iron and
heat source.

•

Further prominent features are the accumulation of Mg and CaSO4 close to the heater. This
was found to be most pronounced in the zone where an unintented and temporary boiling had
occurred and led to rims of Mg sulphate and anhydrite. In the other zones, Mg also likely
precipitated close to the heater which would explain the observed pattern of total and
exchangeable Mg in the package.

•

No indications of smectite alteration in any of the samples containing different smectite types
were found. This is supported by the near-to-constant CEC values and the constant Al/Si
ratios towards the heater. This finding is in line with other in situ experiments and indicates
the stability of smectite under harsh repository-type conditions.

•

Preliminary tests on the effects of reduction in montmorillonite on CEC and swelling pressure
were conducted. A synthetic material (PGV-1) was used for this purpose. These tests indicated no effect on CEC upon reduction of structural Fe.

III
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Zusammenfassung
Die Bentonitverfüllung bildet dank ihrer günstigen Abdichtungseigenschaften eine wichtige
Komponente des Multi-Barrieren-Konzepts von geologischen Tiefenlagern für hochaktive
Abfälle. Allerdings können diese Eigenschaften in der ersten Phase nach dem Verschluss des
Tiefenlagers, wenn komplexe thermo-hydro-mechanische-chemische (THMC) Prozesse auftreten, ungünstig beeinflusst werden. Insbesondere könnten sich durch die Zerfallswärme des eingelagerten Abfalls induzierte Korrosionsprozesse negativ auf die Integrität und sicherheitstechnischen Eigenschaften der Verfüllung auswirken. Solche Prozesse werden durch die Redoxbedingungen stark beeinflusst, die anfänglich oxidierend und – sobald der freie Sauerstoff aufgebraucht ist – reduzierend sind. Bislang wurden die erwähnten Auswirkungen und zugrunde
liegenden Prozesse noch nicht im Detail untersucht.
Zum verbesserten Verständnis der Integrität und des Langzeitverhaltens von Bentonitverfüllungen wurde 2006 unter Beteiligung eines internationalen Konsortiums und unter der Leitung von
SKB der "Alternative Buffer Materials (ABM)" Versuch im Äspö Hard Rock Laboratory (HRL)
lanciert. Der Versuchsaufbau umfasste eine Anordnung von Bohrungen, in denen verschiedene
Bentonitmaterialien als übereinander gestapelte Ringe um ein Heizelement aus Kohlenstoffstahl
eingebaut wurden. Der vorliegende Bericht dokumentiert die Arbeiten im Rahmen des Materialpakets ABM2, welches für fünf Jahre Temperaturen bis zu 130° C ausgesetzt und künstlich aufgesättigt wurde. Auch wenn das ABM Experiment nur bedingt die Entwicklung eines
Tiefenlagers widergibt, wird es als geeignetes Experiment erachtet, um die Entwicklung der
Temperatur- und Redoxeigenschaften während der ersten Phase nach dem Verschluss des Lagers
besser zu verstehen. Die realistischen Temperaturen und kleineren Dimensionen des Experiments
sollten zu leicht ausgeprägteren wärme- und korrosionsinduzierten Effekten führen. Darüberhinaus sollten die dabei verwendeten unterschiedlichen Bentonitmaterialien verschiedener
Mineralogie, Schichtladungen und Eisengehalte einen umfassenderen Einblick in die verschiedenen involvierten Prozesse geben.
Das übergeordnete Ziel dieser Studie war es, ein verbessertes Verständnis des kombinierten Einflusses von Wärme und Korrosion auf die sicherheitstechnischen Eigenschaften der Bentonitverfüllung unter Tiefenlager-relevanten Bedingungen zu erlangen. Dadurch sollte eine solidere
Grundlage für die Eingrenzung der Sicherheitsfunktionen der Bentonitverfüllung während der
Lebensdauer eines geologischen Tiefenlagers geschaffen werden. Die Studie fokussierte insbesondere auf die Untersuchung der Stahl/Bentonit-Kontaktflächen, die im Hinblick auf das Nahfeld des Lagers realistischen Redoxbedingungen ausgesetzt wurden. Ein wichtiger Aspekt war
dabei die Verbesserung der Charakterisierungsmethodik für Fe-Bentonit-Grenzschichten.
Zur detaillierten Untersuchung der Redoxentwicklung und der Auswirkungen von Temperatur
und Korrosion auf die verschiedenen Bentonitmaterialien wurde ein neuartiger Multi-MethodenAnsatz entwickelt und angewendet. Dabei wurde sorgfältig darauf geachtet, dass während der
Probenaufbereitung und -analyse die anoxischen Bedingungen aufrechterhalten werden konnten.
Mit Rasterelektronenmikroskopie (REM) gekoppelt mit Energiedispersiver Röntgenspektroskopie (EDX), µ-Raman-Spektroskopie, Röntgendiffraktion (XRD), Röntgenfluoreszenzanalyse
(RFA) und 57Fe Mössbauer-Spektrometrie wurden insgesamt 8 Bentonitmaterialproben und 11
Proben aus der Kontaktfläche Stahl/Bentonit analysiert.
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Die wichtigsten Ergebnisse lauten:
•

Die angewendete Methodik ergab einen umfassenden und konsistenten Datensatz verschiedener Bentonitmaterialien und ermöglichte es, diesen kohärent auszuwerten trotz komplexer
Ereignisse beim In situ-Experiment.

•

Die identifizierten Prozesse sind mit denjenigen aus früheren In situ-Experimenten in den
Felslabors Äspö und Grimsel vergleichbar. Darüberhinaus ermöglichte die vorliegende
Studie ein verbessertes Verständnis der Fe/Bentonit-Wechselwirkung unter Tiefenlager-relevanten Verhältnissen.

•

Die Korrosion des Heizstabes induzierte eine Fe-Front, die sich ca. 5 – 20 mm tief in den
benachbarten Bentonit erstreckte, eine Ausnahme davon war Rokle-Bentonit (hoher FeGehalt), bei dem keine Fe-Zunahme erfolgte. Bei dieser Fe-Akkumulation bildeten Fe(III)Oxide den wichtigsten Anteil. Zudem wurde etwas Fe(II) (nicht dem Originalmaterial
zugehörig) angetroffen, dessen Herkunft allerdings noch nicht identifiziert werden konnte.
Dieses zusätzliche Fe(II) diffundierte tiefer in den Bentonit. Die nachgewiesene FeSpeziierung untermauert die Wichtigkeit von aerober Korrosion, zeigt aber auch, dass
anaerobe Korrosion nach dem Abbau von O2 im System auftritt. Es wird ein
phänomenologisches Modell für die Korrosionsentwicklung und Eisen/BentonitWechselwirkungsprozesse vorgeschlagen.

•

Die Fe-Profile im Ton konnten hinreichend genau mittels eines empirischen bimodalen Diffusionsmodells reproduziert werden. Der Modellansatz und die abgeleiteten Diffusionskoeffizienten sind konsistent mit denjenigen einer vorhergehenden Studie zu Fe(II) in Bentonit. Das
einfache Diffusionsmodell widerspiegelt allerdings nicht die zugrundeliegenden Mechanismen, die neben Diffusion auch Sorption, Ausfällung und Redoxreaktionen berücksichtigen.

•

Kationenaustauschreaktionen zwischen Na+, Ca2+, Mg2+ und K+ treten im Materialpaket
sowohl horizontal als auch vertikal durch diffusive Equilibrierung mit künstlichem ÄspöWasser auf. Die Kationenaustauschkapazität (CEC) zeigt fast keine Änderungen in Abhängigkeit von der Entfernung zur Eisen- und Wärmequelle.

•

In der Nähe des Heizelements reicherte sich Mg und CaSO4 deutlich an. Solche Akkumulationen waren besonders ausgeprägt, wo aufgrund eines unbeabsichtigten Druckabfalls sich
eine Damphase bildete und zu Säumen von Mg-Sulfat und Anhydrit führte. In anderen
Bereichen wurde Mg ebenfalls bevorzugt in der Nähe des Heizelements ausgefällt, dies würde
das beobachtete Muster von gesamtem zu austauschbarem Mg im Materialpaket erklären.

•

In keiner der Proben, die verschiedene Smektit-Typen enthalten, wurden Anzeichen von
Smektit-Alterierung gefunden. Dies wird auch durch die nahezu konstanten CEC-Werte und
konstanten Al/Si-Verhältnisse in Richtung Heizelement unterstützt und zeigt in Übereinstimmung mit Beobachtungen aus anderen In situ-Experimenten, dass Smektit auch unter
Tiefenlager-relevanten Bedingungen stabil ist.

•

Es wurden erste Tests zu den Auswirkungen der Reduktion von strukturellem Fe in Montmorillonit auf CEC und Quelldruck durchgeführt. Dabei wurde ein synthetisches Material
(PG-V1) verwendet. Diese ergaben keinen Effekt auf CEC durch die Reduktion von strukturellem Fe.

V
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Résumé
En raison de ses propriétés favorables en tant que matériau de scellement, la barrière technique
de bentonite est un élément-clé du concept multi-barrières des dépôts géologiques profonds pour
déchets de haute activité. Au cours de la phase qui suit immédiatement la fermeture du dépôt, des
processus thermo-hydro-mécano-chimiques (THMC) complexes sont susceptibles d’avoir un
impact négatif sur ces propriétés. En particulier, les performances de la barrière de bentonite
peuvent être affectées par la chaleur émanant de la décroissance radioactive des déchets et, en
présence de matériaux contenant de l’acier, par les processus de corrosion. Ces derniers sont à
leur tour fortement influencés par les conditions d'oxydoréduction initialement oxiques, mais qui
vont devenir réductrices au fur et à mesure de l'appauvrissement en O2. Les effets mentionnés cidessus et les mécanismes sous-jacents n'ont pas été étudiés en détail par le passé.
Afin de mieux appréhender les performances de la barrière technique de bentonite, le test ABM
(Alternative Buffer Materials), géré par SKB et impliquant un consortium international, a été
lancé en 2006 au laboratoire souterrain (HRL) d'Äspö. L'installation comprend une série de
forages dans lesquels différents types de bentonite ont été mis en place sous forme d'anneaux
superposés, entourant un corps de chauffe en acier au carbone. Le présent rapport documente les
travaux liés au test ABM2, qui a été exposé à des températures allant jusqu’à 130 °C et à une
saturation artificielle sur une période de cinq ans. L'expérience est considérée comme un analogue
des conditions qui vont affecter la barrière technique de bentonite au regard de l’évolution
thermique et du rédox durant la phase qui suit la fermeture du dépôt. Du fait des températures
réalistes et des dimensions plus réduites, on s’attendait à ce que la chaleur et la corrosion induisent
des effets plus prononcés. En outre, grâce à l’utilisation de différents matériaux à base de bentonite présentant des minéralogies, charges de couches et teneurs en Fe différentes, on souhaitait
obtenir une vision plus complète des différents processus impliqués.
L'étude a pour objectif général une meilleure compréhension de l'impact combiné de la température et de la corrosion sur la performance de la barrière de bentonite dans un environnement
de dépôt. On tente ainsi de mieux cerner les fonctions de sûreté de la barrière de bentonite pendant
la durée de vie du dépôt. En particulier, l’étude porte sur l’analyse des interfaces acier/bentonite
exposées à des conditions d’oxydoréduction similaires à celles du champ proche du dépôt. En
parallèle, il s’agit également d’améliorer les méthodes de caractérisation des interfaces Fe-bentonite.
Une nouvelle démarche multi-méthodes a été développée et appliquée pour étudier l’évolution de
l’oxydoréduction et les effets de la température et de la corrosion sur les différents types de
bentonite. Lors de la préparation et de l'analyse des échantillons, on a veillé à respecter une procédure stricte pour maintenir les conditions anoxiques. Huit types de bentonite et 11 échantillons
d'interfaces de l’ABM2 ont été analysés par microscopie électronique à balayage (MEB) couplée
à la spectroscopie de rayons X à dispersion d'énergie (EDX), par spectroscopie µ-Raman, par
diffraction des rayons X (XRD), par spectrométrie de fluorescence X (XRF) et par spectrométrie
Mössbauer du 57Fe.
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Les principales conclusions du test sont les suivantes :
•

La méthodologie adoptée a fourni un corpus de données étendu et cohérent pour différents
types de bentonite et permis une interprétation cohérente, ceci malgré la complexité des
événements survenus lors des essais in situ.

•

Les processus identifiés sont cohérents avec ceux rapportés lors de tests in situ précédents
aux laboratoires souterrains d’Äspö et du Grimsel. De plus, l’étude a permis de mieux comprendre l’interaction Fe-bentonite dans l’environnement du dépôt.

•

La corrosion du corps chauffant a induit un front de Fe d’environ 5 à 20 mm dans la bentonite
adjacente, sauf dans le cas de la bentonite à haute teneur en Fe (Rokle), où aucune
augmentation de la teneur en Fe n'a été observée. La principale fraction de cette accumulation
de Fe dans l'argile était constituée d'oxydes de Fe (III). En outre, on a trouvé du Fe (II) (ne
provenant pas du matériau d’origine) dont la nature n’a pas encore été identifiée. Ce Fe (II)
supplémentaire s’est diffusé plus loin dans l'argile. La spéciation du Fe identifiée met en
lumière le rôle important de la corrosion oxique, mais démontre également qu’une corrosion
anaérobie s'est produite après l'appauvrissement du système en O2. Un modèle
phénoménologique de l'évolution de la corrosion et des processus d'interaction fer-bentonite
est proposé.

•

Les profils de Fe dans l'argile ont pu être convenablement ajustés par un modèle empirique
de diffusion bimodale. La démarche et les coefficients de diffusion dérivés sont cohérents
avec ceux obtenus au cours d’une étude antérieure sur le Fe (II) dans la bentonite. Le modèle
de diffusion simple, cependant, ne reflète pas les mécanismes sous-jacents qui, outre la diffusion, impliquent des réactions de sorption, de précipitation et d'oxydoréduction.

•

Des réactions d'échange de cations entre Na+, Ca2+, Mg2+ et K+ se sont produites à la fois
horizontalement et verticalement dans le test par équilibrage diffusif avec de l'eau d’Äspö de
synthèse. La capacité d'échange cationique (CEC) ne varie pratiquement pas en fonction de
la distance par rapport au fer et à la source de chaleur.

•

L’accumulation de Mg et de CaSO4 près du corps de chauffe est un autre constat important.
Cette accumulation s'est avérée plus prononcée dans la zone où une ébullition non-intentionné
et temporaire avait eu lieu et laissé des traces de sulfate de magnésium et d'anhydrite. Dans
les autres zones, le Mg a probablement également précipité à proximité du corps de chauffe,
ce qui expliquerait le schéma observé de Mg total et échangeable dans le test.

•

Dans les échantillons contenant différents types de smectite, aucune indication d'altération de
la smectite n'a été constatée. Ceci est étayé par les valeurs CEC quasi-constantes et les ratios
Al/Si constants près du corps de chauffe. Ce résultat est conforme à celui d'autres expériences
in situ et confirme la stabilité de la smectite dans les conditions contraignantes du dépôt.

Des tests préliminaires sur les effets de la réduction de la montmorillonite sur la CEC et sur la
pression de gonflement ont été réalisés, en utilisant un matériau synthétique (PGV-1). Lors de ces
tests, on n’a constaté aucun effet sur la CEC lors de la réduction du Fe structural.

VII
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Introduction

1.1

Background and motivation
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Compacted bentonite is foreseen as buffer and backfill in geological repositories in view of its
unique properties, such as swelling behaviour, plasticity and microporous structure. These arise
to a large extent from characteristics of the main constituent montmorillonite with its ability to
absorb water in its layer structure. This intrinsic material property contributes to the physical and
chemical robustness and to its safety functions 1 in the engineered barrier system (EBS). However,
there are external influences occurring in the repository environment that may degrade its safety
functions, for example elevated temperatures from decay of the radioactive waste, corrosion of
steel leading to mobile Fe and build-up of hydrogen, or ingress of highly alkaline cementitious
fluids. Moreover, during the thermal phase, a shift from oxic to reducing conditions will occur,
which will affect the corrosion and Fe-bentonite interaction processes. The interplay of redox
reactions and external influences may alter the material properties, such as swelling pressure and
hydraulic conductivity, at the metal-clay interface. The extent and the characteristics of such an
altered contact zone under near-field conditions are so far not sufficiently understood and few
reliable data have so far been acquired. One reason for this is the experimental challenge to prevent Fe (II) oxidation during sampling and analysis which is a prerequisite for reliable interpretation.
Nagra, SKB and the Institute of Geological Sciences at the University of Bern launched a common
project to improve the knowledge of the redox evolution and Fe-bentonite interaction during the
thermal phase in a high-level waste repository. It was decided to focus on the analysis of processes
in the ABM2 experiment at the Äspö Hard Rock Laboratory (HRL). This in situ experiment, in
which a variety of bentonite materials was simultaneously exposed to heat, water and corroding
iron for a period of five years, was considered as a good analogue for the buffer with regard to its
thermal and redox evolution during the initial stage after repository closure. The somewhat higher
temperatures (max. 130° C) and smaller dimensions were expected to lead to more pronounced
heat- and corrosion-induced effects. Moreover, the exposure of different bentonite materials with
different mineralogy, layer charge and Fe content should lead to a more comprehensive view of
the different processes involved. The study was embedded in an international research program
related to the ABM experiment (details in Chapter 2). It benefitted from the extensive characterisation of the bentonite materials and also from the collaboration with other teams. The investigation could also benefit from a feasibility study in which the methodology for analysing Febentonite interfaces was developed and promising data on one interface sample from the ABM1
experiment could be obtained (Wersin et al. 2014, 2015).

1.2

Scope and objectives

The study was based on the methodology proposed by Wersin et al. 2014, 2015), but also included
a number of experimental improvements and extensions. For example, a thorough procedure for
maintaining anoxic conditions during sample preparation and analysis was adopted. Eight bentonite materials and 11 interface samples from ABM2 were analysed by scanning electron microscopy (SEM) coupled with energy dispersive x-ray spectroscopy (EDX), µ-Raman spectroscopy,
x-ray diffraction (XRD), x-ray fluorescence spectrometry (XRF) and 57Fe Mössbauer spectrometry.

1

E.g. low permeability, high self-healing capacity, strong retention and attenuation of radionuclides.
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The procedure is described in detail in Chapters 2 and 3. In short: Portions from eight different
blocks were collected at the Äspö HRL, Sweden. These blocks were then subsampled and analysed at the Institute of Geological Sciences at the University of Bern. Small sections perpendicular to the heater (up to 5 cm) including the steel-bentonite interface were polished and analysed
by SEM-EDX to establish element maps and chemical profiles. Small portions on selected
samples were powdered and analysed by 57Fe Mössbauer spectrometry, XRD and XRF. Given
the number of investigated samples and amount of data collected for each one of them, detailed
descriptions of subsampling route and data are given in the appendix (Appendix A, each section
is devoted to one ABM block).
The overall objective of the study was to gain improved understanding on the combined impact
of heat and corrosion and changing redox conditions on the bentonite buffer characteristics in a
repository-type setting. This should provide a more solid basis for constraining safety functions
of the bentonite buffer during the repository lifetime. In particular, the study was focused on the
analysis of steel/bentonite interfaces which were exposed to realistic redox conditions with regard
to the repository nearfield. An important corollary objective was the improvement of characterisation methods for Fe-bentonite interfaces.
It is noteworthy that the layout of the ABM2 experiment had an influence on the complexity of
the process evolution. It involved a variety of bentonite-metal assemblages at a medium scale
(meter) and faced unanticipated features, such as occurrence of heterogeneous zonation, vertical
transfers throughout the experiments and even a "boiling event" in the upper part of the bentonite
stack. The saturation/temperature program had to be rearranged in the course of the experiment
and inhomogeneous interaction with the on-site groundwater, or inhomogeneous artificial circulation is strongly suspected (analogous to ABM1). Nonetheless, the present analysis together with
the data available from other studies enabled the unravelling of the processes leading to this
complex evolution and their integration in the interpretation of the heat-, corrosion- and redoxrelated phenomena.
Chapter 2 gives an overview of the ABM2 experiment as well as the sampling procedures. The
multi-method approach includes in-house developments and cooperation with other groups,
detailed in Chapter 3. Chapter 4 presents macroscopic observations of retrieved samples. The
extensive SEM-EDX methodology is a central part of the present analysis. In the three following
chapters, the results of the SEM-EDX, µ-Raman, XRD and 57Fe Mössbauer spectrometry are presented. The general trends observed in this experiment are then discussed in Chapter 8, including
the cation occupancy data of the same samples measured by BGR. Conceptual ideas about the
mechanism of Fe diffusion into bentonite and its modelling are discussed in Chapter 9. In the last
chapter, the results are summarised and conclusions from the main findings are drawn.
In addition to the microscopic study, a preliminary investigation of the effect of long-term Febentonite interaction on bentonite's swelling properties was conducted. The study was performed
with a pure montmorillonite serving as a model structure. It was also focused on one of the
potential alterations induced by a long-term Fe-bentonite interaction, the reduction of structural
Fe (Festr) in the clay. This process may potentially induce changes of CEC and further affect clay
swelling properties. The interaction was thus simulated by a chemical reduction of the clay. The
CEC of the reduced and pristine samples was determined. Swelling pressure of compacted
samples of reduced and pristine clay was addressed via oedometer tests. Four common CEC
methods were also compared and evaluated. This investigation is presented in the last appendix
to this report (Appendix G).

3

2

ABM2 experiment: principle and sampling

2.1

ABM experiment: description
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The ABM package consists of ring-shaped blocks of compacted bentonites of different origins
(compacted rings or caged pellets), which were vertically stacked around a heated steel tube
(Fig. 2-1). This package was emplaced in a vertical hole drilled in the granite of Äspö Hard Rock
Laboratory (Sweden) and sand was used as a filler around the cage. Synthetic Äspö groundwater
was circulated for one year to saturate the bentonites. Then, the heater was turned on (130° C) for
3 years. After heating, the package was aged (i.e. the heater was turned off) one more year and
then retrieved by overcoring the surrounding host rocks and out-lifting the entire package with
pieces of rocks attached (Svensson et al. 2011). It must be emphasised that the entire experiment
was connected to an artificial water circulation system (consisting of a set of perforated pipes
crossing the sand filler and connected to a tank of Aspö groundwater collected from another borehole) running throughout the 5 years. No particular effort was undertaken to isolate this system
from the outside atmosphere and/or continuously degassing the solution. The experiment was also
certainly indirectly connected to the ground water through fractures in the host rocks. The entire
experiment should therefore be considered as an open system. Still, there are no data available on
O2 content in the circulated solution at any stage of the experiment. In fact, given the large dimension of the experiment, and because corrosion features and chemical species (such as Fe2+ )
consistent with anaerobic corrosion were observed in the studied sample, a condition analogous
to a closed system may have eventually been reached at the zone of interest of the present study
(the Fe-bentonite interface at the heater contact). The main part of the report focuses on this
interfacial region.

Fig. 2-1:

Picture and scheme of the ABM2 experiment with identification of the investigated
samples (Eng et al. 2007).
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Most of the materials involved consist of only compacted natural bentonite, but some blocks are
made of compacted MX80 or MX80/sand pellets contained in steel cages (Fig. 2-2). Thus, most
of the samples are in direct contact with the heated steel tube, while an interstitial steel tube
(forming the inner part of the ring cage) is present in the caged samples. All cages were collected
for the present study, excluding the cage #14.

Fig. 2-2:

Examples of (left) blocks made from bentonite only or (right) made from caged
MX80 pellets upon installation; the picture in the middle displays empty steel cages
(Eng et al. 2007).

During in situ sampling, samples were removed from the heater steel tube. This eventually
resulted in breaking of some of the bentonite blocks, and some material sticking to the tube. The
Fe-bentonite interface was damaged in some parts during this process (Fig. 2-3). In the case of
the cages, these were simply slid off the tube. They were thus kept intact during in situ sampling,
so the Fe-bentonite interface was better preserved in the caged samples, at least from a mechanical
point of view.
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Fig. 2-3:

Various kinds of sample collected for investigation: (a) block #11 (Ibecoseal), (b)
block #12 (Ikosorb), (c) block #26 (Deponit) and (d) block #27 (caged MX80
pellets).

2.2

Subsampling approach for embedded blocks and polished surfaces

Ideally, the main motivation of this investigation was to study the steel-bentonite interface at the
contact between the bentonite blocks and the heated steel rod (in the case of compacted bentonite
blocks) or at the contact with the central tube of the cage frame (in the case of caged pellets). The
steel rod was corroded in the ABM experiment, resulting in horizontal diffusion of iron from the
tube toward the bentonite. However, given the design of the experiment (direct contact between
the various stacked bentonites, presence of other steel parts), vertical chemical gradients are also
observed. This is for instance the case concerning the diffusion of corrosion products in the
vicinity of the other steel parts (the cages' structure) which were also strongly corroded during the
experiment (Fig. 2-3d). This resulted in large corrosion-impacted zones far away from the initial
zone of interest (i.e. the contact with the heated rod), located in the bentonite blocks at the contact
with the caged samples (e.g. Fig. 2-3c and Fig. 2-4), at a depth up to 1.5 cm inside the block. Such
corrosion features could even be found at deeper locations in the caged pellets (> 5 cm), especially
along large cracks crossing the sample (Fig. 2-5).
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Fig. 2-4:

Pictures of sample Kunigel (ABM2#13) displaying corrosion impacted zone due to
the presence of a steel cage above (ABM2#14) in the ABM2 package.

Fig. 2-5:

Slices of a large portion of a caged MX80 sample (ABM2#08) that was embedded
in epoxy, including parts from the steel cage: (a) top view, (b) and (c) bottom views
of the sample at 1 and 5 cm from the top respectively.

Therefore, to obtain samples representative of the heated rod-bentonite interaction, samples to be
polished were selected as far as possible from the locations of the cages' frames and from corrosion impacted cracks (in the caged sample).
Subsampling (Fig. 2-6) was conducted with a band saw. With non-caged samples, blocks with
lateral dimension ca. 20 × 20 × 50 mm were isolated for embedding. With caged samples, thicker
blocks (50 mm) were isolated, in order to conserve the contact with the steel part and better preserve the interface. The detailed description of the subsampling route (location and labelling) for
each sample is given in appendices of this report (one section for each ABM2 block). Fig. 2-7
shows some examples of polished surfaces that were prepared for the SEM investigations. Some
of the blocks were also subsampled in the anaerobic chamber glovebag (COY Laboratory
products, N2:H2 95:5) with a sharp plastic spatula to collect powders for application of other
spectroscopic, diffraction and chemical methods (detailed below).
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Fig. 2-6:

Subsampling of the Fe-bentonite interface in ABM2 samples with non-caged (left)
or caged samples (right, aluminium tape keeps steel parts and bentonite together).

Fig. 2-7:

Polished surfaces obtained with various bentonite blocks from the ABM2 experiment: (a) Ibecoseal #11, (b) Ikosorb #12, (c,d) Kunigel #13, (e) MX80+quartz #25,
(f) Deponit #26 and (g) MX80 #27 with steel part.

2.3

Subsampling approach for powdered samples

In parallel to the SEM and Raman investigation on polished surfaces (method described in the
next section), powders were also collected from portions of the ABM2 blocks (Fig. 2-1) and
prepared anaerobically (separated, dried, milled and stored) in order to apply other spectroscopic
methods (primarily Mössbauer spectrometry), X-ray diffraction (XRD) and chemical methods
(modified phenanthroline method for iron speciation).
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Selection of the zone to be sampled (by hand, with a sharp spatula) was based on visual observation of the sample (contrasting colours, presence of corrosion crust) and on the zonation inferred
from the chemical profiles of Fe (section 5.5.2). It was observed in most cases that Fe was
enriched in a small layer at the vicinity of the interface, while the outer part of the block (> 10 mm)
appeared unaffected. Sampling was also performed such that a sufficient amount of powder could
be collected to perform various destructive methods on this redox sensitive sample (ideally more
than two grams). Thus, in most cases, rough powder profiles were established by separating at
least 3 samples per block (and further referred to as "profile powder samples" in the rest of the
present report). A "crust" sample was obtained by scraping the first few hundred µm of sample at
contact with the heater (limited amounts of few hundred milligrams). Then a "contact" sample
was obtained by carefully cutting the next 3 – 5 mm of the block. Finally, a "bulk" sample was
isolated from the bottom of the block (at a distance > 40 mm). In the case of caged sample #25, a
larger portion (1/8) of the block was sampled. Larger amounts of samples could thus be collected,
and the contact zone could be more discretised. Thinner (1 mm) layers parallel to the interface
were discriminated and labelled as "contact" (X is a digit indicating the order of sampling when
progressing from the interface). A series of Deponit bentonite samples exposing dramatic colour
changes were isolated in notable quantities (more than 2 grams per samples, Fig. 2-8). These
samples were collected further away from the interface with the heater (at a distance of > 50 mm),
sticking to the block ABM2#25.

Fig. 2-8:

Cross section of an upper part of caged pellets #25 (left) and powdered samples
obtained after the collection and the separation of a Deponit bentonite chunk (right).
The yellow arrow indicates the interface with the heater. The black arrow indicates a chunk
of Deponit bentonite from block #26 sticking to block #25 and exposing interesting colour
shades red, green and blue..

The raw bentonites composing the various studied ABM2 blocks were characterised to evaluate
the initial speciation of iron. A range of reference materials (mostly synthetic) were also investigated. This includes Fe2+/3+ and Mg bearing materials potentially present in the final mixture of
bentonite and corrosion product. The goal was not only to form a consistent database of compounds for the different spectroscopic or diffraction investigation, but also to see how these
compounds behave upon the various methodological approaches (reactivity and preservation) and
should be handled. It must be noted, however, that descriptions of such elusive compounds in also
rather scarce in the literature, thus such efforts also involve the improvement of the characterisation of such compounds.
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Methodology

3.1

Scanning electron microscopy coupled with energy dispersive
spectroscopy (SEM EDX)

This section presents the methodology developed for collecting large-scale SEM-EDX elemental
mappings and backscatter images. The way data were collected is presented in the first part. Data
processing is then presented in the second part.

3.1.1

Data collection: apparatus, software and operating conditions

The uncoated sample surface was examined in a SEM (Zeiss EVO-50 XVP) equipped with a
EDAX Sapphire light element detector in low vacuum mode (10 – 20 Pa) with a beam acceleration of 20 kV, a sample current of 500 pA, and a working distance of 8.5 mm. The beam current
was adjusted to yield a dead time of 8 – 15 % for EDX analysis (energy dispersive spectroscopy).
EDX element maps with a resolution of 128 × 100 pixels were acquired using a dwell time of
200 s/pixel and 64 frames. Mappings were usually conducted with a magnification of 80×, which
thus results in pixel size of ca. 110 µm2 and maps of ca. 1.4 × 1.1 mm. Contiguous mappings were
collected in series, in order to obtain large-scale mosaic-like elemental mappings (Fig. 3-1).
Mapped elements generally included C, O, Na, Mg, Al, Si P, S, Cl, K, Ca, Ti and Fe. Total grid
dimension was usually of 30 - 40 sectors along the x axis and 8 – 10 sectors along the y axis.
Given the parameters of analysis (resolution, dwelling time), such mapping takes 8 to 12 hours of
acquisition. Differing parameters were often tested (higher magnification, higher resolution).
Actual conditions for acquisition of each sample are indicated in Appendix A.

Fig. 3-1:

Schematic of the method for producing large-scale elemental mappings and chemical
profiles.

Because of the horizontal orientation of samples and the design of the experiment (steel tube), the
studied Fe-bentonite interface is slightly curved. The curvature was, however, neglected at the
scale of observation (< 10 mm) and the interface was hence considered flat. Still, great care was
taken in orientating the sample prior to mapping, to guarantee that consecutive sectors along the
y axis would be as parallel as possible to the interface (Fig. 3-2). In the case of non-caged samples
(bentonite only) the first line of sectors along the y axis was set to slightly overlap the rim (and
hence the interface with the heater) of the block (Fig. 3-2 left). In the case of caged samples, the
first line along y axis was set in order to contain only the rim of the steel tube, so that the second
line of the sector would only contain the corrosion layer and the rim of bentonite block (Fig. 3-2
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middle). If the corrosion layer was large enough, the grid was defined such that the first line would
contain the rim of the steel tube; the second line the corrosion layer and then the rim of the
bentonite block in the third line.

Fig. 3-2:

Close-up of elemental mappings at the Fe-bentonite interface perpendicular to the
heated rod, for a non-caged sample (left) and a caged sample including bentonite,
corrosion layer and steel part (middle and right).
Red colour represents carbon (mostly resin), yellow accounts for iron (steel and corrosion
features) and the grid accounts for the mosaic of small elemental maps collected separately
and later stitched together.

The SEM apparatus is controlled by the constructor software (Smartsem®, ZEISS), which serves
to set the basic SEM parameters (sample stage position, optical settings, beam voltage and current,
vacuum mode). The EDX acquisitions are instead conducted with another software (Genesis®,
AMETEK), which controls the EDX detection parameters (resolution, dwelling time, regions of
interest in the spectrum (i.e. choice of elements probed, mesh). The grid of analysis is defined
with this second software and it controls the movement of the stage once the mapping is started,
automatically moving the stage to the next contiguous sector after each spectrum acquisition. The
main output data for each sector consist of a SPD file (a spectrum description file), a SPC file (the
EDX spectrum file) and a set of BMP images (one for each mapped element). Along with the
control of the EDX measurements, this software allows quantifying elements from the EDX
spectrum (e.g. through standardless ZAF quantification). It also allows recalculating any sort of
information from the SPD file after the analysis, for instance changing the ROIs in order to reintegrate the EDX spectrum and generating corresponding elemental maps in the form of an intensity
map, or weight % (wt.-%), atomic % (at.-%) etc. However, the later operation (SPD files treatment) cannot be batch-processed, but only individually for each mapped sector, which leads to
great difficulties when several hundreds of sectors are generated for each sample. The former
operation (elemental quantification) can be performed, however, as batch from the series of SPC
files, and the software generates an XLS file regrouping all the information on the ZAF quantifycation (wt.-%, at.-%, K ratio, net intensity, intensity error and the Z, A and F parameters for each
elements) for all the sectors in one table. For practical reasons, it was thus decided to set the initial
parameters of EDX analysis by including the largest set of elements of interest, including C, O, P
and Ti (Fig. 3-1) and generate elemental maps as intensity maps (the most direct output, involving
no treatment such as quantification). In a first approach, the total EDX spectra were semi-quantitatively analysed without standardisation using the ZAF matrix estimation. The corresponding
XLS files were the second output data. The underlying idea was to be able to further refine and
handle all the information using author's own algorithms. The way such data were handled is
further described in the next section.
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Although convenient for conducting the measurements, the Genesis software is not supported
anymore, and besides the above described inconvenience (no batch post-processing of SPD files),
it also exhibits some bugs. The most important bug was that no backscatter electron image (that
should have been generated along with the elemental mappings) was generated by the software.
Therefore, additional software (Multiscan module, ZEISS) had to be employed to retrieve the
backscatter electron (BE) image corresponding to the elemental mapping. This software allows
collecting BE images by automatically moving the sample stage following a predefined mesh,
also allowing setting an overlap of the image. A series of BE images with a high resolution
(1024 × 768 pixels) were collected. However, it must be emphasised that, for a given sector, the
image collected by the Zeiss software cover a larger area than the one mapped by the Genesis
software. Only the central part of the image is retained, the border being deformed due to optical
reasons. For this reason, overlapping BE images were acquired on the same area as the elemental
mappings. An overlap value in the 66 % range was found to be convenient, which induced the
generation of 3 to 4 times more images than for the corresponding elemental mappings (i.e. in the
order of 600 – 700 images for the zone depicted in Fig. 3-1). Such an operation took 1 to 2 hours,
depending on size of the scanned zone.
This module is convenient for automatically acquiring a large set of images, as the Genesis software does, but it unfortunately exhibits some important bugs. It should normally be able to reconstruct the global image at the end of the process, but this function was faulty (e.g. no correction
related to overlapping zones). Moreover, it was observed that the overlap between consecutive
images varied during acquisition and that the displacement was not perfectly vertical and horizontal (along the X and Y axes) but slightly oblique, inducing a perpendicular shift between two
consecutive overlapping images. This is assumed to be due partly to a bug in the control of the
sample stage (which may move too fast), but probably also to optical reasons that are currently
not understood (dealing with obliqueness of the images). Finally, it was also observed that some
images were not conveniently acquired, as the screen was sometimes frozen before complete
scanning of the image, thus generating an image containing a portion from two adjacent regions.
Nevertheless, such issues could be resolved through construction of an algorithm. This is presented in the next section.

3.1.2

Output data handling

3.1.2.1

Images

As described above, two kinds of images were collected; elemental intensity maps on the one
hand, and BE images on the other hand.
A simple algorithm was built in order to merge all the elemental maps together, and to obtain a
large mosaic of the mapped area for of each element. It also allows converting the data embedded
in the pixels (the actual EDX intensity) to any other type of unit (wt.-%, or at.-%). This second
option was developed above all for visualisation purposes, in order to equalise the global image
(correcting the intensity differences between the separate sectors, due to various reasons such as
the presence of massive inclusions, slight changes in the working distance upon scanning large
areas, or not perfectly flat surfaces), tune parameters such as colour scale or saturation, and
display more easily readable information on the elemental maps. It must be emphasised that the
resulting at.-% value obtained for each pixel is affected by a variable error depending on the
element. This is due to statistical reasons, because the parameters used for converting the intensity
values (ZAF matrix and background and net intensity ratios) correspond to the EDX spectra of
the complete mapped sector (the sum of 12800 pixels). The purpose of such developments is
illustrated in Fig. 3-3.
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Fig. 3-3:
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Illustration of the development of a small algorithm for treating the elemental maps
collected on a given sample.
This algorithm allows: (a) merging the elemental intensity maps (here Aluminium in the first
text block of MX80), correcting the intensity variations (b) within individual sectors and (c)
between the various sectors, also tuning parameters such as saturation or colour scale, and
finally (d) converting intensity to atomic %. This example represents a chemical map of Al
in the sample ABM2#08.

A set of large-scale elemental maps has been generated for each mapped block. They are all displayed in Appendix A. However, given the number of images and their resolution, one should
better observe them using image processing software such as Photoshop. A PSD file containing
the superimposition of all elemental maps has been generated for each block. It also displays other
items such as the grid, the trace of the rim (another algorithm used to correct the distance to
interface in chemical profiles, described in the next section) and a reshaped BE image (described
below). This gives a better insight into the chemical and mineralogical assemblage in each sample.

13
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Obtaining the global BE image required a more elaborated approach. As explained in section 3.1.1, the acquired BE images were larger and better resolved than the elemental mappings
but acquired with a significant overlap (66 %) to correct for optical deformation, thus resulting in
a larger number of images (3 to 4 times). In addition, merging them further requires corrections
of their exact positions in the large mosaic, or more rarely corrections on missing images. An
algorithm has been developed to overcome these issues. It proceeds in two steps. In the first step,
the overlapping and misalignment values of each image (regarding its neighbours in the both X
and Y directions) are determined. This is done by least squares minimisation of the difference
between greyscale values of selected portions of two consecutive images, which are assumed to
be overlapping and not deformed. Once those values are known, they are averaged in one of the
two directions (e.g. overlapping along X of two series neighbouring of images belonging to same
Y column are averaged along Y, and vice-versa for overlapping along Y axis). In a second step,
all the images are cropped and merged together according to the average values determined in the
first step. If the image is absent (due to wrong freezing of the screen upon acquisition), the neighbouring image's borders are extended until they merge. This results in black squares if two consecutive images are absent. An example of results of such reconstruction of high resolution BE
images is shown in Fig. 3-4.

Fig. 3-4:

(top) Example of an assemblage of BE images corresponding to a mapped surface
(here ABM2#25), and (bottom) portions of the upper images, with the actual
stitching grid superimposed on the left and central images.

Fig. 3-4 shows the obliqueness of the resulting reconstruction (judging by the black margin on
the upper and lower border). The superimposed grid shows the great number of images required
to reconstruct the same area as elemental mappings and exposes the misalignment of the neighbouring images due to issues in the acquisition software.

3.1.2.2

ZAF quantification and chemical profiles

The XLS file containing the ZAF quantifications forms the second output of the SEM-EDX
acquisition. It displays the ZAF matrix estimations (wt.-% and at.-%) and parameters (ZAF, net
intensity and background). These parameters are used for image treatment, while the estimations
(at.-%) are used to construct the chemical profiles, by simply averaging values along the y
direction (as pictured in Fig. 3-1). As explained in a previous section 3.1.1, the total EDX spectra
were first semi-quantitatively analysed without standardisation using the ZAF matrix estimation.
However, upon analysing the first samples and constructing the chemical profiles, varying but
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systematic gaps were observed when comparing reference values for chemical composition (REF,
XRF measurements Svensson et al. 2011) with the present EDX estimations of the bulk content
(a priori assumed to be unchanged for most major elements such as Si, Al, Fe or Mg). Those
semi-quantitative ZAF matrix estimations rely on theoretical equations which involve the
estimations of the intensities of the pure element in the same conditions of the analyses. The
parameters may therefore differ depending on the conditions of the analyses, but also on the
chemical matrix of the sample itself (e.g. may differ for a bentonite compared to a metallic object).
The Genesis software offers the possibility to use "Standardless Element Coefficients" (SEC), to
customise the standardless analysis to a detector's and/or samples' characteristics. This, however,
requires that those factors are known prior to batch calculation of atomic proportions. It also
allows using the results obtained with a sample of known composition to retrieve those factors.
This, however, relies on the use of only one single standard. In the present study, a similar
approach was adopted for improving the ZAF estimation, but externally from the software. Those
coefficients were determined from the analyses of the 6 raw bentonites constituting the
investigated ABM blocks (MX80, Ibecoseal, Ikosorb, Deponit, Rokle and Kunigel). For this
purpose, pellets of raw bentonite were pressed (5000 N), freeze dried, vac-embedded and polished
in the same way as the ABM samples. They were then analysed with the same SEM-EDX procedure. ZAF quantification was determined by averaging 80 different sectors (150 for MX80). The
obtained results were then compared to the reference values from SKB (Fig. 3-5). In addition,
REF values from SKB were compared to another set of references collected by Kaufhold and
Dohrmann from BGR on other aliquots of the same bentonite (Dohrmann & Kaufhold 2017). It
must be emphasised that both XRF datasets were measured in the same laboratory (ACME Labs,
Canada), but that the Dohrmann & Kaufhold dataset does not include P and Ti. Those elements
are thus excluded as well from the REF data set when comparing it to the Dohrmann & Kaufhold
dataset in Fig. 3-5.
Except for some notable discrepancies in Ca and S estimations for some bentonites, which are
attributed to differences in the methodological approaches, REF and Dohrmann & Kaufhold
datasets on raw bentonite composition are very consistent. Instead, comparisons of the EDX
dataset with the REF one show greater discrepancies for all elements, except S for which more
consistency is found than with the Dohrmann & Kaufhold dataset. The notable discrepancies
observed for all other elements (Fig. 3-5) is almost linear and can be simply be overcome by
setting individual linear correction factors for each element which are the so-called SEC factors
(Tab. 3-1). In the rest of the report, SKB REF values will serve as reference values regarding
changes in the EDX profiles.
These SEC coefficients were determined by least squares minimisation of the difference between
REF and EDX data. Once applied, a good consistency is found between EDX and REF datasets.
SEC coefficients were then used to correct all the ZAF quantifications from the EDX mappings
collected on the ABM blocks, greatly improving the quantification of chemical composition. The
other mathematical operations performed (normalisation, averaging, fitting) on those large datasets are further discussed in the next sections.
A correction on the distance between a given mapped sector and the heater is also included, to
improve the accuracy of the chemical profiles. This correction uses the elemental maps of carbon,
which mostly accounts for the epoxy resin. As explained in a previous section, the first line of
sectors along y was set to slightly overlap the rim (and hence the interface with the heater) of the
block (Fig. 3-2). An algorithm was made for spotting the point at which carbon is no longer the
major element and falls below a threshold value, indicating that bentonite becomes the dominant
material. The output is illustrated in Fig. 3-7. Once the exact position of the interface is spotted,
it is averaged, and the exact distance of a given mapped sector to the interface can be accurately
corrected.
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Fig. 3-5:
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Comparison between diverse sets of chemical analysis of 6 raw reference bentonites
selected in this study.
Blue dots account for comparison of the dataset from Dohrmann & Kaufhold (2017) with
REF (Svensson et al. 2011). Red dots account for comparison of EDX data set with REF.
Dashed red line is a linear fit of this second comparison. Black dashed line represents the 1:1
relationship. Error bars account for 2x std on 80 values (150 for MX80).
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Fig. 3-6:
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Comparison of corrected EDX data set (after individual element corrections by the
factor displayed in Tab. 3-1) with REF (Svensson et al. 2011).
Dashed green line is a linear fit of this comparison. Black dashed line represents the 1:1
relationship.
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Tab. 3-1:
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Standardless Element Coefficients (SEC) determined from the comparison between
standardless ZAF quantification results from EDX and references data (REF;
Svensson et al. 2011) measured on raw standard bentonite (Figs. 3-5 and 3-6).

Element

Al

Ca

Fe

K

Mg

Na

P

S

Si

Ti

Correction
factor

1.03

1.09

0.96

1.05

1.06

1.30

1.22

1.10

0.97

0.93

Fig. 3-7:

Example of "rim spotting" using carbon elemental maps (ABM2#25 in this
example).
(left) carbon map with the interface lying in the first left Y column and (right) interface
spotted with the software and widened for better visualisation (real width is one pixel).

Finally, for presenting the large numerical dataset (i.e. the chemical profiles and their subsequent
mathematical transformations), each quantification is represented by a point (average of values
from the same column, or same group of columns) with a bar accounting for two times the standard deviation on the averaged values. The bar is called "error bar" in the following but indicates
the chemical variability parallel to the interface. If this variability is larger than the chemical
gradient perpendicular to the interface, the gradient is not significant. In a first approach, profiles
were presented with straight connecting line between each point (Fig. 3-8 left), but they were later
found to be smoother by using an interpolating spline curve (using fitting options in OriginLab®,
Fig. 3-8 middle). It must be emphasised that this interpolating line is not a strict fit of the data, it
is above all chosen for visualisation purposes. For instance, at some rare spots, it even tends to
exaggerate the variations in data (e.g. in the red circle in Fig. 3-8 middle). Dealing with error bars,
they are further replaced by "error zones" (Fig. 3-8 right) in cases where various profiles had to
be compared together on the same plot. One colour was chosen for each element. Thus, for a
given element in any profile, data points, error bars, connecting lines and data labels have this
same colour. The error zone has also the same colour, but with some transparency (80 %). The
horizontal straight line of this same colour always accounts for the REF data (Svensson et al.
2011). For a given element, most of the chemical profiles in the different samples are presented
with the same scale.
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Fig. 3-8:
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Three ways to display the chemical profiles.
Here an example with Ca profile in sample ABM2#27: point connected by straight lines
(left), points connected with a spline interpolation (middle) and same presentation with
underlying "error zone" (right; i.e. the zone delimited by spline interpolations of the negative
and positive error bars). The horizontal line (same colour as data set) represents REF values
(Svensson et al. 2011).

"Al-normalised" chemical profiles
This short section explains how the "Al-normalised" profiles were obtained and how they are
presented. The reason behind such an approach and the way to interpret those data are further
explained in the results and discussion section.
The so-called "Al-normalised" values were not computed from the average atomic % averaged
values displayed on the chemical profiles, but directly from the ZAF quantification results (as for
average at.-%). For a given element the ratios of the atomic proportions of this element over the
aluminium content calculated in each sector (of a given column of the analysis grid, or even
several columns in case of "bulk values") were averaged. The error bars again account for two
times the standard deviation. The plots use the same colour code as the atomic % chemical profiles. The horizontal solid line of the same colour represents the reference Al-normalised value
(using REF values from Svensson et al. 2011). An example of such a presentation is given in
Fig. 3-9. Additional datasets are displayed on this second kind of chemical profiles. Chemical
profiles obtained by BGR on the other portions of the ABM2 blocks are represented by squares
of a colour contrasting with that of the element (either black or red). BGR samples were collected
at distances of 1 mm (scrapings), 20 mm and 50 mm (plus 80 mm, not shown on the profiles) and
analysed by XRF in the same lab as for the ref values (ACME Lab, Canada). If additional data
(different datasets from different magnification/samples/methods etc.) are compared on the same
plot, they are included using a colour (red, black or grey) contrasting with the colour of the element. For instance, results from the present XRF survey are also indicated for a group of samples
further studied by XRD and Mössbauer spectrometry (#11 and #25). These XRF data are figured
by empty rectangles, with lateral extent accounting for the estimated length of the sampled area.
Predictions and complementary data are also included using contrasting colour and/or dashed
lines. These additional predictions include:
•

a "bulk fit" value, i.e. the average value of all the sectors in the innermost 1 cm section of the
block. It is represented by a solid line of contrasting colour. The underlying grey area accounts
for two times the standard deviation. In some rare case, some odd points (e.g. a sector
enclosing almost only a massive pyrite or calcite grain) were excluded from the count.
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for Mg, Ca, Na and K, an estimation of non-exchangeable fraction in the raw material is
represented by the dashed line of same colour as the element. It is calculated by applying the
ratio determined from BGR dataset (extractable amount over total amount in raw materials,
Dohrmann & Kaufhold 2017):

𝑋𝑋exch =

BGR
𝑋𝑋Cu−Trien
BGR
𝑋𝑋XRF

(3-1)

to REF XRF data from SKB (Svensson et al. 2011):
SKB
𝑋𝑋non−exch = (1 − 𝑋𝑋exch ) ∙ 𝑋𝑋XRF

(3-2)

where Xnon-exch is the estimation of non-exchangeable content of a given cation, XCu-Trien the
exchangeable content in the raw material, XXRF the total amount in the raw material measured
by XRF, and the superscript accounts for the origin of data (SKB, or BGR). It must be noted
that this is a rough estimate. It implies that (i) all exchangeable cations are correctly estimated
in the CEC analysis of raw materials and (ii) (when further compared to final values) it implies
that the amount of the non-exchangeable population (the background) is unchanged in the
final material i.e. dissolution or precipitation of salts is neglected,
•

dealing with Ca, an estimate of the bulk value is represented by the red dashed line. It is
obtained by comparing Na, K and Mg bulk values to REF values, assuming charge balance
of variations in Na/K/Mg by Ca. As for previous estimates, dissolution or precipitation of
accessory minerals is neglected.
SKB
𝑋𝑋Ca−final = 𝑋𝑋XRF
− ∆Na − ∆K − ∆Mg

(3-3)

𝑆𝑆𝑆𝑆𝑆𝑆
∆𝑁𝑁𝑁𝑁 = 𝑋𝑋𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋

(3-4)

where ΔX accounts for the variation in bulk content in the element X, as estimated by the
difference between the final content assessed by EDX and the initial one assessed by XRF
(using REF XRF dataset; Svensson et al. 2011), e.g. for Na:
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Fig. 3-9:
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Example of "Al-normalised" chemical profiles displayed in the present report.
Here an example of a Ca profile in sample ABM2#27, with legends indicated on the plot.

Excess profiles and AlMX80-renormalised–excess profiles
In further exploitation of the above described Al-normalised chemical profiles, "excess profiles"
are established for Fe and Mg (also Ca and S for some specific samples), with an example shown
in Fig. 3-10. The term "excess" in fact refers to the difference between the quantity that is
measured by EDX at a given spot of the profile and the average "bulk" value (in the same sample)
as follows:
𝑋𝑋Excess = 𝑋𝑋EDX − ⟨𝑋𝑋Bulk ⟩

(3-5)

where the bulk value is obtained by averaging all the values measured in the innermost 1 cm of
the block (the above described "bulk fit"). In sample #24 for which a very short profile was
analysed, the bulk values were based on the two deepest points. These profiles are used for interpretation and identification of the major chemical changes in each of the various blocks (further
detailed in sections 8.2 and 8.3).
The excess profiles are further renormalised to the bulk Al content of MX80 in order to intercompare the various blocks together, as follows:
Converted
𝑋𝑋Excess
= 𝑋𝑋Excess ∙

⟨𝐴𝐴𝐴𝐴Bulk ⟩

MX80
�𝐴𝐴𝐴𝐴Bulk
�

(3-6)
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The MX80 bulk Al value was chosen because MX80 represents 3 of the 8 blocks selected in the
presented study (the two extreme ones #8 and #27, plus #25 mixed with 30 % quartz) and because
it is a model bentonite used in numerous other experiments. A comparison between bulk Al proportions measured by EDX and the raw proportions measured by XRF (Svensson et al. 2011) is
shown in Fig. 3-11.

Fig. 3-10:

Examples of "Al-normalised" chemical profiles of assumed excess quantities of Ca
and S (left) and Fe and Mg (right), for sample ABM2#27.
The error on the bulk value is indicated by the grey zones around the zero line (grey for Fe,
light grey for Mg).

Fig. 3-11:

Comparison between the atomic proportions in Al as measured by XRF on the raw
materials (Svensson et al. 2011) and by EDX in the bulk of the blocks at the end of
the experiment.
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The comparison above illustrates the correctness of the EDX methodology regarding quantification and supports the validity of such mathematical transformations of the collected data. The
bulk Al value for #27 was used for all the renormalisation. Using the values from block #8 (closer
to 1:1 line and smaller error bars) has only a weak impact on the results. One can note a slight
discrepancy concerning #12. The same discrepancy can be observed when comparing the same
XRF values on raw materials and the one measured by EDX for calibration (Fig. 3-6). This can
be explained by either a deviation in the corrected EDX ZAF quantification, or that a slightly
different batch of Ikosorb was used in the XRF analysis of SKB.

3.2

Mössbauer spectrometry

Fe Mössbauer spectrometry is the method of choice for probing the iron present in the samples.
It demands a reasonably small sample size (< 100 – 400 mg depending on total Fe content) and
simple ways to protect the sample from air oxidation during handling and analysis. In the present
case, small amounts of sample were embedded in degassed araldite resin, prior to taking them out
of the glove-bag and sending them for analysis. Understanding the spectra of such samples (bentonites on the one hand, and mixtures with corrosion products), however, requires performing the
analysis in various conditions (e.g. various temperature and/or in presence of a magnetic field),
and is made more straightforward when combined with other physical or chemical characterisation method.
57

The Mössbauer spectra were recorded at room temperature (RT, 295 K) and at 77 K using a constant acceleration spectrometer and a 57Co source diffused into a Rh matrix. Velocity calibrations
were carried out using an α-Fe foil at RT. The values of the hyperfine parameters were refined
using a least-squared fitting procedure involving a discrete number of independent quadrupolar
doublets and magnetic sextets composed of Lorentzian lines. The values of isomer shift are
reported relative to that of the α-Fe spectrum obtained at RT. The proportions of each Fe species
were established from the relative spectral area, assuming thus the same values of the f-LambMössbauer factors characteristic of each phase.
The studied bentonite matrix involves various Fe2+/3+ bearing species (with various size distributions) which can result in very similar or overlapping signatures. The mixture with Fe2+/3+ species
generated by the corrosion of the heater (e.g. lepidocrocite or siderite) further complicates the
analysis. Interpretation of such spectra is not straightforward and may be subject to evolutions
(refinements of fitting) in the light of complementary data from other characterisation methods
and also improvement of author's own fitting approach (especially dealing with standardisation
and development of the database of Fe bearing compounds).
In the present case, the fitting philosophy consists of the use of a minimal number of components
(doublet or sextet) for at least discriminating between high spin octahedral Fe3+ (HS-oct-Fe(III)),
high spin octahedral Fe2+ (HS-oct-Fe(II)) and low spin octahedral Fe2+ (in fact pyrite). The
reduction level of Fe can thus be deduced.
The magnetic and superparamagnetic (i.e. magnetic at low temperature such as "large enough"
goethite or hematite grains (Vandenberghe & De Grave 2013) species can also be discriminated
from paramagnetic species by conducting analysis at contrasting temperatures (300 K and 77 K
in the present case). Indeed, goethite grains tend to present different signatures, depending on
their size. "Large" grains (> 25 – 30 nm) are magnetic at both temperatures, "medium" (between
5 – 8 and 20 nm) are magnetic only at low temperature, and "small" (< 5 – 8 nm) are paramagnetic at both temperatures. It must be emphasised that these size ranges are rough estimates, as
such behaviour depends also on the distance between grains, crystallinity and interferences with
other Fe phases. Similar behaviour can be expected from hematite, but the interpretation is made

23

NAGRA NTB 17-10

less straightforward because of more significant crystallographic (and behaviour) changes
induced by temperature variations (and higher dependency on grain size). Here the distinction
between goethite and hematite is mostly based on their hyperfine magnetic field and the manner
it is affected by temperature variations (hematite presents a notably higher field).
The list of components used for fitting the spectra and their possible attribution are listed in
Tab. 3-2. It must be emphasised that this list is not exhaustive, thus only the most likely
encountered species are listed. Phases like magnetite, marcasite and ilmenite (often found in in
EDX and Raman analysis or raw materials from ABM2 samples) have not been detected in any
of the sample measured by 57Fe Mössbauer spectrometry so far. Spectra are in most cases
measured at two different temperatures, to give more details on the samples (e.g. superparamagnetism) and to check the validity of the fit as well (it must be consistent between the two
temperatures).
Tab. 3-2:

Set of components used to fit the Mössbauer spectra and their possible attribution.

Component of the spectra

HS-oct-Fe(III)

HS-oct- Fe(II)

doublet

doublet

Possible attribution

Remark

clay minerals (mainly montmorillonite, but also some illite and/or micas)

present in any sample, can
decrease in ABM2 samples

hematite

accessory phase in raw
material, only at 300 K

small (< 5 nm) grains of goethite
medium (5 – 25 nm) grains of goethite

only at 300 K

green rust

only in ABM2 samples

lepidocrocite, sorbed Fe(III),
ferrihydrite

low probability

clay minerals (mainly illite and/or
mica and probably montmorillonite)

present in any sample, can
increase in ABM2 samples

siderite/ankerite, sorbed Fe(II), green
rust, ferrous hydroxides, chuckanovite,
Fe2OH3Cl, amakinite/ ferrobrucite

only in ABM2 samples

pyrite

doublet

pyrite

accessory phase in raw
material

hematite

sextet

hematite

accessory phase in raw
material, only at 77 K

large (> 25 nm) grains of goethite

only at 300 K

medium (5 – 25 nm) to large
(> 25 nm) grains of goethite

only at 77 K

goethite

sextet

Parallel simultaneous determination of Fe2+ and total Fe content (using the modified phenanthrolline method) would have been a great help but is unfortunately not applicable on the range of
studied sample. At present, the information relative to total Fe content is inferred from XRF
analysis of the powder material (comparing Fe/Al ratio in ABM2 samples and raw material). XRF
values bring a relatively precise quantification of total Fe but require a higher amount of sample.
If the amount of material was insufficient for XRF analysis (as for most crust samples), the total
amount of Fe is inferred from the EDX chemical profiles.
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Presence of pyrite further complicates the correct interpretation of spectra because this low spin
Fe2+ compound has a signature that can easily be mistakenly interpreted as high spin octahedral
Fe3+ (lepidocrocite, clay, hydroxides). In the present approach, the occurrence of pyrite (grain
size, distribution and maximal content regarding Fe pool) was first assessed by the comparison
between XRD patterns, SEM (BE images), EDX (chemical maps) and XRF (Fe/S) data (as presented in section 5.2). If the probability of presence (content and/or distribution) is high (as in
Kunigel or Deponit), its presence is imposed in the fitting, but the content is allowed to vary freely
(the initial value is set to the maximal predicted value from XRF). If it is low (as for other
bentonites), fitting is tested with or without imposing the presence of pyrite, and presence is only
considered if significant improvement of fitting is achieved. Otherwise it is neglected (i.e. pyrite
content < 2 % of total Fe).
Interpretation of Mössbauer spectra is based on the following points:
•

Goethite and hematite are considered as accessory minerals in the starting material, but goethite can also be part of the additional Fe product as well in the sample from ABM2 experiment. These species can be discriminated from the rest of HS-oct-Fe at 77 K, provided that
grains are not too small, i.e. greater than 5 nm. Thus, absence of goethite/hematite in the
presented spectrum does not rule out the presence of nano-sized grains (included in the paramagnetic Fe3+ pool).

•

Pyrite is another notable accessory mineral in starting material and can be identified by comparing the fit in the presence or absence of pyrite component and at different temperatures.
Pyrite is only included if it consistently improves the fit and is supported by other characterisation methods (e.g. XRD and EDX).

•

The remaining pool of HS-oct-Fe in the starting raw material is considered as clay structural
Fe (since significant presence of other species such as lepidocrocite or siderite hasn't been
shown in the raw bentonite so far). It is in majority found in montmorillonites, and to a lesser
extent in illite and micas. However, in the case of retrieved ABM2 sample, the remaining
pool can also include other newly formed Fe bearing species mentioned in table Tab. 3-2.

•

Dealing the HS-oct-Fe in the starting material (thus presumably clay structural Fe), it is
unlikely to undergo oxidation but rather the reverse. Its reduction level can therefore be considered as a minimal value and is only likely to increase through reduction of structural Fe.
In fact, sorbed Fe2+ is the only likely candidate for inducing such a change (further detailed
in section 9.2) but no distinction between sorbed and structural Fe can be made at present.

As a consequence, a decrease of the reduction level can only be interpreted as dilution by a Fe2+/3+
mixture with lower reduction level compared to initial bentonite. In contrast, an increase in the
reduction level can be interpreted as a dilution by a Fe2+/3+ mixtures with higher reduction level
compared to initial bentonite. Nonetheless, in this latter case, distinction can be made between
actual reduction of structural Fe and addition of Fe2+ to the iron pool (further detailed in
section 9.2).
The key aspects that should be determined in parallel are basically the total Fe content, the reduction level (Fe2+/total Fe) and the identity of Fe-bearing species present. The latter aspect can be
obtained with the help of other methods (e.g. XRD, IR, EXAFS and Raman spectroscopy). This,
however, better implies performing such analysis in the same anaerobic conditions. In the present
case, XRD on samples protected from the atmosphere with a dome-shaped cap (domed XRD) has
been employed. This parallel characterising method obtains qualitative indication on the presence
of crystalline Fe-bearing species other than the clays and might reveal potential effects of redoxinduced changes on clay structure. μ-Raman spectroscopy has also been performed to identify Febearing phases in the bentonite matrix and in the thin corrosion layer found in the caged ABM
samples.
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X-ray diffraction (XRD)

XRD analyses were conducted using an Anton Paar domed sample holder for air sensitive material (equipped with a polycarbonate dome). The powdered ABM2 samples were front-loaded on
the sample holder in the anaerobic chamber, the surface was flattened with a glass slide and the
dome closed before removal from the chamber. Sample were usually measured coarse-grained
and often measured again after finer grinding in the anaerobic chamber. Some analyses were done
on disorientated samples (using a stamp producing a pyramidal texture on the surface). The raw
bentonites were also analysed, domed and undomed. It was observed that the chamber of the XRD
apparatus was notably dryer (< 25 % RH) and hotter (27° C) than the rest of the lab
(40 – 60 % RH, 22 – 25° C, similar condition also in anaerobic chamber). For better comparison
between diverse samples preparation (aerobic, anaerobic), undomed samples were thus measured
after having been exposed in the XRD chamber for several hours (minimum 3 h). The air of the
anaerobic chamber was also dried (adding cages containing silica balls on the oxygen scrubbers
of the chamber) to maintain a constantly dry atmosphere (< 25 % RH, 22° C) more similar to the
XRD chamber. Samples were prepared after a few hours of exposure to the dry anaerobic
atmosphere. Further detail on the setup of the XRD method and some features of the domed
sample holder are given in Appendix B. The samples were analysed with PANalytical X'Pert PRO
X-ray diffractometer and recorded using Cu Kα radiation with a wavelength of 1.54 Å at 40 mA
and 40 kV. The samples were scanned from 5° to 60°2θ angle using a step size of 0.0167°2θ and
a time of 1 – 10 s per step, with automated divergence slits. The sample was spun throughout the
measurement, at a rate of a revolution every 8 seconds.
The primary goal of the present investigation is to provide qualitative data about the crystalline
species present in the ABM2 samples (identity, crystallinity), and probe the potential changes in
the clay's structure. Identification of the present species was made with the help of EDX mappings
on the ABM2 samples (and raw materials) and of previous XRD characterisation of the raw materials (Svensson et al. 2011). The recorded XRD peaks are compared to a database of XRD patterns
including a large range of minerals and chemical compounds and are identified accordingly if a
sufficient match is found regarding the position of the main reflections. The powder diffraction
files serving for the identification are indicated on the figure. No quantitative description of the
patterns was attempted.
It must be noted that for clays minerals, a relatively large range of reference patterns can match.
Thus, no references are indicated for montmorillonite. In case of illite, references are often indicated. Such identification was, however, often only based on the basal reflection. A notable range
of mica minerals of similar basal spacing (including muscovite, biotite, phlogopite, phengite) can
also display similar patterns. These secondary clay minerals are thus often referred to as illite/mica
in the following.
Dealing with feldspar, observation of EDX mappings shows that it can be present in notable
quantities in all studied bentonites and with varying composition (especially regarding Ca, Na
and K contents) and binary or often ternary solid solutions can be found. Thus, in the case where
no consistent match could be found in the database, identification of these minerals was done with
the help of several reference patterns of end-members (Ca, Na or K rich). In that case, the corresponding peaks are indicated as "feldspar" on the diagram.
Identification of the phases in the undomed raw material is complex, but still more straightforward
that with domed ABM2 samples. As outlined in the description of the method development
(Appendix C), the dome absorbs a part of the X-ray, but can be also suspected to present some
diffraction artefacts because of static electricity. This second aspect requires deeper investigation
to be ruled out or confirmed. Another notable issue encountered in the present approach is the
presence or iron corrosion products in the final ABM2 samples (especially the crust one), which
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cause high fluorescence (and thus higher background) at the employed energy for conducting the
XRD survey. Thus, notably lower signal to background ratios can be expected in the case of
ABM2 samples. These issues comprise those related to the heterogeneity of the studied samples
and preferential orientation.
On the one hand, it must be emphasised that disappearance of peaks cannot be directly linked to
disappearance of the corresponding phase. On the other hand, appearance of new peaks can be
linked to occurrence of new phases or alterations resulting from the ABM2 experiment only in
the case where they can be clearly identified from the database or from existing literature.

3.4

Raman spectroscopy

Raman spectroscopy was performed with a Jobin Yvon LabRAMHR800 instrument, consisting
of an Olympus BX41 confocal microscope coupled to an 800 mm focal length spectrograph. An
unattenuated He-Ne laser (20 mW, polarised 500:1) with an excitation wavelength of 632.817 nm
(red) was focused on the sample surface and the Raman signal was collected in reflection mode.
The sampled volume was a few μm3 using a 100× objective. Spectra were measured in a Raman
shift interval of 150 to 1400 cm-1 (in 5 steps of 250 cm-1). Acquisition time for each step was
2 × 15 s, (i.e. total analysis time of 2.5 minutes). Acquisition time was extended for some analyses
in the clay matrix. However, few of these latter measurements were performed, because fluorescence issues caused a significant background in spectra from the clay matrix and the epoxy resin.
As for SEM-EDX, analyses were performed on polished surfaces prepared aerobically and
unprotected during analysis. Raman spectroscopy was therefore performed above all to identify
the original accessory Fe phases of the bentonite. The thin corrosion layer found in the caged
ABM samples was also analysed. The spectra were recorded with Labspec V4.14 software
(HORIBA Scientific). Identification of the species was done with the help of the spectra library
included in the HORIBA Edition of the KnowItAll®. The spectra presented in this report indicate
name(s) of identified specie(s) and corresponding reference number(s) in the library, which
actually regroup several databases for organics, minerals and gemstones, such as Minlab v3 or
RRUFF (Lafuente et al. 2015).

3.5

X-ray fluorescence (XRF)

XRF analyses were performed at the University of Fribourg, Department of Geosciences. Glass
pellets were made by fusing a 1:10 mixture of sample powder and Li-tetraborate at 1100° C. XRF
analyses of major elements were performed on a Philips PW 2400 spectrometer and corrected
with the internal Philips software X40 using a set of international rock standards. Loss on ignition
(LOI) was determined by mass difference before and after fusing.

3.6

Phenanthroline method (total iron and reduction level)

It was initially planned to apply the modified phenanthroline method (Amonette & Templeton
1998, Stucki & Anderson 1981) to assess both total Fe and reduction level. Since this chemical
method allows treating a large set of samples at once and requires a small amount of sample
(100 – 200 mg per assay), it was envisioned to screen the large set of collected samples and to
further focus on samples contrasting in terms of total Fe content and/or of Fe2+ content. The
method has been proved to be efficient on a large range of silicate-bearing materials, including
pure smectites (Amonette & Templeton 1998, Fritz & Popp 1985, Komadel & Stucki 1988,
Saikkonen & Rautiainen 1993, Stucki & Anderson 1981, Stucki 1981).
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However, its first application to a set of clayey samples (including two bentonites, Deponit and
FEBEX, and a set of argillites from Switzerland) was unsuccessful. It resulted in the dissolution
of only a part of the Fe contained in the investigated samples. At present, this method cannot
therefore be conveniently applied to the majority of ABM2 samples. It would require further
development to assess whether it can be adapted to such materials. This unfortunate result is
briefly presented in Appendix F. XRF analyses of the collected powders have therefore been
adopted as a parallel means to at least determine the total amount of Fe, provided that sufficient
quantities of sample were available.
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Results – Part 1: Macroscopic observations

As outlined in Chapter 2, the design of these Fe-bentonite experiments was rather complex since
it involved the stacking of 30 blocks from 11 different clays. In addition, two different designs
were adopted for the blocks: compacted rings and compacted pellets enclosed in a steel cage.
After dismantling of the experiment, the steel cages appeared to be corroded, and thus obviously
had acted as secondary Fe sources (the primary sources being the central steel tube). The impact
of such a feature could already be observed on the surface of the collected samples upon
unpacking at the Institute of Geological Sciences in Bern. The subsequent stepwise embedding
procedure revealed further effects of cage corrosion within the caged pellets and their neighbours.
Notable differences could be observed within given blocks and also between groups of blocks
from the lower and upper part of the experiment. The present section summarises such macroscopic features observed upon preparation of the ABM2 samples.

4.1

Impact of the steel cages

Cages were installed in order to employ bentonite pellets within the ABM experiments, without
introducing additional materials in the experiment package (Eng et al. 2007). Each cage was constituted of steel plates and rods arranged around a central tube. The cages were further wrapped
into a geotextile, fastened to the outer frame with thin a steel wire. The steel frame was intended
to hold the weight of the blocks placed above the granulates during installation, and the geotextile
was intended to prevent the granulate from falling out during package assembly (Eng et al. 2007).
The top of the buffer block underneath acted as the floor of the cage. Initially, the cages were
intended to be as "invisible" as possible after installation and during the experiment, i.e. allow
water flow and bentonite interaction. The long-term behaviour of the cage was, however, not
considered. The steel frame of the cage was made of black steel, therefore not corrosion protected
by any means. One can observe that the outer vertical rods were already corroded prior to filling
with pellets and installation in the ABM experiments (Fig. 4-1 left).
The cages were installed in the ABM assembly and then filled with compacted MX80 pellets,
pressing only with hand force (Fig. 4-1 right). The weight of the introduced material was then
noted. The dimension of the cages was roughly the same as the other compacted bentonite blocks
(i.e. 28 cm diameter for 10 cm height, with a slightly larger central hole). Still, the weight of the
compacted blocks varied within a range of 10 to 11.7 kg (Eng et al. 2007), while the weight of
the caged pellets was about 7 kg. The final densities of the caged bentonite could be thus expected
to be 40 % lower than those of the compacted bentonite blocks.
The caged pellets retrieved after the ABM2 experiment clearly exposed two major changes
(Fig. 4-2), the first being that the bentonite pellets were not discernible any more. The bentonite
had visibly swollen upon water saturation and the pellets coalesced, resulting in a homogeneous
texture within each cage. The bentonite slightly protruded (few mm) from the sides of the cages
but was well maintained by the geotextile, resulting in rather flat sides with slightly rounded
edges. The bottom and top surfaces of blocks were also rather flat. The final volume occupied by
the bentonite was in all cases slightly lower than the cage's volume. The frames of the cages were
still lying out of the blocks (see the small gaps between dashed lines on Fig. 4-2d and f). In fact,
bentonite from the neighbouring blocks was found to stick to the blocks and to the sides of the
frames in most cases, indicating that the neighbouring bentonite in fact had slightly protruded the
cages. Only the bottom of block #27 exhibited a more even surface, the bentonite even slightly
protruding in some locations (Fig. 4-2f).
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Steel cage prior to filling with clay pellets and installation (left); caged MX80 pellets
upon installation (right).
Pictures of the ABM1 experiment from Eng et al. (2007).

Fig. 4-2:

Portions of caged bentonite pellets after retrieval from the ABM2 experiment.
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The second major change was that the surface of the steel frame was completely corroded and the
neighbouring bentonite had visibly been impacted by corrosion products. The surfaces of bentonite blocks appeared generally brown-orange, contrasting with the usual grey colour of pristine
MX80. The impact of corrosion appeared more pronounced on the upper blocks (#25 and #26),
as they were entirely covered with corrosion products. The impact appeared more limited in the
vicinity of the frame in the lower block #08 (more usual grey colour of MX80 is still discernible
on Fig. 4-2a), although the cage appeared as corroded as the upper ones.
The impact of the cage is also clearly visible on neighbouring blocks retrieved at the end of the
experient (Fig. 4-3 and sample #24 on Fig. 4-7). The print of the cage's frame was not only discernible from the strong orange/brown colorations (yellow and dark arrows), but also from the
deformation of the blocks which appeared to have swollen and protruded within the neighbouring
cages (red arrows).
Block #13 was located below a caged MX80 block (ABM2#14 not sampled in the present study).
This block was deformed; the top surface had moved upward toward the dead space of the overlying cage (Fig. 4-3b). The bottom surface was similarly deformed, following the same direction
but to a lesser extent. The upper part of the underlying block #12 was similarly deformed as well
(Ikosorb, Fig. 4-4b), and the following block #11 appeared much less deformed (its bottom surface was uniformly flat). The presence of the overlying cage thus appears to have induced deformation (protrusion into the dead space) of the next two to three neighbouring blocks.
Block #26 was located between two cages. It seems to have undergone similar deformations as
block #13, but downward instead (i.e. it protruded into the underlying cage only, Fig. 4-3c). The
upper surface of block #26 was missing from the collected portion (Fig. 4-3d, presumably lost
upon dismantling of ABM2 experiment), but observations of the bottom surface of overlying
block #27 (Fig. 4-2e), however, suggest that the reverse rather occurred (i.e. protrusion of bentonite #27 into the space of block #26). The upper surface of underlying block #26, (acting as floor
for the pellets) may have been in fact deformed downward too. In that case, the shape of caged
pellets #27 seems to have been influenced by the presence of the underlying cage #25. The
retrieved sample #26 was much drier than the other blocks, and a large outer piece uniformly
detached from the block upon sample handling (Fig. 4-3e and f). This occurred right at the location of the overlying and underlying cage's frames, suggesting that their presence had induced
significant mechanical constraints and promoted deformations of block #26.
The impact of corrosion of the steel frame is clearly visible on the neighbouring blocks (yellow
arrows on Fig. 4-3). In some locations, it appears more pronounced than the impact of the corroded heater. The corrosion front appears to have penetrated deeper into the bentonite and stronger
colorations were often observed (black arrows and dashed line on Fig. 4-3b). Observation of
embedded blocks extracted from the interface between the heater and the block 13 (Fig. 4-5)
reveals the presence of a corrosion front (appearing as a 1 mm wide rim) at various distances from
the interface depending on the height. At the bottom of the block, this front is rather close to the
interface (~ 5 mm). However, this front appears to be located further away (< 15 mm) from the
interface in the upper part of the block. The shape of this front appears consistent with the trend
described by the dashed line in Fig. 4-3 b. This shape may be due to interplay between the chemical alteration of the block (diffusion of Fe) and mechanical deformation of the block.
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Collected portions of two bentonite blocks (#13 and #26) which were in contact with
caged pellets.
Yellow arrows indicate the impact of neighbouring cage's frames. Red arrows indicate
deformed areas where the blocks protruded into the neighbouring cages. Black arrows and
dashed line indicate corrosion impact within the blocks.
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Fig. 4-4:

Portions of blocks (a) #11 Ibecoseal and (b) #12 Ikosorb exposing more or less pronounced mechanical deformation due to the presence of caged pellets in the vicinity
(#14, one block above).

Fig. 4-5:

Embedded blocks extracted from the sample #13 (Kunigel).
The yellow arrows indicate the position of a corrosion rim located at varying distance from
the interface depending on the position in the block (increasing with the height).

The cage seemed to have a much greater impact on the enclosed bentonite pellets than on neighbouring compacted bentonite blocks. Rather large cracks surrounded by corrosion halos could be
found close to the central parts (Fig. 4-6). Fig. 4-6 displays sections of a sample which was freeze
dried prior to embedding. This procedure tends to induce sample shrinkage and thus cracking.
Still, the large fractures are thought to be pre-existing zones of lower density in the swelled pelletised material, discontinuities or veins filled with corrosion products, becoming enlarged upon
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drying. Indeed, the large corrosion halos often observed along those cracks are very unlikely to
have occurred during the few hours of sample preparation, but much more likely during the five
years of the ABM2 experiment. The halos are generally observed in the vicinity of cage frames,
suggesting that the horizontal steel plates (rather than the tube and vertical bars) acted as the main
Fe source. Larger fractures are also observed near the frame. Still, it is more difficult to determine
if this is a preparation artefact or a result of the ABM2 experiment. The presence of the frame
(which doesn't shrink as the bentonite does upon drying) may have induced larger fractures in the
neighbouring bentonite upon drying. The presence of corrosion products may have also facilitated
their re-opening upon drying.

Fig. 4-6:

Large embedded portion of the caged bentonite blocks #08 (caged MX80 pellets).
The dashed lines mark the position of the cage's frame. Presented samples are either (a)
covered by resin, (b) exposed and polished, or (c) exposed but unpolished.

The deep location of such corrosion halos (not observed in the compacted blocks) along with their
shape strongly suggest that intrusion of a Fe rich solution induced by corrosion of the frame
occurred already during the saturation period of the experiment (i.e. prior to heating, and prior to
the coalescence of the bentonite pellets). As in the case of the front observed in the upper part of
bock #13, the underlying process may thus again represent an interplay between chemical alteration of the bentonite and mechanical transformations (progressive swelling and coalescence of
the pellets). The possible mechanism leading to such features is discussed in section 9.3.

4.2

Strong contrasts between lower (#08-#13) and upper (#24-27) samples

Various contrasts were seen between samples retrieved from the lower part and upper part of the
ABM2 experiments. Compacted blocks from the lower part (e.g. #12 and #13 in Fig. 4-7) were
often deformed, but still humid, and displayed a homogeneous texture with very rare fractures.
The interface was also relatively well preserved. In contrast, compacted blocks from the upper
part (#24 and #26 in Fig. 4-7) were more altered, the bentonite appeared drier, and many more
fractures were observed. Those samples were generally more difficult to handle (more brittle,
easily disintegrating into smaller chunks). The interface with the heater was also less well preserved.
Caged samples in general revealed a better state of preservation regarding their disc shape and
the quality of the interface. Still, as presented in the previous section, even if all steel cages
appeared similarly corroded, the impact on the blocks' external surfaces was more pronounced in
the upper ones (#25 and #27). The polished section extracted from the interfaces of these blocks
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with the heater further shows that the impact of corrosion is also much more extended within the
blocks (Fig. 4-8). Based on the orange/brown coloration, the iron front appeared to have penetrated 2 to 3 times deeper in the uppermost samples.

Fig. 4-7:

Samples retrieved from the lower (#12 and#13) and the upper (#24 and #26) parts of
the ABM2 experiment.
The location of the interface with the heater is indicated. The yellow dashed lines on picture
of #24 also mark the print from the cage of overlying block #25.

Fig. 4-8:

Polished blocks extracted from the vicinity of caged pellets #08, #25 and #27 with
the heater (collected in similar central location in each blocks).
The dashed line outlines the extent of the corrosion halo.
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Salty rim in the uppermost blocks #25-26-27

A concentric rim of white precipitate (~ 5 – 10 mm wide) could be seen at the surface of the cage
blocks #25 and #27, at very similar distances from the interface with the heater (Fig. 4-9). It was
also observed at slightly larger distance in block #26 and seemed to be even crosscutting the entire
block #26 (in fact most of the salt was found on the walls of fractures, which were numerous in
this block).

Fig. 4-9:

Pictures of blocks #25, 26 and 27 taken upon unpacking.
Arrows point to the white anhydrite rim (yellow) or to large pieces of the sample #26 that
where stuck to the two neighbouring blocks, exposing large colour contrasts (red).
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Results – Part 2: SEM-EDX, chemical profiles and μ-Raman

This chapter gives an overview of the EDX dataset. Some mineralogical details on the Fe distribution in the various studied bentonite and in the corrosion layer are also presented, with the aid of
Raman spectroscopy analysis.

5.1

Definition of the interface

A simplified description of a typical iron-bentonite interaction zone at the end of the experiment
is shown in Fig. 5-1 (left). Such a zone typically encloses a corrosion layer and a mixture of
bentonite and corrosion products. At the beginning of the experiment, the Fe-bentonite interface
is located at the contact between the steel piece and the bentonite blocks. However, as the experiment evolves, and steel corrosion progresses, this interface turns from a discrete boundary to a
zone mostly composed of corrosion products from the steel. This zone is thought to grow at the
expense of the steel piece. However, slight mechanical disruption of the bentonite at the boundary
of the block may also occur, leading to admixing of bentonite aggregates in the corrosion layer as
well. Closer inspection of such a zone usually reveals a layered structure which can be envisioned
as a sequence of parallel interfaces (Fig. 5-1 right). The present study considers that the steelbentonite interface is located exactly at the apparent boundary between the corrosion layer and
the bentonite at the end of the experiment, and it focuses on the chemical changes occurring
beyond this interface (i.e. inside the bentonite). The corrosion layer itself is of interest for claycorrosion studies as well, but it falls beyond the scope of the present report (details from SEM
pictures and Raman spectroscopy are, however, presented in section 5.3).

Fig. 5-1:

Simplified representation of an iron-bentonite interaction zone at the end of an ironbentonite interaction experiment and localisation of the Fe-bentonite interface considered in the present reports (left), and SEM BE image of the actual steel-bentonite
interface in sample ABM2#27 (right).

5.2

Accessory iron phases in ABM2 reference bentonites

Although they are typically poor in Fe (1 – 6 wt.-% of Fe), smectites generally contain the
majority of Fe as they are the main components of the bentonites. Still, a great variety (in terms
of nature and size) of accessory Fe rich minerals can be found scattered in the clayey matrix. A
set of large-scale BE images (Backscattered Electrons, BE) was collected on most of ABM2
samples, as well as on raw materials. This section illustrates typical Fe-bearing phases observed
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on mapped surfaces in each type of bentonite with a brief description of the materials. Overall,
no major alteration of the pre-existing accessory Fe-bearing phases has been observed in the
mapped surfaces (with one exception in sample ABM2#25, shown below).

5.2.1

MX80 (Blocks #08, #25 and #27)

Besides smectite, the most encountered Fe-bearing phases are various forms of pyrite (various
morphologies), followed by ilmenite and to a lesser extent Fe(III) oxides (mainly goethite). The
size distribution is large (from μm to mm scale), and relatively large grains can be found. Pyrite
grains are, however, rather rare compared to other accessory phases (and so are Fe oxides) and
are concentrated in small isolated patches. It can be considered as a minor phase in the Fe pool,
the smectite being the major one.

Fig. 5-2:

Typical Fe-bearing accessory minerals found in MX80 bentonite.
BE images taken in the bulk zone (at distance > 20 mm from the interface) of ABM2 samples.
Red letters indicate grains analysed by Raman spectroscopy (spectra displayed below).

The only major alteration of pre-existing minerals was found at the vicinity of the boiling zone in
a sample from block ABM2#25 (MX80+quartz), where a pyrite grain partially oxidised to
anhydrite was found (Fig. 5-2 left and Raman spectra a and b in Fig. 5-3). The Fe oxidation product could not be found (presumably goethite). Other large pyrite grains showing weaker signs of
alteration could be found further away from the interface. (Fig. 5-2 centre, and Raman spectra c
to f in Fig. 5-3). In this case, these can be ascribed to original features of the bentonite. Similarly,
the rest of original Fe phases appeared unaltered compared to the raw material.
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Fig. 5-3:

Raman spectra of the grains indicated in Fig. 5-2.

NAGRA NTB 17-10

NAGRA NTB 17-10

5.2.2

40

Ibecoseal (Block #11)

Ibecoseal bentonite contains low amounts of various Fe bearing phases (marcasite, magnetite,
goethite and hematite). Although some rather large (50 – 100 μm) grains can be found, most of
the Fe phases occur in small (< 10 μm) aggregates unevenly distributed in the matrix. As a comparison, other heavy metal bearing minerals (mainly barite) are indicated in Fig. 5-4 (brightest
grains). According to total chemical analysis (XRF values from SKB (Svensson et al. 2011) and
present XRF measurements on ABM2 samples), raw Ibecoseal bentonites contain less than
0.2 wt.-% of barium. Total amounts of Fe accessory minerals can be expected to be in the same
order of magnitude.

Fig. 5-4:

Typical Fe-bearing accessory minerals found in Ibecoseal bentonite (light grey /
white).
Other light grey accessory minerals are also indicated. (ana: anatase, bar: barite, mag-hem:
magnetite-hematite, mar: marcasite). Red letters indicate grains analysed by Raman spectroscopy (spectra displayed below and in Appendix B).

According to EDX mappings, marcasite appears to be the main Fe-bearing phase, followed by
mixtures of magnetite with either goethite or hematite. Most of the Fe oxide grains consist of a
core of magnetite with a shell of hematite (Fig. 5-5a and b and Fig. B-1c and d) or goethite
(Fig. 5-5e and f). This suggests an oxidative alteration of magnetite grains and was observed on
both raw and ABM2 samples, and thus can be in fact attributed to an original feature of Ibecoseal
bentonite.
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Fig. 5-5:

Raman spectra of the grains indicated in Fig. 5-4.

5.2.3

Ikosorb (Block #12)

NAGRA NTB 17-10

Ikosorb has the lowest amount of accessory Fe-bearing phases among the studied bentonites. Rare
large grains of sulphides followed by oxides can be found. Observed sulphides consist of pyrite
altered to marcasite. Fe oxides which are found in smaller amounts appear to consist mainly of
goethite. Some Fe rich mica could be found on polished sections (e.g. Fig. 5-6 left). The attempt
to identify this mica (Fig. 5-7c) was, however, not conclusive.
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Fig. 5-6:
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Typical Fe-bearing accessory minerals found in raw Ikosorb bentonite.
Red letters indicate grains analysed by Raman spectroscopy (spectra displayed below).

Fig. 5-7:

Raman spectra of the grains indicated in Fig. 5-6.
An additional spectrum of another grain of marcasite found in raw Ikosorb matrix is also
displayed (no SEM image shown in Fig. 5-6). At present, the identification of biotite in
spectrum c is uncertain.
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Kunigel (Block #13)

Kunigel bentonite has the lowest Fe content (1.4 wt.-%), but quite notable amounts of pyrite. The
pyrite pool may represent up to 22 % of Fe, based on the Fe/S proportion from XRF and EDX
elemental mappings (showing that most S is associated with Fe in small grains). Pyrite grains are
rather small, and their size distribution is relatively narrow (< 50 μm and below). They appear to
be evenly distributed in the clayey matrix. Raman spectra, however, suggest the presence of
diverse forms of pyrite. Some rare and smaller grains of goethite were also found.

Fig. 5-8:

Typical Fe-bearing accessory minerals found in Kunigel bentonite (picture from raw
bentonite).
The bright spots are predominantly pyrite grains.

Fig. 5-9:

Raman spectra of two different pyrite grains spotted in the bulk of sample
ABM2#13.
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Rokle (Block #24)

Rokle is not only the Fe richest bentonite (12 wt.-%), it is also the one with the most heterogeneous Fe spatial distribution. It is equally shared between a moderately Fe rich clay and Fe
oxides (mainly goethite) which exhibit a large variety of morphologies. Large (mm scale) massive
grains can be found, but also more porous structures occur, often intermingled with clay minerals.
Fe rich veins can also be observed in other accessory minerals such as feldspar.

Fig. 5-9:

Typical Fe-bearing accessory minerals found in Rokle bentonite (picture from raw
bentonite).
Brighter grains represent higher contents in heavier elements, especially Fe.

Fig. 5-10:

Raman spectrum of a goethite grain found in raw Rokle bentonite.
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Deponit (Block #26)

Although much Fe richer (3.77 wt.-%), Deponit exhibits a Fe distribution similar to Kunigel. It
contains considerable amounts of pyrite with morphologies similar to Kunigel. The pyrite pool
may represent up to 19 % of Fe, based on Fe/S proportion from XRF and EDX mappings. Pyrite
grains are rather small, and their size distribution is relatively narrow (< 50 μm and below). They
appear also evenly distributed in the clayey matrix. Some rare and smaller grains of goethite can
also be found.

Fig. 5-11:

Typical Fe-bearing accessory minerals found in Deponit bentonite (picture from
sample ABM#26).
The white spots are largely pyrite grains.

Fig. 5-12:

Raman spectrum of a pyrite grain found in raw Deponit bentonite.
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Summary of the µ-Raman survey

Tab. 5-1 sums up the observation on accessory Fe-bearing minerals in the studied bentonites
inferred from the µ-Raman survey. Goethite is found in all of the studied bentonites, generally as
small sized grains (< 100 µm). Rokle is by far the richest in accessory Fe, with goethite as main
mineral component. The other bentonites usually contain two to four different accessory Febearing phases. Pyrite is the other important accessory found in four of the six bentonites.
Tab. 5-1:

Relative content in accessory Fe-bearing mineral inferred from µ-Raman and SEM
dataset on reference bentonites and on the bulk of ABM blocks (+ to ++++).
Letters mark the relative size range of the objects (S: small, M: medium, L: large).
Mineral
Goethite

MX80

Ibecoseal

Ikosorb

Kunigel

Rokle

Deponit

+ SM

+S

+S

-S

++++ SL

-L

+ SM

+++ S

Hematite

+S

Magnetite

+S

Ilmenite
Pyrite
Marcasite
Mica

5.3

Bentonite

+ SM
++ ML
++ SM

+++ S

+ SM
+M

The Fe-bentonite interface and corrosion layers in caged pellets (#08,
#25 and #27)

A large set of BE images of Fe-bentonite interfaces zones were collected in these ABM2 samples
(#08, #25 and #27). Raman spectra were collected in selected areas of the corrosion layers in the
three blocks. In the case of sample from block ABM2#25, polished samples including the steel
tube (from the cage) and the corrosion layer could be prepared, some examples are shown in
Figs. 5-13 and 5-15. As previously outlined, the present report focuses on the bentonite and a
detailed investigation of the corrosion layer is beyond the scope of the present study. However,
understanding steel corrosion processes is important for better resolving the diffusion
mechanisms of Fe in the bentonite and further developing models. The present section relates
visual observations of various corrosion features found in ABM2 samples to their identification
by Raman spectroscopy.
Several features can be observed in the BE image of the Fe-bentonite interface in block ABM2#25
(Fig. 5-13 top). The corrosion of the steel tube ("the cage") is less pronounced at the contact with
bentonite than at the contact with the heater. The corrosion layer at the contact with the heater is
thicker (> 200 μm versus 100 – 200 μm on the bentonite side), less uniform and exhibits a
different morphology. Rather deep (up to 300 μm) corrosion crevices are observed on the heater
side, whereas the surface on the bentonite side is more uniform. This suggests that corrosion processes ongoing on the bentonite side were not only less pronounced, but also more uniform, and
may thus be different.
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Fig. 5-13:
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BE images of the Fe-bentonite interface in a sample from block ABM2#25 (MX80
+ quartz).
Resin in black, mostly cracks caused by the sample preparation. The two letters in black (a
and b) in the bottom right picture indicate zones where clear Raman spectra could be collected. Examples are shown below. Chemical profiles from this surface were collected but are
not included in the present report. The profiles presented were collected on the more uniform
and less perturbed interfaces (Fig. A-62e).

On this same picture, a "secondary Fe layer" is observable deeper in the bentonite, parallel to the
interface. The zone in between this Fe layer and the interface also appears brighter (i.e. more
concentrated in Fe) than the deeper zones in the block. These features seem to be related to
mechanical perturbation which occurred during the boiling event (a picture of the polished surface
can be seen Fig. A-62f).
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Raman spectra collected in the two zones indicated in bottom right picture of
Fig. 5-13.

A closer look at the corrosion features at the interface with bentonite (Fig. 5-13 bottom) reveals
a layered structure with different corrosion products. Clear contrasts are seen between the various
layers of corrosion products. The first leftmost layer (closer to steel) appears to be mainly composed of goethite and to a lower extent of magnetite (Fig. 5-14a). The next layer is not only composed of Fe corrosion product, but also of components from the bentonite ("corrosion-bentonite
mix"). It makes up a large part of the "corrosion layer" (25 – 50 %) but is not in direct contact
with the bentonite. A supplementary layer containing only Fe corrosion products is found in
between, mainly composed of lepidocrocite (Fig. 5-14b). This suggests that at some point during
the growth of the corrosion layer, the bentonite partially disaggregated at the interface and mixed
with corrosion product, perhaps due to mechanical stress. This would have created a cavity that
later was filled with corrosion products. This mixed layer appears relatively uniform across the
entire interface.
BE images taken in the zone of interest do not allow to clearly decipher where the additional iron
(from corroding heater) is sitting in the bentonite. Raman spectroscopy was performed at several
spots, but the only identifiable component generally is epoxy resin (data not shown). The brighter
spots (Fig. 5-13 bottom right) suggest that Fe tends to concentrate at the boundaries between clay
aggregates and accessory minerals such as quartz, or along cracks, but this is only observable at
the vicinity of the interface (at distance < 200 μm). Further away from the interface, BE images
suggest that Fe is evenly distributed within the bentonite matrix.
The picture of the sample from the neighbouring block #27 (Fig. 5-15 top left) contrasts with the
one discussed above. The corrosion features observed on the bentonite side of sample #27 are
similar to those observed on the heater side of sample #25: a thicker continuous corrosion layer
(300 – 600 μm), but with similar morphology. This indicates that the corrosion regime was more
pronounced at this Fe-bentonite interface (compared to sample #25). Both cage samples originate
from similar locations where the boiling event occurred (as discussed in previous section) and
differ mainly in their quartz content (#25 is mixed with 30 % quartz). However, the same uniform
"corr.-bent. Mix" layer is observed, sandwiched between two corrosion layers. It is, however,
thinner than in sample #25, and thus makes up a less important part of the crust.
The interface in the studied sample from block #08 (also MX80) could not be well preserved upon
sample preparation (Fig. 5-15 top right). Still, observation of corrosion features reveals some
similarities with interface of sample #27 (i.e. relatively large corrosion layer > 300 µm, with similar morphologies, and thin uniform "corr.-bent. Mix" layer) but also with interface of sample #25
(apparently more uniform corrosion process).
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Fig. 5-15:
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BE images of the Fe-bentonite interface in a sample from blocks ABM2#08 and
ABM2#27 (MX80) (top), close-up of some corrosion features in sample #08
(bottom).
Resin in black, mostly cracks caused by the sample preparation. Letters indicate grains analysed by Raman spectroscopy (spectra displayed below). White arrows indicate where iron
has accumulated and orange arrows where magnetite and goethite are intergrown. mag:
magnetite, hem: hematite, goe: goethite, sid: siderite, lep: lepidocrocite.

A closer look at corrosion features observed in sample #08 (Fig. 5-15 bottom and Raman spectra
in Figs. 5-16 and 5-17) brings further details on the complexity of the corrosion layer. Analogous
data relative to the corrosion layer in sample ABM2#27 (Fig. 5-15 top left) are given in Appendix B. These data reveal a succession of sub-layers with changing compositions and/or morphologies. The transition between products from aerobic corrosion (mainly goethite and lepidocrocite, more rarely hematite) and anaerobic corrosion (mainly magnetite, and often siderite) can be
observed all along the profiles obtained with Raman spectroscopy. Some spectra also suggest the
presence of maghemite (Figs. 5-16c, 5-17g and B-4j, l and n). The identification of maghemite is,
however, more difficult as no reference spectra could be found in the libraries and is thus based
on the comparison with existing studies on this compound (He & Traina 2007, Molchan et al.
2014). This transition is, however, not regular. When progressing from the surface of steel to the
Fe-bentonite interface, data generally suggest the progressive transition between magnetite and
goethite (often with hematite as intermediate) in a first layer (Figs. 5-16a to d and Figs. B-3a to
e), followed by a thick and discrete layer of lepidocrocite (Figs. 5-16f, B-3f and B-4g), and a
subsequent alternation of layers either rich in goethite or rich in magnetite (and lepidocrocite to a
lower extent). Large grains of siderite can be found at the vicinity of corrosion crevices

NAGRA NTB 17-10

50

(Fig. 5-16d), covered by layers of goethite and lepidocrocite. Magnetite can be found all along
the profile, i.e. in corrosion crevices but also further away, at various locations of the corrosion
crust. The richest lepidocrocite layer appears to be the preferential spot where mechanical disruption between steel and corrosion crust occurs upon sample preparation (Figs. 5-16f, B-3f and
B-4g). Although the interface is more difficult to characterise, data suggest that the main Fe phase
accumulated in the bentonite at the vicinity of the interface is goethite (Fig. 5-17j). Apart from
the presence of magnetite, no clear characterisation of the species present in the thin bentonite +
corrosion layer could be achieved with Raman spectroscopy (an example is shown in Fig. B-4m).

Fig. 5-16:

Raman spectra collected in the two zones indicated in the bottom left picture of
Fig. 5-15.
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The present set of data does not enable clear conclusions to be drawn about the exact origin of
such patterns. The alternations of layers observed in the various samples suggest an alternation
between aerobic and anaerobic periods during the corrosion process. However, this could be also
due to partial re-oxidation of the sample upon dismantling and sampling of the ABM2 blocs.
Magnetite is one of the main products of anaerobic corrosion of steel and can also originate from
the subsequent reduction (in anaerobic conditions) of the products from a prior aerobic corrosion
phase (goethite, hematite, lepidocrocite). Moreover, a part of magnetite present in the sampled
zone can also originate from the original corrosion layer of the steel employed to build the cages
(and not completely oxidised upon the prior phase of aerobic corrosion). Although found only in
more discrete and confined (covered by corrosion layer) zones close to corrosion crevices, the
presence of large siderite grains underlines the occurrence of anaerobic corrosion at some point
of the ABM2 experiment.

Fig. 5-17:

Raman spectra collected in the two zones indicated in bottom right picture of
Fig. 5-15.

One could infer that the more moderate corrosion regime in sample #25 (and the peculiar morphologies of corrosion products) would be due to presence of quartz. But the observed differences
could also be due to an interplay between the location of blocks (and of the sample within the
block) and the occurrence of the boiling event. A similar analysis from another location within
the same blocks and in other blocks should be done to better understand the reason for the differences between corrosion features observed in the different caged samples.
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Chemical profiles

Regardless of sample type, a rapid overview of the sets of chemical profiles (Appendix A) allows
distinguishing two main domains in the studied zone: a "contact" zone (at distance of 0 – 10 mm
from the interface) where major elements (Si, Al, Fe and Mg) show important variations (compared to REF values) and a "bulk zone" (at a distance > 10 mm) where those elements proportions
seem globally unchanged compared to the initial material, with the following exception: a depletion in Na throughout all profiles (both in bulk and contact zone), mirrored by an increase in Ca.
The second obvious chemical change occurs in the contact zone, in which an increase in both Fe
and Mg atomic proportions (also Ca in samples ABM2#25 and #27) is mirrored by a decrease in
the atomic proportions of both Al and Si. The last obvious chemical change is observed only in
the uppermost block (#25, 26 and 27) where an apparent increase in both Ca and S atomic proportions is observed at a distance of 20-30 mm from the interface.
Interpretation of these chemical changes is not straightforward. A change in atomic proportions
of a given element directly influences the value of the other elements. What can be directly
deduced from those profiles is that the consistency between bulk values obtained for all the elements (excluding Ca and Na) and REF values supports the assumption that no major chemical
changes (other than cation exchange and slight dissolution of accessory minerals) have occurred
inside the bulk of the bentonite. Most of the average values are consistent with the corresponding
XRF REF values, and the large bars are related to heterogeneities in the sampled area parallel to
the interface. This consistency confirms that the present data can be used quantitatively. Another
important conclusion can be obtained from P and Ti data. Those two elements are in most cases
present in very low proportions (close to the detection limit of the method), they occur in rare
discrete phases (presumably mostly phosphate nodules and anatase or rutile) and do not seem to
have undergone any changes during the experiment. It was thus decided to neglect these elements
for the rest of the present study. Although potassium is also usually present in low concentrations,
it is considered as an important element of the bentonite as it can bring additional information
about the nature, content and reactivity of the clay minerals. To better understand the chemical
changes, the remaining data are presented as Al-normalised profiles.

5.5

Al-normalised chemical profiles

5.5.1

Underlying assumptions

Two assumptions underlie the "Al-normalisation" procedure. The first one assumes that, amongst
the probed elements, aluminium is the least likely to change in terms of amounts and spatial
localisation. A growing number of studies on Fe-clay interactions experiments points toward a
transformation of the phyllosilicates, involving in-situ dissolution-precipitation processes
(Carlson et al. 2007, Guillaume et al. 2003, Kaufhold et al. 2013, Kaufhold et al. 2015, Lantenois
et al. 2005, Osacky et al. 2009, Osacky et al. 2010, Wilson et al. 2006, Xia et al. 2005). The
present assumption does not contradict the possibility of such in-situ processes. It is simply
assumed that, given the conditions of the experiments (bentonite medium, pH 7 – 9, no external
Al source), Al is the least likely to be dissolved and transported elsewhere and can be thus used
as a proxy for tracking the local variations of all the other probed elements relative to the original
bentonite. In fact, the comparison between bulk Al proportions measured by EDX on final
samples and the proportions measured by EDX in the raw material shown in Fig. 3-11 in
section 3.1.2 indicates that no changes at all occurred throughout the whole experiment regarding
the Al content.
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The second assumption builds on the fact that in most of the studied bentonites, Al is the second
major element (after Si) and occurs mostly in phyllosilicates, and to a lesser extent in feldspars or
in other minor phases. Moreover, the clayey fraction of most bentonites is dominated by smectites,
especially montmorillonite (beidellite to a lesser extent), and contains a minor illite fraction
(Svensson et al. 2011). Thus, a major part of the aluminium is predominantly in the clay fraction
in octahedral coordination. In a first approach, the Al content is considered as reflecting the original "clayey fraction" and thus can be considered as a good proxy for tracking the behaviour of the
other components of the bentonite and originating from external sources (e.g. the pore water or
the corroded heater) relative to the original clay fraction of the bentonite.

5.5.2

Overview of dataset and comparison to BGR XRF data

Overall, good consistency is observed between present EDX chemical profiles and those obtained
by XRF analysis by BGR (Dohrmann & Kaufhold 2017 #4111). Some rare discrepancies are
observed which can be explained by local heterogeneities or methodological reasons. This gives
strong support to the quantitative aspect of the present EDX data, which have a much higher
spatial resolution. It must be, however, noted that uncertainty exists on the distance of the points
sampled by BGR relative to the interface (due to dismantling and sampling methods). With few
exceptions, for a given element, the same observations can be made for all samples throughout
the entire set of profiles presented in Appendix A:
•

Si/Al: flat shape of the entire profile, all the values are consistent with both bulk values (errors
included) and REF values in the raw material. Globally, no change in this ratio throughout
the entire bentonites blocks is noted.

•

Fe/Al: all profiles (excluding #24) exhibit the same trends, with three different zones being
observed. Values at distances above of 30 – 40 mm are consistent with REF values. In the
contact zone (< 10 mm), a net increase is observed (2- to 3-fold). Between these two zones,
most data suggest a slight increase of the Fe content. As an exception, the entire profile of
sample #24 (the Fe richest bentonites) is rather flat and values are consistent with the reference value, i.e. no increase in Fe content.

•

Mg/Al: All profiles exhibit more or less the same trend, with two zones. In most profiles, a
net increase is observed in the contact zone. The remaining part of the profile suggests a slight
decrease of the bulk content (except for sample #13 where an increase is observed instead).
In all cases (except sample #12), the apparent value falls even below the predicted value for
the non-exchangeable fraction (section 3.1.2).

•

Na/Al: All profiles (excluding #24) suggest a homogeneous drop in Na content over the
probed zone. In most cases, the content dropped to a level consistent with the inferred nonexchangeable fraction, i.e. above (#08, 11, 25 and 27) or equal (#12, 13 and 26) to these
values. At the vicinity of the interface (< 2 mm), data from lowermost samples (#8, 11, 12
and 13) indicate a more pronounced drop in Na content. Instead, data from some upper most
samples (#25 and #27) rather suggest the reverse behaviour, i.e. a slightly increased Na content in the first 2 mm compared to the bulk. The profile of sample #24 is the only one
suggesting a global increase of Na content.

•

K/Al: K is present in low quantity, close to the limit of detection. The uncertainties on such
profiles are thus larger. Nevertheless, all profiles suggest the same trend: a flat profile
throughout the entire probed distance, and no change compared to the original material.
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•

Ca/Al: These profiles are more complex than those of the other elements. A rise at various
distances from the interface for samples #25, 26 and 27 and presumably #24 is noted, whereas
a progressive increase toward the heater in the contact zone is observed in the profiles #25
and #27. Overall, all profiles in all of the blocks indicate a global increase of Ca. In most
cases, the baseline has increased to a value fairly consistent with the predicted maximum bulk
fraction (assuming compensation of the Na drop by Ca increase), i.e. slightly below (#25, and
27) or equal (#08, 12 and 24). It falls slightly above for one sample (#13). For two samples
(#11 and 26), the profiles suggest a variation between two baselines, with a bulk values consistent with the predicted maximum bulk content and values in the contact zone consistent
with the non-exchangeable fraction. In the uppermost samples (#24, 25, 26 and 27) the Ca/Al
ratio exhibits a 3- to 4-fold increase. It occurs as 5 – 10 mm wide band centred at various
distances from the interface (from 10 to 30 mm depending on sample location). Finally, two
samples (#25 and #27) also exhibit a progressive increase (up to 4- to 8-fold) of the Ca/Al
ratio at distance closer to the interface.

•

S/Al: As K, S is present in low quantities, close to the limit of detection. The uncertainties on
such profile are thus rather large. In most cases, the profile is flat, with the exception of local
peaks due to the presence of massive pyrite grains (e.g. at 17 mm in #08, 30 mm in #12 or
25 mm in sample #25) or gypsum (at 17 mm in #08). As for Ca, the profiles in the three
uppermost samples (#25, 26 and 27 and presumably #24) show the presence of large S/Al
peaks (in all cases at the same position as with Ca).

The profiles shown confirm and specify the trends inferred from the observations of the nonnormalised chemical profiles. With a few variations, three major trends are observed:
1. Throughout the entire profiles, the global drop in Na content (excluding #24) is mirrored by
a global increase in the Ca content. Cation exchange processes can explain this change.
2. At various distances from the heater (15 – 40 mm from interface), a concomitant local (5 –
10 mm wide) increase in both S/Al and Ca/Al is observed in the uppermost samples (#25 –
27). Precipitation of gypsum/anhydrite, due to occurrence of a "boiling event" at some point
of the experiment (Posiva 2012) might explain these local trends.
3. In the contact zone (< 10 mm), the observed increase in Fe and Mg atomic proportions,
mirrored by a drop in Al and Si atomic proportions indicates a significant (3- to 4-fold)
increase of the Mg and Fe content At the interface between the clay and the heated steel.
Indeed, the flat shape of all the Si/Al profiles, consistent with REF values, supports the
absence of notable Si leaching throughout the entire block. The increase of Fe at the contact
with the heater can be explained by transfer of Fe from the corrosion layer. However, the Mg
source is in the bentonite blocks and/or the artificial groundwater, and its accumulation at the
contact with the heater may be the result of a combination of various processes.
The accumulation of Fe in the zone contacting the steel is the central point of interest of the
present study. Nonetheless, the present approach also gives insight into the two other trends (see
1. and 2.). Moreover, the involved processes behind those trends may be coupled. Thus, the first
part of the discussion (Chapter 8) is focused on these three main trends inferred from the EDX
chemical profiles.
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Results – Part 3: XRD survey

Powdered samples from four ABM2 blocks (#11, #12, #25 and #26) were analysed by domed
XRD. Corresponding raw materials were also analysed in the same conditions (domed and
undomed). Each section of this chapter focuses on one ABM2 block. This chapter presents the
main results, and more details about the development of the analytical approach can be found in
Appendix B.

6.1

ABM2#11: Ibecoseal

Two diffractograms of the undomed raw material acquired under two different conditions are
shown in Fig. 6-1. The first measurement was carried out on a frontloaded sample gently pressed
with a glass plate (average of 4 consecutive 1 h scan), another aliquot was then measured again
at a slower can rate (10 times slower) and with a disoriented surface.

Fig. 6-1:

Diffractograms of the raw Ibecoseal bentonite (two different aliquots with different
scan rates).
The intensity of the 10 h scan was rescaled to compare it with the 1 h scan.

The first "rapid" scan (4× 1 h averaged) shows much larger peaks for some reflections of quartz,
calcite, illite and some of the feldspars. This is most likely due to the preferential orientation of
those mineral upon sample preparation. This picture illustrates the effect of sample disorientation,
and the second slow scan should be considered more representative of the average composition
of the raw bentonite. Still, this slower scan suggests the absence of illite (or mica) in the sample
(also in other aliquots in Fig. C-2). This discrepancy can be attributed to heterogeneities in the
studied sample. Illite/mica may be present as larger aggregates than smectites and thus not
necessarily be present in the probed sample's volume. Illite/muscovite was not found in the
previous characterisation of the raw Ibecoseal bentonites (Svensson et al. 2011). It was randomly
found in further analysis of ABM2 sample as shown below. The identified phases in the present
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samples are consistent with the previous characterisation. The presence of marcasite, hematite
and barite are only deduced from their main reflection around 33°2θ and seem to be very limited
in volume fraction. EDX mappings also suggest that the pyrite content is negligible.
The profile samples (bulk/contact/crust) from block ABM2#11 were first analysed at a fast rate
(four consecutive 1 h scans). Fig. 6-2 displays the average of the consecutive scans of each sample
(including raw bentonite in similar conditions).

Fig. 6-2:

Diffractograms of the profile samples (bulk/contact/crust) from block ABM2#11 and
of the raw material in similar conditions (all domed, average of four 1-hour scans for
each sample).

The main difference between the set of ABM2 samples and the raw material is seen in the position
of the 00l reflection corresponding to basal reflection of the montmorillonite. It is found shifted
to lower angles, which correspond to an increase in basal spacing (from 12.5 Å in the raw material
to 15.4 Å in the ABM2 samples). This was already observed in ABM1 experiment (Kaufhold et
al. 2013, Svensson et al. 2011) and can be explained by the Na-Ca exchange. The basic reason is
that sodic montmorillonites display a basal spacing of ~ 12 Å (in normal conditions, i.e. 30 – 50 %
RH, 25° C) while calcic ones display a basal spacing of ~15 Å because of the presence of one
supplementary water layer in the interlayer (Ayari et al. 2007). Indeed, the initially sodic Ibecoseal
bentonite (80 meq of Na in exchanger) was Ca exchanged in the ABM2 experiment (70 meq of
Ca in exchanger at the end of experiment, section 8.1.1). Another feature of the Na-Ca exchange
is the shift of the reflection centred around 14 °2θ to higher angles (17 °2θ).
A slight decrease of the basal spacing is seen during the scan (from 15.4 to 15.2 Å). This can be
attributed to a progressively increasing exposure of the sample to dry air prior to analysis. The
crust sample was further dehydrated using dried silica, resulting in a basal spacing of 13.6 Å
(Fig. 6-3). This is consistent with the removal of nearly one water layer in the interlayer.
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Illite was identified again in the domed sample of the raw bentonite (Fig. 6-2, see also Fig. C-2),
with a basal reflection at a position similar to that in the undomed raw sample (Fig. 6-1, 8.79 °2θ).
It was also found in the extensively dried aliquots of crust sample (Fig. 6-3, 8.76 °2θ). A small
bump is also seen at a similar position in the bulk sample (Fig. 6-2). Moreover, the contact sample
displays a reflection consistent with illite or mica minerals, but at a higher position (8.94 °2θ).
This was not found again in a further analysis of the same sample. In that case, this can be
attributed to a random occurrence of large crystals of different mica(s) already present in the
initial material.
Other strong reflections are found in the patterns of the contact sample, which could not be clearly
identified (marked with a question mark Fig. 6-2).

Fig. 6-3:

Diffractograms (slow scan rate) of (red) the domed crust sample from block
ABM2#11 and (blue) the undomed raw Ibecoseal.

Further changes are observed regarding the proportions of other accessory minerals (cristobalite,
quartz, calcite, feldspar) when comparing the AMB2 samples to the raw materials (Fig. 6-2). This
can be in fact due to heterogeneities in the analysed samples or to preferential orientation (e.g.
quartz in the domed raw material). The only change regarding the accessory minerals that could
be clearly identified as an alteration in the analysed sample set is the presence of anhydrite in the
crust samples. This could be further confirmed with the analysis of a more extensively dried aliquot of the sample at a slower scan rate (Fig. 6-3). No anhydrite could be found in the raw material.

6.2

ABM2#12: Ikosorb

Fig. 6-4 displays two diffractograms of the undomed raw material acquired in two different
conditions. The sample was first measured on a frontloaded sample gently pressed with a glass
plate (3 h scan), another aliquot was then measured on a disoriented surface at a slower can rate
(12 h scan).

NAGRA NTB 17-10

Fig. 6-4:

58

Diffractograms of the raw Ikosorb bentonites (two different aliquots with scan rates).

Attempts to obtain a random orientation were less successful than with raw Ibecoseal bentonite
as indicated in the diffractogram in Fig. 6-4. Some reflections are lowered (calcite, illite/muscovite), but others are abnormally increased (orthoclase and cristobalite). This seems mostly due to
preparation artefacts. The present identifications are quite consistent with the previous ones
(Svensson et al. 2011) with the exception that neither siderite nor pyrite are found, but instead
rutile is found. EDX data also suggest the presence of large grains (~ 10 μm) of Ti oxides scattered
in the clay matrix. Some peaks could not be identified (indicated with a question mark).
Compared to raw Ibecoseal bentonite (Fig. 6-1), Ikosorb exhibits a larger basal reflection, arising
from the contribution of at least 3 different basal spacings ranging from 12.6 to 14.8 Å. The
shorter basal spacing, consistent with Na-saturated smectites, is predominant. In standard conditions, Mg-exchanged smectite displays a slightly smaller basal spacing (14.7 Å) than that of Casaturated smectite (15.4 Å; Ayari et al. 2007). The initial exchangeable population of the raw
bentonite is more evenly distributed between Na, Ca, and Mg (51, 21 and 17 meq g-1 respectively
according to BGR data, section 8.1.1), with dominating Na. The shape of the basal reflection is
consistent with such a distribution. Regarding accessory clay minerals, two distinct basal reflections (at 8.80 °2θ and 8.88 °2θ) are observed in one of the diffractograms. This reflects the presence of two kinds of illite/mica minerals.
Again, as for Ibecoseal, the comparison between profile samples and raw samples (Fig. 6-5)
shows an increased basal spacing (15.3 Å). This is consistent with exchange of Na for Ca in the
interlayers, as measured by BGR (section 8.1.1). The final basal spacing is globally the same for
the 3 profile samples and very similar to that measured in profile samples from neighbouring
block ABM2#11 (15.4 Å). Contrary to Ibecoseal, Illite/muscovite appears more evenly distributed as it could be found in all measured samples, with a basal reflection located around 8.80 °2θ
(the one at 8.88 °2θ was only observed once in the raw material). The reflections from clay minerals are generally less intense in the crust sample (compared to bulk and contact samples).
More differences could be seen between the domed ABM2 samples and the raw material
regarding appearance of new peaks, especially in the crust sample (Figs. 6-5 and 6-6). Most of
these peaks are observed at high angles (< 40 °2θ). However, as outlined in Appendix B, further
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analyses of the crust sample resulted in various patterns not consistent between each other
(Fig. C-3). Moreover, most of the new peaks could not be clearly identified. Consequently, determining whether such results reflect the occurrence of newly formed (and hard to identify) species
or to an artefact related to the dome remains difficult at present.

Fig. 6-5:

Diffractograms of the profile samples (bulk/contact/crust) from block ABM2#12 and
of the undomed raw material.

Fig. 6-6:

Diffractograms of the crust (disorientated, slow scan rate) and of the undomed raw
material.
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ABM2#25: MX80+quartz

The raw MX80+quartz mix was not available. Fig. 6-7 displays a diffractogram of the undomed
raw MX80 bentonite (without the additional 30 wt.-% quartz) which serves as a reference pattern
for comparison with samples from block ABM2#25.

Fig. 6-7:

Diffractograms of the raw MX80 bentonites.

The 001 reflection is larger and less intense that for previously presented bentonites, and it
corresponds to a basal spacing of 11.9 Å. This is because the present sample of MX80 was initially
sodic (according to BGR data Dohrmann & Kaufhold 2017; section 8.1.1), but also drier than the
other raw material. The present data suggest the significant presence of pyrite. The presence of
rare and rather large (10 μm – 1 mm) grains of pyrite was identified with SEM (section 5.2.1).
The position of goethite reflections is indicated on the diffractograms, and present data suggest
that goethite content in MX80 is negligible. This is in line with SEM data which suggest that
goethite is present, but in lower amounts than pyrite (section 5.2.1). Similar observations can be
made regarding hematite.
However, Mössbauer data on bulk samples from block ABM2#25 further evidence the presence
of significant amounts of goethite and hematite in the bulk sample (20 % of total Fe, i.e. at
minimum 0.5 wt.-% of oxy-hydroxides, see section 7.3). Diffractograms of the bulk sample and
the raw material (both collected at a slow scan rate and undomed) are shown in Fig. 6-8. This
diagram also indicates the positions of some species of interest for the present comparison (the
main reflection is indicated in bold):
•

the positions of the reflections of two species present in the initial material (calcite and
orthoclase) and apparently showing preferential orientation in the bulk sample;

•

positions of reflection of the quartz diluent (30 wt.-%);

•

some Fe phases which are suspected of being present in ABM2 samples are indicated. These
include pyrite (present in initial material according to XRD and XEM/EDX), goethite and
hematite.
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Diffractograms of bulk sample from block ABM2#25 (MX80+quartz) and of the raw
MX80 material (both undomed).
The positions of some accessory phase of original material (quartz, orthoclase and calcite),
as well as common Fe-bearing oxides expected to be found in the raw material or in the
corrosion product are indicated (the main reflection indicated in bold).

This diagram illustrates the difficulties in assessing the presence of low amounts (< 1 wt.-%) of
Fe oxides and hydroxides in such quartz-rich samples, even in the absence of the dome. This is
especially the case for goethite where most of the reflections slightly overlap with those of quartz.
The present data suggest the presence of small amounts of crystalline goethite (lower than pyrite),
and the absence of lepidocrocite and hematite in the bulk sample of block ABM2#25.
As previously observed for blocks #11 and #12, comparison between scans of two domed profile
samples (crust and bulk) and the raw MX80 material (Fig. 6-9) indicates an increase of the basal
spacing from 11.9 to 15.1 Å, consistent with Na for Ca exchange in the interlayer. The position
for the basal reflection of the other accessory clay mineral (apparently illite) is unchanged
(8.85 °2θ) and found in most of the scans. This reflects a homogeneous distribution of such phases
within the clay matrix. No other major changes can be discerned on the other regions of these
diffractograms.
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Diffractograms of profile samples (bulk/crust) from block ABM2#25 and of the
undomed raw material.

Further comparison between crust and bulk samples conducted at a slower scan rate (Fig. 6-10)
shows the appearance of new reflections at various angles (marked with a question mark) which
could not be clearly identified. These data also suggest that the goethite content is much higher
in the crust samples than in the bulk samples. Reflections from clay minerals and quartz are
weaker in the crust samples.

Fig. 6-10:

Diffractograms of crust and bulk sample from block ABM2#25 (both domed).
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ABM2#26: Deponit

Fig. 6-11 displays a diffractogram of the undomed raw material acquired with at a slow scan rate
(total time of 12 h).

Fig. 6-11:

Diffractograms of the raw Deponit bentonites (the fit is an arbitrary sum of pseudo
voigtian curves).

The presence of pyrite in the raw material is more pronounced in this sample than in the three
other bentonites analysed by XRD. This is consistent with SEM-EDX analyses showing that a
higher amount of pyrite is present in this bentonite and occurs as small (< 10 μm) grains evenly
distributed in the bentonite. A number of reflections could not be identified in this sample. The
present characterisation is, however, consistent with previous one on a similar material regarding
the identified species (Svensson et al. 2011).
As for Ikosorb, the initial exchangeable population in the raw bentonite is more evenly distributed
between Na, Ca, and Mg (22, 23 and 39 meq g-1 respectively, section 8.1.1), but Ca dominates in
the present case. XRD data indicate a basal spacing (14.9 Å), which is again consistent with such
distribution. Comparison with samples of the red/green/blue series (Fig. 6-12, see section 2.3 for
sampling) and profile samples (crust and salt samples, Fig. 6-13) suggest an increase of the basal
spacing to 15.4 Å. The basal spacing deduced from measurement in a salt sample seems slightly
shorter (15.2 Å), but this may be due a slightly longer drying time of this sample prior to XRD
domed measurements (see Appendix B). According to CEC data from BGR (section 8.1.1), the
exchangeable population was weakly affected in this block (slight exchange of Mg for Ca, and
no apparent changes in Na). The impact of cation exchange on the position basal reflection is thus
limited. Still, the basal reflection in the ABM2 sample appears sharper and more intense than in
the raw material (Fig. 6-12). This may be explained by a more homogeneous exchangeable cation
distribution (more Ca, less Na and Mg).
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Diffractograms of the red/green/blue samples from block ABM2#26 and of the raw
Deponit bentonites (all domed).

In the case of the red/green/blue series, besides position and shape of the basal reflection,
(Fig. 6-12) the most obvious difference from the raw material is the occurrence of anhydrite in
the green sample. The only other observable difference is the progressive decrease in intensity of
the main reflections of montmorillonite (e.g. the basal reflection) in the order green/blue/red.
Anhydrite is also found in the salt sample (collected in the Ca+S accumulation zone discussed in
section 8.2), confirming the identity of the newly formed calcium sulphate at the border of the
boiled zone (Fig. 6-13). Few strong reflections (indicated with a question mark) could not be
identified in this sample, suggesting the presence of another supplementary phase not found in
the raw material. Regarding the crust sample, no clear difference from raw material is seen. Most
reflections are less intense than in the salt sample.
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Fig. 6-13:

Diffractograms two domed profile samples (black crust and salt) from block
ABM2#36 and of the undomed raw Deponit bentonites.

6.5

Summary of the domed XRD investigation

The following list sums up the main observation regarding the ABM2 samples inferred from the
domed XRD survey:
•

The basal spacing of montmorillonite is globally the same (15.4 Å in similar conditions of
measurements on gently dried powders) in all measured ABM2 samples and is consistent
with sodium to calcium exchange during the ABM2 experiment. No difference is seen
between the investigated ABM2 blocks (#11, #12, #25 and #26), and no difference is seen
within each blocks (between bulk, contact and crust samples).

•

The only newly formed species that could be clearly identified is anhydrite. It is found in
some samples from the boiled zone (salt and green samples from block ABM2#26), and in
the crust sample of a lower block (ABM2#11). Regarding newly formed Fe species, only
weak evidences for the larger amount of goethite (regarding bulk of sample) are found in the
crust sample of sample ABM2#25.

•

A few crystalline species could not be identified in undomed raw materials (especially in
Deponit samples). New reflections could be observed in domed samples, but most could not
be clearly identified. This can be due either to the presence of newly formed species difficult
to identify, or to the interference from the dome (electrostatic contamination by the sample)
especially at high angles (< 40 °2θ).

•

Regarding the profile samples, the only clear difference seen between bulk contact and crust
samples is the generally weaker reflection from crust samples.

This last aspect was already observed in XRD investigation of similar samples form Fe clay interactions, (Kaufhold et al. 2013, Rivard et al. 2015, Svensson & Hansen 2013) and is principally
due to X-ray fluorescence from Fe in these samples rich in corrosion products under X-ray
radiations. This causes an increase of the background and thus a weakening of the sample reflec-

NAGRA NTB 17-10

66

tions. Iron has the K absorption edge at 6.4 keV and cannot be correctly measured at 8 keV
(energy of copper radiation). Higher energies should be employed to probe such samples more
conveniently.
The dome demonstrated its efficiency for preserving the sample (regarding both hydration and
redox states). However, in addition to X-ray absorption from the dome, the artefacts encountered
with electrostatic contamination further complicates the identification of potential newly formed
species. A capillary sample holder would be more suitable for analysing such samples. Moreover,
X-ray set-ups providing higher energies and better resolution (such as those using synchrotron
light source) are usually equipped to handle such sample holders.
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Results – Part 4: Mössbauer spectroscopy survey

This chapter presents the results of the Mössbauer investigation on selected sets of samples (from
block #08, #11 and #26, described in section 2.3).

7.1

ABM2#08: MX80

Three samples from block ABM2#08 ("bulk/contact/crust" sequence) and the raw MX80 were
analysed at room temperature. The four spectra are displayed in Fig. 7-1 and the corresponding
hyperfine parameters are displayed in Tab. 7-1.

Fig. 7-1:

Room temperature spectra of the raw MX80 bentonite used in ABM2 experiment
and three samples from block ABM2#08.
The hyperfine parameters are displayed in Tab. 7-1.

Data collected at room temperature on the raw material indicate the presence of only octahedral
clay structural iron, with a reduction level of 18 %. These data are still to be confirmed by
measurements at 77 K but are consistent with previously published characterisations of similar
MX80 material (Ericsson et al. 1984, Gehin et al. 2004, Muurinen et al. 2014, Pusch et al. 1992)
suggesting only minor presence of accessory Fe-phases and a global reduction level of 12 – 20 %.
The presence of structural Fe2+ at such levels is not uncommon in natural Wyoming bentonites
(Grim & Güven 1978, Sitek et al. 1995) and even in samples chemically reduced and re-oxidised
(Rozenson & Heller-Kallai 1976). Given that pure montmorillonites are generally free of Fe2+ in
their pristine state (Gorski et al. 2012, Soltermann et al. 2014b, Stucki et al. 1984a) the presence
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of pyrite, ilmenite and to a lower extent other oxy-hydroxides (goethite, hematite, magnetite) are
suggested by EDX (rather large discrete grains, section 5.2.1) and XRD data (section 6.3). Imposing the presence of pyrite for fitting the present series of data (including ABM2 samples) did not
show any improvement of the fit (and resulted in level below 2 %). The content in accessory Fe
phases in the selected samples seems therefore negligible.
Data collected on the bulk material suggest a significant increase of reduction level (26 %) compared to the raw material. It may be due to natural variability in the bentonite material rather than
to a dilution by Fe2+ (from the corroding heater). A dilution of the initial Fe by 12 % additional
Fe2+ could explain such gap, however, XRF measurements of this sample indicate no change in
Fe content at all compared to the raw bentonite (99 % correspondence between own measurement
on bulk material and SKB references values). EDX profiles suggest no change in Fe content as
well. The number of similar analysis on such material is limited in the literature, and more analysis
should be done to determine whether such reduction levels are possible in the pristine MX80
sample used to construct the ABM blocks.
Tab. 7-1:

Refined values of Mössbauer parameters and doublet structural attributions for the
raw MX80 sample and the samples from block ABM2#08.
Hyperfine parameters
I.S.

F.W.H.M.

Q.S.

Attribution
Area [%]

Raw
0.46

0.95

1.10

32

HS-oct-Fe(III)

0.32

0.47

0.54

50

HS-oct-Fe(III)

1.13

0.35

2.85

13

HS-oct-Fe(II)

1.21

0.25

1.89

5

HS-oct-Fe(II)

Bulk
0.38

0.4

1.57

8

HS-oct-Fe(III)

0.35

0.5

0.55
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HS-oct-Fe(III)

1.17

0.43

2.78

26

HS-oct-Fe(II)

Contact
0.35

0.59

0.85

44

HS-oct-Fe(III)

0.35

0.37

0.51

44

HS-oct-Fe(III)

1.29

1.80

2.53

13

HS-oct-Fe(II)

Crust
0.40

0.59

1.10

46

HS-oct-Fe(III)

0.32

0.48

0.62

48

HS-oct-Fe(III)

1.04

0.41

2.82

6

HS-oct-Fe(II)

I.S. = Isomer shift value relative to that of the α-Fe at 300 K.
F.W.H.M = Full width of line at half of its maximum intensity.
Q.S. = Quadrupolar splitting
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Data collected on the contact sample indicate on the contrary a significant decrease of reduction
level (13 %). In that case, this can be attributed to a notable dilution by Fe3+ species (50 % of
initial Fe, consistent with EDX).
Data on crust also reflect strong dilution by Fe3+ species (3- to 4-fold increase, consistent with
EDX). Thus, the iron front observed close to the interface is dominantly composed of Fe3+ bearing
species (lepidocrocite, ferrihydrite, or small to medium-sized of goethite/hematite).

7.2

ABM2#11: Ibecoseal

Three samples from block ABM2#11 ("bulk/contact/crust" sequence) and the raw Ibecoseal
bentonite were analysed at two temperatures (RT and 77 K). The spectra of the raw bentonite are
displayed in Fig. 7-2 and the corresponding hyperfine parameters are displayed in Tab. 7-2.
Spectra of the series of sample from the block ABM2#11 are displayed in Fig. 7-3 and the corresponding hyperfine parameters are displayed in Tab. D-1.

Fig. 7-2:

Room temperature and 77 K Mössbauer spectra of the raw Ibecoseal bentonite used
in ABM2 experiment.
The hyperfine parameters are displayed in Tab. 7-2.

SEM-EDX and Raman data suggest that marcasite is present as well in the bentonite (section 6.1,
but not found in EDX mappings). It should represent less than 2 % of the Fe pool.
The analysed raw sample appears to be free of accessory Fe-bearing oxides and hydroxides (no
hematite/goethite). Nonetheless, their presence is obvious in the bulk sample (6 % of Fe in hematite/goethite, 3 % in goethite). XRF analysis of the bulk material also shows 8 % increase of the
Fe content in the bulk of the sample. Assuming these two phases are additional would result in a
10 % increase, which is fairly consistent with the Mössbauer spectra. However, other evidence
suggests that only a portion of the observed oxide might be additional.
On the one hand, SEM-EDX and Raman analysis of both raw and bulk material also indicate the
notable presence of Fe oxides (mainly as hematite), but heterogeneously distributed (section 5.2.2). In the present case, their absence in the analysed portion of the raw sample may be
attributed to the heterogeneous distribution and may thus be fortuitous. Hematite can also be
attributed to the initial iron pool (i.e. at most 6 % of total Fe), and goethite to the additional pool.
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On the other hand, the raw sample (presumably containing only clay structural Fe) exhibits a
higher initial reduction level (30 %) than MX80. This higher initial reduction level can be attributed to the higher content in illite/mica of Ibecoseal, as suggested by XRD data (Chapter 6). The
reduction level in the bulk sample is clearly higher (34 %, or 37 % if corrected from the presence
of accessory Fe(III) oxides). Reduction of structural Fe3+ is possible. If one assumes that goethite
is part of the additional pool, data account for a 5 – 6 % increase of paramagnetic Fe2+ content
and a concomitant 5 – 7 % decrease in paramagnetic Fe3+ content. One can moreover assume that
the additional goethite is at least partly an oxidation product of the reduction of structural Fe by
diffusing Fe2+.
A further possible explanation is an effective dilution by a small additional amount of paramagnetic Fe2+. Assuming no dilution by goe/hem, this additional portion of Fe2+ would induce up
to 8 % increase of the Fe content in the bulk of the sample, without net change in the Fe3+ content.
This is also consistent with the XRF results. Both explanations may actually thus be valid (dilution
by goethite and para-Fe2+) to account for the concomitant dilution of initial Fe2+ pool and the
slight increase of reduction level of paramagnetic iron.
Tab. 7-2:

Refined values of Mössbauer parameters and doublet structural attributions for the
raw Ibecoseal sample.
Hyperfine parameters
I.S.
(mm/s)

F.W.H.M.
(mm/s)

Q.S.
(mm/s)

Attribution
Area
(%)

300 K

0.47

0.57

0.52

60

HS-oct-Fe(III)

0.61

0.48

1.21

9

HS-oct-Fe(III)

1.13

0.77

2.71

12

HS-oct-Fe(II)

1.27

0.31

3.05

19

HS-oct-Fe(II)

77 K

0.35

0.52

0.52

64

HS-oct-Fe(III)

0.46

0.44

1.17

7

HS-oct-Fe(III)

0.87

0.71

2.47

12

HS-oct-Fe(II)

1.13

0.32

2.83

17

HS-oct-Fe(II)

I.S. = Isomer shift value relative to that of the α-Fe at 300 K.
F.W.H.M = Full width of line at half of its maximum intensity.
Q.S. = Quadrupolar splitting

The reduction level is similarly higher in the contact samples (35 %), with low contents of hematite and goethite (3 and 2 % of total Fe respectively). In that case, higher dilution of initial Fe is
observed, as XRF measurements indicate 80 % increase of total Fe content relative to raw material. Considering goethite and hematite as additional phases would only account for a 4 %
increase. Moreover, the hematite content is consistent with that measured in the bulk sample
(taking the dilution factor into account) and can thus be attributed to the initial Fe pool. Most of
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the Fe increase is therefore due to dilution by paramagnetic Fe3+ oxides (e.g. lepidocrocite, or
nano-sized goethite). The additional paramagnetic Fe pool has nonetheless a reduction level of
37 %. Significant quantities of Fe2+ were therefore added to the iron pool.

Fig. 7-3:

Room temperature and 77 K Mössbauer spectra of a series of 3 samples from block
ABM2#11.
The hyperfine parameters are displayed in Tab. D-1.

A considerable drop of reduction level is observed in the crust sample, and 2 % goethite is found.
According to EDX, large dilution of pre-existing Fe should be expected in this sample (3- to 5fold). The global reduction level (23 %) is, however, not that low compared to the raw or bulk
values (30 – 34 %). In this case, this means that the additional pool of Fe mainly consists of Fe3+
species, but that, given the high dilution, the additional amount of Fe2+ is nonetheless of the same
order as the initial Fe pool.

NAGRA NTB 17-10

7.3

72

ABM2#25: MX80 + quartz

Five samples from block ABM2#25 were analysed. Compared to other blocks, a much larger
portion of the block could be sampled (1/8 of the block) and three consecutive "contact" samples
were selected (instead of one for the other blocks). The digit in the name of the contact sample
(1, 2 or 3) indicates the order of sampling (i.e. contact-1 is the closest to the interface). The 77 K
spectra of the bulk and crust sample are displayed in Fig. 7-4, the 77 K spectra of the three contact
samples are displayed in Fig. 7-5, and the corresponding hyperfine parameters are displayed in
Tabs. D-2 and D-3.

Fig. 7-4:

Mössbauer spectra of the bulk and crust samples of block ABM2#25.
The hyperfine parameters are displayed in Tab. D-2).

No raw material (the pristine MX80-quartz mixture) was available for analysis, and the raw MX80
is therefore taken as a reference sample for this block (section 7.1). As for samples from block
ABM2#08 (MX80, section 7.1), the presence of pyrite seems again negligible, despite that XRD
(section 6.3) and EDX (section 5.2.1) data indicate its presence. Analysis of the bulk sample
(Fig. 7-4), however, shows an important presence of superparamagnetic species (18 % of total Fe,
equally shared between goethite and hematite). The presence of such species in the starting material can be expected. Still, the level found in this bulk sample (at a distance of 50 mm from the
interface) seems anomalously high compared to what is observed in bulk and raw sample of
MX80 (< 5 %, section 7.1) and to what can be inferred from the observation of SEM pictures and
EDX mappings (section 5.2.1). More systematic analysis of such material should be done to
determine whether if this result is due to heterogeneity in the original material, contamination
upon mixing with quartz, or to an actual interaction with the corroding heater upon the ABM2
experiment.
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Fig. 7-5:
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Mössbauer spectra of the crust samples from ABM2#25.
The hyperfine parameters are displayed in Tab. D-3.

Interestingly, the trend seen in the bulk of sample #11 is again observed in sample #25. Indeed,
XRF data indicate a slight increase of the Fe content (+ 10 %) compared to the initial material.
As for sample #11, if hematite is attributed to a component of the initial Fe pool, and goethite to
an additional Fe phase, the estimated amounts are thus consistent with the dilution factor (i.e. ratio
Fetot,sample / Fetot,raw). A concomitant increase of the reduction level of paramagnetic Fe is also
observed. Again, data are consistent with both dilutions by additional paramagnetic Fe2+ and/or
reduction of structural Fe3+ by additional Fe2+. If one assumes that the additional pool is composed
by paramagnetic Fe2+ only, data indicates a negligible drop of paramagnetic Fe3+ (-3 %) and are
consistent with a 10 % increase of total Fe content. If one assumes that goethite is the diluent,
data are again consistent with a 10 % increase of total Fe content and result in a concomitant 12 %
increase of paramagnetic Fe2+ content and 12 % drop of paramagnetic Fe3+ content. However, in
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the present case, such an assumption necessary implies that the additional 10 % small to mediumsized goethite is in fact the main oxidation product resulting from the reduction of structural Fe
by the diffusing Fe2+.
Data collected on the three consecutive samples reveal an important portion of goethite (36 –
40 % if total Fe), present mainly as large grains (< 25 nm, 26 – 30 %). XRF data indicates a76 %
and 61 % increase of total iron content in the contact-2 and contact-3 samples, respectively.
Contact-1 was not analysed by XRF due to the limited amounts of sample. EDX profile
(Fig. A-91) suggests that that an increase of 100 – 200 % can be expected in this sample. If one
assumes that medium to large-sized goethite is an additional pool of Fe, data imply an increase in
Fe content of 59 %, 67 % and 64 % in contact-1, -2 and -3 respectively. A significant increase in
the paramagnetic Fe2+ content is also observed in all cases (respectively 17 %, 19 % and 16 %).
In comparison, the concomitant drop in paramagnetic Fe3+ is lower in all cases (-10 %, -9 % and
-11 % respectively).
Data of the three contact samples strongly suggest that the main diluent is medium to large-sized
goethite. The slight gaps between the net changes in paramagnetic Fe content (increase in Fe2+
and decrease in Fe3+) suggests that a part of the additional Fe2+ originates from the reduction of
structural Fe2+, but another part (5 – 10 % of total Fe) originates from additional Fe2+.
Data collected on crust samples (Fig. 7-4) differ from those on contact sample. XRF data show a
dramatic increase (almost 5-fold) of the Fe content, and thus that most of analysed Fe is additional.
Half of this additional amount is present as medium-sized goethite grains. The other half is present
as paramagnetic Fe with a reduction level of 37 % (similarly to samples from block #11). Given
the notable presence of medium to large-sized grains of goethite in this series of samples, most of
the additional paramagnetic Fe3+ can be suspected to be nano-sized goethite (consistent with
growth of grains). Lepidocrocite can, however, be present as well, since considerable amounts
could be observed in SEM and Raman data collected at the same location (section 5.3). The additional pool of Fe2+ represents 74 % of the initial content.

7.4

ABM2#26: Deponit

Contrary to previous samples, the presented sample series was not collected at the interface with
the heater but further away (at a distance >50 mm) at the interface between block #25 and block
#26 (section 2.3). This area is close to the boiling zone. Three samples of very contrasting colour
(red, green and blue) could be isolated. The Mössbauer spectra of these samples are displayed in
Fig. 7-7 and the corresponding parameters are displayed in Tab. D-4. The raw bentonite was also
analysed (spectra displayed in Fig. 7-6 and parameters in Tab. 7-3). In all cases, for a given
sample, resulting fits of the spectra collected at room temperature and 77 K are consistent (both
in terms of pyrite content and global reduction level).
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Fig. 7-6:

Room temperature and 77 K Mössbauer spectra of the raw Deponit bentonite used
in the ABM2 experiment.

Tab. 7-3:

Refined values of Mössbauer parameters and doublet structural attributions for the
raw Deponit sample.
Hyperfine parameters
I.S.
(mm/s)

F.W.H.M.
(mm/s)

Q.S.
(mm/s)

Attribution
Area
[%]

300 K
0.35

0.42

0.37

45

HS-oct-Fe(III)

0.42

0.59

1.05

26

HS-oct-Fe(III)

0.30

0.32

0.62

22

Pyrite

0.87

0.27

2.36

3

HS-oct-Fe(II)

1.10

0.27

2.84

4

HS-oct-Fe(II)

77 K
0.46

0.45

0.36

45

HS-oct-Fe(III)

0.52

0.56

1.11

26

HS-oct-Fe(III)

0.42

0.32

0.62

20

Pyrite

1.04

0.48

2.63

5

HS-oct-Fe(II)

1.28

0.27

3.02

4

HS-oct-Fe(II)

I.S. = Isomer shift value relative to that of the α-Fe at 300 K.
F.W.H.M = Full width of line at half of its maximum intensity.
Q.S. = Quadrupolar splitting

The composition of the raw sample inferred from Mössbauer spectrometry (20 – 22 % pyrite as
main accessory mineral) is consistent with the SEM-EDX (high pyrite and low Fe(III)-oxides
contents, section 5.2.6) and XRF (maximum share of pyrite would be 19 % of total Fe) observa-
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tions. Global reduction level of iron is 29 % (if pyrite is taken into consideration), or rather 9 %
if only HS-oct-Fe (i.e. mainly clay structural iron) is considered. This is in the same range as a lot
of naturally occurring clays found in the bentonites (Grim & Güven 1978).

Fig. 7-7:

Room temperature and 77 K Mössbauer spectra of a series of 3 samples from block
ABM2#26.
The hyperfine parameters are displayed in Tab. D-4.

XRF analysis of the red/green/blue series indicates an increase in Fe content in the three samples:
respectively +112 % +20 % and +29 %. Mössbauer analysis (Fig. 7-7) indicates the presence of
pyrite in each of these samples (respectively 12 %, 15 %, 20 %), in higher amounts than the raw
material, when corrected for the dilution factor (respectively 26 %, 18 % and 26 %). These slight
discrepancies may be due to heterogeneities in the selected samples. These results suggest that
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pyrite was not affected (not oxidised) in this location of the experiment. Goethite (medium-sized
grains) is found in all the samples and can be attributed to the additional Fe pool as it is almost
absent in the raw material. This represents amounts equivalent to 53 %, 15 % and 8 % respecttively, and can only account for a portion of the additional Fe pool.
In fact, a significant increase of the content in para-Fe3+ is also seen in the red sample (at least
+26 %). A slight concomitant increase of the content in para-Fe2+ is also seen (+5 %). Thus, in
the case of the red sample, most of the more than two-fold increase in Fe content (more than 2fold is mainly due to the addition of goethite.
In the case of the green sample, goethite is the main additional phase as well. An increase in the
Fe2+ content (+11 %) and a concomitant decrease of paramagnetic Fe3+ (-5 %) is observed. This
is explained by a slight reduction of structural iron, and possibly the presence of additional Fe2+
as well (at most +6 %).
In the case of the blue sample, medium-sized goethite can only account for a portion of the
increased Fe content (+8 %). A more important increase in the Fe2+ content (+16 %) and a concomitant lower decrease of (-4 %) is observed. This is explained by a reduction of structural iron,
and possibly the presence of additional Fe2+ (at most +12 %).

7.5

Summary of the Mössbauer spectrometry survey

The main observation relative to initial Fe population and the probable changes in the ABM2
samples inferred from the Mössbauer spectrometry survey (with support from EDX and XRF
data) are displayed in Tab. 7-4. As previously mentioned, changes in Fe reduction level are
interpreted as dilutions by Fe2+/3+ mixtures (from the corroded heater). If XRF data is absent,
dilution factors (of pre-existing Fe by additional Fe) are estimated by correlation between EDX
profiles and Mössbauer data.
Data from sample #08, #11 and #25 show that the additional Fe diffusing into the bentonite is
found mainly as Fe3+ at the vicinity of the interface (especially in crust and contact samples). In
the block from the lower part of the experiment (#08 and #11), the additional Fe3+ occurs as Fe3+
bearing species which are difficult to distinguish from those in the clay matrix. These species
presumably represent mainly nano-sized goethite and possibly lepidocrocite (as indicated in the
crust by Raman spectra collected in the corrosion layers and crusts of sample #08 and #25,
section 5.3). The presence of sorbed Fe3+ cannot be ruled out, even though CEC data suggest its
absence (further discussed in section 8.1). The presence of additional goethite is more obvious in
the upper samples (#25 and #26), where grains are sufficiently large (> 5 – 8 nm) to be discriminated. This difference can be attributed to the boiling event, which may have favoured the formation
of larger grains of goethite. This suggests that the remaining additional Fe3+ may be goethite as
well.
High amounts of additional Fe2+ are found in sample #11, #25 and #26. Its nature is much more
difficult to determine (sorbed Fe2+, green rust, amakinite/ferrobrucite, Fe2OH3Cl etc.) or it may
reflect the reduced structural Fe of the clay. It is noted that significant amounts of siderite are less
likely (judging by the hyperfine parameters of the Fe2+ component). For all cases, data from bulk
samples suggest an increase of the reduction level and in two cases, a concomitant increase of Fe
content.
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Main information inferred from Mössbauer spectrometry and XRF dataset collected
on samples from blocks ABM2#08, #11, #25 and #26.

Fe increase a
[%]

Additional Fe pool
[%]
Min. Goe. b

Max Fe2+ c

Para-Fe d
[%]

Clay Festr e
[%]

Reduction level

Remarks on additional Fe pool
[in % of Fe]
[remarks on starting material]

ABM2#08 (MX80)
raw

18

18

[probable presence of pyrite and goe/hem
(< 10 %)]

bulk

-1

26

possible additional Fe2+ (< 10 % of initial Fe)

contact

(50)

13

mainly Fe3+, probably small-sized goethite

crust

(200 – 300)

6

mainly Fe3+, probably small-sized goethite

ABM2#11 (Ibecoseal)
raw

30

31

[presence of hematite (up to 6 %)]

bulk

8

4

4

36

34 – 40

additional goethite and Fe2+

contact

80

3

30

34

31 – 60

high probability of small-sized goethite

crust

(150 – 350)

3

43 – 77

24

31 – 100

high probability of small-sized goethite

slight reduction of the Festr
probable reduction of the Festr
probable reduction of the Festr
ABM2#25 (MX80+qtz)
bulk

10

0

10

33

25 – 39

Probable additional Fe2+ and/or goethite

Contact-3

61

48

16

36

23 – 36

High presence of goethite

Contact-2

76

55

21

37

21 – 39

additional Fe2+

62 – 110

28 – 42

34

18 – 41

probable reduction of the Festr

150

73

32

37 – 100

slight reduction of the Festr

Contact-1 (100 – 250)
crust

380

ABM2#26 (Deponit)
raw

(1)

blue

29

9

20

12

12

[presence of pyrite (20 %)]

30

12 – 39

additional goethite
probable additional Fe2+
probable reduction of the Festr

green

20

17

5

24

19 – 25

additional goethite
probable additional Fe2+
reduction of the Festr

red

112

74

5

14

12 – 21

additional goethite
probable additional Fe2+
probable reduction of the Festr

a
b
c

d
e

additional Fe fraction calculated from XRF data (Tab. E-1) (or from EDX profiles for bracket values values)
minimal additional goethite fraction
maximal additional paramagnetic Fe2+ fraction. Estimation based on the assumption that initial Fe2+ content cannot decrease (no
clay oxidation).
reduction level of the whole paramagnetic Fe fraction
reduction level of the structural Fe. Lower boundary corresponds to case were additional Fe2+ corresponds to the maximal
estimated value. Upper boundary corresponds to case where no additional Fe2+ is present.

goe/hem: goethite/hematite (mid to big grains)
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The samples selected from block #26 are less representative of the interaction with the heater.
They originate from an area affected by the boiling event. Nevertheless, the data show a large
impact from corrosion products originating presumably from both the heater and the cage's frame
of block #25 (as seen in Fig. 8-10). Large amounts of goethite are found, but the reduction of HSoct-Fe is also increased. There is a negative correlation between the amount of additional goethite
and the proportion of reduced HS-oct-Fe (from red to blue). Determining whether the increased
Fe reduction level is due to the presence of additional Fe2+, or only due to an actual reduction of
the structural iron, is difficult at present. The results also suggest that pyrite was not affected at
all.
Regarding original composition of the analysed bentonites, the absence of phases such as
magnetite, marcasite and ilmenite (often found in raw materials and also in ABM2 samples by
EDX and Raman analysis) from presented fitting suggests that such species make up a minor part
of the original iron pool in most cases (< 2 % to roughly 5 %) of total Fe.
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Discussion – Part 1: global trends in ABM2 experiments

This chapter focuses on the major chemical changes observed inside the bentonite after the ABM2
experiment, inferred from the EDX survey (5.5.2).

8.1

Cation exchange

This section presents an extensive description of the CEC data collected by BGR (Dohrmann &
Kaufhold 2017). The dataset of CEC values and extracted cations (i.e. exchangeable plus partly
soluble cations) reveals several important aspects regarding the behaviour of the bentonite materials in the ABM2 experiment, which can help for a better understanding of the collected EDX
data.

8.1.1

Overview of BGR bulk CEC data

This section focuses on the exchange processes taking place in the bulk zone of the ABM blocks,
decoupled from the interaction with the steel. The next figures display the CEC data collected by
BGR (Dohrmann & Kaufhold 2017) on raw materials (Fig. 8-1 left), on the samples at the end of
the experiment (Fig. 8-1 right and Fig. 8-2 right), and comparisons between both sets of data
(Fig. 8-2 left). These data are displayed in various ways (meq∙100 g-1, normalised populations or
normalised differences) to have a better insight into the cation exchange process throughout the
entire ABM experiment. It must be emphasised that these data were obtained by the CuTrien5x calcite method, which has been proven to be effective for a certain range of conditions and
samples (Dohrmann & Kaufhold 2009) but may also be erroneous in reducing conditions such as
with Fe2+-bearing samples (Hadi et al. 2014, Hadi et al. 2016). The present section is focused on
the data collected on raw materials and in the bulk of the blocks at the end of the experiment (i.e.
far from the Fe-bentonite interface). Moreover, these data were collected in ambient conditions
on samples that were exposed to the atmosphere for several hours, if not days (i.e. no anoxic
preparation of samples and reactants). One can thus presume that no redox interferences (side
reactions between Fe2+ and the index ion) have impeded the determination of CEC. Still, it must
be also noted that these data would still require further corrections, such as corrections for soluble
salts content in the sample (e.g. gypsum and anhydrite are soluble in such solutions; Dohrmann
2006c). These data are first discussed and then used for the interpretation of the EDX data.
The primary aspects to be observed relate to the nature of the exchanger in the bentonite, i.e. the
values of the CEC on the one hand and the exchangeable cation population on the other hand. It
is assumed that smectites are the main phase involved in the exchange processes in those materials, which can be attributed primarily to montmorillonites, and to a lesser extent to beidellites.
Most montmorillonites encountered in the bentonites of the ABM2 experiment are of the Wyoming type, with CEC generally in the range of 90 – 110 meq∙100 g-1 (Grim & Kulbicki 1961).
Thus, the CEC value of raw material (Fig. 8-1 left) can give a rough estimation of the clay content
in the samples, allowing classification of the materials used in the ABM2 experiment into three
groups:
•

Clay rich bentonites (80 – 90 % clay): MX80, Calcigel, Deponit, FEBEX, Asha, Ibecoseal
and Ikosorb

•

Slightly less clay rich bentonites (60 – 80 %): Rokle, Kunigel and the MX80+qtz mix

•

Clay "poor" samples (COx and Friedland), which are not "bentonites" but rather "argilites"
or "clay rocks" and may contain other dominant clay phases (e.g. illite and/or kaolinite).
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All those materials can also be classified in a different manner, i.e. according to the identity of
the dominant exchangeable cation:
•

Sodic type (Na dominates): MX80 (and the mix with quartz), Friedland, Asha, Ibecoseal,
Ikosorb, Kunigel

•

Calcic type (Ca dominates): Calcigel, Deponit, Rokle (and COx to a lesser extent)

•

Intermediate type (more or less equivalent Ca, Na and Mg contents): FEBEX

Hence, most of the bentonites involved in the ABM experiment were initially sodic. In all the
bentonites, potassium is a minor (1 – 2 % in most samples, 3 – 4 % in FEBEX, Ibecoseal and
Rokle) exchangeable cation compared to the others. Thus, the discussion focuses on exchangeable
Na, Ca and Mg in the following. Regarding Mg, there is no clear trend among the various
materials regarding the two types of above-mentioned classification, except that more Mg is
usually found in Ca rich bentonites. One can, however, distinguish again three groups:
•

Moderate to high exchangeable Mg content (10 – 40 meq g-1): Asha, Calcigel, Ikosorb,
Rokle, Deponit, FEBEX (where it is in fact the dominant one)

•

Low exchangeable Mg content (1 – 10 meq∙g-1): COx, Friedland, Ibecoseal, MX80

•

No exchangeable Mg: Kunigel

Data on the raw material also give an indication of the presence of soluble compounds other than
calcite/dolomite (whose dissolution is prevented in the Cu-Trien5x calcite method). For most
samples, the good agreement between CEC and sum of extracted cations (0 – 3 % differences in
most cases) underlines the correctness of both CEC estimation and identity of exchangeable
cations on raw materials. Slightly larger discrepancies are observed for one sample, Ibecoseal.
The sum of extracted cations there is higher than the CEC, indicating the presence of soluble salts.
Data collected on the materials at the end of the experiment clearly evidence the presence of
soluble salts in all samples, as outlined by the higher sum of extracted cations compared to the
corresponding CEC value (Fig. 8-1 right). The relative difference is displayed in the rightmost
column in Fig. 8-2 (right). On must note that the larger discrepancies observed in the argillite
(grey values), are partly due to its low clay content (thus low CEC, accentuating the observed
discrepancies). One can distinguish roughly two groups, this time not based on the identity of the
sample, but rather depending on its location in the experiment:
•

Low to moderate soluble salts content (4 – 25 % of the CEC value) in the bottom section of
the experiment (samples #1 to #15)

•

Moderate to high soluble salt content (25 – > 100 % of the CEC value) in the top section of
the experiment (samples #16 to 31)

Hence, along with the cationic exchange, it appears that salts were precipitated in the bulk of the
blocks during the experiment, but not in a uniform way. In a first approach (and in absence of
more detailed data about leachates), the total "extracted cations" population is considered, and it
must be emphasised that this actually accounts for both exchangeable and soluble cations. The
aspects pertaining to soluble salt will be further discussed in the next sections.
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Fig. 8-1:
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Representation of the bentonite stacking in the ABM2 experiment according to the
type of exchanger upon installation (left) and at the end of the experiment (right).
Data from (Dohrmann & Kaufhold 2017).

At the location of the ABM parcel, the natural Äspö groundwater (Muurinen 2003, Svensson et
al. 2011) is rich in Na (~ 100 mM) and Ca (~ 50 – 60 mM) and rather poor in K (0.3 mM) and
Mg (0.3 – 2.4 mM). An artificial saturation system was installed, using Äspö groundwater and
aiming at simulating water-bearing fractures in the rock walls. Given the Na/Ca ratio close to
unity (in terms of equivalents), the higher affinity for Ca sorption of the smectites, and the low
Mg and K contents of Äspö groundwater, one can infer that the dramatic changes in bulk Na and
Ca observed in most of the chemical profiles can be explained by cation exchange between the
clay and the artificial groundwater. When taking place in an average sodic bentonite (e.g. MX80
or Ibecoseal), such a process would result in the enrichment in interlayer Ca at the expense of the
Na, Mg and K content. Such assumption is supported by the use of a simple cation exchange
model calculated with the PhreeqC code (Appelo & Parkhurst 2002): bentonite dispersed in a
large volume of Äspö groundwater (thus assuming the supply of artificially circulated groundwater is infinite). This application results in a final Na:K:Mg:Ca ratio of 28:0:1:70 for the composition of the clay exchanger. Indeed, all the sodic bentonites were transformed to calcic bentonite at the end of the experiment (Fig. 8-1 right). In almost all the sodic bentonites, Na content
dropped while the Ca content increased, becoming the dominant cation (increase in Na is only
observed in the upper Friedland sample #23). Instead, in calcic bentonites, a Ca increase is
observed as well (excluding lower Calcigel #03 were it slightly dropped), but the Na content also
increased in the Na poorest ones (Rokle and Calcigel). With regard to these two elements, besides
the apparent equilibration with the Äspö groundwater, one could actually further discern three
domains where different equilibria are reached in the experiment, when observing the relative
populations of extracted cations (Fig. 8-2 right):
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•

The extremities of the experiment (#1 to 3 and #31): highest Na (34 – 35 %) and lowest Ca
(55 – 60 %) proportions

•

The "pericentral" zone of the experiment (#04 to 14 and #25 to 30): lowest Na (~ 15 – 20 %)
and highest Ca proportions (69 – 85 %)

•

The central zone (#15 to 24): on average relatively higher Na (20 – 22 %) and lower Ca (72
– 75 %) proportions than in the "pericentral" zone

Fig. 8-2:

Variations in exchangeable populations and CEC at the end of the experiment, relative to the initial materials (left); extracted cationic population and relative difference
between sum of extracted cations and CEC in final sample (right).

One can further distinguish the upper "pericentral" from the lower "pericentral" zone, in which
both Na and Ca contents are generally higher and Ca proportions slightly higher as well. This
latter aspect might be related to the occurrence of the boiling event and precipitation of salts in
the upper zone of the experiment (as previously outlined when comparing CEC to sum of extracted cations). In the present discussion, only one data point from the BGR dataset was purposely
omitted (20 mm in #26), because it was obviously sampled on the anhydrite rim (high Ca and S)
briefly outlined in the previous section (and further discussed in the next section). However, the
resulting highest Ca values (and larger error bars) in the present calculation suggest that salt precipitation occurred in a large domain of the bulk of the uppermost samples. Besides this aspect, the
occurrence of this zonation (extremities, pericenter and centre) and the comparison between the
values in these zones suggest that equilibration with Äspö groundwater was not homogeneous
throughout the entire bentonite stack. Sodium to calcium exchange is more pronounced in the
pericentral zone, slightly less in the central zone and notably even less in the extremities. This
might be caused by an inhomogeneous artificial circulation system, and the difficulty to supply
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the extreme blocks and, to a lesser extent, the central blocks. Interaction with the concrete plug
located below and above the bentonite stacking is unlikely to explain this situation, as the opposite
would be expected (i.e. higher Ca in the extreme blocks).
With regard to K, the data display a global drop throughout the entire sample set, which might be
due to the interaction with K poor circulated water (as predicted by the PhreeqC calculation).
Instead, the behaviour of Mg is more peculiar and not anticipated by the above-mentioned rough
assumptions on sodic bentonites (assumed Mg desorption due to interaction with low [Mg] Äspö
groundwater). In most cases, Mg was exchanged for Ca, but in some cases (#01 – 02, #11, #13
and #22) an uptake of Mg by the bentonite is observed. This could have been anticipated in the
case of Kunigel, which initially has almost no exchangeable Mg. One can estimate an average
reference value for the final exchangeable content, based on the present data set. In this approach,
considerations on the actual Mg source have no importance, whether it is the Äspö groundwater
only, or if vertical transfers between bentonites can occur as well (between Mg rich and Mg poor).
As previously discussed, one can assume that equilibration with Äspö groundwater (and by extension between adjacent blocks) was more pronounced in the pericentral zone of the experiment.
Data on extracted cationic population from the lower part of this zone should be less affected by
errors due to soluble salts than in the higher part, and thus more representative of the actual
exchangeable population. Moreover, this zone shows an interesting sequence of blocks (#12 to
#14), i.e. the stacking of a sample with initially high exchangeable Mg content (#12 Ikosorb,
21 meq g-1), virtually no exchangeable Mg (#13 Kunigel, 0 meq g-1), and one with a low
exchangeable Mg content (#14 MX80+quartz 6 meq g-1). At the end of the experiment, all three
blocks show the same values in terms of Mg proportions (6 – 7 %). This value is consistent with
the other samples of the lower pericentral zone (#4 to #9) and can thus be considered for estimating the final exchangeable Mg content.
A further observation is that Mg proportions are notably lower in the upper part of the experiment
(Fig. 8-1 right and Fig. 8-2 right). The trend seems to be not only related to the sample type, but
also to its location in the experiment. This can be better illustrated following the representation in
Fig. 8-2 (left), with the distinction between four types of behaviours regarding Mg exchange
(strong and weak donors, intermediates and weak acceptors) and further comparing between
values in Mg loss or uptake of samples made from the same bentonite. When progressing from
bottom to top of the experiment, one can observe a tendency of all the blocks in progressively
turning from a Mg acceptor to a donor behaviour. This is obvious when comparing the various
MX80 blocks (including quartz mix, i.e. blocks #1, 2, 8, 14, 17, 25, 27, 30, 31). Ibecoseal at
position #11 acts as a weak acceptor (in fact the highest uptake in Mg) whereas it becomes of
"intermediate" type (no uptake neither loss) at position #15. In fact, excluding Friedland, all the
samples show an increased tendency in Mg loss (or decreased tendency in Mg uptake) in the
upper positions compared to the lower ones. This trend is uniform throughout the entire bentonite
setup. Comparison to the other above discussed trends allows ruling out a series of hypotheses
which could have explained the peculiar behaviour of Mg:
•

Variable equilibration with Äspö groundwater depending on location in the experiment,
as for Ca and Na. This assumption, alone, would contradict the previous assumption of
inhomogeneous artificial water circulation in the experiment given the clear contrast in Mg
final proportions (and variations) between the two extremities.
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•

Vertical transfers between adjacent blocks and proximities of Mg rich to Mg poor ones.
This is unlikely to explain the observed trend. Indeed, an increase in Mg is observed in the
two lowermost MX80 blocks (#1, 2) which are in contact with a block containing moderate
Mg (#3 Calcigel), followed by an Mg poor one (#3 Friedland). Instead, a decrease in Mg is
observed in the two uppermost MX80 blocks (#30, 31) which are in contact with the Mg
richest block (#29 FEBEX), followed by another Mg rich one (#28 Ikosorb). Moreover,
higher losses are also observed in those Mg richest ones on top of the experiment compared
to their analogue in the lower positions.

•

Presence of an external Mg source (or sink) on the bottom (or on top of the experiment,
respectively), such as a crack in the host rock, allowing diffusion of an external water through
the concrete toward the bentonite. This would imply that this external water has a different
chemical composition than the one used to artificially saturate the blocks. This means a much
higher Mg concentration if located at the bottom, or instead virtually no dissolved Mg if
located at top. This would, however, still contradict the assumption made on heterogeneous
circulation of the artificial system toward the extremities. As circulation of such secondary
external water would appear to be quite homogeneous throughout the entire experiment,
whereas the one injected on purpose would not.

The most plausible scenario for explaining the behaviour of Mg involves the presence of an
internal Mg sink in the experiment, presumably related to the interactions between the bentonite
blocks and the heater (perhaps related to the boiling event). A process consuming Mg would take
place and compete with ion exchange, with an increasing prevalence toward the top of the experiment. As previously discussed, in that case the source for Mg could be the interlayer of Mg rich
bentonites, and to a lesser extent the Mg poor Äspö groundwater. Such scenario would be in line
with all the other above discussed assumptions (zonation for Na/Ca and presence of soluble salts
in the uppermost part).

8.1.2

BGR bulk exchange data vs. XRF and EDX data

The way bulk exchange data (CEC and extracted cations on raw materials) has been included in
the presented Al-normalised chemical profiles is described in section 3.1.2, and a short overview
is presented in section 5.5.2. This section further details the comparison of BGR bulk exchange
data, XRF data from BGR and SKB, with the present EDX data.
One important aspect is the consistency between the BGR XRF set and the present EDX dataset
for the four partly exchangeable cations Na, K, Ca and Mg in the final samples (considering total
amounts). Prediction of final bulk Ca content (XCa-Final) using charge balance (as described in
section 3.1.2) matches the final bulk values measured by EDX in most cases. It was also previously noted that the final bulk values obtained for Na were consistent with the calculated nonexchangeable fractions (i.e. superior or equal, as described in section 3.1.2), hence suggesting a
total replacement of interlayer Na by Ca. Those predictions were made with the assumption of no
background change (no dissolution/precipitation of salts).
In fact, extracted cation values obtained by BGR on final material (Fig. 8-2) clearly show that a
notable precipitation of salt occurred, especially in the upper part of the experiment (indicated by
the positive difference between sum of extracted cations and CEC). Those salts are presumably
Ca-salts other than calcite as its dissolution is prevented in the employed method (but not gypsum
for instance Dohrmann 2006c). Furthermore, chemical profiles indicate local Ca and S increase
(presumably gypsum/ anhydrite) at various locations of the experiment, especially in the upper
zone. EDX data also indicate a global drop of Na and Mg in the bulk of the samples. BGR data
(Fig. 8-2) also suggest that a significant portion of Na remains in the interlayer at the end of the
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experiment (occupying 15 – 35 % of the exchanger). Thus, in the case of Na, the apparent consistency observed in some cases between the final bulk value and the assumed non-exchangeable
fraction rather suggest that a notable drop in the background Na occurred as well (instead of a
complete Na – Ca exchange). One can further develop such a comparison between the BGR CEC
data set and the present EDX data by calculating the final exchangeable fractions (XExch) for each
of the three most important exchangeable species (Na-Ca-Mg), using the initial XRF data (XXRF),
the initial extracted fraction (XCu-Trien), initially predicted non-exchangeable value (Xnon-exch) and
final bulk EDX value (XEDX):
𝑋𝑋 SKB −XBulk
EDX

EDX
= �1 − 𝑋𝑋 SKBXRF
X Exch
−𝑋𝑋
XRF

non−exch

BGR
� ∙ 𝑋𝑋Cu−Trien

(8-1)

This can be further simplified by the following equation:
XBulk

EDX
BGR
BGR
= 𝑋𝑋Cu−Trien
+ 𝑋𝑋XRF
� 𝑋𝑋EDX
X Exch
SKB − 1�
XRF

(8-2)

Then the comparison between such rough estimates of the final bulk exchangeable fraction
(assuming no change in background) and the value measured with CuTrien method is made more
straightforward as all the values for a given element can be plotted in one diagram (Fig. 8-3). It
must be emphasised that vertical error bars (error on the prediction) were not calculated and thus
not indicated; they should be at least as large as the horizontal ones. Assuming the absence of
artefacts in the CuTrien method (i.e. no dissolution of accessory minerals and no overestimation
of CEC), values falling on the 1:1 line would account for no change in the non-exchangeable
fraction. Values falling above this line would represent an increase of the background (i.e. precipitation of salt within the experiment, leading to an overestimation of exchange with EDX data),
and conversely, values falling below would represent a decrease of the background (i.e. dissolution).
One obvious artefact in the CuTrien5x calcite measurements was previously noted, as precipitation
of salt (soluble in the calcite saturated solution) could be deduced from the gap observed between
final CEC values and the sum of extracted cations (Fig. 8-2 left). This is especially the case in
block #24 (Rokle), where the bulk value of extracted cations is twice the CEC. Those salts are
assumed to be rather Ca salts and more occurring on the upper part of the experiment (and values
are more dispersed). This would explain why two groups of points can be distinguished on the
diagram obtained for Ca (Fig. 8-3), with samples from the lower part falling above the 1:1 line
and samples from the upper part falling below. Points below the 1:1 line are most likely overestimated by CuTrien method, so that corrected values would be closer to the line. In most cases,
this comparison then rather suggests that there is an increase in the background Ca.
Finally, regarding Mg, the picture is relatively similar to that of Na, with, however, a different
disposition of the various samples. In the case of Mg, the EDX data are consistent with XRF data
for three blocks (#12, 13 and 24), whereas Na in these blocks falls below the 1:1 line. Regarding
Mg, the remaining samples lie far below the 1:1 line. Contrary to the case of Na, an important
drop of the Mg background alone is less likely to explain these results. Indeed, the primary source
for "extractable" Mg is the clay exchanger. The remaining Mg (i.e. the Mg background) is normally assumed to be structural Mg (located in the octahedral layer of the clay sheets), and to a
lesser extent present in secondary phases (e.g. dolomite and feldspars). Dolomite was identified
only in Deponit, and only traces can be suspected to be present in the other selected materials
(Svensson et al. 2011). In the case of MX80, the comparison between predicted and measured
value suggests that the Mg background has dropped by 8 – 18 % at the end of the experiment. An
explanation for these negative predicted values is that the CuTrien5xcalcite method tends to under-
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estimate the amount of extractable Mg. If so, predicted values, which are strongly dependent on
the initial CuTrien values, would have been higher. Additional details regarding potential artefacts
are further discussed in the next section.

Fig. 8-3:

Comparison between exchangeable Na – Mg – Ca measured by BGR in retrieved
samples and fractions estimated from EDX data (using the above described weighted
calculation).

8.1.3

CEC data from the heater interface

This section focuses on the difference between CEC data collected at the contact with the heater
and in the bulk at the end of the experiment (Fig. 8-4). A single point was sampled for CEC
analysis in the contact zone (and for XRF measurements shown on the chemical profiles), by
scraping off the edge of the block at the interface with the heater. Those points are indicated
"1 mm" in the various chemical profiles, but their exact location is uncertain. In section 5.5.2, the
"contact" zone was defined as the first 5 – 10 mm of the profile, so those BGR "contact" data can
be assumed to be representative of the same zone. It must be noted that, given the sampling
method, they may reflect an average value corresponding to a slice of 1 to 3 mm (i.e. centred at
distance between 0.5 and 1.5 mm).
As previously discussed, these data were obtained by the Cu-Trien5x calcite method, which have
been proven to be effective for a certain range of conditions and samples (Dohrmann & Kaufhold
2009) but may also be erroneous in reducing conditions such as with Fe2+-bearing samples (Hadi
et al. 2014, Hadi et al. 2016). In short, both metallic centre and amino ligand of CuTrien can be
subject to redox interferences with Fe2+. Other elements, such as Mg2+ and Al3+ can also be
involved in such co-precipitation processes. However, according to Dohrmann & Kaufhold
(2017), who provided the data; these were collected in ambient, hence oxidising, conditions on
samples that were prepared and exposed in the same conditions for hours if not for days. Thus,
much less interference should be expected regarding the above-mentioned redox artefacts. Still,
the absence of interference between Fe3+, Mg2+ and CuTrien is to be checked.
The differences between measurements of extracted cations at the contact and in the bulk samples
(Fig. 8-4) are small, with almost no changes regarding extracted Na, K and Mg. The same observation can be made on CEC values, with the exception of two blocks with a notable ~ 10 %
decrease (#10) or increase (#26) at the contact. Most changes are observed with extracted Ca
values, which are in most cases higher at the contact, and which are reflected by analogous
changes in sum of extracted cations values.
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Differences in exchangeable populations and CEC at the end of the experiment,
between "contact" (points at 0.1 mm) and the average bulk values (i.e. Xcontact – Xbulk
where X is a CEC or an extracted cation value).

One of the main trends inferred from the chemical profiles is the dilution of the bentonite at the
contact with the heater, by newly formed Mg and Fe-bearing compound(s). Such a CEC dataset
can help in supporting the presence of unidentified new components. For instance, if the observed
increase in Fe – Mg would account only for cationic exchange, this should be reflected in the data
in several manners. As no concomitant drop in Ca and Na can be observed in the chemical profiles
(between bulk and contact areas), this would result in most cases in a several-fold increase of the
CEC, which is impossible for structural reasons (maximum possible CEC is assumed to be
~ 1.25 meq g-1 for a smectite (section G.4.4). Then, if cationic exchange would explain only at
part for the Fe – Mg increase, this would still appear in the CEC measurements, with an increase
in measured CEC, in extracted Mg and in sum of extracted cations. Data globally reveal no CEC
increase even though interlayer Mg decreased at the contact (as in the bulk of the block). Thus,
cationic exchange cannot explain the Fe – Mg increase at the interface. This therefore implies that
the additional Fe – Mg is mainly present as discrete phase(s).
Different possibilities can be envisioned regarding potential additional phases (e.g. oxides,
hydroxides, clay minerals). Given the extent of the increase in Fe and Mg proportions in the
sampled zone (at most the first 3 mm), the presence of additional phases can have a considerable
influence on the results when measuring the CEC of the bentonite (such as dilution effect or redox
interferences with the probed ion). This, however, depends on the nature of the admixed phases
and the conditions of measurements. The present set of data does not allow drawing a clear
conclusion regarding these aspects as there is no correction for soluble salts on the one hand, and
care may not have been taken regarding sample preservation upon the analysis on the other hand.
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Calcium sulphate precipitation

This section details the chemical event related to the concomitant local Ca and S accumulation
observed on the upper part of the experiment. It also details the excess profiles and the Alrenormalisation procedure used for comparing data from different blocks on a same diagram (as
described in section 3.1.2). As presented in section 5.5.2, a concomitant local (5 – 10 mm wide)
increase in both S/Al and Ca/Al is observed in the uppermost samples (#24 and 27), at various
distances from the heater (15 – 40 mm from interface). More details about these localised events
can be found in Appendix A (in the sections related to samples #8, #25, #26 and #27), which
displays pictures, chemical maps, BE images and excess profiles for Ca and S. Only the latter are
reported here (Fig. 8-5). Data on the lower sample #8 are presented for comparison with the other
blocks from the upper part of the experiment, as a kind of baseline. This outlines the sensitivity
and the limits of the present approach for measuring and further processing such an EDX dataset.

Fig. 8-5:

Al-normalised excess profiles for Ca and S in blocks #8, #25, #26 and #27.
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Ca and S excess profiles from lower #8 contrast strongly with those from the uppermost samples;
the latter show much greater variations. Still, some weak correlated variation in Ca and S content
can be observed in this lower sample (at 5 and 17 mm). This is related to the presence of two
stripes representing large sulphate (gypsum) and sulphide (pyrite) inclusions (as shown in
Appendix A, and observable on the chemical maps). Interestingly, this same mapped surface displays various forms of Ca – S bearing compounds. On the one hand, some seem pre-existing and
rather unaltered by the experiment: they are relatively far from the interface, large, with smooth
round shapes, distinct and surrounded by the smectite matrix, which upon freeze drying detached
from the smooth surfaces (cracks parallel to the borders) and shrank in a rather concentric manner
(perpendicular cracks). On the other hand, the Ca – S bearing compounds which can be observed
closer to the interface display different morphologies: more acicular, some are rather large, but
have no defined shape and are intermingled with the smectitic matrix; some others look like
aggregates of smaller entities, filling larger voids. This suggests different types of alteration,
either dissolution/reprecipitation of pre-existing large entities, or overgrowth on the surface of the
original ones. Variations are weak and close to the background. SEM pictures, however, indicate
that alterations of Ca – S compound occurred to some extent at the vicinity of the heater in the
lower part of the experiment.
The picture becomes clearer for the uppermost samples. Ca and S increases are much more pronounced and well correlated (in extent, but also spatially according to elemental mappings). The
corresponding BE images all display similar entities: small, acicular Ca-S compounds, concentrated in narrow localised zones parallel to the interface with the heater, sitting at the interface
between clay aggregates and larger feldspars, or between clay aggregates. In that case they look
like newly precipitated anhydrite crystals. This is supported by XRD analysis of "salt" samples
from block #26 (section 6.4). Accumulation of sulphates in the hottest parts of the buffer and
depletion of sulphates in peripheral parts have already been reported in previous analogous field
experiments at Äspö (LOT (Karnland et al. 2009) and ABM1 (Muurinen 2010). It was proposed
that, as temperatures and temperature gradients decrease, it is likely that the sulphate precipitates
will re-dissolve, and disperse within the buffer by diffusion (Posiva 2012). In the present case, a
large concentric precipitation rim can be seen in the retrieved material, at notable distance from
the heater (hence not at the hottest spots). This would thus reflect a more intense event than previously reported.
Two trends can be distinguished. Ca – S excess profiles are very similar for samples #25 and #27,
displaying a Ca – S peak centred at 17 and 10 mm, respectively, followed by a small plateau at
values slightly higher than in the bulk, then a slight increase of Ca – S at 3 – 5 mm, finally
followed by a drop in S and a significant increase in Ca in the last 2 mm toward the interface. The
correlation between the excess profiles for Ca and S is lost in this last 2 mm. The increase in Ca
in the contact area of those two samples is rather explained by the precipitation of calcite, more
diffuse in the clay matrix as no Ca aggregates can be clearly discerned on the BE images and
chemical mappings. Moreover, contact CEC measurements do not suggest significant amounts of
soluble Ca-minerals other than calcite (section 8.1.3). The main difference between those 2
samples is the position of the peak (closer to interface in #25) and the amplitude of the variation
(apparently greater in #25). Profiles for #26 present a different trend. The correlation between Ca
and S excess profiles is consistent in terms of shape (regarding the presence of the peaks and
directions of variations), but much weaker in terms of absolute values. The Ca-S peak is observed
at a larger distance from the interface (27 mm), as it is followed by a strong decrease in Ca when
progressing toward the heater.
In the studied portion of block #26, the "unperturbed" bulk zone was in fact poorly surveyed, with
only 2 data points at 33 – 35 mm before the Ca-S the peak. However, XRF data from BGR tends
to confirm that the value deeper in the block is consistent with these two last sampled points,
rather than with the notably lower values at 10 – 15 mm. For almost all samples and all elements,
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the most stable value is the bulk value, and it can be taken as either an upper or a lower boundary
regarding variations towards the interface. Regarding Ca, this value is consistent with the
predicted exchange of Na+ by Ca2+, Eq. 3-3). Results show an increase of Ca content in most cases
toward the heater, except in a portion of sample #26 (and also in #11 to a less extent) where the
Ca content shows a drop instead. Thus, in the case of this sample, the zonation of the chemical
profile in two zones proposed in section 5.5.2 (contact at distance < 10 mm vs. bulk > 10 mm)
may rather involve additional interaction zone(s) between the contact zone and the "proper" bulk
zone of this block (e.g. a "boiling" zone which would extend from the contact zone to the Ca peak,
< 30 mm). This aspect is further discussed below (Correlation with magnesium).
Fig. 8-6 displays a comparison of the corresponding AlMX80-renormalised excess Ca profile (as
described in section 3.1.2) in the series or samples #25-26-27.

Fig. 8-6:

Al-normalised excess profiles for Ca in blocks #8, #25, #26 and #27.

MX80

Such renormalisation to a similar clay content (that of MX80) reveals that variations in block #25
and #27 are in fact also similar in terms of extent of the Ca accumulation. This suggests that
dilution by 30 % quartz had almost no influence on MX80 behaviour regarding this chemical
event. The only difference lies in the positions and the width of the Ca peaks and is likely to be
related to their different locations regarding the epicentre of the boiling zone. The dramatic Ca
increase observed closer to the heater is rather an indication of the precipitation of calcite, as S
content remains low and CEC measurements at the contact do not show an increase in extracted
Ca (section 8.1.3). As previously outlined, the excess Ca profile for #26 clearly contrasts with
those of its two neighbouring samples. The peak appears deeper in the profile, but actually shows
an amplitude similar to the two other samples. Thus, the different composition of Deponit bentonite would not have an influence on the amount of locally accumulated levels of Ca. The segment
of the profile closer to the interface is, however, very different, showing a drop of Ca content
while S remains slightly higher than in the bulk.
The XRF and CEC datasets collected by BGR are in line with above observations. Bulk CEC data
(sections 8.1.1 and 8.1.3) suggested that notable salt precipitation (apparently Ca salts other than
calcite) occurred throughout almost the entire profiles (at least between 20 and 80 mm), especially
in the upper part of the experiment (blocks #18 to 31). Contact CEC data are more uncertain, as
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several biases may impede a proper interpretation, but they suggest no changes relative to the
bulk. Despite their low resolution (only 4 points at 1, 20 50 and 80 mm), Ca and S XRF profiles
collected on the similar series of samples actually recorded a series of elements related to this
event as well (Dohrmann & Kaufhold 2017). Compared to the average bulk value, simultaneous
local Ca-S increase is observed in block #16 to 18 (at 1 mm) #21, 24 and 26 (20 mm), #28 and 30
(1 mm). This suggests that a continuous gypsum rim was present throughout the upper part of the
experiments (from block #16 to 30), parallel to the heater. It occurred at various distances from
the heater: at the direct contact on the extremities of this zone (#16 – 18 and #28 – 30), at more
in depth of the blocks from the central one (#21 – 27). Moreover, concerning these latter blocks
(#21 – 27), points sampled at the contact with the heater show a simultaneous drop of Ca-S
contents (relative to bulk) except for the two cage blocks #25 and #27 where Ca content increases.
Interestingly, relative to the raw content, Ca has globally increased in all blocks except at the
contact point of block #26 where the final content is lower than in the raw material. Thus, XRF
data in blocks #25-26-27 indicate the same trend as the EDX data.

Correlation with magnesium
Comparison of excess profiles for Ca, S and Mg in block #26 (Deponit) (Fig. 8-7) suggests that
Mg also plays a role in the observed variations. When starting from the end of the profile (32 mm)
and progressing toward the interface, both excess Ca and S profiles exhibit a peak centred around
27 mm (notably higher for S) while Mg levels stay constant. This zone was identified as the centre
of the gypsum rim. After this peak, Ca content rapidly decreases to levels lower than in the bulk
and reaches a plateau (15 mm) toward the interface. Instead, after the first peak, S profile first
exposes a plateau (few mm), then marks a notable drop followed by a slight decrease towards the
interface. Interestingly, Mg profile exhibits a steep increase slightly overlapping with the Ca-S
peak (26 mm), followed (20 mm) by a slight decrease toward the interface (the last point suggests
a notable re-increase). Thus, it seems that a smaller Mg-S peak (centred around 20 mm) overlaps
the Ca-S peak. Both peaks appear sharp on the bulk side and are tailed toward the interface. This
strong correlation between S and Ca + Mg is accounted by the shape of the residue shown on the
same diagram.

Fig. 8-7:

Al-normalised excess profiles for Ca, Mg, S in block #26.
The diagram also displays a rough assumption of the excess profiles for Ca, Mg and Fe prior
to boiling events.
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This line is obtained by subtracting Ca and Mg excess values to S excess values, and it accounts
for several key aspects regarding both data and the proposed way of representation (Al normalisation and bulk correction). It is almost flat and parallel to the baseline with one residual symmetric
peak centred at the same position of the Ca-S peak. That almost flat shape indicates that there is
a strong correlation between variation in excess S and excess Ca+Mg on almost the entire profile.
The presence of the residual peak indicates that either the anhydrite rim contains notable amounts
of other sulphates/sulphides or even the occurrence of elemental sulphur. The latter might be more
likely since no corresponding variations are seen in Na, Mg, and K or Fe profiles. The small gap
between the residue and the baseline account for some inconsistencies in setting the background
values of the three elements. The residual gap is, however, small regarding the experimental
approach and all the approximations in the construction of the present models (normalisation and
excess profiles). Since the residue is consistent with an excess S average value at the vicinity of
the heater (< 10 mm), it appears that this value would make a more suitable background value,
and implies that most S accumulation would in fact occur at a distance between 15 mm and
35 mm.
Finally, a strong correlation is also seen between Ca and Mg variations, which mirror around the
baseline value on a large portion of the boiling area, which show a charge balanced inversion. If
this correlation is not fortuitous, this can account for either a complete Mg-Ca exchange or a
dramatic dolomitisation of the calcite present in the area (or a combination of both). BGR XRF
data indeed confirm the notable drop in Ca content in the contact sample. No increase in
extractable Mg is seen (no exchangeable and no soluble Mg) while large amount of Ca are found.
If no artefact (regarding Mg extraction or redox interference) impeded those measurements, this
would support the scenario of dolomitisation (and no exchange). These results could also be due
to local variation as with another portion of the blocks sampled by BGR. Their CEC data account
for higher presence of soluble Ca in the contact and in 20 mm samples than in the bulk, which
suggest that the sampled zone might notably differ from the one presented here. Otherwise, this
could account for strong calcite dissolution, and the concurrent precipitation of brucite, the
apparent inversion thus being fortuitous. In fact, more data are necessary to determine which of
these processes can account for this apparently charge balanced inversion between Ca and Mg.in
the boiled zone.
Thus, various processes involving Mg can be suspected to have taken place in this boiling zone.
The occurrence of a tailed Mg sulphate rim (e.g. epsomite) slightly overlapping with the anhydrite
rim would account at part for the higher and deeper Mg accumulation. This secondary rim is,
however, less pronounced and appears more diffuse in the clay matrix as no newly formed objects
are discernible on the chemical mappings and BE images (section A7.2), unlike the obvious
anhydrite formation. Other Mg accumulation process(es) might predominate closer to the interface (exchange, dolomitisation, brucite precipitation). The boiling condition appears to have
enhanced the Fe diffusion and accumulation as well. It was previously observed that the two
neighbouring blocks #25 and #27 (section 8.2) had experienced similar but somehow less extreme
boiling conditions. An anhydrite rim of similar magnitude is seen closer to the interface and CaS excess profiles expose a stronger correlation. Instead of a drop, a dramatic Ca increase is seen
toward the interface. A secondary smaller anhydrite rim was suspected to occur at the interface.
However, comparison of excess profiles for Ca, S and Mg (Fig. 8-8) actually suggest that the
secondary S peak can also account for the presence of a small epsomite rim very close (1-3 mm)
to the interface. The other above-mentioned Mg accumulation processes induced by the boiling
condition might have taken place as well at shorter distance. This would explain the notably
higher Mg accumulation at the interface (especially dealing with #25). Therefore, it appears that
the boiling conditions prevailing in this location of the experiment have promoted the Mg
accumulation close to the heater, at the expense of interlayer and soluble Mg in the bulk of the
block. The presented sample of block #25 also presents an interesting feature, with the presence
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of a massive pyrite grain mixed with large anhydrite precipitates in the middle of the profile
(25 mm; Appendix A, Fig. A-67c). It appears that the boiling conditions have promoted the oxidetion of this pyrite grain and/or the precipitation of anhydrite onto this grain. No similar feature
could be observed anywhere else in the experiment.

Fig. 8-8:

Al-normalised excess profiles for Ca, Mg and S in blocks #25 and #27.

In fact, pictures of those three samples taken upon sampling reveal that there are also great differences regarding their macroscopic aspect (section 4.3 and Appendix A). A plausible explanation for the various features observed on this series of sample is that the inner part block #26,
which seems the most affected, was at the epicentre of the boiling event. It was directly exposed
to boiling conditions, during which the bentonite was significantly dried and large cracks perpendicular to the heated tube formed. Block #24 was probably exposed to similar conditions, but
to a lesser extent. The steam formed at the interface between the heater and block #26 escaped
through the large cracks and then along the junction between this block and its caged neighbours,
further towards the artificial water circulation system. The interfacial zone of the two blocks #25
and #27 would have been more preserved because they were not in direct contact with the heated
rod, and thus less exposed to steam (which would rather flow through the gap between the cages
and the heated rod). Other interfaces of the surrounding block at direct contact with the heated
blocks (below #25 and above #27, not sampled in the present survey) may have been notably
affected as well. An anhydrite (and perhaps epsomite in sample #26) rim formed along the
boundary of the boiling zone, forming a sort of oblong bubble centred around #26, and vertically
extending from blocks #16 to #30. The Ca-S source can be inferred to be the Ca rich artificially
circulated water. A notable amount of soluble Ca present in this zone was displaced out from the
interface in most blocks (excluding the caged one) and re-precipitated in the anhydrite rim and
deeper in the bulk of the samples, but also at the vicinity of the interface in the case of the caged
samples. At the epicentre (contact zone of #26), soluble and exchangeable Ca would have been
greatly depleted (Figs. 8-6 and 8-8).
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Fe and Mg accumulation at the contact with the heater

The goal of this section is to present and discuss the data related to the accumulation of Fe and
Mg at the Fe-bentonite interface.

8.3.1

Excess profiles: comparison within individual blocks

Accumulation of Fe and Mg at the vicinity of the interface with the heater is observed throughout
the entire set of samples (Figs. 8-9 and 8-10).

Fig. 8-9:

Excess profiles for Fe and Mg in blocks #08, #11, #12 and #13.

As previously outlined, those excess profiles are defined relative to the average bulk values of
each sample (section 3.1.2). The underlying assumption behind this model is that this bulk
average value represents an inert background, i.e. is corrected from effects from exchange
reactions (or other type of reactions) occurring throughout the entire profile and can thus be a
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consistent baseline for inter-comparing interface-bulk differences in the different samples. If the
initial raw value would have been used instead, most Mg profiles would be slightly shifted
downward (as combined EDX, XRF and CEC values indicate for a notable drop of bulk Mg
content). Fe profiles would be not affected, as in most cases no changes in bulk Fe content
(relative to the raw material) could be detected.

Fig. 8-10:

Excess profiles for Fe and Mg in blocks #24, #25, #26 and #27.

In general, excess profiles of both elements show a progressive increase toward the heater, but
the correlation between the two increases is rather weak in most cases. For sample #24 Rokle data
collected at higher magnification (Appendix A) and BGR XRF (Dohrmann & Kaufhold 2017)
data actually suggest that a weak increase of Fe occurs toward the interface (the dispersion of the
data is due to large Fe oxide aggregates (Fig. 5-10). Sample #13 presents a peculiar Fe excess
profile. A limited (compared to other blocks) front is observed at the vicinity of the interface. But
a small Fe amount can also be seen at distance between 10 and 30 mm from the interface. Sample
#26 shows more pronounced accumulations and quite contrasting profiles, which is presumably
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related to the "boiling" event. Excluding sample #26, Fe accumulation appears in most cases more
pronounced and occurring deeper in the block (up to 30 mm) than Mg accumulation (at most 45 mm). Dealing with location aspects (in the experiment), the Mg accumulation appears more
pronounced (in terms of extent and depth) in samples from the upper part of the experiment (#24
to 27), than in the lower ones (#08 and #11 to 13). This trend is not observed with Fe, as it can be
high or low in samples from either the upper or the lower part.
The primary Fe source can be without doubt inferred to be either the corroded heater or the inner
tube of the cage for the caged samples (in some case the frame of the caged pellets as well). The
process of Fe accumulation at the interface can thus be primarily envisioned as a diffusion/oxidetion-related phenomenon of Fe2+, as Fe3+ is poorly soluble in those conditions (Muurinen et al.
2014). Still, one cannot rule out the possibility of coupled mechanical and chemical displacement
of both Fe2+ and Fe3+ in the particular case of boiling. The nature(s) of the iron bearing phase(s)
is (are), however, yet to be determined (further discussed in Chapter 8).
Unlike Fe, the mechanism behind the accumulation of Mg at the vicinity of the interface is
unlikely to be involving diffusion from the interface. The Mg source is rather internal, i.e. the
exchanger of the bentonite blocks, as suggested by CEC measurements on the retrieved materials
(section 8.1.1), and perhaps also the artificial Äspö groundwater (2.4 mM) to a lower extent. Bulk
CEC measurements reveal that, if some Mg uptake was noted on some of the lower blocks, interlayer Mg notably dropped in most blocks. XRF and EDX measurements even suggest higher
drops in total Mg throughout the whole experiment, and hence that another source might exist (or
that artefacts impede CuTrien measurement regarding Mg assays). Depending on the bentonite,
this drop can be up to 50 meq∙100 g-1. Thus, given the total content of Mg in the various bentonite
(ranging from 150 to 270 meq∙100 g-1), for a block of 2 kg (10 cm wide), this represents an
amount of 1000 meq, i.e. over 6 times the amount of Mg initially contained in the inner 5 mm
cylinder (<< 100 g) at the contact with the bentonite. This amount is thus clearly sufficient for
supplying the Mg uptake observed at the interface. Still, the processes driving Mg toward the
interface and the location where it sits (as for Fe) are yet to be determined. Both a thermal effect
and the presence of iron diffusing from the corroding source might be involved in the diffusion
of Mg toward the interface. The Mg profiles do not actually follow the same trend as Fe profiles;
they appear more like monophasic diffusion fronts (except in the case #26), and the accumulation
is closer to the interface. Here a steep horizontal thermal gradient at the contact with the heater
could account, at least at part, for the more regular shape of the profile. Furthermore, the Mg
accumulation appears more pronounced (in terms of extent end depth) in samples from the upper
part of the experiment (#24 to #27), than in the lower ones (#08 and #11 to #13). A horizontal
thermal gradient in the experiment, and the occurrence of the boiling event in the upper part of
the experiment, may also possibly explain these differences. However, other factors may have to
be considered as well. Mg accumulation is dependent on the Mg supply, inferred to be the surrounding bentonite blocks, and perhaps by Fe diffusion as well.
If not affected by artefacts, CEC measurements on the contact samples (section 8.1.3) suggests
that the additional Mg and Fe are present as insoluble compound(s), and that exchange is not
involved in their accumulation at all (or only to a weak extent). The eventuality of decoupled
accumulation processes and of discrete distribution of Fe and Mg between different end-products
(i.e. no interplay between Fe and Mg accumulation) cannot be ruled out. It would imply that the
soluble Fe2+ and the Mg2+ present in the same system would respectively precipitate in discrete
phases. This seems unlikely, given their known tendency for coprecipitating in analogous
conditions (Nagies & Heusler 1998, Refait et al. 2001, Refait et al. 2002). Such accumulations
were already observed in analogous Fe-clay experiments (Karnland et al. 2009, Kaufhold et al.
2013, Svensson et al. 2011), but no Fe and Mg sinks have been clearly identified so far. Based on
limited qualitative evidence (mostly XRD), formation of dolomite (Fernández & Villar 2010) or
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clay minerals (Svensson 2015) have been proposed. As further discussed below, these aspects can
also suggest the occurrence of redox-sensitive Fe-Mg bearing compounds, which are difficult to
identify in a clay matrix (and dramatically more in an oxidised sample).
In the present, one can only speculate on the underlying mechanism. Determining the actual Mg
and Fe sink(s) is of key importance in the understanding of their accumulation at the interface,
but it cannot be realised on the basis on the presently discussed data only (EDX, XRF, CEC).
Identifying the potential newly formed species requires using other spectroscopic and diffraction
methods and requires great care in the handling of the sample as well regarding its exposure to
the ambient atmosphere (Ishidera et al. 2008). A range of compounds likely to be found in preserved sample might actually form during the anoxic phase of the experiment and should hence
contain notable amount of Fe2+ (e.g. white rust and green rust related compounds which can form
solid solution with Mg2+ (Nagies & Heusler 1998, Refait et al. 2001, Refait et al. 2002). Such
compounds undergo rapid oxidation (in the course of seconds to hours) upon exposure to the
ambient atmosphere, which eventually results in amorphous hydroxides and oxides, hardly
distinguishable from a clay matrix (Ishidera et al. 2008). The study of those compounds alone is
itself quite challenging, so is the study of their mixture with clay in sample retrieved from a longterm large-scale experiment. It requires certain care in the sample handling, and even development
of new approaches and tools.

8.3.2

MX80Al

normalised excess profiles: comparison between blocks

Other key aspects of the mechanism underlying Mg and Fe accumulation at the interface can be
inferred from the present chemical profiles, especially regarding how it correlates with the
bentonite type, its location and the other inferred chemical events. Further intercomparison of
samples is presented on the following diagrams (Figs. 8-10 and 8-11) through the AlMX80 renormalisation method (section 3.1.2). Fig. 8-11 also displays data from block #3 of ABM1 experiment (data from Wersin et al. 2015).
Fe excess profiles appear fairly similar in blocks #08 (MX80), #12 (Ikosorb), #25 (MX80+qtz)
and #27 (MX80). Mg profiles are different for this series: accumulation extent range in the order
#12 < #08 < #27 < #25 (#08 and #27 are in fact similar). Compared to this series of samples, the
extent of the Fe front is notably more pronounced in block #11 (Ibecoseal) and conversely notably
more limited in blocks #13 (Kunigel) and #24 (Rokle). In these 3 later samples, Mg accumulation
appears also notably more limited (as for block #12). Hence, dealing with this series of samples,
3 groups seem to be identifiable: blocks presenting high Fe and high Mg (#25 and #27), blocks
presenting high Fe and low Mg (#08, #11, #12) and blocks presenting low Fe and low Mg
accumulations (#13 and #24). Sample #26 displays a contrasting trend: a large and deeper Fe
front, and a peculiar Mg accumulation front. Finally, the comparison between the two MX80
samples and the sample #03 from ABM1 experiment (also caged MX80 pellets, data from Wersin
et al. 2015) suggests a notably increased Fe and Mg accumulations in the ABM2 experiment
compared to ABM1. This is expected as ABM1 was a shorter term (2.5 years) experiment, with
a different saturation/heating program (Svensson et al. 2011). On the other hand, the Fe front in
sample ABM1#03 appears more pronounced than in the low Fe/Mg samples from ABM2 #13 and
#24. The observable difference between the four observed groups of bentonites might be due to a
complex interplay between the identity of the bentonite (Fe and Mg content and their speciation,
grain size), its location in the experiment and the identity of neighbouring blocks as well. These
aspects have already been shown to play a role regarding the other observed main chemical
features (exchange processes section 8.1 and boiling event in section 8.2) and interdependence
can be expected to exist between all these chemical processes happening in this closed system.
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AlMX80-renormalised excess profiles for Fe (left) and Mg (right) in the ABM2
samples (excluding #26).
#27 is shown on each diagram as a reference.

One striking aspect is that blocks presenting low Fe and low Mg at the interface (#13 and #24)
are made of two very contrasting bentonites, especially regarding their initial Fe contents which
amongst all the bentonite used in the ABM experiment are the lowest in Kunigel (1.5 wt.-%) and
the highest in Rokle (11.6 wt.-%). In addition, their smectite content is notably lower (60 – 70 %)
than in the other bentonites (70 – 80 %) selected in this study, as outlined by data on raw materials
(Dohrmann & Kaufhold 2017, Svensson et al. 2011; e.g. CEC measurements, section 8.1).
Finally, block #24 originates from the boiling zone, while block #13 originates from a zone much
less perturbed by boiling.
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AlMX80-renormalised excess profiles for Fe (top left) and Mg (top right) in the sample
ABM2#26 and #27as well as for Fe (bottom left) and Mg (bottom right) in 3 MX80
blocks: #08, #27 and ABM#03 (data from Wersin et al. 2015).
#27 is shown on each diagram as a reference.

Tab. 8-1 lists some key values relative to Fe contents and distribution in the raw materials. It must
be emphasised that contents correspond to XRF values (Svensson et al. 2011) and that the indicated distributions represent rough estimates based on a combination of XRF/XRD/ Raman/
Mössbauer data. These values give more insight on the distribution of Fe between the various Febearing phases that are initially present in the various selected materials.
Rokle bentonite clearly stands out from the other selected materials with its high Fe content and
may actually strongly differ in other aspects as well. Indeed, most of the iron isn't associated with
the clay (structural or sorbed), but with oxy-hydroxide (mainly goethite, and some hematite),
representing an amount of Fe of 7 wt.-%. This amount is still far above the total content of the
second Fe richest sample selected in the present study (Deponit, 3.8 wt.-%), and thus far above
the assumed initial content in oxy-hydroxides in the other materials (< 0.2 wt.-%). Furthermore,
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the remaining amount of iron, assumed to be associated with clay minerals (structural and sorbed),
represents an amount of Fe of 4.6 wt.-%. This amount is also far above the total Fe content of the
other bentonite, and given its lower smectite content, this would account for a Fe-content in the
smectite of 6 – 7 wt.-%. This would be twice the usual content for a montmorillonite (1 –
3.5 wt.-%; Gates 2005). Such a large difference suggests that either an important part of this Fe
is sorbed and not structural, or that the present smectite has a much larger beidellitic/nontronitic
character than in the average bentonite. In either case, these structural aspects, along with the
predominance of oxy-hydroxides, may explain in large part the behaviour of Rokle regarding Fe
diffusion. Its pore water might be already relatively Fe-saturated, thus impeding the diffusion of
additional Fe2+ from the heater. Location of the block in the experiment does not seem to play a
role, as neighbouring upper blocks (#25 to #27) expose much greater accumulation of Fe. Moreover, BGR XRF data (Dohrmann & Kaufhold 2017) are also in line with such observation for the
other Rokle block present in the lower part of the experiment (#07). In the case of Rokle, it seems
that the background Fe (i.e. the initial Fe content and its speciation) plays an important role
regarding Fe diffusion.
Tab. 8-1:

Iron content in the different selected raw materials and rough estimations on its
distribution.
Distribution was deduced from XRF, EDX mappings, and from the collection of own
Mössbauer data and literature data collected on the various raw materials (section 5.2 and
Chapter 6). goe: goethite, hem: hematite, mag: magnetite, mar: marcasite, mic: mica, ilm:
ilmenite.

Bentonite

Fe
[wt.-%]

Distribution [% of total Fe]
Associated to
smectite

Oxyhydroxides

Pyrite

Other

Kunigel

1.5

> 75

< 2 (goe)

< 25

Ikosorb

2.11

> 90

< 5 (goe)

<5

< 5 (mar, mic)

Ibecoseal

3.0

> 90

< 5 (goe/hem/mag)

<5

< 5 (mar)

MX80

3.1

> 90

< 5 (goe)

<5

< 5 (ilm)

Deponit

3.8

> 75

< 5 (goe)

< 20

Rokle

11.6

40

60 (goe.)

In the case of sample #13 (Kunigel), the initial Fe speciation is less likely to explain the apparently
weak diffusion of Fe. This is the bentonite having the lowest Fe content. The notable presence of
evenly distributed small pyrite grains is also not a probable explanation, as notably greater Fe
diffusion is observed in #26 (Deponit) which is pyrite rich as well. In the case of Kunigel, the
weaker Fe diffusion might be in large part related to the grain size, notably lower than the average
bentonite, resulting in a higher bulk dry density and lower void ratio (Svensson et al. 2011). BGR
XRF data (Dohrmann & Kaufhold 2017) suggests the same trend for the other Kunigel block
located in the upper part of the experiment (#22, weak Fe and Mg accumulations at the interface).
It must, however, be noted that this sample presents a peculiar Fe front, with the occurrence of a
Fe amount (as a pulse) deeper in the sample (from 10 to 30 mm). Also, small (compared to the
accumulation at the interface), this feature may not be an artefact of measurements given the
relatively narrow error bars. It may account for the corrosion rim visually observed in the bulk of
this block (see sections 4.1 and A4.1). This would mean that, despite the Fe diffusion front being
more limited in this sample, small amounts of Fe may have actually diffused far away (more than
30 mm) from the interface as well.
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Interestingly, the group of bentonites showing similarly greater Fe diffusion profiles (#08, #11,
#12, #25 and #27) also display fairly similar initial Fe speciation (Ikosorb, Ibecoseal, MX80 Tab.
8-1). Despite the different nature of the bentonites and the different positions in the experiment,
Fe diffusion fronts are similar. The interpretation of such results may not be straightforward as it
is not ascertained if Fe boundary conditions at the interface were strictly the same throughout the
entire experiment. Judging by the visual observation of the corroded cages and bentonites of
sample #08, #25 and #27 (section 5.3), it seems that corrosion was more pronounced in the upper
section than in the lower section. This may be attributed to occurrence of the boiling event
discussed in the previous section. Different Fe fluxes and thus more or less pronounced Fe
diffusion fronts should be expected on the upper part. In fact, they are fairly similar. But at least,
dealing with blocks #25 and #27, which present similar Fe and Mg excess profiles and are located
in close positions and similar types of neighbouring blocks (hence assumed to be in fairly similar
conditions), this would mean that mixing of MX80 with 30 % quartz has no impact on the
diffusion of Fe (as it was observed for Ca-S accumulation profiles in the previous section).
Concerning Mg accumulation, the picture greatly differs, and data suggest that the identity of the
block (and of its neighbours) and location in the experiment might play an important role.
Accumulation appears significantly greater in the upper blocks (#25, #26 and #27) than in the
lower ones (#08 and #11 to #13). With the exception of a few samples, the BGR XRF dataset
(Dohrmann & Kaufhold 2017) tends to suggest the same trend throughout the entire experiment.
Interestingly, bulk CEC data (section 8.1.1) reveals the reverse trend: bulk exchangeable Mg
globally dropped throughout the whole experiment, but it dropped notably less (and even
increased in some case) in the lower part than in the upper part. This trend is odd since it affects
only Mg and not the other exchangeable cations. The most consistent explanation invokes the
presence of an internal Mg sink in the experiment, which becomes more and more predominant
from bottom to top of the experiment. This sink can in fact be represented by the observed Mg
accumulation close to the interface. There is indeed a strong correlation between changes in Mg
levels in the bulk exchanger and at the vicinity of the interface for most of the samples: high Mg
at the interface of blocks where the highest drops in bulk exchangeable Mg were found (#24 to
#27), and conversely low Mg at the interface of blocks where the notably lower drops in bulk
exchangeable Mg were found (#08 and #11 to #13). The lowest levels of Mg are even recorded
for the two blocks where bulk exchangeable Mg increased instead (#11 and #13). This reverse
correlation strongly suggests that both processes compete with each other.
Finally, it was previously proposed that both Fe and Mg accumulations could be either coupled
or totally independent processes. Some weak trends in the present comparison suggest some
interplay between both accumulations. As assumed above, higher Fe flux, and more pronounced
Fe diffusion front should be expected in the upper part of the experiment. In fact, (excluding #26)
they are fairly similar and even higher in the lower block #11. It could be that Fe diffusion in the
upper sample #25 and #27 was deterred by higher presence of Mg at the interface, and conversely,
that low amounts of Mg found in the lower part allowed Fe penetrating deeper. In the case of
sample #26, the extreme boiling conditions would have mobilised Mg for other side processes,
thus allowing Fe to penetrate much deeper. The reason could be that Mg favours Fe precipitation
and lowers the solubility of the resulting solid solutions (ferrobrucite, LDH and/or newly formed
clay minerals). This potential counteracting effect is speculative at this point and more data (and
supporting literature) are required to confirm or disprove such an effect of Mg on Fe diffusion
into the bentonite.
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Discussion – Part 2: Fe diffusion profiles and underlying
mechanism

This chapter discusses the Fe diffusion profiles observed at the contact with the heater in the
different studied blocks. Some attempts to model the diffusion front with classical tools (Fick's
2nd law) and estimate corrosion rates are first presented and discussed. It must be emphasised that
this exercise is done above all to outline the limits of such a modelling approach. A phenomenological explanation of the underlying Fe mechanism leading to Fe accumulation in the bentonite
is then presented. The last section discusses the evolution of the caged pellets in the ABM2 experiment.

9.1

Diffusion fronts, 2nd Fick's law and corrosion rate estimates

Fig. 9-1 displays two attempts (red curve) of modelling such a diffusion front in two different
blocks (#11 Ibecoseal and #27 MX80), using Fick's 2nd law (with 1D liner geometry):
𝜕𝜕𝜕𝜕(𝑥𝑥, 𝑡𝑡)
𝜕𝜕 2 𝑐𝑐
= 𝐷𝐷 2
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥

(9-1)

where D is the diffusion coefficient. The solution to this equation is:
𝑐𝑐(𝑥𝑥, 𝑡𝑡) = (𝑐𝑐0 − 𝑐𝑐∞ ) ∙ erfc �

𝑥𝑥

2√𝐷𝐷𝐷𝐷

�

(9-2)

where c0 is the concentration at the interface i.e. at x=0, and c∞ is the concentration at infinite
distance, and erfc is the complementary error function of the term between parentheses:
erfc �
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(9-3)

In the present approach, Al-normalised Fe excess profiles are fitted and the background Fe (bulk
Fe) is considered inert. c∞ is thus set to 0 (i.e. no additional iron initially present). The total time
of the experiment (5 years) is taken into account. The same diffusion coefficient is used for both
profiles (in 10-16 – 10-15 m2 s-1 range as in Muurinen et al. 2014) and the boundary condition at the
interface (co) is varied to fit the data (best fit by eye).
This result shows that this simple diffusion model is inappropriate as it under-predicts the Fe
front. The actual Fe front seems biphasic instead of the predicted monophasic behaviour. This
was already observed in previous studies (Xia et al. 2005) and an analogous model involving two
different diffusion regimes (one rapid and one slow) has been proposed:
𝑐𝑐(𝑥𝑥, 𝑡𝑡) = 𝑐𝑐0𝑓𝑓 ∙ erfc �

𝑥𝑥

2�𝐷𝐷𝑓𝑓 𝑡𝑡

� + 𝑐𝑐0𝑠𝑠 ∙ erfc �

𝑥𝑥
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where Df and Ds are the diffusion coefficient for a fast and a slow process respectively, and C0f
and C0s are similarly the boundary conditions at the interface for a fast and a slow process
respectively. The author proposing such model hypothesised that the fast process account for the
effective diffusion of Fe2+ in the bentonite (through ion exchange) whiles the slow process would
not be a true diffusion process. Instead, it would account for a mechanical intrusion of Fe from
the corrosion layer produced upon aerobic period, (i.e. mainly Fe3+) due to a pressure build-up at
the interface, imparted to the growth of the corrosion layer and generation of H2 (Xia et al. 2005).
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The proposed explanation is, however, rather doubtful. In fact, some features found in the corrosion crust of the caged samples (presence of bentonite sandwiched between two goethite/lepidocrocite layers, section 5.3) actually indicate mechanical alteration of the bentonite located right at
the interface. However, the present chemical profile does not include the area where this is
observed. Invoking mechanical intrusion of Fe3+ to account for the observed diffusion profiles
(and visible orange halos) would imply such displacement of Fe on distance superior to 5 – 10 mm
from the interface, which seems rather unlikely. Such an explanation cannot be completely ruled
out, but another phenomenon can also explain the slow process (further discussed in next section).

Fig. 9-1:

Modelling Fe diffusion (with Fick's 2nd Law) in blocks #27 (left) and #11 (right).

This second bi-modal approach is, however, more suitable for fitting the data (e.g. green curves
in Fig. 9-1). Of course, a larger set of fitting parameters obviously facilitate the adjustments, and
thus require sound explanations for the choice of the values. A supplementary difficulty to this
modelling approach stems from the considered time sequence. The ABM2 experiments involve
an interplay between cold/hot, unsaturated/saturated and aerobic/anaerobic periods. The diffusivity of Fe may actually be impacted by such changes in conditions.
In the present, it is proposed that Fe accumulation account for Fe2+ diffusion into the bentonite
(without a mechanical process), but that this diffusion occurred in two sequences (further discussed in the next section). This consideration adds supplementary difficulties to this modelling
approach, as the time sequence of each diffusion process may differ as well. In a first approach,
the total time of the experiment (5 years) is taken into account for both diffusion processes. Alnormalised Fe excess profiles of each mapped sample were fitted (best fit by eye) by first setting
Fe diffusion coefficients to values in (10-15 – 10-14 m2 s-1) and 10-13 – 10-12 m2 s-1) ranges
respectively (similarly as (Xia et al. 2005)) and then adjusting the boundary conditions at the
interfaces (results displayed in Tab. 9-1). Boundary conditions are converted from Al-normalised
excess values (atomic ratios) to aqueous concentrations (assuming that the interface is in contact
with an aqueous Fe solution) according to the following equation:
𝑋𝑋𝑋𝑋𝑋𝑋
𝑐𝑐0 {𝑔𝑔 ∙ 𝑙𝑙 −1 } = 𝜌𝜌𝑏𝑏 [𝐴𝐴𝐴𝐴]𝑟𝑟𝑟𝑟𝑟𝑟
∙

𝑀𝑀𝐹𝐹𝐹𝐹
∙ 𝑐𝑐 {𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝐹𝐹𝐹𝐹/𝐴𝐴𝐴𝐴}
𝑀𝑀𝐴𝐴𝐴𝐴 0

(9-5)
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where ρb is the dry bulk density of the bentonite (using average values measured on ABM1 blocks
(Svensson et al. 2011), [Al]raw the total Al content (in wt.-%) determined with XRF on the raw
material, MFe and MAl are molar mass of Fe and Al respectively. Tab. 9-1 also displays estimates
of average corrosion depth which is discussed further below.
Tab. 9-1:

Parameters used in Eq. 9-4 to fit the diffusion profiles in the various ABM2 samples
(e.g. green curves for sample #11 and #27 in Fig. 9-1).
An estimate of the corrosion depth (dcorr, Eq. 9-10) is also displayed in the rightmost columns.

Sample

Parameters used in Eq. 9-4

dcorr [μm]

Df
[m2 s-1]

C0f
(g l-1)

Ds
(m2 s-1)

C0s
(g l-1)

%Fefast a

#08

1 × 10-13

1.7

5 × 10-15

15.3

#11

2 × 10-13

2.6

1 × 10-14

#12

2 × 10

2.3

5 × 10

#13 (fix. D)
#13 (fix. Co)

-13

(3 × 10 )
-13

4 × 10

#24

n.c.

#25

-14

0.5

(5 × 10 )
-15

(2.0)

4 × 10

n.c.

n.c.

2 × 10

-13

2.0

#26

8 × 10

-13

#27

3 × 10

-13

a
b
c

-15

-16

EDX b

Fit c

45

21

17

18.3

48

32

31

20.5

55

20

23

4.3

72

19

11

(18.0)

85

19

10

n.c.

n.c.

n.c.

n.c.

4 × 10

-15

11.0

71

17

19

1.7

1 × 10

-14

5.5

80

33

29

1.6

4 × 10

-15

11.9

68

23

19

share of fast diffusing Fe in the total additional Fe
excess Fe (in Eq. 9-7) determined from EDX profiles
excess Fe (in Eq. 9-7) determined from Eq. 9-4

n.c. not calculated (no diffusion front).

Comparison of Fe excess profiles (Fig. 8-10 and discussion in section 8.3.2) showed that Fe
diffusion accumulation profiles were fairly similar for most of the mapped samples (#08, #11,
#12, #25 and #27). The present application of the model enables a more detailed comparison of
the excess profiles. Results suggests that the respective diffusivities of the two Fe pools would be
similar for this same series of sample (1 – 3 × 10-13 m2 s-1 and 0.4 – 1 × 10-14 m2 s-1 for fast and
slow process respectively) and the Fe concentrations at the interface would be significantly higher
in the lower part of the experiment than in the upper part (especially dealing with concentration
of slow diffusing Fe). Fe accumulation in the lower sample would be equally shared between fast
and slow processes while the fast one would be more predominant in the upper samples.
Data on sample #24 (the Fe richest bentonite) were not fitted, as the excess profile show no Fe
accumulation. In that case, it can be assumed that boundary conditions at the interface were
similar to the surrounding blocks (e.g. sample #25), but that background Fe (pre-existing Fe) is
not inert. This means that the boundary condition in the bulk of the block (c∞) is not zero but
should be rather similar to the boundary conditions at the interface. In fact, 50 % of initially present Fe is not clay structural Fe but goethite (sections 5.2.5 and 8.3.2). If this non-structural Fe is
counted as an initial excess Fe pool, application of Eq. 9-5 results in a corresponding aqueous Fe
concentration of 13 mg ml-1. This is in fact in the same range as the value inferred for the neighbouring blocks #25, #26 and #27. Thus, the apparent diffusivity of Fe in Rokle bentonite appears
close to 0.
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Data on sample #13 (the Fe poorest bentonite) were fitted in two ways. Data were first fitted using
the same diffusivities as for other samples, and thus using notably lower boundary conditions at
the interface (for both fast and slow processes). Otherwise, they were fitted with boundary conditions at the interface fixed to values similar to the neighbouring sample. Resulting diffusivities
appear then one order of magnitude lower than in the other bentonite. This would make more
sense, as it was previously assumed that the lower Fe accumulation would be due to its notably
low porosity compared to the other studied bentonites (section 8.3.2). It must be, however, emphasised that this sample presents a peculiar Fe profile which is impossible to fit conveniently by
such equation. A small Fe mount is present after the contact zone (at distance between 10 and
30 mm, see section 8.3). This amount is not taken into account in the present approach.
Data on sample #26 require the use of lower boundary conditions and notably higher diffusivities
compared to the rest of the samples. This may be imparted to the peculiar location of this sample
(presumably the centre of the boiling zone, as discussed in section 8.2).
The average corrosion depths displayed in Tab. 9-1 were obtained following an approach presented in Wersin et al. (2015). The amount of Fe transferred to the clay (ΔMFe) is roughly estimated
from Al-normalised excess profiles through the following equation (taking account of cylindrical
symmetry):
𝑧𝑧

∆𝑀𝑀𝐹𝐹𝐹𝐹 = �(𝑟𝑟𝑛𝑛 2 − 𝑟𝑟𝑛𝑛−1 2 ) ∙ 𝜋𝜋ℎ𝜌𝜌𝑏𝑏 [𝐹𝐹𝐹𝐹]𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑛𝑛

(9-6)

𝑛𝑛=1

where n is the number of the area where excess Fe concentration [Fe]n is counted, rn is the distance
of a given area to the Fe source (r0 is the radius of the Fe source, 54 mm; Eng et al. 2007), z is the
total number of areas taken into consideration (in the present the entire profiles), ρb is the density
of the bentonite and h is the height of the cylinder taken into consideration. The excess Fe concentration [Fe]n (expressed in wt.-%) in a given sector n was deduced from the Al normalised
excess profiles through the following expression:
[𝐹𝐹𝐹𝐹]𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
=
𝑛𝑛

(𝐹𝐹𝐹𝐹/𝐴𝐴𝐴𝐴)𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑛𝑛
𝑋𝑋𝑋𝑋𝑋𝑋
∙ [𝐹𝐹𝐹𝐹]𝑟𝑟𝑟𝑟𝑟𝑟
(𝐹𝐹𝐹𝐹/𝐴𝐴𝐴𝐴)𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

(9-7)

where [Fe]raw is the content of Fe (in wt.-%) measured in the raw dry material (XRF, Svensson et
al. 2011), (Fe/Al)bulk is the average ratio determined in the bulk (section 0) and (Fe/Al)nexcess is the
excess ratio in the sector n. The amount of Fe transferred to the clay can be converted to the
average corrosion depth dcorr of the Fe source:
𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

∆𝑀𝑀𝐹𝐹𝐹𝐹
𝜌𝜌𝐹𝐹𝐹𝐹

∙

1

(9-8)

𝐴𝐴𝑠𝑠

where ρFe is the density of heater's steel (here 7.85 g∙cm-3 for P235TR1 steel (ThyssenKrupp
2011), and considered similar for the cage's material) and As is the unit surface of the Fe source,
equal to:
(9-9)

𝐴𝐴𝑠𝑠 = 2𝜋𝜋𝑟𝑟0 ℎ

Eq. 9-6, Eq. 9-8 and Eq. 9-9 can be further combined and simplified in the following expression
of dcorr as a function of the amount of excess Fe:
𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

𝜌𝜌𝑏𝑏

1

𝑧𝑧

∙
�(𝑟𝑟𝑛𝑛 2 − 𝑟𝑟𝑛𝑛−1 2 ) ∙ [𝐹𝐹𝐹𝐹]𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑛𝑛
𝜌𝜌𝐹𝐹𝐹𝐹 2𝑟𝑟0
𝑛𝑛=1

(9-10)
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For each sample, the two values displayed in Tab. 9-1 were calculated, either excess Fe values
from the entire EDX profiles (Wersin et al. 2015), or using values calculated with Eq. 9-4 (similarly to Xia et al. 2005). Small discrepancies between these values are observed in most cases,
given the large error associated with such calculations, the precision of the EDX profiles and the
roughness of the present fitting approach. The large discrepancy between values of sample #13 is
due to the above-mentioned inconsistent fit of the Fe profile with Eq. 9-4 (presence of the small
Fe mount in the bulk). Otherwise, rather similar corrosion depths are obtained across the entire
experiments (~ 20 – 30 μm) in all samples. The average corrosion rates inferred from such results
(roughly from 4 to 6 μm∙year-1 if considered the total time of experiment, including both aerobic
and anaerobic phases) fall within the range of rates previously estimated for anaerobic corrosion
of steel (in the 0.1 – 10 range; Schlegel et al. 2014, Wersin et al. 2015, Xia et al. 2005).
However, it must be emphasised that such calculation of dcorr is not only marred by a large error,
it also notably underestimates the actual corrosion depth (and thus rate). It relates the amounts of
Fe removed from corrosion of the steel to that accumulated in the bentonite, without taking
account of the corrosion layer present in between. In fact, it can be clearly observed from SEM
pictures that this corrosion layer can be notably thick (up to 600 μm) and that steel's surface presents corrosion features (e.g. 100 μm deep crevices at the interface with bentonite) accounting for
larger corrosion depth that the above inferred one. Although bulk density and nature of the corrosion layer was not determined in the present, a rough estimate of the amount of Fe present in the
large corrosion layer observed at the interface of sample #27 (using density of lepidocrocite
~ 4 g∙cm-3) indicate that this amount would actually be greater than that accumulated in the bentonite. The estimation of dcorr might thus account for a minor portion (< 50 %) of the actual corrosion
depth.

9.2

A phenomenological description of the Fe diffusion mechanism in
bentonites

The proposed mechanism is based on the interplay between the Fe released by the corrosion process of steel (diffusing Fe), the Fe initially present in the bentonite material (background Fe) and
the changing redox conditions. It must be emphasised that the discussion is focused on the
"normal" evolution, i.e. in absence of boiling. The boiling event was an unanticipated event of the
experiment, which appeared to have been localised around block #26. Regarding Fe profiles, the
block #26 appears indeed to have been affected by the boiling event. Still, neighboring blocks
#25 and #27 appear much less affected, as they present Fe profiles similar to those observed in
blocks from the lower part of the experiment unaffected by boiling event.
It is generally accepted that corrosion of steel in Fe-bentonite in situ experiments proceeds in two
sequences: first an aerobic sequence where Fe3+ (and thus corrosion products) is generated at the
surface of steel, followed by an anaerobic phase (once O2 has been depleted from the system)
where Fe2+ is generated (Kaufhold et al. 2015). It is thus generally considered that Fe2+ diffusion
into bentonite will occur during the anaerobic period and will mainly interact with the bentonite
medium through ion exchange (Wilson et al. 2015, Xia et al. 2005). One could thus expect a
monophasic diffusion of Fe2+. In fact, a biphasic diffusion front is generally observed (as in (Xia
et al. 2005) and in the present study) and a significant amount of additional Fe2+ is found at larger
distances from the interface deeper in the bentonite, while Fe is mainly found as Fe3+ at the vicinity of the interface (up to several cm inside the bentonite).
One could argue that this high amount of Fe3+ would stem from a methodological artefact in the
dismantling/subsampling/analysing approach, i.e. that mainly Fe2+ was present in situ, but would
have been oxidised prior to analysis. Partial oxidation of the studied sample cannot be ruled out.
Nevertheless, there is evidence that the observed low reduction level of the additional Fe pool
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found close to the interface is the normal result of Fe-bentonite interactions in such experimental
settings. Similar observations were made in samples retrieved from analogous long-term experiments, such as the full scale FEBEX in situ experiment. Because of the different shape, size,
position and the longer dismantling time in FEBEX experiment, one should expect less of such
an oxidative perturbation than in the ABM experiment. The presence of a Fe3+ rich orange
coloured bentonite rim (several centimetres wide) right around a steel piece, often surrounded by
a larger and blue coloured bentonite rim (Fe poorer, but more reduced) further away, could be
observed in various locations of both experiments. This pattern appears to be in fact the typical
result of aerobic followed by anaerobic corrosion of steel enclosed in bentonite.
In the proposed mechanism, Fe2+ diffusion is first hindered by O2 present in the bentonite.
Recently reported small scale laboratory experiment involving bentonite gel and native iron in
fact showed that the corrosion will proceed anaerobically, even under normal laboratory conditions (i.e. in the presence of oxygen around the gel) (Kaufhold et al. 2015). As a consequence,
Fe2+ is oxidised to Fe3+ and precipitates mainly as goethite as soon as it diffuses in the aerobic
bentonite. It is thus first accumulated close to the interface and will diffuse further in as soon as
O2 is depleted in the bentonite too.
Diffusing Fe2+ can further interact with the Fe initially present in the starting material (raw
industrial bentonite), which mainly consists of structural Fe3+ in octahedral smectite layers. This
pool is considered to be immobile but can, however, undergo reversible redox reactions with the
diffusing Fe2+, through the reduction by Fe2+ sorbed on the edges (Schaefer et al. 2011,
Soltermann et al. 2014a, Soltermann et al. 2013) and also on basal surfaces (Latta et al. 2017).
Moreover, sorption of diffusing Fe2+ on pre-existing Fe3+ bearing oxides (e.g. on hematite (Kerisit
et al. 2015, Rosso et al. 2010, Yanina & Rosso 2008) or goethite (Handler et al. 2014) followed
by an electron transfer inside the oxide and a release of Fe2+ from another crystallographic site is
also possible. Redox interaction with clay (edge/basal sorption and clay reduction) might lead to
the formation of strongly sorbed Fe3+ and immobile structural Fe2+. While sorption on oxides
(followed by oxidation) leads to the fixation of Fe3+ in oxides, it also induces the release of mobile
Fe2+ from another crystallographic plane (thus no net accumulation). Both processes are thus not
equivalent to a simple Fe2+ diffusion process inside the bentonite medium. The former process
would slow down Fe2+ diffusion and lead to accumulation, whereas the latter enables further Fe
diffusion (from another crystallographic site of the same grain).
A simplified scheme of the proposed mechanism for Fe diffusion in the bentonite is displayed in
Fig. 9-2. It is proposed that the additional Fe3+ is generated in situ, as Fe2+ starts to diffuse in the
bentonite while low levels of oxygens in the clay are still present.
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Fig. 9-2:
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Proposed Fe diffusion mechanism at the Fe-bentonite interface.
Note that the 'Fe-Bentonite Interface' reflects the original boundary and will move outwards
due to the Pilling-Bedworth ratio. For simplification this was not included in the figure.
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Results from experimental (Schlegel et al. 2014) and modelling (Wilson et al. 2015) studies
suggest that the aerobic phase (phase 1 in Fig. 9-2) in a repository environment is generally short
and would only last less than a year under closed conditions as suggested from a lab-scale experiment. As outlined in the introduction, the ABM2 experiment did not reflect a closed system
(potential pathways for air through the concrete plug, water pipes, or fractures in the host rock).
Still, various features related to anaerobic corrosion were observed throughout the various
samples. In particular, significant amounts of additional Fe2+ were found not only in the vicinity
of the interface but also deeper in the bentonite blocks. This indicates that anaerobic conditions
were reached during the ABM2 experiment. In the proposed mechanism (Fig. 9-2) diffusion of
Fe2+ starts as soon as anaerobic conditions are reached at the surface of the steel and in the corrosion layer (phase 2). Aerobic conditions would still be prevailing in the bentonite. Most of the
diffusing Fe2+ is thus oxidised and immobilised as soon as it enters the bentonite, mainly as Fe3+
paramagnetic oxides (e.g. goethite) and to a lesser extent as sorbed Fe3+ (actually Fe2+ is first
sorbed and then oxidised by O2). Thus, during phase 2, the diffusion of Fe2+ inside the block
competes with the diffusion of oxygen toward the interface. Diffusivity of Fe2+ would increase as
soon as O2 concentration decreases. In phase 3, O2 level in the block is low enough to enable
effective diffusion of Fe2+ over a larger distance in the clay. Diffusion of Fe2+ is then controlled
by sorption onto clay minerals and by redox processes with structural Fe3+ in clay or Fe3+ oxides
(sorption followed by oxidation). The former process (sorption only) would be predominant, as
sorption-reduction sites make up only a small portion of the sorption sites (at most 0.6 of 4 octahedral sites are structural Fe). Either Fe2+ is sorbed without electron transfer or there is an associated redox reaction with structural Fe3+ being reduced and sorbed Fe2+ being oxidised. Under
such conditions, Fe2+ diffuses further away from the interface and the local accumulation is more
limited. The residence time of Fe2+ in the Fe3+ enriched zone close to the interface would be
shortened, as electron conduction through oxide can enhance the diffusivity of Fe2+. As a consequence, this latter process would lead to a progressive tailing of the Fe2+ profile. This means
that the accumulation process of Fe3+ at the vicinity of the interface is stopped and already accumulated Fe3+ is slowly displaced further away from the interface.
Such a description appears quite consistent with the biphasic model discussed in the previous
section, which involves two distinct diffusion processes (fast and slow, Eq. 9-4). These two processes would not occur in parallel, but one after the other. The "slow" process would first occur
and thus corresponds to the phase 2 (Fig. 9-2). During first this step, large amounts of Fe (up to 3
– 4 times the initial amount of Fe) are accumulated at short distances from the interface, mainly
as Fe3+. The "fast" process would follow corresponding to phase 3 (Fig. 9-2). During this second
step, lower amounts of Fe are accumulated in the bentonite, but at much longer distances and
mainly in the reduced form. As one process would follow the other, the change in boundary
conditions (which are lower for the second process) would then be explained by a decrease of
Fe2+ concentration at the interface with time (e.g. due to a decrease in corrosion rates). Still, a
large uncertainty remains regarding the determination of the time frames for those two diffusions
processes. If phase 1 of the proposed mechanism (the aerobic period and the saturation time) can
be predicted to end within a short time (on the scale of a month, thus negligible regarding the
5 years of experiments), the exact transition times to phase 2 and further to phase 3 are hard to
determine. In the absence of further information on this aspect, refinement of the above discussed
application of Eq. 9-4 (by adapting time scales) is made more elusive as it adds two supplementary
fitting parameters to the already existing four.
Besides, the use of constant diffusion coefficients in Eq. 9-4 is in fact not consistent. During
phase 2, Fe2+ diffusion into the bentonite is thought to compete with oxygen diffusion toward the
interface, leading to the accumulation of Fe(III) oxide. A high content of goethite appears to be a
limiting factor for Fe diffusion (based on observations on sample #24 Rokle). Although the
identity of newly formed Fe3+ oxides is different in the present case, their accumulation at the
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vicinity of the interface can be envisioned to influence further diffusion of Fe2+ as well. This
means that during phase 2, Fe2+ diffuses in an evolving medium (decreasing O2 concentration and
increasing presence of Fe3+ oxides). The diffusivity of Fe should thus evolve with time. Moreover,
if the diffusivity of Fe would be less dependent on time during phase 3 (at least regarding O2
levels), it might still vary between the corrosion-rich and corrosion-free zones of the bentonite.
Finally, the influence of the heating program should be taken into account as well as it should
influence both diffusivities. Following all those observations, a more mechanistic model of Fe
diffusion into bentonite should consider the diffusion of only one species in the bentonite, Fe2+,
but take into account all the reactive aspects relative to such species, the medium, and the experimental conditions. This should be achieved by solving such modified expression of Fick's 2nd law:
𝜕𝜕𝜕𝜕(𝑥𝑥, 𝑡𝑡) 𝜕𝜕 2 𝐷𝐷(𝑥𝑥, 𝑡𝑡)𝑐𝑐
=
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥 2

(9-11)

where the diffusion coefficient (and the boundary condition at the interface) is not a constant and
obviously render the determination of the analytical solution much more complex. Modelling
such mechanism should better be achieved using reactive transport codes (Wilson et al. 2015),
but a large set of key parameters such as the diffusivity of O2 or the reactions in which Fe2+ is
involved in such conditions is still to be determined.

9.3

A phenomenological description of the evolution of caged bentonite
pellets

As presented in section 4.3, the cage's frame had a strong impact on enclosed pellets (notably
more than on neighbouring compacted blocks), visible through large fractures in the deeper part
of the block (several cm long) surrounded by corrosion halos (several mm into bentonite). A
probable sequence of events leading to such features is proposed (Fig. 9-3).
The geometrical organisation of these fractures (their shapes and extensions in depth of the
bentonite block) traces the shape of the pellets. This suggests that corrosion and transport of Fe
far from the interface occurred prior to filling of voids. This implies that voids between pellets
were still present when anaerobic corrosion of steel started. Such structures are observed in certain
lab-scale bentonite samples but disappear after cycles of wetting and drying (Seiphoori et al.
2014).
It is unlikely that voids that might enable Fe transport would have persisted in the fully saturated
bentonite. The presence of Fe corrosion products at the interface between bentonite pellets seems
to have in some cases prevented their coalescence. Several millimetre-wide corrosion halos are
seen around such voids. Various scenarios can explain such features.
For instance, these halos could have been formed before complete swelling occurred (i.e. filling
of all voids). In that case, this means that anaerobic corrosion of the steel surface would occur
quickly enough to allow rapid Fe2+ migration through the voids and thus penetration into the
pellets still containing O2 leading to oxidation.
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Fig. 9-3:
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Proposed sequence of processes leading to the corrosion features observed inside
retrieved caged pellets.
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Summary and conclusion

A large dataset involving eight samples and eleven interfaces from the ABM2 experiment using
a multi-method approach was acquired. In general, the results show a consistent picture and
support the suitability of the analytical approach. The data from SEM-EDX analysis, the central
method used, is consistent with independent XRF datasets from other laboratories (Svensson et
al. 2011). This method enabled obtaining a large set of chemical profiles with a high spatial
resolution over sufficient distance to identify the major chemical features which occurred in the
ABM2 experiment. With the proposed data treatment and normalisation procedure, different
chemical processes acting at different degrees within the package and depending on the type of
bentonite material could be discerned.
The ABM2 experiment involved heterogeneous stacking of bentonite blocks (various types, caged
and non-caged) and resulted in a range of unanticipated events such as vertical transfers,
occurrence of a boiling event and damaging/alteration of samples upon dismantling/sampling.
The exact moment at which the boiling event occurred during the heated period is not known, but
the centre is inferred to be block #26. This event clearly impacted the surrounding bentonites and
generated various heterogeneities between the lower and the upper part of the experiment. In spite
of this complexity, the Fe profiles and Fe speciation in the different samples and locations yield
a coherent picture.

Fe corrosion and Fe-bentonite interaction
Steel corrosion induced an iron front, extending 5 – 10 mm into the clay for most samples (MX80,
MX80/quartz, Kunigel, Ikosorb, and Ibecoseal). The Fe front in block #26 (Deponit) extended
farther into the clay, about 20 mm, which may be related to the boiling event. Interestingly, the
Rokle bentonite, which in its natural state contains by far the largest Fe content of all samples,
did not exhibit any notable Fe increase towards the Fe source.
From the amount of Fe transferred to the clay, the corrosion depths and averaged corrosion rates
could be estimated, yielding a range of 6 – 10 2µm/a. This estimate neglects the corroded amount
in the corrosion layer, which was not analysed in detail, but may account for a significant fraction
of the corroded Fe. It is remarkable that derived Fe fronts, corrosion depths and averaged
corrosion rates are similar regardless of location and the type of bentonite (with the exception of
the high Fe Rokle bentonite).
The Fe profiles could be adequately fitted with an empirical bi-modal diffusion model. This
yielded apparent diffusion coefficients of 1 – 8 × 10-13 m2/s and 0.4 – 1 × 10-14 m2/s, for the fast
and slow diffusion coefficient, respectively. The derived values are in the same range as reported
by Xia et al. (2005) who proposed the same bimodal diffusion model for Fe(II). It is noted that
this approach is entirely empirical and reflects the combination of underlying mechanisms, which
besides diffusion involve sorption, precipitation and redox reactions. The derived diffusion coefficients, however, underline that Fe(II) diffusion is strongly retarded compared to an inert tracer.
The importance of retardation is illustrated by the almost identical Fe profile exhibited by the
MX80 (#27) and MX80/quartz (#25) blocks, respectively. The diffusion coefficients in these two
materials are expected to differ based on previous data. Assuming that this is the case, then the
similarity in the Fe profiles suggests the dominant influence of retardation processes.

2

This range of corrosion rates might be reflecting both aerobic and anaerobic conditions.
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Most of the Fe accumulated at the interface occurs as Fe(IIII) oxides, mainly goethite. To a lesser
extent, also lepidocrocite could be identified. In addition, notable amounts of newly formed Fe(II)
were found at the interface and also deeper in the clay, thus extending beyond the main Fe front.
In the corrosion layer, Fe(II) occurs in magnetite and siderite. The nature of the diffused Fe(II) in
the clay could not yet be identified. Possibilities include sorbed Fe(II), reduced structural Fe,
amorphous mixed Fe(II)/Fe(III) hydroxides (green rust) or even neo-formation of Fe rich clay. A
further finding was the absence of alteration of accessory Fe bearing minerals in the bentonites.
The iron speciation at the interface points to changing redox conditions in the test, thus turning
reducing after depletion of O2 in the package. More specifically, based on the overall data, the
following evolution is proposed:
•

Initial state: Steel is coated with a thin magnetite and goethite/lepidocrocite layers which are
contacted with unsaturated bentonite containing structural Fe(III) in smectite as main iron
pool.

•

Phase 1: Aerobic corrosion of steel leads to the formation of Fe(III) oxides. O2 and H2O transfer to steel diminishes as corrosion proceeds and the corrosion layer thickens.

•

Phase 2: Anaerobic corrosion of steel at the inside of the corrosion layer leads to generation
of Fe(II) and formation of magnetite and siderite in the corrosion layer. Furthermore, (rapid)
electron transfer across the corrosion layer occurs, generating Fe(II) at the corrosion
layer/bentonite interface which reacts with remaining O2 to further produce Fe(III) oxides.

•

Phase 3: Anaerobic conditions everywhere: Continuation of anaerobic steel corrosion, generation of Fe(II) (and magnetite/siderite) and (rapid) electron transfer across the corrosion
layer. Diffusion of Fe(II) into bentonite and accumulation of Fe(II) in clay. Further transport
of small fluxes of Fe(II) into clay. The mechanism of this transfer process still needs to be
established. It probably involves a redox reaction with structural Fe(III) and previously
formed Fe(III) oxides.

Cation exchange reactions
Cation exchange reactions resulting from diffusive equilibration with the groundwater occurred
both laterally and vertically throughout the package. This led to a replacement of Na by Ca in the
sodic bentonites and vice versa in the calcic ones. The equilibration is, however, less pronounced
at the extremities (the two first and last blocks) than in the central part of the experiment, which
suggests an inhomogeneous artificial circulation of the fluid. Interlayer K content globally
dropped. This also holds for interlayer Mg, but the observed pattern was affected by side reactions
as outlined below. CEC data indicates almost no difference between the bulk and the contact area.

Behaviour of Mg
A significant accumulation of Mg occurred at the heater, which was more pronounced in the upper
part of the experiment and particularly in the boiling zone. There the formation of Mg sulphate
(epsomite) was identified. It is probable that also in the other heater/clay contact areas, (unidentified) Mg-precipitates were formed. Such a Mg sink would generate a concentration gradient from
the bulk toward the hotter interface which could explain the redistribution of exchangeable Mg in
the package.
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Precipitation of CaSO4
Redistribution of CaSO4 salt resulting from the temperature gradient occurred throughout the
package. Thus, gypsum dissolved in the outer areas and precipitated close to the heater. In the
upper hotter part, accumulation of CaSO4 was more extensive, manifested by anhydrite/gypsum
formation at several mm distance from the heater. This suggests that precipitation occurred at the
water front enhanced by evaporation. The largest accumulation was observed in the boiling area
where a thick anhydrite rim at a distance of 30 mm from the heater could be identified.

Alteration of smectite
In spite of the observed significant chemical and mineralogical changes from the impact of
elevated temperatures and corrosion in the contact zone, no indication of smectite alteration was
found. Thus, no Fe rich silicates, such as 1:1 clays, trioctahedral smectite, or newly-formed illite
were observed by XRD analysis. The stability of the originally present smectite is also suggested
from the observed absence of changes in CEC and in the Al/Si elemental ratios. It is noted that
the analysed samples include smectites with variable layer charges and chemical compositions.

Evolution of the caged bentonite pellets
Retrieved samples display a network of voids with oxidised corrosion products. This evidences
that corrosion of the cage and fast transport of Fe further away from the interface occurred prior
to sealing of the voids between the pellets. It is unclear if Fe precipitations in these voids still
served as preferential pathways for Fe migration in the fully saturated state.

Comparison with other in situ tests
In general, this study on the ABM2 samples confirms and also extends findings from other in situ
tests. Thus, in the shorter-term ABM1 test, very similar elemental profiles perpendicular to the
heater were found and essentially the same processes could be identified (Wersin et al. 2014,
2015). The same phenomena were also found in TBT experiment at the Äspö HRL (Svensson &
Hansen 2013) and in the FEBEX experiment at the Grimsel test site, especially with regard to Febentonite interaction and Mg accumulation at the heat source. Similar heat-related phenomena
were also identified in the LOT A2 experiment at Äspö (Karnland et al. 2009). Notably in all
these experiments very limited or essentially no smectite alteration was observed.

Preliminary CEC and swelling pressure tests on reduced montmorillonite
The results indicate that the CEC of the studied purified montmorillonite (PGV-1) remains
unchanged upon reduction. This may be explained by dehydroxylation as a charge compensating
process. The extrapolation of these results to natural bentonites such as MX80 still needs to be
established. A comparison of four different CEC methods indicated that the CoHex method is the
most suitable for analysing reduced clay samples containing soluble salts. An experimental setup
was developed to measure swelling pressures as a function of reduction level in bentonites. Tests
with this setup are ongoing at the Äspö Clay Laboratory.
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Appendix A SEM-EDX mappings and chemical profiles
Appendix A gives a complete description of the sampling of each ABM block and displays all the
data obtained in the EDX survey. Each section of this appendix is devoted to one of the blocks
studied at the Institute of Geological Sciences, University of Bern (Fig. A-1). The report progresses in the order of the bentonite numbering, i.e. from bottom to top of the bentonite stacking
displayed in Fig. A-1.

Fig. A-1:

Scheme of the bentonite stacking in ABM2 experiment with identification of the
investigated samples.
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A-2

A1

ABM2#08: MX80 granulate – Granulate weight 6913 g

A1.1

Sample description and procedure

This block consists in compacted MX80 (LOT) pellets contained in a carbon steel cage (Fig. A-2).
The bentonite was not in direct contact with the heated steel tube, as an additional steel tube
(forming the inner part of the ring cage) is present. Thus, for such a sample, the bentonite-steel
heater interface is located at the inner surface of additional this tube.

Fig. A-2:

Examples of (left) blocks made from bentonite only or (right) made from caged
MX80 pellets upon installation.
The middle picture display empty steel cages. Pictures from Eng et al. (2007).

The cages were simply slid off from the heater tube during in-situ sampling. They were thus kept
almost intact. The Fe heater-bentonite interface is therefore well preserved in the caged samples,
at least from a mechanical point of view. At the end of the experiment, the cages were completely
corroded, and corrosion products could be observed all around the sample (Fig. A-3), indicating
that the entire cage (not only the central tube) acted as a secondary Fe source. To obtain interfacial
samples that were as representative as possible of the heater-bentonite interaction, sampled zones
were located close to the centre of the block and as far as possible from the cage's frame. The
general procedure for ABM cage sampling and labelling of the studied samples is depicted in
Fig. A-4. At each step, cutting lines were set in order to get equivalent samples. The first sample
(in fact the test block for setting the EDX method) was sampled without the inner tube (Fig. A-5c
– d). In the subsequent sampling, the inner tube was maintained stuck to the bentonite block, by
using a special tape (Tickitape™ AS252, as shown of Fig. A-3f – h). It must be noted that samples
were freeze-dried and vacuum-embedded between step 3 and step 4.

A-3

Fig. A-3:
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Pictures of sample ABM2#08: (a) as received (b) unpacked, (c – g) upon subsampling (cutting steps) and (h) at the end of freeze drying step, prior to vac-embedding,
all the pieces that were not embedded were instantly vac-packed (e).
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Fig. A-4:

A-4

Basic procedure for sampling and labelling the sub-sample taken from MX80
granulate cages (i.e. ABM2#8-25-27).
It must be noted that the sample was frozen dried and vac-embedded between steps 3 and 4.
Red lines represents cutting lines, labelled in the order of execution, performed with a band
saw (a to i), and further with a disc saw (k to m).

Two different surfaces were analysed in this sample. The first one was actually the test block for
developing the method. A "close-up" (i.e. a mapping at higher magnification) was also performed
on the second analysed surface. Details on these two analyses are not included in this appendix.
These data are, however, available from the authors as electronic files (PSD files).

A-5

Fig. A-5:

NAGRA NTB 17-10

Examples of (a – b) an embedded block (upon step 4 of Fig. A-4), and (c – d) final
polished surface.
Samples: (a – b) ABM2#8C-top-α4, (c – d) ABM2#8B-top- α3c-b (inner and outer part) and
(e) ABM2#8C-top-α1c-b (including piece of the interfacial cage's frame).
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A-6

A1.2

SEM-EDX data on ABM2#08C-top-α3cb

A1.2.1

Analysis parameters

Magnification:
Dwelling time:
Number of frames:
Acceleration voltage:
Dimensions of the grid:
Resolution of one sector:
Pixel lateral size:
Dimensions of one sector:
Dimensions of the map:

A1.2.2

80×
300 μs
64
15 kV
24 columns × 10 lines (i.e. 240 sectors)
128 × 100 pixels
10.742 μm
1.375 × 1.074 mm
32.99 × 10.74 mm

Corrections on integrated zone

This sample is the result of the first attempt to obtain a block including not only the bentonite, but
also the steel tube and hence the corrosion layer which lies between those two parts. The idea was
to preserve the Fe-bentonite interface as much as possible. Unfortunately, the corrosion layer was
damaged during the freeze-drying steps, due to the vertical position of the sample (Fig. A-3h) and
the vibrations of the device. Fig. A-6 displays a BE image of the mapped zone, with the analysis
grid and the elemental maps of Fe. The first column (from left) contain mainly the steel tube
(almost pure Fe). The second column contains mostly corrosion features (bright yellow) and
bentonite aggregates (darker objects), which seems to have been mixed up upon freeze drying.
The rim of the bentonite block appears in the 3rd column. In the following, this is where the
interface is located (the zero point). However, because some corrosion features are also included
in the uppermost sectors of this column (outlined in red in Fig. A-6), they are excluded from the
count when establishing the chemical profiles. This issue was only encountered for this sample.

Fig. A-6:

Overlay of the BE image, the analysis grid and the elemental map of iron (yellow).

A1.2.3

Elemental mappings

Individual elemental maps are displayed in the present appendix. As explained in the main report,
one should better view them on a computer screen, in order to overlay them or observe fine details.
Those maps are displayed here to give a quick appreciation of the mapped zone and of the localisation of elements inside this zone.

A-7

Fig. A-7:

NAGRA NTB 17-10

Elemental map of carbon, oxygen and a map spotting the pixels where no element
could be detected ("bogusite").

The maps are grouped in the 3 different sets. The first set (Fig. A-7) includes the maps of carbon
and oxygen (which are discounted for establishing the chemical compositions, and hence the profile), plus a special one called "bogusite". This last one account for the pixels where no element
could be detected, mostly due to changes in the working distance (presence of a valley, a crack or
loss of parallelism). This last map accounts for the quality of the elemental mappings - the less it
displays green coloured pixels and the better are the mappings. Given sample preparation (embedding in degassed epoxy), the carbon map accounts mostly for the presence of resin. Finally, the
oxygen map is a sort of negative of the carbon maps, it accounts for the oxygen bearing mineral
phases (i.e. most of them except sulphides) in the bentonite and for the corrosion features as well.
The second set of maps (Fig. A-8) include the major elements' maps (Si, Al, Fe and Mg) and the
last set of maps (Fig. A-9) includes the minor elements' maps (Ca, Na, K and S). In most cases,
maps of P and Ti are less interesting as these elements are present in limited amounts and are
clustered in very small and discrete zones. Still, such maps are available from the authors of this
report upon request.
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Fig. A-8:

A-8

Elemental map of major elements Si, Al, Fe and Mg.

A-9

Fig. A-9:

Elemental map of minor elements Ca, Na, K and S.
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A1.2.4

A-10

BE images

Fig. A-10: BE images of notables sulphide and sulphate minerals observed in sample
ABM2#08C-top-α1c-b.
pyr: pyrite; gyp: gypsum or anhydrite; original: presumably present in original material;
reprocessed: either newly formed or alteration of pre-existing one.

A-11

A1.2.5

Chemical profiles: atomic %

Fig. A-11: Chemical profiles of major elements Si, Al, Fe and Mg.
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A-12

Fig. A-12: Chemical profiles of minor elements Ca, S, Na, K, P and Ti.

A-13

A1.2.6
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Chemical profiles: Al-normalisation

Fig. A-13: Al-normalised chemical profiles of major elements Fe, Mg and Si.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm). Empty
rectangles represent present XRF measurements on powdered ABM2 samples (bulk sample
at 45 mm).
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A-14

Fig. A-14: Al-normalised chemical profiles of minor elements Ca, Na, K and S.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm). Empty
rectangles represent present XRF measurements on powdered ABM2 samples (bulk sample
at 45 mm).

A-15

A2

ABM2#11: Ibeco seal IBE03

A2.1

Error in sample orientation: reversed labelling

NAGRA NTB 17-10

Indication on the orientation of the original sample stored at Äspö laboratory was mistakenly
reversed (bottom-up). This could in fact be inferred from the presence of chunks of Asha505
bentonite (from the underlying block #10) sticking to the surface of block #11 wrongly labelled
as "top" (Fig. A-15). This error was, however, noticed only once all polished blocks had been
produced, labelled and analysed. The labelling of this sample series must thus be considered as
reversed (bottom up) compared to the other ABM2 blocks (excluding #12).

Fig. A-15: Pictures of sample ABM2#11: (a) unpacked sample at Äspö prior to subsampling,
(b) subsampled block brought to the Institute of Geological Sciences at the University of Bern.
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A2.2

A-16

Sample description and procedure

Fig. A-16: Pictures of sample ABM2#11: (a) as received at the Institute of Geological Sciences
in Bern and unpacked, (b – c) upon subsampling (cutting steps), (d – e) after vacembedding, pictures (f – g) display two examples of polished surfaces which can be
further studied by SEM.
Sample labelling is in fact reversed (bottom-up) because of mistaken orientation.

A-17

A2.3

SEM-EDX data on ABM2#11Cu

A2.3.1

Analysis parameters

Magnification:
Dwelling time:
Number of frames:
Acceleration voltage:
Dimensions of the grid:
Resolution of one sector:
Pixel lateral size:
Dimensions of one sector:
Dimensions of the map:

A2.3.2
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80×
200 μs
64
20 kV
30 columns × 8 lines (i.e. 240 sectors)
128 × 100 pixels
10.742 μm
1.375 × 1.074 mm
41.25 × 8.59 mm

Integrated zone

Fig. A-17 displays an overlay of Fe, C maps and the analysis grid. The rim of the block (i.e. the
interface with heater) is clearly observable in the first column. No particular problems were
encountered for acquisition and use the data with this sample. However, no BE image has been
acquired on this sample (the method was not set yet).

Fig. A-17: Overlay of the analysis grid and the elemental map of Fe (yellow) and C (red).
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A2.3.3

A-18

Elemental mappings

Fig. A-18: Elemental map of carbon, oxygen and a map spotting the pixels where no elements
were counted ("bogusite").

A-19

Fig. A-19: Elemental map of major elements Si, Al, Fe and Mg.
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A-20

Fig. A-20: Elemental map of minor elements Ca, Na, K and S.

A-21

A2.3.4

Chemical profiles: atomic %

Fig. A-21: Chemical profiles of major elements Si, Al, Fe and Mg.
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A-22

Fig. A-22: Chemical profiles of minor elements Ca, S, Na, K, P and Ti.

A-23

A2.3.5

NAGRA NTB 17-10

Chemical profiles: Al-normalisation

Fig. A-23: Al-normalised chemical profiles of major elements Fe, Mg and Si.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm). Empty
rectangles represent present XRF measurements on powdered ABM2 samples (bulk sample
at 45 mm and contact sample at 3 mm).
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A-24

Fig. A-24: Al-normalised chemical profiles of minor elements Ca, Na, K and S.
Solid squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm). Empty
rectangles represent XRF data on powdered samples (bulk sample at 45 mm and contact
sample at 3 mm).

A-25

A3

ABM2#12: Ikosorb IKO03

A3.1

Error in sample orientation: reversed labelling

NAGRA NTB 17-10

As for block #11, indication on the orientation of the original sample stored at Äspö laboratory
was mistakenly reversed (bottom-up). This could in fact be inferred from the presence of chunks
of Kunigel bentonite (from the overlying block #13) on the surface of block #12 wrongly labelled
as "bottom", and reversely from presence of Ibecoseal (from the underlying block #11) on the
other surface bentonite on the surface of block #12 wrongly labelled as "top" (Fig. A-15). This
error was, however, noticed only once all polished blocks had been produced, labelled and analysed. The labelling of this sample series must thus be considered as reversed (bottom up) compared to the other ABM2 blocks (excluding #11).

Fig. A-25: Pictures of sample ABM2#11: (a) unpacked sample at Äspö prior to subsampling (b)
subsampled block brought to the Institute of Geological Sciences in Bern.
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A3.2

A-26

Sample description and procedure

Fig. A-26: Pictures of sample ABM2#12: (a) as received at the Institute of Geological Sciences
in Bern and unpacked, (b – d) upon subsampling (cutting steps), and (e) after vacembedding, pictures (f – h) display two examples of polished surfaces which can be
further studied by SEM.

A-27

A3.3

SEM-EDX data on ABM2#12Au

A3.3.1

Analysis parameters

Magnification:

80×

Dwelling time:
Number of frames:
Acceleration voltage:
Dimensions of the grid:
Resolution of one sector:
Pixel lateral size:
Dimensions of one sector:
Dimensions of the map:

200 μs
64
20 kV
35 columns × 10 lines (i.e. 350 sectors)
128 × 100 pixels
10.742 μm
1.375 × 1.074 mm
48.12 × 10.74 mm

A3.3.2

NAGRA NTB 17-10

Integrated zone

Fig. A-27 displays an overlay of Fe and carbon maps, the analysis grid and a BE image of a
portion of the sample, close to the interface. It must be emphasised that the BE image does not
include the interface, but elemental mapping does. Using the carbon map, the interface is hardly
visible on the left side (very few pixels for the left). For this sample, the interface is thus considered to be sitting on the left edge of the image.

Fig. A-27: Overlay of the analysis grid and the elemental map of Fe (yellow) and C (red).
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A3.3.3

A-28

Elemental mappings

Fig. A-28: Elemental map of carbon, oxygen and a map spotting the pixels where no elements
were counted ("bogusite").
For these measurements, the "bogusite" map (Fig. A-28) clearly accounts for issues of irregular
working distance upon measurements. The more intense coloration of this map when comparing
right and left parts of the global image, or up and bottom part of individual lines. These zones
where no elements are detected account for the dark strip observable on the major element
mappings, especially on the rightmost part. This is mostly due to a slight tilting in the sample
position, resulting in the upper left corner being slightly closer to the detector than the lower right
corner, but also in part to the fact that the entire surface may not be perfectly flat. However,
despite this issue, the inferred elemental quantification does not seem affected, as the bulk results
for the major elements (apart from interface) are consistent with reference values, and no
difference is found when comparing values from the central and right parts of the mapped zone
(Fig. A-29).

A-29

Fig. A-29: Elemental map of major elements Si, Al, Fe and Mg.
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A-30

Fig. A-30: Elemental map of minor elements Ca, Na, K and S.

A-31

A3.3.4

Chemical profiles: atomic %

Fig. A-31: Chemical profiles of major elements Si, Al, Fe and Mg.
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A-32

Fig. A-32: Chemical profiles of minor elements Ca, S, Na, K, P and Ti.

A-33

A3.3.5

NAGRA NTB 17-10

Chemical profiles: Al-normalisation

Fig. A-33: Al-normalised chemical profiles of major elements Fe, Mg and Si.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm).
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A-34

Fig. A-34: Al-normalised chemical profiles of minor elements Ca, Na, K and S.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm).

A-35

A4

ABM2#13: Kunigel V1 JNB03

A4.1

Sample description and procedure

NAGRA NTB 17-10

Fig. A-35: Pictures of sample ABM2#13: (a) as received at the Institute of Geological Sciences
in Bern and unpacked, (b – c) upon subsampling (cutting steps), and (d) after vacembedding, pictures (e – f) display two examples of polished surfaces which were
further studied by SEM, picture (g) displays partially polished and re-embedded
surface upon sample preparation.
The arrows point to the corrosion feature observed at various depth in this sample.
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A-36

As discussed in the description of the sampling approach for the SEM survey (section 2.2), occurrence of a corrosion feature was observed at various distance from the interface with the heater,
depending on the height of the sample (Fig. A-35g). This corrosion feature looks like a rim,
accounting for an iron front that penetrates deeper in the higher part of the block. These variations
inside the same block is attributed to the presence of the block ABM2#14 consisting in caged
pellets of MX80 granulate (+quartz) right above the present block (which print can be observed
in Fig. A-35a and b). This cage presumably acted as a secondary iron source. The apparent higher
impact of corrosion in the top side of the block, in contact with the cage, compared to the inner
side in contact with the heated rod, may also be due to the presence of larger gaps during the
experiments. Indeed, it seems that block #13 was deformed during saturation phase of the experiment and was partly extruded into the cage. The presence of gaps at the interface between caged
and non-caged pellets may facilitate transport of ferruginous water and accumulation of corrosion
products.
Thus, two different surfaces have been analysed in this block. They are located at different heights
of the block (Fig. A-35.c, e and f).

A4.2

SEM-EDX data on ABM2#13Bb

A4.2.1

Analysis parameters

Magnification:
Dwelling time:
Number of frames:
Acceleration voltage:
Dimensions of the grid:
Resolution of one sector:
Pixel lateral size:
Dimensions of one sector:
Dimensions of the map:

A4.2.2

80×
200 seconds
64
20 kV
22 columns × 5 lines (i.e. 110 sectors)
128 × 100 pixels
10.742 μm
1.375 × 1.074 mm
30.24 × 5.37 mm

Integrated zone

The filament of the microscope blew up during the analysis of this sample, almost at the end of
the analysis (in sector E11 in Fig. A-36). No data were therefore collected on the following sectors. Still, the data collected on the rest of the surface can be used to build the chemical maps and
establish the chemical profiles. The "bogusite" map (Fig. A-37) also accounts for a slight tilting
of the sample during the analysis (top part of each sector is slightly closer that bottom part),
resulting in a slight lack of detection in the bottom part of each sector. This issue is, however,
limited and can be neglected as the analyse parameters (surface area and dwelling time) still
guarantee a good statistic.

A-37
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Fig. A-36: Overlay of the analysis grid and the elemental map of Fe (yellow) and C (red).

A4.2.3

Elemental mappings

Fig. A-37: Elemental map of carbon, oxygen and a map spotting the pixels where no elements
were counted ("bogusite").
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A-38

Fig. A-38: Elemental map of major elements Si, Al, Fe and Mg.

A-39

Fig. A-39: Elemental map of minor elements Ca, Na, K and S.
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A4.2.4

A-40

Chemical profiles: atomic %

Fig. A-40: Chemical profiles of major elements Si, Al, Fe and Mg.

A-41

Fig. A-41: Chemical profiles of minor elements Ca, S, Na, K, P and Ti.
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A4.2.5

A-42

Chemical profiles: Al-normalisation

Fig. A-42: Al-normalised chemical profiles of major elements Fe, Mg and Si.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm).

A-43

NAGRA NTB 17-10

Fig. A-43: Al-normalised chemical profiles of minor elements Ca, Na, K and S.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm).
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A-44

A4.3

SEM-EDX data on ABM2#13Eb

A4.3.1

Analysis parameters

Magnification:
Dwelling time:
Number of frames:
Acceleration voltage:
Dimensions of the grid:
Resolution of one sector:
Pixel lateral size:
Dimensions of one sector:
Dimensions of the map:

A4.3.2

80×
200 μs
64
20 kV
32 columns × 8 lines (i.e. 256 sectors)
128 × 100 pixels
10.742 μm
1.375 × 1.074 mm
44.00 × 8.59 mm

Integrated zone

Fig. A-44: Overlay of the analysis grid and the elemental map of Fe (yellow) and C (red).

A-45

A4.3.3

NAGRA NTB 17-10

Elemental mappings

Fig. A-45: Elemental map of carbon, oxygen and a map spotting the pixels where no elements
were counted ("bogusite").
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A-46

Fig. A-46: Elemental map of major elements Si, Al, Fe and Mg.

A-47

Fig. A-47: Elemental map of minor elements Ca, Na, K and S.
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A4.3.4

A-48

Chemical profiles: atomic %

Fig. A-48: Chemical profiles of major elements Si, Al, Fe and Mg.

A-49

Fig. A-49: Chemical profiles of minor elements Ca, S, Na, K, P and Ti.
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A4.3.5

A-50

Chemical profiles: Al-normalisation

Fig. A-50: Al-normalised chemical profiles of major elements Fe, Mg and Si.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm).

A-51

NAGRA NTB 17-10

Fig. A-51: Al-normalised chemical profiles of minor elements Ca, Na, K and S.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm).
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A-52

A5

ABM2#24: Rokle ROK4

A5.1

Sample description and procedure

Fig. A-52: Pictures of sample ABM2#13: (a – b) as received at the Institute of Geological
Sciences in Bern and unpacked, (c – d) upon subsampling (cutting steps), and (e – f)
after vac-embedding, pictures (g – h) display two examples of polished surfaces
which can be further studied by SEM.

A-53

NAGRA NTB 17-10

This sample was more difficult to process. Quantity was limited, the block was drier and more
brittle than the other ABM2 samples, and the preserved interface was narrow.

A5.2

SEM-EDX data on ABM2#24B at mag 80×

A5.2.1

Analysis parameters

Magnification:
Dwelling time:
Number of frames:
Acceleration voltage:
Dimensions of the grid:
Resolution of one sector:
Pixel lateral size:
Dimensions of one sector:
Dimensions of the map:

A5.2.2

80×
200 μs
320
20 kV
8 columns × 8 lines (i.e. 64 sectors)
128 × 100 pixels
10.742 μm
1.375 × 1.074 mm
11.00 × 8.59 mm

Integrated zone

As the surface available for analysis was notably smaller than with the other ABM blocks,
parameters of analysis were changed to improve to the analysis statistics of each sector (the
number of averaged frames was multiplied 4).

Fig. A-53: Overlay of the analysis grid and the elemental map of Fe (yellow) and C (green).

NAGRA NTB 17-10

A5.2.3

A-54

Elemental mappings

Here, no "bogusite" map is displayed as all the pixels could be quantified in this sample (i.e. the
"bogusite map" is just a black rectangle).

Fig. A-54: Elemental map of carbon, oxygen and a map spotting the pixels where no elements
were counted ("bogusite").

Fig. A-55: Elemental map of major elements Si, Al, Fe and Mg.

Fig. A-56: Elemental map of minor elements Ca, Na, K and S.

A-55

A5.2.4

Chemical profiles: atomic %

Fig. A-57: Chemical profiles of major elements Si, Al, Fe and Mg.
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A-56

Fig. A-58: Chemical profiles of minor elements Ca, S, Na, K, P and Ti.

A-57

A5.2.5
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Chemical profiles: Al-normalisation

Fig. A-59: Al-normalised chemical profiles of major elements Fe, Mg and Si.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm).

NAGRA NTB 17-10

A-58

Fig. A-60: Al-normalised chemical profiles of minor elements Ca, Na, K and S.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm).

A-59

NAGRA NTB 17-10

A6

ABM2#25: MX80 granulate +quartz – Granulate weight 7151 g

A6.1

Sample description and procedure

Fig. A-61: Pictures of sample ABM2#25: (a – b) as received at the Institute of Geological Sciences in Bern and unpacked, (c – h) upon subsampling (cutting steps) prior to freeze
drying step, picture (h) displays a cross section of a portion of the sample's top.
Here a redox-modified chunk of sample ABM2#26 (blueish zone) can be observed, sitting
on top of this sample.
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A-60

Fig. A-62: Examples of (a – d) embedded blocks, and (e – f) final polished surface.
Samples: (a – b) ABM2#25B (c – d) ABM2#25B-top-α4, (e) ABM2#25B-top-α2b and (f)
ABM2#25B-top-α4c-u (including piece of the interfacial cage's frame).

Two different surfaces were analysed. The first prepared block (Fig. A-62e) did not include the
steel tube and corrosion layer, while the following preparations did include steel and corrosion
features (Fig. A-62f) Apart some SEM picture displayed in section 5.3 (Fig. 5-14), other details
on the second analysed surface are not displayed in the present report but are available from the
corresponding author as an electronic file (PSD file).

A-61

A6.2

SEM-EDX data on ABM2#25B-top-α2b

A6.2.1

Analysis parameters

Magnification:
Dwelling time:
Number of frames:
Acceleration voltage:
Dimensions of the grid:
Resolution of one sector:
Pixel lateral size:
Dimensions of one sector:
Dimensions of the map:

A6.2.2

NAGRA NTB 17-10

80×
200 μs
64
20 kV
35 columns × 8 lines (i.e.290 sectors)
128 × 100 pixels
10.742 μm
1.375 × 1.074 mm
48.12 × 8.59 mm

Integrated zone

Fig. A-63: Overlay of the analysis grid and the elemental map of Fe (yellow) and C (red).
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A6.2.3

A-62

Elemental mappings

Fig. A-64: Elemental map of carbon, oxygen and a map spotting the pixels where no elements
were counted ("bogusite").

Fig. A-65: Elemental map of major elements Si, Al, Fe and Mg.

A-63

Fig. A-66: Elemental map of minor elements Ca, Na, K and S.
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A6.2.4

A-64

BE images

Fig. A-67: BE images of notable sulphide and sulphate minerals in sample ABM2#25B-topα2b.
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A6.2.5

Chemical profiles: atomic %

Fig. A-68: Chemical profiles of major elements Si, Al, Fe and Mg.
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A-66

Fig. A-69: Chemical profiles of minor elements Ca, S, Na, K, P and Ti.

A-67

A6.2.6

NAGRA NTB 17-10

Chemical profiles: Al-normalisation

Fig. A-70: Al-normalised chemical profiles of major elements Fe, Mg and Si.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm). Empty
rectangles represent present XRF measurements on powdered ABM2 samples (bulk sample
at 45 mm, contact-3 at 3 mm, contact-2 at 1 mm, and crust at 0.25 mm).
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Fig. A-71: Al-normalised chemical profiles of minor elements Ca, Na, K and S.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm). Empty
rectangles represent present XRF measurements on powdered ABM2 samples (bulk sample
at 45 mm, contact-3 at 3 mm, contact-2 at 1 mm, and crust at 0.25 mm).
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A7

ABM2#26: Deponit CAN4

A7.1

Sample description and procedure

NAGRA NTB 17-10

Fig. A-72: Pictures of sample ABM2#25: (a – b) as received at the Institute of Geological Sciences in Bern and unpacked, (c – h) upon subsampling (cutting steps) prior to freeze
drying step, picture (h) displays a cross section of a portion of the sample's top.
Here a redox-modified chunk of sample ABM2#26 (blueish zone) can be observed, sitting
on top of this sample.
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As sample #24, this sample was significantly different than the rest of the collected ABM2 blocks.
It displays various corrosion features (from the heated rod in is central surface), but also from the
two caged samples (#25 and #27) which were lying directly below and above the present block.
It displays a concentric white rim as well at ~ 2 – 3 cm from the interface with heated rod (also
observed an samples #25 and #27). It was also significantly drier and more brittle than the other
blocks. The inner part was crosscut by large cracks appearing as drying features. One of those
was actually crossing the entire sample in a concentric manner, resulting in the detachment of the
outer part upon sawing (Fig. A-72d – e). To avoid the risk of the sample completely falling apart
upon sawing, larger blocks had to be isolated for freeze drying and vac-embedding steps.

Fig. A-73: Examples of (a – d) embedded blocks, and (e – f) final polished surface.

A-71

A7.2

SEM-EDX data on ABM2#26α2A2

A7.2.1

Analysis parameters

Magnification:
Dwelling time:
Number of frames:
Acceleration voltage:
Dimensions of the grid:
Resolution of one sector:
Pixel lateral size:
Dimensions of one sector:
Dimensions of the map:

A7.2.2
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80×
200 μs
64
20 kV
25 columns × 12 lines (i.e. 300 sectors)
128 × 100 pixels
10.742 μm
1.375 × 1.074 mm
34.37 × 12.89 mm

Integrated zone

The analyses block here was notably larger than the rest of the studied ABM samples.

Fig. A-74: Overlay of the analysis grid and the elemental map of Fe (yellow) and C (red).
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Elemental mappings

Fig. A-75: Elemental map of carbon, oxygen and a map spotting the pixels where no elements
were counted ("bogusite").

A-73

Fig. A-76: Elemental map of major elements Si, Al, Fe and Mg.
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A-74

Fig. A-77: Elemental map of minor elements Ca, Na, K and S.

A-75

A7.2.4

NAGRA NTB 17-10

BE images

Fig. A-78: BE images of notable sulphides minerals observed in the sample ABM2#26α2A2.
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Chemical profiles: atomic %

Fig. A-79: Chemical profiles of major elements Si, Al, Fe and Mg.

A-77

Fig. A-80: Chemical profiles of minor elements Ca, S, Na, K, P and Ti.
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A7.2.6

A-78

Chemical profiles: Al-normalisation

Fig. A-81: Al-normalised chemical profiles of major elements Fe, Mg and Si.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm). Empty
rectangles represent present XRF measurements on powdered ABM2 samples (red crust
sample at 0-3 mm and salt sample at 25 mm).
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Fig. A-82: Al-normalised chemical profiles of minor elements Ca, Na, K and S.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm). Empty
rectangles represent present XRF measurements on powdered ABM2 samples (red crust
sample at 0 – 3 mm and salt sample at 25 mm).
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A8

ABM2#27: MX80 granulate – Granulate weight 7112 g

A8.1

Sample description and procedure

Fig. A-83: Pictures of sample ABM2#27: (a) as received at the Institute of Geological Sciences
in Bern and (b) unpacked, (b – d) upon subsampling (cutting steps), (e) after vacembedding, picture (f) displays an example of polished surfaces which was further
studied by SEM (sample ABM2#27B-top-α4c-u).
Two mappings were performed on the same portion of sample. The first was at a magnification
of 100× and the second at 1000× on a portion of the same surface, in the vicinity of the interface.
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SEM-EDX data on ABM2#27B-top-α4c -u at mag 100×

A8.2.1

Analysis parameters

Magnification:
Dwelling time:
Number of frames:
Acceleration voltage:
Dimensions of the grid:
Resolution of one sector:
Pixel lateral size:
Dimensions of one sector:
Dimensions of the map:

A8.2.2

100×
220 seconds
64
15 kV
35 columns × 10 lines (i.e. 350 sectors)
128 × 100 pixels
8.594 μm
1.100 × 0.859 mm
38.50 × 8.59 mm

Integrated zone

Fig. A-84: Overlay of the analysis grid and the elemental map of Fe (yellow) and C (red).
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A-82

Elemental mappings

Fig. A-85: Elemental map of carbon, oxygen and a map spotting the pixels where no elements
were counted ("bogusite").
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Fig. A-86: Elemental map of major elements Si, Al, Fe and Mg.
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Fig. A-87: Elemental map of major elements Ca, Na, K and S.
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BE images

Fig. A-88: BE images of notable sulphate minerals observed in the sample ABM2#27B-topα4c – u.
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Chemical profiles: atomic %

Fig. A-89: Chemical profiles of major elements Si, Al, Fe and Mg.

A-87

Fig. A-90: Chemical profiles of minor elements Ca, S, Na, K, P and Ti.
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Chemical profiles: Al-normalisation

Fig. A-91: Al-normalised chemical profiles of major elements Fe, Mg and Si.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm).
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Fig. A-92: Al-normalised chemical profiles of minor elements Ca, Na, K and S.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm).
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A8.3

SEM-EDX data on ABM2#27B-top-α4c at mag. 1000×

A8.3.1

Analysis parameters

Magnification:
1000×
Dwelling time:
220 μs
Number of frames:
64
Acceleration voltage:
15 kV
Dimension of the grid:
20 columns × 5 lines (i.e. 200 sectors)
Resolution of one sector:
256 × 200 pixels
Pixel lateral size:
0.430 μm
Dimension of one sector:
0.110 × 0.086 mm
Total dimension of the map: 2.20 × 0.43 mm

A8.3.2

Integrated zone

The next figure shows the location of this close-up mapping, regarding the mapping described in
previous section.

Fig. A-93: Overlay of the analysis grid and the elemental map of Fe (yellow) and C (red).
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Elemental mappings

Fig. A-94: Elemental map of carbon, oxygen and a map spotting the pixels where no elements
were counted ("bogusite").
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Fig. A-95: Elemental map of major elements Si, Al, Fe and Mg.
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Fig. A-96: Elemental map of minor elements Ca, Na, K and S.

A8.3.4

Chemical profiles: atomic %

In the following figures, two kinds of chemical profile are displayed. On the left side is shown
the actual chemical profile, in comparison with the one obtained at higher magnification. And on
the right side is shown the corresponding 2-point averaged profile (both magnitude and distance
are averaged). This second profile is obtained the same way as the first one, by averaging values
contained in several consecutive columns (here 10 columns instead of 1, i.e. 20 columns corresponds to two points). Despite the great difference in lateral extent of the two mapped zones (at
two different magnitudes), resulting chemical profiles are consistent. This suggests that the
observed interface is relatively homogeneous. The shape of the profile of the major chemical
elements at higher magnification even tends to confirm the consistency of the spline curve used
to connect the points displayed on all the chemical profiles (which was initially chosen, instead
of a straight connecting line, for visual reasons and to display a smoother chemical profile).
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Fig. A-97: Chemical profiles of major elements Si and Al (left: normal, right: 2 points average).
The underlying data corresponds to the chemical profile at lower magnification (100×).
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Fig. A-98: Chemical profiles of major elements Fe and Mg (left: normal, right: 2 points
average).
The underlying data corresponds to the chemical profile at lower magnification (100×).
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Fig. A-99: Chemical profiles of minor elements Ca and S (left: normal, right: 2 points average).
The underlying data corresponds to the chemical profile at lower magnification (100×).
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Fig. A-100: Chemical profiles of minor elements Na and K (left: normal, right: 2 points average).
The underlying data corresponds to the chemical profile at lower magnification (100×).
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Chemical profiles: Al-normalisation

Fig. A-101: Al-normalised chemical profiles of major elements Fe, Mg and Si.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm).
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Fig. A-102: Al-normalised chemical profiles of minor elements Ca and Na.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm).
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Fig. A-103: Al-normalised chemical profiles of minor elements K and S.
Squares represent XRF data from BGR (sampling point at 50, 20 and 1 mm).
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Appendix B Raman spectroscopy: details on corrosion layer
Appendix B presents additional Raman spectra collected in raw Ibecoseal bentonite and sample
ABM2#11 (additional grain indicated in Fig. 5-4 in section 5.2.2) and in the corrosion layer of
sample ABM2#27 (discussed in section 5.3).

B1

Some accessories phases in raw Ibecoseal bentonite and sample
ABM2#11

Fig. B-1:

Raman spectra of the grains indicated in Fig. 5-4.
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B2

B-2

Close-up of corrosion layer in sample ABM2#27

Some portions of the thick (300-600 μm) corrosion layer found in a polished section of ABM2#27
were with the μ-Raman. A SEM picture (backscattered electrons) of the studied zone is displayed
in Fig. B-2 and the Raman spectra collected at the indicated zones are displayed in Figs. B-3 and
B-4.

Fig. B-2:

SEM BE images of the thick corrosion layer sitting next to the Fe-bentonite interface
in a sample from blocks ABM2#27.
The letters indicate where Raman spectra were collected. Spectra are displayed below.

B-3

Fig. B-3:

NAGRA NTB 17-10

Raman spectra collected in the two zones indicated in bottom left picture of
Fig. 5-16.
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Fig. B-4:

B-4

Raman spectra collected in the two zones indicated in bottom left picture of
Fig. 5-16.
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Appendix C Domed XRD: details on experimental approach
Appendix C presents diffractograms illustrating the setting up of the method for conducing the
XRD investigation of ABM samples using a Anton Paar domed sample holder for air sensitive
material (equipped with a polycarbonate dome).

C1

Conditions of analysis: scan rate and analysing time

Different scan rates were tested, resulting in a total time of analysis (from 5 to 60 °2θ) varying
from 1 to 12 h. The application note from PANanalytical suggests that airtightness (regarding O2)
lasts only few hours. Fast scan rates were thus employed in a first series of analyses on redoxsensitive samples because of concerns regarding potential oxidation upon long time analysis. The
first analyses were made by averaging 4 to 8 consecutive 1 h scans on the same sample (if no
notable change was observed between the various scans). In the present, no test of airtightness of
the dome with highly redox sensitive compounds was performed because of risks of damaging
the dome (exothermic oxidation). Still, such tests (further shown below), performed with clayey
samples which were hydrated and redox sensitive (blueish colour) actually showed that convenient protection of such samples could be achieved upon over long times (more than 12 h) as
both colour and hydration state (both change upon few hours of exposure to ambient atmosphere)
could be preserved. It was decided to conduct further XRD analyses of the domed ABM sample
with long analysis time (10 to 12 h).
Such samples are clay-rich but heterogeneous, bearing a notable range of accessory minerals
detectable by XRD. Mixing with corrosion products further complicates the analysis (more
species, but also fluorescence from iron) by increasing the background. Finally, the use of the PC
dome adds more difficulties to the analysis as the dome also absorbs a portion of the X-rays
(further shown below), which increases the background. Longer times of analysis were employed
to increase the resolution of the resulting data and overcome such issues. Fig. C-1 illustrates in
part how extending the analysis time can improve the resolution of data especially regarding the
background noise and the signal to background ratio.
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Fig. C-1:

C-2

Diffractograms of the raw Deponit bentonites acquired at various scan rates: (red)
12 h total time, (green) 3 h total time, (blue) average of 4 consecutive 1 h scans.
Note the 12 h and 3 h scans are rescaled to the range of the 1 h scans (for visual comparison).

C2

Conditions of analysis: dome and spinner

Fig. C-2 displays the diffractograms for the same sample of raw Ibecoseal bentonite analysed in
different conditions: first undomed and immobile, then domed, and finally domed and spun.

Fig. C-2:

Diffractograms of the raw Ibecoseal bentonites acquired without dome and without
spinning (red), with the dome (green) and with the dome and with spinning (blue).

C-3
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The polycarbonate dome presents one main absorption band centred on 18 °2θ. All data on domed
samples are presented without correction for the contribution of the dome. Such a correction could
be achieved by conducting measurements on the dome with no sample but a proper low
background insert. In addition, all data are presented with the same background correction, using
the prebuilt option of the HighScore TM software.
Besides the absorption band at 18 °2θ it can be observed that the presence of the dome induces a
notable decrease of the signal to background ratio throughout the entire angular domain.
The spinner offers the advantage of extending the scanned zone and decreasing the occurrence of
preferential orientation and the appearance of an anomalously high single reflection from large
grains present at the surface of the scanned sample (for instance quartz and calcite in when comparing blue and red line in Fig. C-2, or feldspar when comparing blue and green line).
In the case of the domed sample, supplementary reflections at large angles (<40 °2θ) were often
observed and impossible to attribute to a consistent compound. In fact, matching reference pattern
could often be found in the large database of minerals and chemical compounds. However, they
always corresponded to odd chemical compounds (with elements not likely to be found in the
ABM samples), or patterns of minerals acquired under extreme pressure and or temperature
conditions. This occurred to a small extent when analysing raw materials (as shown Fig. C-2 with
Ibecoseal) but occurred more in the case of the ABM2 samples.

C3

Conditions of analysis: ABM2 sample texture and potential issues with
the dome

Upon development of the method and use of samples finer, dryer, and richer in corrosion products,
it was often noted that a portion of the sample (probably less than a mg) could be found sticking
to the inner surface of the dome because of static electricity. Attempts were made to reduce these
preparation artefacts as much as possible (for instance using an ioniser or a simple piece of paper).
Presence of a sufficient amount of crystals at the surface of the dome can clearly impede correct
measurements and lead to occurrence of large diffraction bands at anomalously higher angles than
expected.
Fig. C-3 displays various scans of the same crust sample from block ABM"#12 (Ikosorb) after
several steps of crushing, re-homogenisation in the sample holders and further extended anaerobic
drying.
The diffractograms of different aliquots from the same crust sample from Block ABM2#12 displayed in Fig. C-3 all show notable peaks at angles > 40°, which are not found in analyses of the
raw sample (e.g. Fig. 6-4). The first scan (red line) was conducted on a sample slightly coarser
than the following ones. The sample was milled again (by hand, with an agate mortar), and analysed several times again. It was finally dried and analysed again. Smaller peaks could again be
observed at high angles, but each time at various positions. None of these peaks could be clearly
identified.
The present example illustrates the major issue encountered with the dome. At this point it is
difficult to determine whether if the odd peaks observed at high angle are due to species actually
present in the ABM2 samples and on the inner surface of the dome. Some tests were performed
on undomed samples (after sufficient time of exposure to the air), but these were of no great help.
Indeed, these same peaks were usually not seen anymore, but other odd peaks could be seen at
different angles. These odd peaks observed with domed samples can indicate the presence of
redox-sensitive species that will likely be transformed upon exposure to air. Thus, other
approaches should be employed to check the reasons behind the presence of these peaks.
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Fig. C-3:
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Diffractograms of the crust sample from block #12 (Ikosorb), acquired on various
portions of the same sample (ground and mixed several time).
(red) first 3 h scan, (blue) next 3 h scan on a more finally ground sample, (green) 2nd aliquot
of the same sample and (grey) same sample after more extensive drying and at a slower scan
rate (12h total time). Note the 12 h scan is rescaled to the range of the 3 h scans (for visual
comparison).

C4

Tests of the dome: sample preservation and aerobic drying in the XRD
chamber

As previously mentioned, series of measurements consisting in iterative 1 h scans of air sensitive
ABM2 samples were carried out to check the airtightness of the dome. Fig. C-4 displays four
constitutive scans on the domed blue sample for block ABM2#26.
These four consecutive scans are strictly similar. The position of the 001 line accounts for a basal
distance of 15.4 Å. In Fig. C-5 these four scans are averaged and are compared to 4 similar consecutive scans of the undomed sample. The undomed sample is a different portion of the same
sample, which was prepared in a normal sample holder inside the anaerobic chamber and directly
analysed by XRD.

C-5

Fig. C-4:
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Diffractograms of the blue sample from block #26 (Deponit).
From red to grey: 4 consecutive 1 h scans with the dome.

Fig. C-5:

Diffractograms of the blue sample from block #26 (Deponit).
(red) average of 4 consecutive 1 h scans with the dome (displayed in Fig. C-4), (from blue to
brown) 4 consecutive 1 h scans of a sample freshly exposed to the atmosphere of the XRD
apparatus (aerobic, dry).

The major difference between these diffraction patterns (beside the dome feature around 18 °2θ)
is the shift of the 00l line toward higher angles, accounting for a decrease of the basal distance
from 15.4 to 15.3 Å within the first few minutes of exposure to ambient air in the XRD chamber,
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and further to 15.1 Å after an hour of exposure. This decrease can be explained by a slight drying
out of the sample upon measurement. Indeed, these samples were prepared in the anaerobic
chamber with no control on humidity (40 – 60 % RH, 22° C). These sample were gently dried (in
a desiccator, with dry silica) until they could be crushed easily by hand. The atmosphere of the
XRD chamber is notably drier and hotter (< 25 % RH, 27° C). Water content in this blue sample
was measured to be around 15.6 wt.-% at the end of anaerobic sample preparation (measured by
weighing before and after heating at 105° C in air for 24 h). Thus, slight drying out in the atmosphere of XRD chamber would be expected.
This drying time is rather limited to the first hours of exposure since no further changes in the
basal distance were observed in further scans. A slight decrease of the intensity is seen upon
drying and this can be attributed to small change in the texture of the surface of the analysed
sample. Indeed, drying should induce a shrinking of the sample, and thus a slight decrease of
sample heights (leading to decreased intensity). This change is, however, rather limited in the
present case.
The other major change observed in the exposed blue sample is an obvious colour change (from
blue to green) after a few hours of exposure to the ambient atmosphere. In that case, this colour
change is attributed to the oxidation of the Fe(II)-bearing phases thought to be responsible of the
initially blue colour of such sample.
Further tests were done to determine if simply drying out the sample could explain such changes
(without oxidation). A portion of the blue sample was exposed to large quantities of dry silica
(several hundreds of grams of silica for a few hundred milligrams of sample) for 5 days in the
anaerobic chamber. This sample was then analysed under the dome, with 8 consecutive 1 h scans.
Again, no changes could be seen between the 8 consecutive scans (as in Fig. C-4). Fig. C-6 presents the average of these 8 scans, compared to the average of 4 scans on the original sample.

Fig. C-6:

Diffractograms of the blue sample from block #26 (Deponit).
(red) average of 4 consecutive 1 h scans with the dome, (blue) average of 8 consecutive 1 h
scans of a sample exposed for five days to a dry anaerobic atmosphere (with the dome).
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Apart from some changes in peaks attributed to heterogeneities in the sample regarding accessory
mineral and (quartz and calcite), the major change is again the shift of the 00l line toward higher
angles. This accounts for a decrease in basal distance from 15.4 to 14.9 Å. The final distance is
thus lower than previously observed for air drying in the XRD chamber, which can be attributed
to more extended drying in the anaerobic procedure.
Besides, no colour changes were observed after 8 hours under the dome, which strongly suggests
that the dried blue sample was well preserved upon the analysis time, regarding both hydration
and redox states.
Other similar tests were done with other analogous samples from ABM2#26 (the green and red
samples). The same experiments as for blue sample were first done (i.e. 4x1h under the dome,
followed by 4x1 h without the dome). The same trend was observed in each test, with a basal
distance of 15.4 Å of the preserved samples (water contents of 17.1 and 16.4 Å respectively for
red and green samples), and a similar decrease to 15.1 after a few hours of exposure to ambient
air in the XRD chamber.
To check for the influence of the redox state of the sample, a portion of the green sample was
measured again after months of exposure to ambient atmosphere of the lab (22 – 25° C, 40 – 60 %
RH, i.e. closer to anaerobic chamber in terms of temperature and humidity). 8 consecutive scans
of 1 hour were made and are displayed in Fig. C-7.

Fig. C-7

Diffractograms of the green sample from block #26 (Deponit).
(red) preserved sample, average of 4 consecutive 1 h scans with the dome, (from orange to
black) 8 consecutive 1 h scans of a sample exposed for months of exposure to the ambient
atmosphere (aerobic) and freshly exposed to the atmosphere of the XRD apparatus (drier than
in the lab).

Again, a slight drying out of the sample during the first hour of exposure to the XRD chamber is
observed. The corresponding change in basal distance is slightly higher than for the freshly
exposed sample as it is decreased to 15.1 Å within the first minutes and further to 14.9 Å after an
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hour. This gap is, however, small and the final distance is similar to that observed in the anaerobically dried blue sample. This may be due to slightly drier conditions in the XRD chamber during
measurements, compared to analysis of the blue sample.
Thus, slight changes in the reduction levels of Fe (as observed between Red/Green/Blue samples
with Mössbauer, section 7.4) don't seem to influence much the position of the 00l line and thus
changes in basal distance. It is unchanged in the preserved domed samples of similar water
content. Each sample behaves the same upon exposure to dry air (thus upon concomitant drying
out and oxidation), resulting in similar decreases in basal distance. Similar behaviours are seen
with a preserved sample and a pre-oxidised sample upon drying out.
Another notable change is the occurrence of an unidentified peak (around 27 °2θ, Fig. C-7),
absent in preserved samples and in raw material, and which intensifies progressively during the
consecutive measurements. The shape of the peak and its single occurrence suggest a single
reflection of an unidentified crystal at the surface of the sample. The progressive increase in intensity mirrors the decrease in intensity of the 00l line, which suggests that this is due to a change of
texture of the surface of the sample upon measurements. It could be that the clay sample shrinks
upon drying out and this crystal emerges increasingly from the surface.

C5

Conclusions regarding the advantages and drawbacks of the domed
sample approach

The use of the dome appears to present major issues at high angles (> 40° C), which need deeper
development and adaptation of the method to be better understood. In the present approach, the
peaks were identified only if they corresponded to pre-existing accessory phases of the raw material, or if a consistent compound could be found in the database (i.e. containing elements found
in XRF and EDX chemical analysis and measured in standards P – T conditions).
Nonetheless, no troubles were observed at lower angles and good performance of the dome was
observed regarding the preservation of the sample against moisture and oxygen, even upon long
time of confinement (at least up to 12 hours).
Experiments involving measurements on domed and then undomed sample were performed for
basically two purposes. One was to check the performances of the dome, which were found to be
efficient regarding sample preservation from the ambient atmosphere. The other goal was to
determine how the influence of exposure to oxygen could influence the sample. This has been
shown to be quite elusive, in part because of the above-mentioned issues with the dome at high
angles, and int part because of weak control of the atmospheric condition in both XRD chambers
(for undomed samples) and in the glove bag (for domed samples), especially regarding relative
humidity. Such experiments should much better be done using a proper climatic chamber,
allowing controlling both parameters (humidity and oxygen levels) separately.
Thus, in further analysis of the other ABM samples, the air of the anaerobic chamber was also
continuously dried by adding cages containing silica balls on the oxygen scrubbers of the chamber, to reach RH levels more consistent with that in the XRD chamber. Domed samples were
analysed after few hours of exposure to this dry anaerobic air, while undomed samples were analysed after few hours of exposure to the XRD chamber.
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Appendix D Mössbauer hyperfine parameters
Appendix D displays tables of hyperfine parameters corresponding to the spectra shown in
Chapter 7.
Tab. D-1:

Refined values of Mössbauer parameters and doublet structural attributions for the
sample collected on block ABM2#11 (Ibecoseal).
Hyperfine parameters

I.S.
[mm/s]

F.W.H.M.
[mm/s]

Q.S./2ε
[mm/s]

Attribution
Bhf
[T]

Area
[%]

Bulk
300 K
0.35
0.31
1.15
1.16

0.5
0.5
0.24
0.45

0.49
1.47
2.88
2.59

60
6
16
18

HS-oct-Fe(III)
HS-oct-Fe(II)

77 K
0.46
1.26
0.47
0.48

0.64
0.42
0.5
0.5

0.52
2.99
-0.04
-0.22

54.4
47.2

57
34
6
3

HS-oct-Fe(III)
HS-oct-Fe(II)
hematite
goethite

Contact
300 K
0.34
0.38
1.11
1.08

0.37
0.55
0.32
0.33

0.57
1.01
2.75
2.43

0.46
1.28
0.48

0.64
0.43
0.5

0.78
2.83
-0.22

37
41
14
9

HS-oct-Fe(III)
HS-oct-Fe(II)

77 K

49.5

74
24
2

HS-oct-Fe(III)
HS-oct-Fe(II)
goethite

Crust
300 K
0.35
0.41
1.12
1.11

0.53
0.27
0.27
0.43

0.6
1.13
2.85
2.53

0.47
1.25
0.46
0.48

0.68
0.41
0.5
0.5

0.72
2.92
-0.22
-0.22

53
13
15
20

HS-oct-Fe(III)
HS-oct-Fe(II)

77 K

I.S.
F.W.H.M.
Q.S./2ε
Bhf

54.0
49.2

Isomer shift value relative to that of the α-Fe at 300 K [mm s-1]
Full width of line at half of its maximum intensity [mm s-1]
Quadrupolar splitting
Magnetic hyperfine field [T]

63
33
3
2

HS-oct-Fe(III)
HS-oct-Fe(II)
hematite
goethite
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Tab. D-2:

D-2

Refined values of Mössbauer parameters and doublet structural attributions for the
bulk and crust samples collected on block ABM2#25 (MX80+quartz).
Hyperfine parameters

I.S.
[mm/s]

F.W.H.M.
[mm/s]

Q.S./2ε
[mm/s]

Attribution
Bhf
[T]

Area
[%]

Bulk
300 K
0.41
0.35
1.16

1.4
0.43
0.39

1.12
0.56
2.83

22
52
26

HS-oct-Fe(III)
HS-oct-Fe(II)

77 K
0.46
1.25
0.41
0.54

0.61
0.45
0.8
1.04

0.62
3.04
0.3
-0.18

53.8
46.7

55
27
9
9

HS-oct-Fe(III)
HS-oct-Fe(II)
hematite
goethite

Crust
300 K
0.37
0.35
1.14

0.58
0.33
0.38

0.9
0.53
2.72

47
32
21

HS-oct-Fe(III)
HS-oct-Fe(II)

77 K
0.46
1.25
0.48
0.49
I.S.
F.W.H.M.
Q.S./2ε
Bhf

0.65
0.44
0.53
1.16

0.75
2.97
-0.22
-0.26

48.8
44.8

Isomer shift value relative to that of the α-Fe at 300 K [mm s-1]
Full width of line at half of its maximum intensity [mm s-1]
Quadrupolar splitting
Magnetic hyperfine field [T]

40
19
22
19

HS-oct-Fe(III)
HS-oct-Fe(II)
hematite
goethite

D-3

Tab. D-3:
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Refined values of Mössbauer parameters and doublet structural attributions for the
three contact samples collected on block ABM2#25 (MX80+quartz).
Parameters indicated in italic account for an inconsistent fit (regarding fit at 77K and evolution of parameters). These data are preliminary.
Hyperfine parameters

I.S.
[mm/s]

F.W.H.M.
[mm/s]

Q.S./2ε
[mm/s]

Attribution
Bhf
[T]

Area
[%]

Contact-3
300 K
0.46
0.33
1.14

0.29
0.45
0.32

1.14
0.56
2.84

22
51
27

HS-oct-Fe(III)
HS-oct-Fe(II)

77 K
0.46
1.26
0.59
0.48
0.48

0.81
0.45
0.56
0.57
0.69

0.8
3.01
0.3
53.3
-0.23
48.8
-0.19
45.1
Contact-2

37
21
3
30
9

HS-oct-Fe(III)
HS-oct-Fe(II)
hematite
goethite
goethite

300 K
0.45
0.35
1.14

0.7
0.42
0.35

1.11
0.57
2.81

28
42
30

0.45
1.26
0.5
0.44

0.96
0.58
0.66
0.73

77 K
0.79
2.99
-0.23
49.4
-0.23
46.1
Contact-1

38
22
28
12

0.35
0.35
1.14
0.27
0.27

0.63
0.63
0.52
1.11
1.11

0.61
1.25
2.71
-0.31
-0.31

0.46
1.27
0.58
0.5
0.5

0.86
0.5
0.5
0.62
0.83

0.86
2.97
0.4
-0.24
-0.24

HS-oct-Fe(III)
HS-oct-Fe(II)
HS-oct-Fe(III)
HS-oct-Fe(II)
hematite
goethite

300 K

31.9
22.8

37
14
23
16
10

53.3
48.8
43.4

40
21
2
29
7

HS-oct-Fe(III)
HS-oct-Fe(II)
goethite
goethite

77 K

I.S.
F.W.H.M.
Q.S./2ε
Bhf

Isomer shift value relative to that of the α-Fe at 300 K [mm s-1]
Full width of line at half of its maximum intensity [mm s-1]
Quadrupolar splitting
Magnetic hyperfine field [T]

HS-oct-Fe(III)
HS-oct-Fe(II)
hematite
goethite
goethite
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Tab. D-4:

D-4

Refined values of Mössbauer parameters and doublet structural attributions for the
sample collected on block ABM2#26 (Deponit).
Hyperfine parameters

I.S.
[mm/s]

F.W.H.M.
[mm/s]

Q.S./2ε
[mm/s]

Attribution
Bhf
[T]

Area
[%]

Red
300 K
0.35
0.36
0.31
1.14

0.38
0.55
0.32
0.3

0.48
0.9
0.62
2.8

51
31
12
6

HS-oct-Fe(III)
pyrite
HS-oct-Fe(II)

77 K
0.45
0.48
0.42
1.26
0.48
0.48
0.48
0.48
0.48

0.41
0.62
0.32
0.5
0.6
0.6
0.6
0.6

0.31
0.93
0.62
3
0.22
-0.22
-0.22
-0.22
-0.22

46.1
48.5
45.3
40.5
37

22
24
12
8
35
(20)
(9)
(5)
(2)

55%
14%
15%
16%

37
41
14
9

49.5

74
24
2

HS-oct-Fe(III)
HS-oct-Fe(III)
pyrite
HS-oct-Fe(II)
goethite
(goethite)
(goethite)
(goethite)
(goethite)

Green
300 K
0.34
0.39
0.31
1.13

0.45
0.56
0.32
0.37

0.43
1.11
0.62
2.81

HS-oct-Fe(III)
HS-oct-Fe(II)

77 K
0.46
1.28
0.48

0.64
0.43
0.5

0.78
2.83
-0.22

HS-oct-Fe(III)
HS-oct-Fe(II)
goethite

Blue
300 K
0.35
0.41
1.12
1.11

0.53
0.27
0.27
0.43

0.6
1.13
2.85
2.53

53
13
15
20

HS-oct-Fe(III)
HS-oct-Fe(II)

77 K
0.47
1.25
0.46
0.48
I.S.
F.W.H.M.
Q.S./2ε
Bhf

0.68
0.41
0.5
0.5

0.72
2.92
-0.22
-0.22

54.0
49.2

Isomer shift value relative to that of the α-Fe at 300 K [mm s-1]
Full width of line at half of its maximum intensity [mm s-1]
Quadrupolar splitting
Magnetic hyperfine field [T]

63
33
3
2

HS-oct-Fe(III)
HS-oct-Fe(III)
hematite
goethite

D-5

Tab. D-5:

block
#8

#11

#12

#13
#22

#25

#26

#27

n.d.:
+
++
0
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Summary of the status regarding the combined XRF/Mössbauer analysis of ABM2
samples and reference samples.
sample
bulk
contact2
contact+crust
bulk
contact
crust
bulk
contact1
contact2
crust
bulk
contact+crust
bulk

Möss
+
+
+
++
++
++
+

XRF
0
0
n.d.
0
0
n.d.
0
0
0
n.d.
n.d.
0
n.d.

crust
bulk
contact1
contact2
contact3
contact4
crust
red
green
blue
salt
contact
red crust
black crust
salt
contact 1
contact 2
crust

+
+
++
++
++
-

n.d.
0
0
0
0
n.d.
n.d.
0
0
0
0
0
n.d.
n.d.
0
0
0
n.d.

sample
MX80
Deponit
Ikosorb
Ibecoseal
Kunigel
Rokle
Pyrite
Siderite
GR/magnetite
White rust
(FeMg)OH2
(Fe0.25Mg0.75)OH2

(Fe3+0.25Mg0.75)OH2

raw
raw
raw
raw
raw
raw

Möss
++
++
+
++
++
++

XRF
ref
ref
ref
ref
ref
ref

commercial
synthetic
synthetic
synthetic
synthetic
synthetic

++
++
++
++
++
++

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

synthetic

++

n.d.

not determined;
samples have been prepared and brought to Le Mans, but not analysed yet (or analysed but not fitted)
Mössbauer spectrum only at room temperature, and fitted
Mössbauer spectrum at room and low (77 K) temperature (low and high velocities + often magic angle),
and fitted
sample analysed by XRF

E-1
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Appendix E XRF data on powdered ABM2 samples
Appendix E presents the total data set from XRF analysis on powdered ABM2 samples. Nineteen
different samples from various locations in the experiment were analysed3.

3

E.g. low permeability, high self-healing capacity, strong retention and attenuation of radionuclides.
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Tab. E-1:

E-2

Chemical composition of the powdered ABM2 samples determined by XRF (and
TGA).

Sample

08B

11B

11Co

12B

12Co

12H

13C

25B

25Cr

%H2O

10.25

15.32

16.36

14.4

12.47

12.81

9.3

9.22

7.93

LOI

7.54

10.62

8.96

8.74

8.34

8.26

6.58

5.78

8.54

101.02

100.26

100.01

100.02

99.41

99.87

100.02

100.71

100.19

Σ

Major elements (in oxide wt.-%)
SiO2

67.65

62.32

61.68

62.72

62.18

62.69

75.85

77.09

64.45

TiO2

0.17

0.47

0.47

0.26

0.25

0.27

0.16

0.17

0.14

Al2O3

21.39

19.92

19.77

25.16

24.97

25.25

14.48

14.77

11.82

Fe2O3

4.38

4.59

7.61

2.77

4.14

3.39

2.44

3.37

11.83

MnO

0.01

0.13

0.06

0.02

0.02

0.01

0.06

0.02

0.09

MgO

2.40

4.09

4.72

1.98

2.05

2.02

2.42

1.59

5.45

CaO

3.16

6.22

3.50

4.02

3.16

3.52

3.33

2.09

5.16

Na2O

1.14

0.86

0.83

1.50

1.20

1.31

0.84

0.75

0.62

TiO2

0.54

1.31

1.14

1.21

1.11

1.09

0.22

0.74

0.49

P2O5

0.05

0.12

0.12

0.05

0.05

0.05

0.04

0.04

0.03

MnO

67.65

62.32

61.68

62.72

62.18

62.69

75.85

77.09

64.45

Trace elements (in ppm)
Ba

423

423

1402

277

2487

1920

1937

1054

239

Cr

7

7

17

20

7

<4

10

8

<4

Cu

9

9

13

12

<0

<1

1<

<1

<2

Nb

30

30

14

12

23

24

23

10

23

Ni

11

11

9

11

5

4

7

7

9

Pb

39

39

31

23

<7

<7

<7

22

25

Rb

5

5

44

39

31

31

26

7

17

Sr

397

397

552

411

430

402

411

427

282

V

7

7

81

77

26

29

25

10

6

Y

48

48

31

29

30

31

32

49

34

Zn

111

111

90

106

44

67

44

92

77

Zr

209

209

186

188

238

255

250

141

169

Sample identity: number corresponds to the ABM2 block number and letter corresponds to distance from Fe-bentonite interface Cr: crust (< 1 mm) Co: contact (1 – 5 mm) B: bulk (> 45 mm), H: hearth (20 –
30 mm), S: salt (sampled in the anhydrite rim at distance between 10 and 30 mm depending on
sample)
LOI:
%H2O:

Loss On Ignition
Water content measured at 105° C

Σ:

Sum of elements (excludes LOI and %H2O)

E-3

Tab. E-1:

(cont.)

Sample

25Co2

25Co3

%H2O

9.37

9.19

13.98

LOI

5.78

5.77

100.06

100.07

Σ

NAGRA NTB 17-10

26Blue 26Green

26Red

26RC

26S

27Co

27H

14.22

14.62

13.29

13.95

14.05

14.28

10.53

9.81

9.56

9.33

11.01

8.25

7.89

99.21

99.03

100.14

101.02

100.26

100.01

100.02

Major elements (in oxide wt.-%)
SiO2

73.91

73.94

60.80

60.82

60.53

60.67

60.41

65.63

66.64

TiO2

0.15

0.16

0.85

0.86

0.85

0.85

0.84

0.16

0.17

Al2O3

14.21

14.60

19.46

19.33

19.31

19.37

19.40

20.44

20.88

Fe2O3

5.18

4.86

6.81

6.25

11.07

7.20

5.63

5.57

4.70

MnO

0.05

0.04

0.08

0.14

0.04

0.14

0.08

0.03

0.01

MgO

2.57

2.20

2.83

4.39

2.71

4.70

2.90

2.56

2.27

CaO

2.51

2.53

6.32

5.25

3.64

4.52

7.73

3.70

2.92

Na2O

0.70

0.89

0.75

0.70

0.72

0.75

0.78

0.86

0.90

TiO2

0.65

0.70

0.95

0.93

0.91

0.96

0.95

0.50

0.52

P2O5

0.04

0.04

0.16

0.16

0.16

0.16

0.16

0.05

0.05

MnO

73.91

73.94

60.80

60.82

60.53

60.67

60.41

65.63

66.64
353

Trace elements (in ppm)
Ba

189

231

325

1013

917

993

532

1074

Cr
Cu

29

12

11

30

36

34

34

35

10

25

<1

3

27

29

27

27

28

<1

Nb

18

21

21

11

11

11

9

11

29

Ni

25

9

9

15

17

16

14

15

7

Pb

14

<4

<4

30

49

23

15

25

<5

Rb

12

15

17

63

64

64

69

64

5

Sr

494

316

324

443

471

422

426

466

434

V

5

2<

12

165

171

170

172

170

<0

Y

31

34

34

24

23

24

23

24

45

Zn

38

28

30

127

180

142

101

114

68

Zr

135

174

164

171

169

173

169

173

206

F-1

Appendix F

NAGRA NTB 17-10

Experimental issues with the phenanthroline methods

Appendix F details and discusses the reasons why the phenanthroline method is unsuccessful in
its current state.
The modified phenanthroline method was employed to collect data (iron reduction level and total
content) useful for improved interpretation of the Mössbauer spectra. Unfortunately, although
such a method has proved to be efficient for a large range of silicate-bearing materials (Amonette
& Templeton 1998, Komadel & Stucki 1988, Stucki & Anderson 1981, Stucki 1981), its application to a set of clayey samples (claystones from Lausen and two bentonites, Deponit and FEBEX)
was unsuccessful since it resulted in the dissolution of only a part of the Fe contained in the
investigated samples. This artefact varies with the sample type. One must emphasise that the
studied samples constitute mixed materials which are not included in the long list of previously
reported test materials. In the current state, this method therefore cannot be properly applied to
the ABM and claystone samples. Further investigations are necessary to assess how the method
could be adapted to such materials.

F1

Method

The modified phenanthroline method was applied to three series of various clay-bearing samples:
6 Opalinus Clay samples from different depths of the Lausen borehole, 4 samples of FEBEX
bentonite from the FEBEX-DP experiment, and 3 samples of Deponit from the ABM2 experiment. Sample preparations were made in triplicate for the Lausen and FEBEX series, and in duplicate for the Deponit series, using approximatively 100 – 150 mg par assays. In short, the solid
sample is weighed (under anaerobic conditions) into 50 ml digestion tube. The tube is then closed
and transferred outside the anaerobic chamber. A 15 ml mixture of HF (40 %), H2SO4 (10 %) and
phenanthroline (10 %), with a 1:12:2 ratio is then added. This mixture is heated to 105° C for
30 minutes (normally until complete dissolution of the solid). The digestate is then cooled down,
15 ml of 5 % H3BO4 is added (to neutralise unreacted HF), and the mixture is diluted with water
to obtain the mother solution. Two aliquots are collected from this solution, one serves for Fe(II)
assays (after addition of citrate), the other for total Fe assays (after addition of citrate and hydroxylamine solutions). Fe measurements are done by colorimetry of the red tris-phenanthrolineFe(II) complex (Ferroin, 475 nm).

F2

Results

Unfortunately, various forms of residues were observed in the digestates at the end of dissolution
step (Fig. F-1): dark red solid with upper Lausen samples, dark black solid with lower one, and a
sort of red colloid with the bentonites. These residues were collected by filtration of the different
digestates and were regrouped in 4 batches (1 for each bentonite and 2 for the argillite, 7/8 and
10/15/24/60), representing in average 20 – 40 % of the initially introduced mass of sample. The
solids collected from Lausen and FEBEX digestions were analysed by XRD and Mössbauer
spectrometry in order to check for the presence and nature of Fe. The Deponit residue was
analysed only by XRD. The digestates were also assayed to determine the reduction level and
quantity of the extracted Fe.
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Fig. F-1:

G-2

Residues from hot (105° C) HF/H2SO4 digestions of various clayey samples: (a)
upper 7/8 and (c) lower 10/15/24/60 claystones from the Lausen borehole (Switzerland), Deponit bentonite (b) and FEBEX bentonite mixed with corrosion products
(d).

The first indication that Fe was partially dissolved upon such acid treatments is given by the
measured amount of extracted Fe in these three samples (Fig. F-2 left): on average ~ 3 wt.-% for
Lausen samples (instead of 4 – 5 wt.-%, as indicated by XRF data), ~1 wt.-% for FEBEX (instead
of 2 – 4 wt.-%) and 0.8 wt.-% for Deponit (instead of 6 – 12 wt.-%). This means that a significant
amount of Fe is still present in the solid residue. Partial dissolution is observed for all cases, but
still differs between the sample series. The Lausen series display the highest dissolution extent
(55 – 80 % of total Fe is recovered), followed by FEBEX (30 – 50 %) and Deponit (8 – 12 %).
Interestingly, for a given series, the final amount of dissolved Fe is fairly similar, regardless of
total Fe content in the samples. This suggests that the extent of dissolution was not only influenced
by the sample type but was also limited by the operating conditions (presumably sample/acids
proportions, further discussed below).

F-3

Fig. F-2:
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Comparison between total Fe content assayed by XRF and chemical method (left)
and comparison between reduction level determined by Mössbauer and chemical
method (right).

Regarding the reduction level of the extracted Fe, results also differ between sample series
(Fig. F-2 right). The data on Lausen samples are in fact very consistent with Mössbauer data
(Mössbauer data for Deponit and FEBEX series are not shown in this report), while the correlation
is poor for the two other series. In the case of Deponit samples, the chemical determination yields
systematically higher values than the spectroscopic determination, but the deviation is proportional, suggesting that the dissolution was not only partial, but also more selective toward
Fe(II). In the case of Lausen samples, however, the good consistency with Mössbauer data (from
20 to 90 %) strongly suggests that, if dissolution is only partial, it is in fact congruent (at least
regarding Fe(II) and Fe(III).
The high Fe content of the residues is also indicated by Mössbauer spectroscopy, as the counting
times were rather short (good statistics could be obtained after a night of measurement). It appears
that Fe was concentrated in the solid residue upon digestion. Room temperature spectra of
residues are shown in Fig. F-3. XRD diffractograms of three of these residues (Deponit, FEBEX
and upper Lausen sample) are displayed in Fig. F-4.
The spectrum of the digestion residue of the four lowermost Lausen samples (Fig. F-3 bottom
left, the dark residue in Fig. F-1c) corresponds to pure pyrite. The presence of pyrite in such a
claystone is expected and one could infer that the observed dark residue (Fig. F-1c) is due to the
incomplete dissolution of the pyrite. However, the corresponding levels (30 % of Fe) appear much
larger than the one estimated from combined XRF and Mössbauer data (a maximum 10 % of Fe
should be present as pyrite, the average level in samples from 10,15, 24 and 60 meters). This
suggests that pyrite was in fact precipitated upon digestion, which seems odd.
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Fig. F-3:

G-4

Mössbauer spectra of FEBEX bentonite at two different velocities (top) and of two
different residues from Lausen argillites (bottom).

The dissolution of the uppermost samples from Lausen resulted in greater amounts of a more
complex reddish mixture (Fig. F-3 bottom left, and Fig. F-1a). The mixture contains 70 % pyrite
(mixed with an unidentified Fe(II) species. XRD (Fig. F-4 top) indicates the presence of different
silicates (quartz, kaolinite, and mica), anatase and small amounts of crystalline pyrite. These upper
Lausen samples should normally be much poorer in pyrite (at most 2 % of Fe), but the present
result indicates that 25 % pyrite was initially present. This again suggests that pyrite was in fact
precipitated upon digestion. The remaining pool of undissolved Fe(II) (~ 10 % of total Fe) would
presumably sit in the clay found in the residue (possibly in a trioctahedral mica).
The Deponit residue was analysed by XRD only (not by Mössbauer). XRD analysis (Fig. F-4)
evidences the presence of pyrite and quartz, along with an amorphous compound (large peak
centred on 22 °2θ) which may be amorphous silica. Of the studied samples, the Deponit series
initially exhibit the highest pyrite content (~ 20 wt.-%), thus the observed crystalline pyrite in the
XRD pattern of the residue is not this surprising. However, mass balance calculations (assuming
pyrite is the only Fe-bearing species in the final solid residue after digestion) would indicate that
~ 90 % of total Fe would initially be in pyrite. This again suggests that additional pyrite was in
fact precipitated upon digestion.
Finally, the data on FEBEX bentonite, which initially does not contain pyrite, are even odder, as
the resulting reddish solidified colloid is also pyrite-rich according to Mössbauer spectroscopy
(Fig. F-3 top). An XRD pattern of this residue (Fig. F-4 bottom) suggests absence of crystalline
pyrite, small amounts of quartz and large amounts of the same poorly crystalline species found in
the Deponit residue (presumably amorphous silica).

F-5

Fig. F-4:
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Diffractograms of the residue digestions of (grey) the upper Lausen sample and of
(red) FEBEX samples (top), diffractograms of the residue digestions of (red) FEBEX
samples and of (blue) the Deponit samples (bottom).
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F3

G-6

Discussion

The dissolution of pyrite in acidic conditions is a topic in itself (Constantin & Chirita 2013,
Descostes et al. 2004, 2006, Druschel & Borda 2006) that has been widely investigated. Still, the
issues encountered in the present experiments do not appear to be directly related to the presence
of pyrite in the studied samples. On the one hand, partial dissolution of the sample and appearance
of pyrite in the residue is observed with pyrite-free samples (uppermost Lausen samples and
FEBEX bentonite). On the other hand, despite the partial dissolution, satisfactory results were
obtained dealing with reduction level of extracted Fe in the four pyrite-bearing lowermost Lausen
samples (10, 15, 24 and 60), suggesting that Fe(II) from pyrite did not dissolve less than the other
Fe-bearing minerals. The present data actually suggest the precipitation of pyrite upon digestion
in all cases. This would imply that partial reduction of extracted Fe(III) also occurred prior to
precipitation.
One can observe that in all cases silicates are also found in the residues: quartz and amorphous
silica (also some clay in uppermost Lausen samples). One obvious reason for such a result is the
improper setting of the operating conditions, i.e. too small a volume of HF or too large a mass of
solid sample initially introduced. This method was initially intended to be applied to a mass of
25 – 50 mg of sample, with medium to high Fe content (10 – 25 wt.-%; Stucki & Anderson 1981,
Stucki 1981). One could thus argue that the mass of 100 – 150 mg initially introduced was 3 times
too high, resulting in only 50 – 80 % reduction. But this can in fact only explain a part of the
problem. A larger mass was employed because of the lower Fe content (Fe(II) content as well in
some cases) of the studied samples in order to keep the same standard digestion and dilution
procedure. Such an approach had yielded satisfactory results before, when working with low-Fe
bearing montmorillonite and beidellites (in-house data, 2 – 3 wt.-% of Fe, 99 – 101 % recovery
with 100 – 150 mg). Furthermore, the same issues of partial dissolution are systematically
encountered when applying another similar Fe method on 40 – 50 mg mass of claystones from
Mont Terri (sample from BDB borehole, quite similar to Lausen claystones). This latter method
uses the same HF-H2SO4 digestion, but without diluting the 3 ml digesting mix of acid (1:2) with
10 ml water (as in the above described method). Thus, not only the sample mass seems to have
an influence, but also the ratio between HF and H2SO4.
The reason for the incomplete dissolution of the studied samples might be related to their higher
Si content (mainly as quartz) compared to previously studied compounds. In the present experiments, it is possible that not enough HF was introduced to dissolve the silicates, and that, once
consumed, the specific conditions of the experiment (110° C, low pH, rather reducing phenanthroline and sulphur-rich medium) favoured the reduction of S and Fe and the precipitation of
colloidal pyrite or another Fe(II) compound with very similar specific signature. One must note
that most final residues had a reddish colour, despite being Fe(III) poor. Red is usually associated
with Fe(III) oxides, or organic complexes of Fe(II) (e.g. ferroin, ferrozine, or bipyridine complexes) This suggest that phenanthroline complexes of Fe(II) could have somehow also precipitated in this process.
The low dissolution yield of the sample may have been avoided by using higher concentration of
HF. In the second part of his study on the adaptation of the phenanthroline method to phyllosilicates (Stucki 1981), Joseph Stucki advises "The difference in the absorptivities of the ferrous
and total iron standards is attributed entirely to the presence of HF acid. The addition of 1 ml or
less of HF yields satisfactory results, even though the absorptivity is slightly less than when no
HF is added, quantities > 1 ml result in poor reproducibility and precision. For these reasons,
the amount of HF added to the digest solutions must be the same for each sample and standard
and should not exceed 1 ml. This imposes an inherent limitation on the amount of silicate
mineral than can be dissolved and subsequently analysed for Fe2+ and Fe3+ using the photochemical method as described above".
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In the future, one should experiment with a different acid mix, richer in HF, while maintaining
appropriate conditions for subsequent colorimetric assays. This, however, implies tedious work
which is beyond the scope of the present study. The aspect dealing with pyrite (or other) precipitation also merits deeper investigations, since the observation of residues in such experiments have
not been reported in the past. The main conclusion is that the present method cannot be applied
for assaying correctly the Fe2+ and total iron contents in Deponit and FEBEX bentonite. Nevertheless, results obtained from Lausen claystone samples appear in fact quite satisfactory regarding
the reduction level of extracted Fe, given the good consistency with Mössbauer data. This
suggests that in the case of the claystones, the dissolution was incomplete, but congruent for Febearing species.
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Appendix G Clay reduction, CEC and swelling pressure
G1

Abstract

The reduction level of Festr may increase upon bentonite-steel interaction through reduction of
Festr3+ by diffusing Fe2+ (Gehin et al. 2007, Latta et al. 2017). Determining the influence of this
alteration on the swelling pressure of hydrated bentonite is experimentally challenging and seldomly reported (Fitch et al. 1995, Stucki et al. 1984c, Yan & Stucki 1999, 2000). The swelling
pressure is related to CEC (Christidis et al. 2006, Karnland et al. 2006, Laird 2006, Sun 2016).
The influence of changes in Festr reduction level on the CEC is also a seldom reported topic (Hadi
et al. 2013, Lear & Stucki 1985, Stucki et al. 1984a). CEC measurements of reduced clay are
challenging, since the presence of Festr2+ can induce a redox artefact (additional consumption of
the probe through reduction) and can thus potentially impede correct determination (Hadi et al.
2016). Due to the encountered experimental difficulties in measuring swelling pressure during
reduction/oxidation of Festr in a compacted, saturated montmorillonite, differences in CEC
between reduced/oxidised montmorillonites have been investigated. The CEC – swelling pressure
relation is described in the studies cited above.
In the present study, several aliquots of an industrially purified montmorillonite (PGV-1, from
Nanocor) were chemically reduced through the CBD method (Stucki et al. 1984b). Reduced and
pristine samples were then characterised by CEC and oedometric tests. Four different common
CEC methods were applied in parallel (CoHex, CuTrien, CuEn2, or NiEn2), in unbuffered conditions, along with aqueous leaching assays. The CoHex method in combination with aqueous
leaching stands as the simplest and the most reliable approach for determining the CEC of reduced
clay-bearing partly soluble salts.
Results of the experiments with PGV clay indicate that reduction of its Festr does not influence
CEC, which remains at ~ 1.25 meq g-1. In theory, reduction of Festr increases the negative layer
charge leading to further distortion of the TOT layer. In the case of the PGV clay, both seem to
be directly compensated by partial dehydroxylation of the octahedral layer (thus leading to no net
change of CEC). Dehydroxylation may also have an impact on the swelling pressure. Pre-existing
data on a series of Wyoming montmorillonites (Stucki et al. 1984a and authors' unpublished data)
suggest that the CEC would in fact increase upon Festr reduction up to a maximum value of
~ 1.25 meq g-1. Pristine PGV thus appears to be already at this threshold value and its initial
structure cannot withstand more distortion. Therefore, PGV clay is not a suitable model structure
for Wyoming montmorillonites.
The goal of the oedometric tests was to determine the impacts of both Festr reduction and oxidation
on swelling pressure. The first tests, which involved oxidising reduced samples during continuous
swelling pressure measurements, do not allow for any clear conclusion. The swelling pressure of
the saturated, compacted clay is influenced by various parameters (especially dry density and
temperature), which could not be strictly constrained. In addition, the slow in-situ re-oxidation of
Festr by dissolved O2 requires monitoring the experiments for several months. Such tests are
currently ongoing at Aspö (Sweden).

NAGRA NTB 17-10

G2

G-2

Introduction

Swelling capacity is one of the key bentonite properties making it a suitable sealing material. In
a confined volume, this capacity gives rise to a swelling pressure. It is generally agreed that this
pressure arises from a combination of crystalline swelling and osmotic swelling. There is still no
consensus on the exact mechanisms underlying such a property, and various models have been
developed for relating the swelling pressure of hydrated bentonite to the properties of the clay and
the properties of the solution. Existing models can be basically classified into three groups:
empirical (e.g. Low & Anderson 1958, Low & Margheim 1979), based on the diffuse double layer
(DDL) theory independently developed by Gouy & Chapman (e.g. Komine & Ogata 1996, Yong
& Warkentin 1975) or alternative thermodynamic approaches employing concepts such as claywater potential and Donnan exclusion (Karnland 1997, Viani et al. 1983). Most of these models
relate the bentonite's swelling to an interaction between charged clay layer surfaces, interlayer
water and interlayer cations. Thus, swelling capacity of a clay mineral is generally considered to
be related to the location of its surface charge, its cation exchange capacity and the way clay
platelets interact with water molecules (i.e. the interfacial forces and the clay's hydration properties). In addition, other geometrical factors, such as the size of clay factoids and the way they are
arranged have also a great influence on the swelling behaviour of a clay sample (Schanz et al.
2013, Seiphoori et al. 2014).
The swelling pressure may be affected by interaction of the bentonite barrier with the corroding
steel canisters upon repository closure. Indeed, such an interaction will lead to the release of
relatively mobile Fe2+ diffusing into the bentonite. Interaction of diffusing Fe2+ with clay structural Fe3+ can have various consequences, including electron transfers toward clay structural Fe
(Latta et al. 2017), resulting in the sorption of Fe3+ and the generation of structural Fe2+ (Festr2+).
The generation of Festr2+ in turn induces an increase of the negative charge, which is compensated
either by an increase of the CEC or by dehydroxylation of the octahedral layer (Drits & Manceau
2000, Gast 1977, Hadi et al. 2013, Lear & Stucki 1985, Roth & Tullock 1973). Still, if such
structural transformations induced by reduction of Festr have been ascertained in the case of nontronites (Hadi et al. 2013, Lear & Stucki 1985, Stucki et al. 1984a), very few experimental data
have been collected on montmorillonites so far (only few data published on montmorillonite UPM
(Stucki et al. 1984a). More of such data are thus necessary to check whether existing models
allowing to predict the CEC of nontronites as a function of the reduction level of their Festr can
be applied to montmorillonites as well (Hadi 2012, Hadi et al. 2013). Moreover, few experimental
studies have investigated the link between Festr reduction level and swelling capacity of the clay
(Fitch et al. 1995, Stucki et al. 1984c, Yan & Stucki 1999, 2000). In fact, most of these studies
addressed the effect on swelling pressure through determination of the hydration capacity. Moreover, as for CEC studies, studies were generally focused on nontronites and available datasets on
montmorillonites are thus limited. Predictions of changes in swelling capacity as a function of
Festr reduction are generally made by analogy with the nontronite structure. Some studies could
demonstrate that reduction of structural Fe has a strong influence on the hydration properties of
the clay (Stucki et al. 2000, Yan & Stucki 1999, 2000). However, contradicting results were
obtained regarding the effect on swelling pressure: some studies suggested that Festr reduction can
lead to a decrease of the swelling pressure (Stucki et al. 1984c, 2000), whereas others suggested
no change (Kamon et al. 2002) or instead an increase (Stucki et al. 2000).
This preliminary study had two main goals. The first was to measure the swelling pressure of
confined samples of chemically reduced montmorillonite with an oedometer test. Such experiments have not been reported in the literature. The second goal was to determine the CEC of
chemically reduced montmorillonite (i.e. determining the impact of clay reduction on the layer
charge). If reduction alters the CEC, also alteration of the swelling pressure must be expected.
For such purposes, several batches of chemically reduced montmorillonite were prepared through
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the Citrate-Bicarbonate-Dithionite (CBD) method. Reduction conditions were varied to obtain
various reduction levels. Such methods are commonly employed in experimental studies to generate reduced clay samples; nonetheless, operating conditions can vary between studies. Here two
different buffering conditions (CB ratio), and a CB blank (i.e. without dithionite) were also tested
to check how the conditions of the preliminary reduction step can influence the resulting sample
and impact the subsequent experiments.
CEC determination of redox-modified clays is a rarely reported topic, possibly due to numerous
artefacts that can occur. Therefore, a large part of this appendix treats CEC determination
methods, points out artefacts, and results in recommendations for future studies. Clay studies
generally employ CEC determination methods using cationic dyes. It has been recently reported
that one of the commonly used methods, namely the hexamminecobalt(III) (CoHex) method, is
affected by redox artefacts when applied to reduced samples (Hadi et al. 2016): Festr2+ reduces
CoHex. Consequently, colorimetric determination of CEC cannot be trusted, but determination
of CEC from extracted cations can still be valid provided that a consistent correction of the soluble
salt is possible. In the present study, the CoHex method was employed along with three other
analogous methods commonly employed in literature: [Triethylenetetramine]copper(II)
(CuTrien), [Ethylenediamine]2copper(II) (CuEn2) and [Ethylenediamine]3nickel(II) (NiEn3). The
additional goal here was to assess if these other techniques are also affected by redox interferences
with the sample and to compare the performance of the different methods in similar conditions.
The clay sample and the reduction procedure are presented in a first part. Results of the CEC
survey are then presented and discussed. Results of the oedometer tests are finally presented in
the last section.

G3

Experimental

G3.1

Clay sample

The experiments were performed on the industrially purified (> 98 %) montmorillonite PGV-1
from Nanocor. Two aliquots of this clay were analysed by XRF to determine its chemical composition (see Tab. G-1).
Tab. G-1:
SiO2

XRF analysis of two aliquots of pristine PGV-1 clay.
Al2O3

Fe2O3

MgO

CaO

Na2O

K 2O

MnO

TiO2

Cl

SO3

P2O5

[wt.-%]
65.35

20.42

4.42

5.41

2.32

1.20

0.09

0.02

0.45

0.20

0.09

0.02

65.39

20.48

4.36

5.41

2.31

1.17

0.11

0.03

0.44

0.21

0.09

0.01

Both analyses are consistent, indicating that the material is relatively homogeneous. The quantities of Mn, Ti, Cl, S and P were then discounted, and the data were used to establish the structural
formula in Tab. G-2.
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Tab. G-2:
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Structural formula and some parameters (total Fe, Cl, and S content) of PGV-1 clay
inferred from the XRF analysis.

Structural formula

CEC

Clay
Na

Ca

[meq g-1]
Ca0.30Na0.28K0.01[Al2.72Fe0.40Mg0.97](Si7.83Al0.17)O20(OH)4

1.18

0.37

Accessory
Fe

Cl

S

[mmolc g-1]
0.79

0.53

0.05

0.01

Such a calculation is based on a series of assumptions:
•

Ti and Mn are non-structural elements (i.e. in accessory minerals).

•

Mg is considered as a structural octahedral element (i.e. no exchangeable Mg).

•

K may be sitting in illitic layers. In absence of a consistent assumption on the formula of
accessory illitic component, it is difficult to correct the chemical composition for such a presence. Since its amount is relatively small in the present case, one could in fact exclude this
element from the total count. In the present, it is taken into consideration so that the final
structural formula accounts for the probable presence of few illitic layers.

•

All Na and Ca present is assumed to be on the exchanger (no additional salts).

Such formula may thus be refined under the light of supplementary data about exchangeable
cation population.

G3.2

Clay reduction procedure

Reduced clay minerals were prepared following the modified citrate-bicarbonate-dithionite
(CBD) method (Stucki et al. 1984b, 2014). The reduction procedure was carried out under anoxic
condition (N2 atmosphere, [O2] < 2 ppm). The CBD reduction method has been used in numerous
studies on structural iron clay minerals, especially in smectites. It is generally considered the most
practical method for reducing Festr while preserving the clay structure. Still, experiments have
demonstrated that the procedure can also induce a partial clay reduction, which is in some cases
even preferential toward octahedral Fe and Mg (Hadi et al. 2013). This can thus result in a significant compositional change, and also presumably in a morphological change of the sample (e.g.
decrease of particle size). Such potential side effects are, however, disregarded in most of the
studies on clay minerals.
A review of the various studies employing such methods reveals that two variants exist, depending
on the concentration and proportions of citrate-bicarbonate buffer in the solution (see examples
in Tab. G-3). Most of the collected data were obtained with CB proportions similar to Fialips et
al. (2002) i.e. "proportions B", which differs from the reference recipe from (Stucki et al. 1984b),
i.e. "proportions A" (3 times more carbonates, 30 times less citrate). In turn, most of the other
studies rather employ reference "proportions A". In order to check whether the previously
observed effect on clay dissolution is in fact due to varying proportions in the CB buffer, the
present study was carried out using "proportion A" in most of the batches and "proportion B" was
used on a replicate of one of the batches.
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Varying approaches in the preparation of CBD methods.
dith: dithionite

Reference

Mother solutions
[C]

[B]

[M]

[M]

Stucki et al. (1984b)

0.30

1.00

Fialips et al. (2002)

1.20

Neumann et al. (2011)

Reduction suspensions
C:B

[C]

[B]

L/S

dith/clay

[M]

[M]

[L kg-1]

[wt./wt.]

1:8

0.01

0.22

200

1–6

1.00

2:1

0.30

0.13

1000

3.3

0.30

1.00

1:8

0.01

0.23

200

3

Hadi et al. (2013)

1.20

1.00

2:1

0.30

0.13

80

3

Stucki et al. (2014)

0.90

1.00

1:24

0.01

0.32

600

4

Hadi (this study)

1.20

1.00

2:1

0.30

0.13

80

0.2

Clay reductions were carried out in 220 mL centrifugation pots (Beckman), by first suspending
~ 11 g of clay in the diluted CB buffer prepared from 1.2 M tris-sodium citrate and 1 M sodium
bicarbonate solutions (Tab. G-4). Clay was suspended using continuous magnetic stirring. Most
experiments were carried out at room temperature, except the batch R6, which was carried out at
60° C (using an external water bath) to maximise clay reduction. Clay was only partially suspended after 24 h of stirring and flocs could be observed in all batches. Sodium hexametaphosphate
((NaPO3)6) was thus added in each batch, as powder, to accelerate dispersion of the clay (for a
final concentration of ~ 0.1 M of dispersant in each batch). Addition of dithionite (as powder)
was only carried out once the clay was completely suspended, to guarantee a homogeneous reduction of the whole sample. Various amounts of dithionite were added to each batch to obtain various reduction levels (Tab. G-4).
Tab. G-4:

Conditions of the various CBD treatments.
dith: dithionite

Batch

Parameters

Reduction suspensions
C:B

[C]

[B]

L/S

dith/clay

dith/Festr

[M]

[M]

[L kg-1]

[wt./wt.]

[M/M]

R0

CB blank, proportions A

1:24

0.01

0.25

20

0.0

0.0

R1

reduction 1, proportions A

1:23

0.01

0.25

20

0.1

1.1

R2

reduction 1, proportions B

2:1

0.30

0.13

20

0.1

1.1

R3

reduction 1, proportions A

1:24

0.01

0.25

20

0.1

1.0

R4

reduction 2, proportions A

1:22

0.01

0.25

20

0.6

5.4

R5

reduction 3, proportions A, heat

1:24

0.01

0.25

20

0.8

7.2

Most studies employ larger amounts of dithionite than clay minerals in order to obtain various
levels of Festr reduction and heat is generally employed for reaching full reduction. The amount
of dithionite is generally reported as dithionite to clay mass ratio (Tab. G-3), usually ranging from
1 to 6. It is in fact more relevant to express this amount as molar ratio of dithionite to Festr. Author's
previous experiments revealed that such large amounts are not required to reduce Festr to inter-
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mediate levels. Convenient reduction can be achieved with an amount of dithionite lower than the
clay mass. In the present study, 3 different clay reduction levels were attempted. Batch R1, R2
and R3 were reacted with similar low amounts of dithionite. R2 is reacted with "proportion B" to
check the effect of varying CB proportions. R3 was first intended to be directly re-oxidised
directly after reduction, to test the influence of redox cycling as well. Still, it was finally preserved
from oxidation and is thus a replicate of batch R1. The amount of dithionite was the highest in
the heated batch R5, in order to maximise reduction and attempt total Festr reduction. Batch R4
was conducted at room temperature and with similarly higher dithionite amount to reach an intermediate reduction level between R1/2/3 and R5.
After few hours of reaction (at most 4 hours), the reaction was stopped by centrifugation, collection of the solid part, and subsequently suspending the solid 2 times in 0.1 M CaCl2 (in order to
Ca-saturate the clays), washed 3 times with 5 mM CaCl2 and washed once with pure water (4 h
mixing followed by centrifugation). The resulting solids were placed in vac-packed tubes, frozen
at -20° C and freeze-dried in the airlock of the glovebox. Once dried, powders were crushed by
hand using an agate mortar, and stored in the anaerobic chamber.

G3.3

Determination of Festr reduction level

The Festr reduction level was checked by 57Fe Mössbauer spectrometry, using the same procedure
as described in section 3.2. However, preliminary data presented in this report suggest that
sampling artefacts (oxidation and contamination by Fe oxides) might have occurred upon sample
preparation. Evaluation of Festr reduction level is thus determined here through an alternative
approach (using CEC data, further detailed in section G3.5).

G3.4

CEC determinations

CEC determinations were carried on the series of reduced PGV samples, using four different
cationic dyes: Hexamminecobalt(III) (CoHex, Orsini & Rémy 1976), [Triethylenetetramine]copper(II) (CuTrien, Meier & Kahr 1999), [Ethylenediamine]2copper(II) (CuEn2, Bergaya & Vayer
1997) and [Ethylenediamine]3nickel(II) (NiEn3, Cornell & Aksoyoglu 1991). Such methods are
usually preferred over other approaches because of their relative simplicity: only one extraction
step is necessary, and CEC can be determined both through cross determination of extracted
cation and consumption of the index cation. Moreover, the concentration of the cationic dye can
usually be determined easily by UV-vis spectrometry (colorimetry).
CoHex CEC determination has been shown to be hampered in the presence of reduced samples,
since CoHex can be reduced by structural Fe2+ (Hadi et al. 2016). In this case, colorimetry is not
reliable (because of overconsumption of the index ion), but one can still rely on the extracted
cations (provided that a convenient correction on leachable salts is possible). The presence of
aqueous Fe(II) also has a large impact on the solubility of CoHex (Hadi et al. 2014), leading to
precipitation in CoFe-bearing LDHs. The effect of such redox interferences on the other commonly employed CEC methods based on cationic dyes has not yet been addressed. Some analytical artefacts have, however, been previously reported in the literature dealing with redoxpreserved samples (e.g. CuEn2 applied to "oxidisable blue" montmorillonite sample in (Ammann
et al. 2005).
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The present study has thus multiple purposes. On the one hand, one objective was to determine
the effect of the reduction of Festr on the layer charge of the montmorillonite, which may be
changed and further affects the swelling pressure. On the other hand, the goal was also to compare
the performance of the different cationic dyes in the presence of reduced samples in order understand better the artefacts and to determine whether relevant information on the samples can be
retrieved from the overconsumption of the index cation (e.g. amount of structural Festr2+).
The experimental plan is described in Fig. G-1. In a first step A, the four CEC methods were
applied in parallel on each PGV sample (including CBD treated and raw material), resulting in
the extracts A. Aqueous extractions (leaching assays, further referred to as LIX) were also
conducted on all the samples. CEC values and amount of leachable salts were cross-determined
from these extracts, through colorimetry of the coloured complex (CECcolo,A), and assay of the
extracted cations (CECΣcat,A) by ICP-OES. Total metal was also assayed by ICP-OES, allowing
to determine CEC values based on the total consumption of the metal (CECmetal,A).

Fig. G-1:

Experimental procedure for CEC and aqueous leaching measurements.

After separation of the extract A, CEC was again determined on the remaining solid sample
through the CoHex method (step B). This was carried out on all samples except for those which
were already extracted with CoHex upon step A. The same determinations as on extract A were
carried out on extract B to determine values of CECcolo,b, CECΣcat,B, and CECmetal,B. Moreover, the
amount of recovered "probe ion A" (i.e. either CuTrien, NiEn2 or NiEn3 sorbed upon step A) was
cross-determined in extract B, using colorimetry (CECcolo,recovered) and ICP OES (CECmetal,recovered).
The maximum concentration that can be read by the UV-Vis spectrometer depends on the probed
ion. The four probed ions employed in the present study exhibit different extinction coefficients
(Fig. G-2). CuTrien has the highest value (e.g. a 7.5 mM solution has a maximum absorbance of
~ 1.1 at 577 nm). Those of CoHex and CuEn2 are in a similar range, and a factor of two lower
than for CuTrien at the same concentration. Thus, convenient colorimetric determinations can be
achieved in the 0.5 – 7.5 mM range with these three probes. NiEn3, however, exhibits a lower
extinction coefficient; ~ 8 times lower as CoHex or CuTrien. Therefore, higher NiEn3 concentration should be used for convenient colorimetric determinations. In the present study, the parameters (initial concentration/volume of the index ion solution vs. sample mass) were therefore
adapted to obtain final concentrations ideally falling close to the centre of the calibration curve
(i.e. having a probe consumption in the 30 – 70 % range):
1 m·𝐶𝐶𝐶𝐶𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
X(%)= ∙
3 V∙[probe]0

(G-1)
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where m is the dry mass of sample (g), CECguess is the sample's (initially guessed) CEC value
(mmolc g-1, where the subscript c is for charge), [probe]0 is the initial concentration (mol·L-1) and
V is the volume (mL) of the index cation solution. In most experiments, ~ 50 mg of clay mineral
sample was weighed in a 7 mL centrifuge tube and ~ 5 mL of 7.5 mM of index cation was added.
The dispersion was mixed on a rotating disc for 1 h to 1 d. At the end of the reaction time, the
dispersion was centrifuged, and the supernatant was collected for analysis. The L/S conditions
were thus set to be similar in all series of experiments (250 L kg-1), except for the NiEn3 series
which required a higher initial concentration (NiEn3 60 mM at step A, and CoHex 15 mM at
step B) and thus lower L/S (30 and 66 L kg-1 at step A and B respectively) in order to end up with
sufficient consumption of the probed ion.

Fig. G-2:

Absorbance spectra of the various employed exchanges solutions.

All solutions were prepared with deoxygenated water. Sample preparation and collections was
carried out inside an anaerobic chamber (95:5 N2:H2) equipped with two oxygen scrubbers (palladium catalyst). Centrifugation and chemical analyses of the solution were performed outside of
the anaerobic chamber. The 7.5 mM CoHex solution was prepared by dissolving ~ 2 g of hexamminecobalt(III) trichloride salt in 1000 ml of water. The 7.5 mM CuTrien solution was obtained
by first dissolving 847 mg of CuSO4∙2H2O in 200 ml of water in a 500 ml volumetric flask. Then
730 mg of triethylenetetramine solution (98 %) were added into the flask, and the solution was
diluted to 500 ml. Regarding Cu molar concentration, a 5 % excess of Trien was introduced to
ensure the presence of Cu only as CuTrien. The other solutions were prepared in a similar manner.
In the case of the 7.5 mM CuEn2 solution, 849 mg of CuSO4∙2H2O were dissolved in 200 ml of
water, 484 mg of ethylenediamine salt were thus added and the solution was diluted to 500 ml
resulting in a En/Cu molar ratio of 2.09 (hence a 10 % excess of En ligand). Dealing with the
60 mM NiEn3 solution, 6.55 g of NiCl2∙6H2O were dissolved in 200 ml of water, 5.81 g of
ethylenediamine salt were thus added and the solution was diluted to 500 ml resulting in En/Ni
molar ratio of 3.2 (hence a 20 % excess of En ligand).
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Colorimetric determinations

Colorimetric determination of the extracts A was carried out through the classical method since
the solutions contained only one specific cationic dye. This was also the case for extract B of
leaching experiments (only CoHex is present). A series of nine standards was prepared by diluting
the mother solution (of concentration [probe]0) with water. A linear calibration relating the absorbance (abs.) to the concentration of the index cation ([probe]) was established:
𝑎𝑎𝑎𝑎𝑎𝑎. = a ∙ [𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝] + b

(G-2)

For each probe, colorimetric determination in extracts A was achieved at one given wavelength
(λ), which is indicated in Tab. G-5. Still, in the case of extracts B, two cationic dyes were present
(probe A, and probe B which is CoHex, see Fig. G-1). Direct colorimetric determination of each
probe is impeded in most cases because of their spectra overlap (Fig. G-2). In such a situation,
proper determination of their respective concentration should require a deconvolution of the spectrum into the contributions of each probe. This was, however, not attempted in the present study.
Instead, a simpler but indirect approach was attempted. For a given probe, analysis was conducted
at a wavelength where overlap with the other probe was minimal, while still guaranteeing a
sufficient absorption (thus one wavelength for each probe, see Tab. G-5). Two calibration curves
were established for each probe (from pure standards). Determination of the concentration of a
given probe [probe]colo (e.g. probe A) was then achieved through the following equation:
[𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
=
𝐴𝐴

+ bλB � − bλA �
�𝑎𝑎𝑎𝑎𝑎𝑎. −�aλB ∙ [𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚]ICP−OES
B

(G-3)

aλA

where aAλ and aBλ are respectively the slopes of the calibration curve of the probe A and probe B
at the same wavelength λ (bAλ and bBλ are the corresponding intercepts) and [metal]BICP-OES is the
total concentration of the central metal of the other probe B determined by ICP-OES. Thus, in
step B, the colorimetric determination of a given probe partly relies on the ICP-OES determination
of total metal from the other probe present in solution. This in fact relies on the assumption that
ICP-OES determination accounts for the presence of a metal that has a coloured complex only
(and not supplementary admixed forms). This second colorimetric determination is therefore less
direct and less precise (compared to the first step) and was above all attempted to check whether
metals were indeed recovered in solution as the coloured complex of interest.
Tab. G-5:

Wavelength employed for the various colorimetric determinations.
Series
(i.e. probe A)

λ [nm]
Extracts A

Extracts B
probe A

probe B
(i.e. CoHex)

CoHex

475

n.a.

n.a.

CuTrien

577

670

475

CuEn2

548

340

620

NiEn3

886

475

886

LIX

n.a.

n.a.

475
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CEC computation

The CEC (in mmolc g-1) is usually calculated by dividing the quantity of exchanged charges by
the dry mass of sample:
CEC =

𝑄𝑄𝑒𝑒𝑒𝑒ℎ
𝑚𝑚

(G-4)

Qech is the quantity of exchanged charges (mmolc) and m is the dry mass of the sample (in g). The
CEC can be deduced from three crossed analyses. Firstly, it can be calculated from the amount of
index cation that disappears from the solution (adsorbed on the clay mineral surface), which is
directly measured by spectrophotometry at a selected wavelength (further denoted as CECcolo and
Qech,colo):
Q𝑒𝑒𝑒𝑒ℎ,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =z𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∙ ([𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝]0 − [𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝]f )·V

(G-5)

where, zprobe and [probe]f are the charge and the resulting concentration of index cation (mmol L-1)
after exchange. Still, as it has been shown in the case of CoHex and reduced samples (Hadi et al.
2016), the probed cation may also be consumed by side reactions involving complexation,
reduction and precipitation, leading to a strong overestimation of the actual CEC of the sample.
Alternatively, the concentration of the probe can be determined from analysis of total concentration of corresponding central metal present in solution (in the present study through ICP OES,
further denoted as CECmetal and Qech,metal):
Q𝑒𝑒𝑒𝑒ℎ,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =z𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∙ ([𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚]0 − [𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚]f )·V

(G-6)

where, [metal] is the total concentration of central metal (mmol·L-1). Such alternative determination may, however, in some cases be less precise since it relies on the assumption that all the metal
is present as coloured complex (which may not necessarily be the case).
Finally, analysing the major cations present in the supernatant (Na+, K+, Ca2+, Mg2+, Mn2+, Sr2+,
NH4+ etc.) indicates the nature and concentrations of desorbed exchangeable cations. Then,
summing these concentrations gives the CEC of the clay mineral or clay-rock (further denoted as
CECΣcat and Qech, Σcat):
Q𝑒𝑒𝑒𝑒ℎ,𝛴𝛴𝛴𝛴𝛴𝛴𝛴𝛴 = � zi [𝑋𝑋i ] ∙ V

(G-7)

CECΣcat ∗ = CECΣcat − LIX.

(G-8)

LIX = � zi [𝐶𝐶i ] ∙ V = � z𝑗𝑗 �𝐴𝐴j � ∙ V

(G-9)

i

where [Xi] is the concentration in X+z ions (X+z = Na+, K+, Mg2+, Ca2+ and others if present) in the
resulting supernatant of volume V and zi is the charge of ion Xi. If soluble salts are present in the
sample, CECΣcat values are overestimated due to improperly considering the cations solubilised
from those salts (Dohrmann 2006a, b, c). Leaching tests may be used to correct the difference
(corrected CECΣcat value will be further denoted as CECΣcat*):

with:

i

j

where [Ci] stands for the concentrations of cations with charge zi and [Aj] for concentrations of
anions with charge zj. One should note that a convenient correction implies that Eq. G-9 is valid.
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This can be for instance be impeded by the presence of carbonates in the sample. Dissolution of
carbonates depends on pH and ionic strength, and so does LIX values. If carbonate minerals are
present, CEC assays and leaching tests must be conducted in exactly the same conditions (solid/
liquid ratio, pH and ionic strength). This can hardly be the case in routine analyses and is presumably not the case in the present experiments where pH was not buffered. The pH of the
solution was thus strongly influenced by the type of employed index cation. CoHex solution has
the most acidic solution, which is around ~ 5 at such concentration (Hadi et al. 2014). LIX solution, in fact pure water, is rather ~ 6.5 (due to presence of carbonate anion). CuTrien solution as
a pH of ~ 7 (Meier & Kahr 1999). CuEn2 and NiEn3 solution are generally more basic (respectively pH ~ 8.1, Ammann et al. 2005 and ~ 10.2, Cornell & Aksoyoglu 1991), due to the presence of excess ethylenediamine solution which is very basic (pH > 12). Addition of clay to such
solutions also influences the pH, as it usually buffers it to values ranging between 6 and 10. The
pH of the studied solution can thus be expected to range in the order CoHex < LIX < CuTrien <
CuEn2 < NiEn3. Consequently, there is a good chance that the LIX value obtained from the sum
of cation concentrations (further refers to LIXcat) leads in some cases to an overestimation (due to
higher dissolution in aqueous leaching compared to most other methods). This might be especially
the case dealing with the NiEn3 experiments, not only because of the higher pH but also because
of the lower L/S ratio (30 and 66 L kg-1 at step A and B respectively, instead of 250 L kg-1). The
LIX value obtained from the sum of anion concentrations will further be referred to as LIXan.
Further aspects dealing with correction of CEC values are further discussed in the last section.
Finally, ΔCEC and ΔCEC* criteria can be established to assess the consistency of raw and corrected
datasets respectively:
ΔCEC = CECcolo − CECΣcat

ΔCEC ∗ = CECcolo − CECΣcat ∗ = ΔCEC + LIX

(G-10)
(G-11)

CEC determinations are generally considered valid when both CEC cross-determinations (CECcolo
et CECΣcat) are consistent, and thus when ΔCEC is negligible (only few % of the CEC value). Otherwise, two cases are generally encountered in CEC determinations (Hadi et al. 2016):
•

either ΔCEC < 0, and this accounts for the presence of soluble salt in the sample. In that case,
the value must be corrected by adding the amount of leachable charges (provided the LIX
value is also consistent, Eq. G-9),

•

or ΔCEC > 0, and this accounts for an overconsumption of the index cation by a side process
other than cation exchange. In this case, the CECcolo value cannot be trusted, and one should
rely only on the CEC provided that correction on soluble salts (if present) is also possible.

G3.5

Swelling pressure measurements: oedometer test

These experiments were conducted for two purposes. On the one hand, the ultimate goal was the
determination of the impact of Festr reduction on the swelling pressures of the reduced clay. On
the other hand, the parallel goal was in fact to assess the feasibility of such a test (never performed
before on reduced clay) and to check whether the reactivity of the system would enable the
detection of redox perturbation (such as circulation of an oxidant or a reducer) and to directly
monitor this effect (with a delay as minimal as possible).
The apparatus employed for determining the swelling capacity of the samples is depicted in
Fig. G-3. The sample is placed between two stone filters in a cylindrical steel chamber (35 mm
diameter) which is closed by a piston. A solution is circulated below and above the sample to
allow its saturation. As the sample absorbs water, it swells, and the piston is moved upward. A
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force transducer placed between the piston and the lid allows determining the axial force transmitted by the piston. The swelling pressure Ps was calculated from the measured force at zero
water pressure according to:
Ps =

F
A

(G-12)

where F is the axial force (N) and A is the sample area acting on the piston (m2). The accuracy of
the measurements depends on the force transducer which is calibrated by use of special standard
rings (SP calibrated). Three of these cells were connected to the same flask of the test solution.
The entire apparatus was placed into the glovebox at the Äspö laboratory. The entire system was
airtight both to avoid evaporation of the circulated solution in the glovebox (relative humidity in
the glovebox is usually at the minimum, due to the dry gas supply and the absence of humidifier)
and to avoid O2 leaks into the glovebox atmosphere. Indeed, air inlet/outlet were included in the
solution flask, in order to be able to turn the system aerobic inside the glovebox (by circulating
air above the solution). To this purpose, the air inlet and outlet were connected directly to the
outside of the glovebox, and an air pump was placed outside. The air was first circulated through
pure water to water-saturate it and avoid evaporation of the testing solution.

Fig. G-3:

Apparatus employed for determining the swelling pressure.

The key parameter for relating the measured swelling pressure to the actual swelling capacity of
the pure clay sample is its dry density within the chamber. Controlling the exact density a priori,
i.e. prior to sample saturation, is rather difficult. Determining the density while the sample is still
inside the chamber (sample weight is known, and the volume could be estimated from the height
of the gap between the lid of the piston and the top of the cell) is generally not considered as the
most convenient approach, because of its lack of precision. This density is usually determined at
the end of the experiment, after splitting the cell, extracting the sample and using conventional
methods for density measurements.
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The PGV samples were in powder form. Ideally, the sample should have been first pressed into a
pellet to have some control on its height and improve the reproducibility of the tests. Such preparation was unfortunately not possible because this would have to be done outside the glovebox
and there was at that time no means to protect the sample from air oxidation. To avoid oxidation,
it was decided to introduce weighed amounts of powdered sample directly into the chamber and
to press the sample as firmly as possibly using the piston (first by hand, then further by tightening
the screws). Two series of test were conducted. The scale (for weighing samples) was only
available for the second test series.
The first series of test were considered above all as feasibility pre-tests and to evaluate various
oxidative perturbations. These tests were conducted on an aliquot of batch R2, of pristine PGV-1
and of coarse-grained MX80. Amount of powder (~ 5 g) were adjusted by eye, using a tube, in
order to reach similar densities. MX80 was used as reference clay for testing the whole apparatus
and approach, since this batch of bentonite had been widely used in previous tests with the same
apparatus at Äspö. Oxidative perturbations were achieved through circulation of humidified
ambient air above the solution, further by addition of H2O2 (3 %) solution and ultimately a mixture
of H2O2 and of NaClO (6 %) solutions (to produce the strong oxidant "singlet O2"; Wayne 1969).
The test solution was in the beginning pure water which was then changed to 0.2 M CaCl2
solution.
In the second test (still ongoing), samples R0, R3 and R5 were used. Similar weighed amounts
(~ 5 g) were introduced. The test solution was the same (0.2 M CaCl2) throughout the experiment.
The system was first equilibrated in anaerobic conditions inside the glove box, and was then
entirely taken out to be turned aerobic, simply by circulating humidified ambient air above the
test solution

G4

Results and discussion

G4.1

Results of CBD treatments

As expected, CBD treatment resulted in reduction of structural iron, visually indicated by a slight
colour change of the montmorillonite from its initial pale yellowish colour to a pale blue colour.
The preliminary data inferred from the Mössbauer analysis are displayed in Tab. G-6.
Tab. G-6:

Reduction levels of Festr in samples analysis by Mössbauer Spectrometry.
Sample

Reduction level of Festr
analysed

PGV-1
R0
R1
R2
R3
R4
R5

<1%
<1%
<1%
<1%
12 %
30 %
24 %

Contaminant

assumed
[% of tot Fe in analysed sample]
<1%
<1%
> 12 %
16 % hematite
> 12 %
> 12 %
> 30 %
>> 30 %
18 % hematite

NAGRA NTB 17-10

G-14

Data on oxidised samples PGV-1 and R0 confirm the absence of Festr2+ in these two samples.
Unfortunately, preliminary results of the Mössbauer survey of reduced samples highlighted two
major problems. CBD-treated samples R1 and R2 appeared completely oxidised (as untreated
sample PGV-1 and CB-treated R0), while reduction levels very similar to R3 were expected.
Moreover, sample R5 appeared less reduced than R4, while the reverse was expected. Overall,
larger reduction levels were expected for all the reduced samples (more in the 30 – 70 % range,
when compared to past analogous experiments with very similar samples). It thus appears that
sample were re-oxidised prior to analysis. On the other hand, two analysis samples contained
considerable amounts of nano-sized hematite (16 – 18 % of total Fe, i.e. 10 – 15 mmolc g-1). This
presence can be suspected to be due to contamination upon Mössbauer sample preparation.
Indeed, hematite is absent from the industrially purified (PGV-1) and absent from CB treated R1.
It is thus unlikely that such high amounts were present and persisted over the CBD treatment, nor
that could it be formed upon CBD treatment (from dissolution of Festr). Both oxidation and
contamination artefacts can be strongly suspected to have occurred upon the preparation of the
sample for Mössbauer analysis. Moreover, the addition of sodium hexametaphosphate to the CBD
reduction solution, followed by the 0.1 M CaCl2 saturation procedure resulted in the precipitation
of Ca- and P-bearing white precipitates which could in fact not completely removed at the end of
the four-fold washing procedure (further discussed in the next section). This experimental artefact
was not anticipated, and further complicated data interpretation.

G4.2

Aqueous leaching

Results of aqueous leaching experiments (i.e. analysis of extra A of LIX series) are displayed in
Tabs. G-7 and G-8. Results obtained with the raw material indicate a strong imbalance between
the sum of leached anions and cations (i.e. Eq. G-9 is not respected). The reason for such a discrepancy could not be determined. One can, however, observe that the error on leached cations is
larger than that of leached anions (mainly because of large-scattering replicate Mg2+ determination). Further comparison to CEC values suggests that this LIXcat value might be overestimated
(discussed in the next section). In addition, values obtained for leachable Cl and S match the total
content determined from XRF analysis (Tab. G-2). The LIXan value was thus considered as a more
consistent estimation of the amount of leachable salts in the pristine samples. Data tends to
suggest that the main leachable cations are Na and Mg. However, since Ca2+ exhibits a higher
affinity for clay sorption, one cannot rule out that a calcic salt dissolved and that Ca2+ was further
exchanged for interlayer Na+ and Mg+. The identity of the soluble salts present in the pristine
PGV remains thus undetermined.
Tab. G-7:

Results of aqueous leaching of the pristine PGV-1 sample (all data in mmolc g-1).

Leached cations
Na+

Mg2+

Ca2+

0.16
± 0.01

0.10
± 0.09

0.02
± 0.02

LIXcat

0.28
± 0.126

Leached anions

LIXan

Cl-

SO42-

HCO3-

NO3-

F-

0.05
± 0.00

0.02
± 0.00

0.01
± 0.00

0.01
± 0.00

0.01
± 0.00

0.11
± 0.00

Data obtained on the CBD treated samples (Tab. G-8) clearly contrast with data on pristine
samples. Here the main leachable cation is Ca2+ and the main leachable anion is a phosphate one,
but with variable charge depending on the batch. This suggests the presence of partly soluble Caand P-bearing salts which were precipitated upon the CBD treatment and which could not be
completely removed upon the four-fold washing procedure (still lead at an L/S ratio 12 times
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lower than aqueous leaching). The salts have not yet been clearly identified. The charge of the
corresponding phosphorous anion had to be tuned between -1.5 and -2.7 so that LIXan matches
LIXcat.
Tab. G-8:

Results of aqueous leaching of CBD treated PGV samples (all data in mmolc g-1).
b.d. below detection limit

Sample

Leached cations
Ca2+

Mg2+

Na+

R0

0.10
± 0.01

0.01
± 0.00

0.01
± 0.01

R1

0.32
± 0.01

0.01
± 0.00

R2

0.32
± 0.01

R3

LIXcat

Leached anions a

Zb

Hx POy z

SO42-

HCO3-

F-

0.11
± 0.01

0.10
± 0.-02

0.02
± 0.00

0.01
± 0.00

0.01
± 0.00

2.7

0.01
± 0.00

0.34
± 0.01

0.32
± 0.01

b.d.

0.01
± 0.00

0.01
± 0.00

1.5

0.01
± 0.00

0.01
± 0.00

0.34
± 0.01

0.32
± 0.01

b.d.

0.01
± 0.00

0.01
± 0.00

1.7

0.32
± 0.01

0.01
± 0.00

0.01
± 0.00

0.34
± 0.01

0.32
± 0.01

b.d.

0.01
± 0.00

0.01
± 0.00

1.9

R4

0.08
± 0.01

0.01
± 0.00

0.01
± 0.00

0.09
± 0.00

0.08
± 0.00

b.d.

0.01
± 0.00

0.01
± 0.00

2.5

R6

0.58
± 0.01

0.01
± 0.00

0.01
± 0.00

0.59
± 0.00

0.54
± 0.01

0.04
± 0.00

0.01
± 0.00

0.01
± 0.00

1.7

a

Values of unidentified phosphorous anion indicated in italics since the charge was tuned so that LIXan
match LIXcat

b

Charge of the phosphorous anion

Two groups of samples can be distinguished. On the one hand, samples R0 and R4, displayed a
similar low amount of soluble salt (in terms of leached charge) and a similar charge of the
phosphorous anion (~ -2.6). On the other hand, all the other samples displayed much higher
amounts of soluble salt and the same charge of the phosphorous anion (~ -1.7). This suggests that
at least two different kinds of P-bearing compounds, depending on the batch, had precipitated.
Furthermore, data on batches R1, R2, and R3 are fairly similar. This suggests that the C:B ratio,
which was different in R2, had no influence on this process. In fact, this rather suggests that the
main parameter that influenced the amount and the nature of the P-bearing precipitate was the
amount of added dithionite (through pH change) and also perhaps the temperature (both were
higher in batch R5). Still, the data are very similar for the CB treated batch R0 (no dithionite
added) and CBD treated batch R5 (5 time more dithionite than in batch R1/2/3/). This suggest
that either another parameter of the experiment controlled the precipitation or that the dithionite
added to batch R4 was not reactive anymore (in aqueous solution, dithionite remains reactive for
a few hours), and thus batch R4 would have been equivalent to a CB treatment only. Finally, one
can also observe the low presence of a soluble S-bearing compound in batch R5, suggesting that
very small quantities of sulphur were also precipitated after addition of the dithionite. The amount
is, however, very small compared to the amount of P and can thus be neglected.
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G4.3

CEC determinations

G4.3.1

Data overview

G-16

A rapid evaluation of the raw CEC data can be drawn by comparing CECΣcat and CECcolo values
(Fig. G-4 left). Different results were obviously obtained with the four methods. The highest
consumptions of index cation and highest values of extracted cations were generally obtained
with the CoHex method. Dealing with CuTrien and CuEn2 series, the amounts of extracted cations
are very similar. The consumptions of index cations are also lower (higher with CuEn2 than with
CuTrien). Finally, consumption of index cation with NiEn3 was similar to CuTrien, but amounts
of extracted cations are lower, and is even negligible in one case. Overall, a positive ΔCEC value
is observed for all cases, except for the oxidised samples with CoHex method which exhibit a
negative and very low ΔCEC. One must note that these represent raw values and these values may
become even more positive once corrected for leachable salts (Eq. G-11). This a priori means
that issues of overconsumption of index cations were encountered in all cases upon the first
extraction step A. This was expected in the case of CoHex with the reduced samples (Hadi et al.
2016) and was indeed observed. But this was also observed in the case of the other index cations
where it is in fact more pronounced (the data are in general further from the 1:1 line than CoHex
data).

Fig. G-4:

Comparisons of CEC values determined by summing the cations with the CEC
values based on the consumption of the index ion in extracts A (left) and extracts B
(right).
Round symbols represent oxidised samples (pristine PGV and R0) and diamonds represent
reduced samples (R1/2/3/4/5).
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In comparison, CEC data on extracts B are quite contrasting. In the case of the CuTrien, CuEn2,
and NiEn3 series, the lower extent of both extracted cation and consumption of probed ion were
expected because of the high affinity of these cations for the clay surface. Still, notable recovery
is observed in the case of CuTrien series. Moreover, a negative ΔCEC is even observed in the case
of CuTrien and CuEn2 series, a priori suggesting that samples were oxidised during step A and
that soluble salt are present after the first extraction. Instead, a positive ΔCEC is still observed in
the case of the NiEn3 series. Dealing with the LIX series, the same trend is observed as for the
CoHex series in step A but amounts of CoHex consumption and ΔCEC are somewhat lower.
Despite the similar initial parameters in terms of concentration of probe ion and solid/liquid ratio,
and even if a similar trend is generally observed (overconsumption of index cation), strong differences are observed between the results of different methods. This suggests that differing conditions (e.g. pH) prevailed in each series and this may have impacted the result in different ways.
The correction of such data using LIX values is thus not straightforward and requires a closer
look at the data of each series.

G4.3.2

Samples series: index cation determinations

Data relative to consumption and extraction of probed ion in each sample series is first presented
and discussed. The data relative to extracted cations in all the series are then presented together
in the following section.

CoHex series
Samples of the CoHex series were extracted only once. Good consistency was found between
colorimetric determinations of CoHex present in solution and total Co analysis by ICP-OES
(Fig. G-5 top – left), total Co being in general 0.5 – 2.5 % higher than CoHex. A large discrepancy
was observed in only one replicate (R5-b). Normally, such outlying ICP-OES analysis results
were discarded when discrepancy was > 10 %. Otherwise, the weak but systematic discrepancies
observed between both analyses means that either one (or both) analytical methods slightly
deviate from reality, or that a very small portion of Co is in fact present in solution in some other
form than CoHex (most likely aqueous Co2+; Ji et al. 2005). Since the CEC is determined by
differences with the initial concentration, and since the consumption was in general between 20
and 40 % of total CoHex (Fig. G-5 bottom), the discrepancy between resulting CEC values is
reversed (i.e. CECcolo are slightly higher than CECmetal) and is slightly increased (i.e. CECcolo
values are then 2 – 6 % higher than CECmetal values). On can distinguish 3 main groups of samples
based on the extent of CoHex consumption. Oxidised samples (pristine PGV-1 and CB treated
R0) show similarly low consumptions. Then a group of 4 similarly reduced samples (R1/2/3/4)
exhibit similarly higher consumption. Finally, sample R5, the most reduced exhibit the highest
CoHex consumption. CoHex consumptions thus are of the same order as Festr reduction levels.
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Fig. G-5:

G-18

Comparisons of total Co determination by ICP-OES with CoHex determinations by
colorimetry in each replicate (top left), comparison of CEC values determined by
using each determination of Co in extracts (top right) and calibration curves and
colorimetric analysis of samples of the CoHex series (bottom).
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LIX series
Samples of the LIX series were first extracted with pure water in step A (i.e. aqueous leaching).
After centrifugation and collection of the supernatant, the samples were extracted with CoHex in
step B. Cross determinations of Co concentration in the extracts B were rather consistent (Fig. G-6
left). As observed in the case of extract A of the CoHex series, total Co analysis generally yields
slightly higher values. Resulting CECcolo are thus again slightly higher than CECmetal, but the discrepancy is generally ~ 5 %. Again, CoHex consumptions range in the same order as Festr reduction levels.

Fig. G-6:

Comparisons of total Co determination by ICP-OES with CoHex determinations by
colorimetry (left), comparison of CEC values determined by using each determination of Co in extracts B (right).

However, a significant and systematic discrepancy (~ -19 %) is observed when comparing
CECcolo,B determined on the aqueous leached clay samples to CECcolo,A directly determined on the
clay samples (Fig. G-7), except in the case of CB treated sample R0 when the difference is only
~ 7 %. This suggests that a CEC of the samples decreased after step A (i.e. after aqueous extraction). Such an apparent CEC drop cannot be explained by sample oxidation (upon step A) since
the drop is observed in both reduced and oxidised samples. It may rather be a sample preparation
artefact. It could be due to sample mass loss (in fact ~ 19 %) upon step A due to dissolution of
the sample upon aqueous extraction and/or insufficient centrifugation. The initial mass was only
~ 50 mg; hence it would represent a 10 mg loss. Indeed, compared to samples from other series
involving probe ions and thus a background electrolyte, aqueous extracts required longer times
(3 times) and higher forces until a clear supernatant could be separated. Such preparation artefacts
could explain the systematic decreased consumption of the aqueous extracted samples. This
means that data on extracted cations in the extracts B of this series should in fact require a ~ +20 %
correction, because of the sample mass loss. This correction is further discussed in the section
presenting data on extracted cations.
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Fig. G-7:
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Comparisons of CEC colorimetrically determined in extracts B of the LIX series
with the CEC colorimetrically determined in extracts A of the CoHex series.

CuTrien series
Samples of the CuTrien series were first extracted with CuTrien in step A. Cross determinations
of Cu present in extract A are again rather consistent (Fig. G-8 left). Compared to the CoHex
results, resulting CEC values show a larger scatter (discrepancies between -13 and +7 %, Fig. G-8
right). Moreover, contrary to CoHex experiments, CuTrien consumptions rather range in the
reverse order of the sample's initial reductions levels (it is, however, the highest in reduced sample
R4). After separation of extract A, samples were again extracted with CoHex.
The resulting data exhibit a larger scatter. One must emphasise that colorimetric determination of
Cu is indirect in this case, as it partly relies on a correction from Cu content determined by ICPOES (same for Co, see Eq. G-3). It relies on the assumption that both metals are complexed and
is less accurate in the case of mixtures of CoHex and CuTrien, since both absorbance spectra
notably overlap (Fig. G-9 left). Still, resulting CEC are relatively consistent (Fig. G-8 right).
One can observe that a portion (~ 40 %) of the Cu consumed upon step A was recovered after
step B. Comparison of spectra of CoHex and CuTrien standards with a spectrum of an extract B
of this series of samples clearly shows that Cu is recovered as CuTrien (Fig. G-9 right). Amounts
of consumed CoHex are generally higher than extracted Cu, indicating that either the clays are
still partly reduced, or other cations were extracted. Interestingly, one can observe that CoHex
consumptions and amounts of extracted Cu range in the same order as the sample's initial
reduction levels.
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Fig. G-8:

Comparisons of total Cu determination by ICP-OES with CuTrien determinations by
colorimetry (left), comparison of CEC values determined by using each determination of Cu in extracts A and B (right).

Fig. G-9:

UV-vis absorbance spectra of CoHex and CuTrien standards and of one extract B of
the CuTrien series (left), calibrations curves and colorimetric analysis of the samples
of the CuTrien series (right).
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CuEn2 series
This series of sample was treated the same way as CuTrien series presented in the previous
section. Data generally show better consistency than the CuTrien series (Fig. G-10). Again, as in
CuTrien experiments, CuEn2 consumptions rather range in the reverse order of sample's initial
reductions levels (and it is still the highest in reduced sample R4).

Fig. G-10: Comparisons of total Cu determination by ICP-OES with CuEn2 determinations by
colorimetry (left), comparison of CEC values determined by using each determination of Cu in extracts A and B (right).

The same process as the CuTrien series is observed after the second step B. A portion of Cu
consumed upon step A is recovered as CuEn2 (Fig. G-10 right and Fig. G-11 left), but the recovery
is, however, smaller than with CuTrien. Again, CoHex consumption is larger than the amounts of
extracted Cu. Again, one can observe that CoHex consumptions range in the same order as the
sample's initial reduction levels.

Fig. G-11: UV-vis absorbance spectra of CoHex and CuEn2 standards and of one extract B of
the CuTrien series (left), calibrations curves and colorimetric analysis of the samples
of the CuEn2 series (right).
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NiEn3 series
This series was treated the same way as CuTrien and CuEn2 series presented in tprevious sections.
Data generally show larger discrepancies than with the CuTrien series (Fig. G-12), but the
different groups of data collected at each step are less scattered and in addition discrepancies
appear to be rather systematic. CECcolo,A is in any case much higher than CECmetal,A, suggesting
that consumption of the probe ion by colorimetry was in this case overestimated. It seems that
another side process occurred in any case, where Ni is decomplexed (thus loss of colour) but stays
in solution (thus no drop in total concentration). After the second step, CECcolo,B is still higher
than CECmetal,B in the case of reduced samples, and is lower than CECmetal,B in the case of oxidised
samples. This suggests that determination of consumption of probe ion by colorimetry was
notably overestimated. Still, one must emphasise that the uncertainties on such colorimetric determination are higher with extracts B (indirect determination Eq. G-3). Again, as in CuTrien and
CuEn2 experiments, NiEn3 consumption rather ranges in the reverse order of sample's initial
reduction levels (and is still the highest in reduced sample R4), while CoHex consumption in the
second extract ranges in the same order as the reduction levels.

Fig. G-12: Comparisons of total Cu determination by ICP-OES with NiEn3 determinations by
colorimetry (left), comparison of CEC values determined by using each determination of Cu in extracts A and B (right).
Similar to CuEn2 and CuTrien experiments, a small portion (here limited to 20 % at most) of the
Ni consumed upon step A was recovered after step B. However, it appears that Ni was recovered
as NiEn3 only in the case of the oxidised samples (PGV-1 and R0, e.g. Fig. G-13 left). Instead,
UV-vis spectra of the reduced samples show that Ni is not recovered as NiEn3, but rather as a
mixture of NiEn2 and NiEn1. One could assume that either a side process consuming En occurred
upon the experiment, or that the pH drift promoted by the addition of clay mineral led to partial
complexation of Ni but persisted after separation (which seems odd). One must emphasise that
initial NiEn3 extract solution was prepared with 20 % excess En ligands to ensure that Ni stay
complex as NiEn3. Thus, it appears that ~ 50 % of En would have been lost, which seems rather
high. A more consistent explanation for such a result is thus still to be found.
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Fig. G-13: UV-vis absorbance spectra of CoHex and NiEn3 standards and of an extract B from
an oxidised sample of the NiEn3 series (left), UV-vis absorbance spectra of CoHex,
NiEn3, NiEn2 and NiEn1 standards and of an extract B from a reduced sample of the
NiEn3 series (right).

Fig. G-14: Calibrations curves and colorimetric analysis of the extract A of the NiEn3 series
(left), calibration curves and colorimetric analysis of the extract B of the NiEn3 series
(right).

G4.3.3

Determination of index ion consumption: sum-up

Overall, good consistency was found between cross determinations of the consumption of probe
ion, excepted for the extract A of the NiEn3 series, which suggest that this complex is unstable
compared to the three other probes (i.e. decomplexation occurred to some extent).
The CoHex is the most reactive probe ion (highest consumption) and its consumption increases
with the reduction level of the sample. This was observed in step A of the CoHex series, but also
in step B of all the other series (Fig. G-15). In contrast, the consumption in the three other samples
slightly decreased with the increasing reduction level of the sample (with the exception of sample
R4 for which the highest consumption was observed). Compared to CoHex series, much less
contrast was observed between oxidised and reduced samples. The amounts of consumption were
similar to that of CoHex in case of the oxidised samples (that of CuEn2 was in fact slightly higher).
However, dealing with reduced samples, their reactivity was lower than that of CoHex, and also
lower than with the oxidised sample (ranging in the order CoHex >> CuEn2 > CuTrien ~ NiEn3).
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Fig. G-15: Consumptions of the various index cations in the extracts A (left), consumptions of
CoHex in the extracts B (extract A also shown for reference), and amount of
recovered probe A (i.e. consumed upon step A) (right).
In any case, a small portion of the metal sorbed at step A could be recovered with CoHex upon
step B (10 – 40 % depending on the probe). In the case of CuTrien and CuEn2 series, the probes
were recovered as the same initial coloured complex of interest. Dealing with NiEn3, this was
only the case with oxidised samples. It appears that Ni was rather recovered as NiEn2 and NiEn1
from the reduced samples. One can observe that for a given probe, the amount recovered at step
B is the same in any sample, regardless of their reduction level.
A systematic ~ -19 % drop is observed in the CoHex of the aqueous extracted samples of the LIX
series (compared to the non-pre-extracted one of the CoHex series). This is attributed to a preparation artefact (loss of solid sample before step B). Corresponding data on extracted cation should
thus require a +20 % correction (further discussed below).

G4.3.4

Extracted cations: correction of data on extract B of LIX series

The systematic discrepancy between CoHex consumption in extract B of the LIX series and the
extract A of the CoHex series are interpreted as a preparation artefact. Corresponding data were
therefore corrected accordingly, using individual correction factors for each sample (corresponding to the discrepancies between the CoHex consumption). In fact, a very similar systematic
discrepancy is also observed between data on extracted cations in these two series of experiments
(Fig. G-16). As a result, corrected LIX data on extract B are then very consistent with data from
CoHex series (except for LIX datum on pristine sample, which is considered as an outlier).
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Fig. G-16: Comparisons of CEC determined by summing cations in extracts B of the LIX series
with the CEC determined by summing cations in extracts A of the CoHex series.
This very good consistency between data on CBD treated samples is attributed to the fact that the
dissolution of the Ca- and P- bearing salts present in the sample would be only partial at each step
and would be also very similar in CoHex and aqueous extracts (similar pH). In fact, the same
quantity of salt dissolves upon each step of the LIX series, and upon the unique step of CoHex
series. One can thus expect that notable quantities of salt are still present the CBD treated sample
at the end the LIX experiments.

G4.3.5

Extracted cations: data overview

The data relative to extracted cations in all the series are presented in Fig. G-17. Notable differences can be observed between the various series of experiments. CoHex stands alone in any
case as the method extracting most cations in one step. Regarding CuTrien and CuEn2 series,
levels of extracted cations extracted upon the first step were systematically lower than with
CoHex. Levels closer to those extracted with CoHex could be only achieved after the second
extraction step B (with CoHex). Slightly lower levels were reached in the case of the reduced
samples R1/2/3, but very similar levels were reached for the other samples.
Regarding the LIX series, extracted amounts at the second step are in most cases very consistent
with those extracted at the first step of CoHex series. Total extracted amounts are of course higher,
the difference being in most cases (except for pristine PGV-1) equal to the maximum amount of
leachable cations (LIXcat, Tab. G-8). This indicates that the extent of dissolution was the same in
LIX and CoHex experiments and thus that CoHex data can be corrected using LIX values. A
discrepancy is observed between the total sum of cation in the LIX experiment on the pristine
sample PGV-1, compared to CoHex, CuTrien and CuEn2. This discrepancy is mainly related to
the lower amount of extracted Na and Mg in the LIX series.
A systematic and quite important discrepancy is also observed between the data NiEn3 data and
the rest of the dataset, as a much lower amount of cations could be extracted overall (almost 0 in
the case of extract A of sample R4). The amounts of cations extracted upon the second step with
CoHex are generally negligible in this series of experiments.
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Fig. G-17: Quantities of extracted Ca, Na, Mg and total charge in the different series of
experiments.
The values of exchangeable Ca and Na inferred from the structural formula (Tab. G-2) are
also indicated.

As a result of the calcium saturation following the sodic CBD treatment, Ca was almost the sole
cation extracted in the treated samples, while Mg and Na were only found in the pristine sample.
The results obtained for Na are very similar for the CoHex, CuTrien and CuEn2 methods. The
NiEn3 method yielded a higher amount of Na, but the error is larger. Instead, the value obtained
in the LIX experiment appeared abnormally low. Thus, those two later determinations might be
erroneous, since all the other methods yielded a value (0.45 mmolc g-1) much closer to that interfered from the structural formula (0.37 mmolc g-1, Tab. G-2).
The structural formula of the pristine sample was based on the assumption that no Ca/Na/Mg salts
are present, and that all the Mg is structural. The presence of Mg in aqueous extracts (extract A
of LIX series) actually indicates that 7 % of the total Mg would not be structural, when comparing
data on extracted Mg (0.19 mmolc g-1 at most, Fig. G-17) with total XRF data (5.41 wt.-% of
MgO, i.e. 2.69 mmolc g-1, Tab. G-1).
Ca is the dominant extracted cation in all cases. Data on total extracted charge thus generally
follow the same trend as data on extracted Ca. Very similar results could be obtained in all series,
except with the NiEn3 experiments which generally yielded 50 % less cations than the other
methods. Regarding the pristine sample, the extracted amount (at most 0.72 mmolc g-1) is quite
consistent with the value inferred from the structural formula (0.79 mmolc g-1, Tab. G-2).
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Extracted cations versus consumption of probe ion: ΔCEC

ΔCEC values were calculated for each extract of the different series of experiment, using Eq. G-10
(Fig. G-18). One can distinguish different situations, depending on the series of experiments:
•

CoHex: on the one hand, ΔCEC is negative in the case of the oxidised samples, and the value
is rather small (< 0.1 mmolc g-1 in absolute value). This is attributed to the presence of soluble
salts. On the other hand, ΔCEC is positive in the case of the reduced samples, and the value is
larger (> 0.2 mmolc g-1). This contrast between oxidised and reduced samples is consistent
with the presence of Festr2+ in the reduced samples. (Hadi et al. 2016).

•

LIX: The values obtained for step A are negative in all cases, since no probe ion is used at
this step (CECcolo = 0) and soluble salts are present (CECΣcat > 0). For the second step B, a
situation very similar to that with CoHex is obtained: ΔCEC is positive in the reduced samples,
while it is almost zero in the oxidised sample R0 (data on second extract of PGV-1 in these
series is considered as an outlier).

•

CuTrien and CuEn2: the same trend is observed in both series, to varying extents. ΔCEC
values are positive and rather large in most cases, except for the most reduced samples where
it is much smaller (and even negative in case of CuTrien). In the second step, ΔCEC values are
negative in all cases. This suggests an overconsumption of the index cation in step A and the
notable presence of soluble salts in step B.

•

NiEn3: ΔCEC values are positive in all cases and are usually the highest for these series of
experiments. This suggests an overconsumption of the index cations in both steps in all
samples.

Fig. G-18: Uncorrected ΔCEC in each extract of the various series of experiments (see Eq. G-10).
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The qualitative interpretation of both sign and extent of the uncorrected ΔCEC values is rather
straightforward in the case of the CoHex and LIX series:
•

Presence of soluble salts in all samples, and much more pronounced in the CBD treated
samples because of precipitation of calcium phosphates, ranging in the order (PGV1 ~ R0 ~ R4 < R1 ~ R2 ~ R3 < R5). Those phosphates only partially dissolve upon the first
step, and the extent of dissolution in the second step is the same (i.e. the extract is always
saturated).

•

Presence of Festr2+ in the CBD treated samples, which persisted over the first aqueous
extraction step in the LIX experiments.

However, such an interpretation cannot be applied to the data from CuTrien, CuEn2 and NiEn3
experiments. Indeed, the resulting ΔCEC in step A indicates an overconsumption of the index cation
in most cases, ranging in the same order as the pH of the three solutions (CuTrien < CuEn2 <
NiEn3) and regardless of sample reduction level. This overconsumption would be even more limited in the case of the most reduced sample R5. Such overconsumption of the index cation would
thus not be correlated at all with the presence of Festr2+. Moreover, ΔCEC values in step B of the
CuTrien and CuEn2 series also indicate higher amounts of soluble salt than in the other series
(even higher than the LIX values). This is not expected given the presumably higher pH of such
experiments. This thus indicates that the correction of such dataset using directly LIX value is not
as straightforward as described in section G2.4.2 (Eq. G-9) and requires formulating further hypothesis.
On the one hand, the apparent consumptions of the index cations (CuTrien, CuEn2 and NiEn3) in
the first step A were very similar for most samples. For the oxidised samples, this consumption
is also very similar to that of CoHex, while it is significantly lower in the case of the reduced
samples. Thus, data suggest that the four probes reacted in a similar manner regarding the oxidised
samples and that only CoHex is more reactive in the presence of reduced samples.
On the other hand, the amounts of extracted cations were notably lower, especially in NiEn3
experiments (even almost zero for sample R4). Lower levels in the first step can be expected
because of the lower amount of dissolved salts at the presumably higher pH in those experiments.
Still, data suggest in some cases that of the amount of soluble salts, Ca was the highest (see data
on second extracts B of samples R0 and R4 in Fig. G-18), which is unlikely. Data also show that
in most cases Ca levels extracted in the second step of CuTrien and CuEn2 experiments exceed
those found in leachates (Fig. G-17). Since similar (or lower) amounts of extracted salts would
be expected at the second step, one could assume that the excess Ca originates from the interlayer
and was thus not completely extracted upon step A.
Nonetheless, incomplete extraction of exchangeable Ca is also unlikely, since the probes (i) are
known for their much higher affinity to clay regarding exchangeable cations), (ii) are present in
excess in order to ensure complete exchange and (iii) appear to have reacted very similarly
(Fig. G-15). The most likely explanation is that all exchangeable Ca was extracted upon step A,
but partly instantly precipitated, and was only recovered upon step B with the CoHex. Partial
precipitation upon step A would have occurred not only because of the higher pH (compared to
CoHex and LIX), but also because of the presence of Ca- and P- bearing salt. Indeed, the apparent
excess Ca is more important in samples R0 and R4, which contain low amounts of Ca-P salts, but
with a phosphorous anion of higher charge compared to the other sample (Tab. G-8). Instead, the
amount of excess Ca is negligible in sample R4, which contains a higher amount of Ca-P salt, but
with a phosphorous anion of lower charge. In the case of NiEn3 experiments, the pH was high
enough, and the L/S ratio low enough to induce precipitation of a large part pf Ca (most of it in
case of sample R4). The Ca could not be recovered with CoHex upon the second step for a similar
reason (extract buffered by both CoHex and ethylenediamine was too basic).
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Redefinition of ΔCEC in CuTrien, CuEn2 and NiEn3 experiments

A precipitation artefact was not anticipated in the CEC experiments. Eqs. G-7 and G-8 only apply
to CoHex and LIX experiments and are therefore not valid for the CuTrien, CuEn2 and NiEn3
experiments. For those tests, a different procedure for determination of CECΣcat, ΔCEC and LIX
values must be adopted. It can be assumed that exchangeable cations were efficiently desorbed
with these three probes, but were instantly partially precipitated and only recovered in the second
step with CoHex. CECΣcat is thus redefined as the sum of cations extracted in both steps (Σ cations,
Fig. G-17):
CECΣcat,tot = CECΣcat,A + CECΣcat,B

(G-13)

ΔCEC,A = CECcolo,A − CECΣcat,tot

(G-14)

ΔCEC,B = CECcolo,B − CECmetal,recovered

(G-15)

ΔCEC in the first step A is then obtained by subtracting this value from the consumption of the
probe at step A:

In step B, it is assumed that all original cations were exchanged, and that CoHex could only desorb
a portion of the adsorbed probe A. ΔCEC in the first step B is thus obtained by subtracting the
amount of recovered probe A (CECmetal,recovered, Fig. G-1) from the consumption of the CoHex at
step B:

Corresponding ΔCEC values are displayed in Fig. G-19. In the NiEn3 series ΔCEC is positive at both
steps for any sample. At step A, such discrepancies occur in part because amounts of extracted
cations are generally notably lower than in the other experiments. In addition, CECcolo,A might be
overestimated because of partial decomplexation of the NiEn3 (CECmetal values are systematically
lower, Fig. G-12). In step B, the discrepancy can be partly explained by the presence of Festr2+ in
the reduced samples. However, it is also observed in the oxidised samples. This indicates that the
value CECmetal,recovered underestimates the amounts of cation that were extracted. Some Ca was
extracted too, but was precipitated as in step A. Because of such artefacts, and in the absence of
data on pH and identity of precipitates, results on extracted cations from the NiEn3 experiment
are thus impossible to interpret unambiguously.

Fig. G-19: Redefined ΔCEC in each extracts of the various series of experiments (see Eqs. G-14
and G-15).
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With regard to the CuEn2 series, ΔCEC vales are also generally positive, except in extracts A of
sample R5. This suggests that in this case, dissolution of a Ca salt occurred. The reverse is rather
observed in all the other samples, i.e. partial precipitation of desorbed Ca. Indeed, CuEn2 consumption was generally the highest after CoHex consumption (Fig. G-15), while the amount of
extracted cations was often lower than in CuTrien, CoHex, and LIX series (Fig. G-17). Thus, this
indicates that the required data corrections would be sample specific for these experimental series.
Thus, as for the NiEn3 series, results on extracted cations from the CuEn2 experiment are thus also
impossible to interpret correctly.
With regard to the CuTrien experiments, data seem to be consistent with the CoHex series for all
samples except R5. As for the CuEn2 series, it appears that dissolution of Ca salts occurred mainly
in the case of sample R5. Still, dissolution can be also suspected to have occurred to various
degrees in the other extracts. The required data correction would be sample specific too. and these
data are thus also impossible to interpret correctly.

G4.3.8

Correction of ΔCEC

Only data from the CoHex and LIX series can be properly corrected using LIX values (determined
at step A of the LIX series, Eq. G-9). The same values can be used for both series, since data on
total extracted cations shows that extracts are saturated with respect to Ca- and P- bearing salt at
any steps. Fig. G-20 displays the corrected ΔCEC values for these two series of experiments.

Fig. G-20: Corrected ΔCEC in the CoHex and LIX experiment (see Eq. G-11).

Good consistency between both series of experiments is found, except for the LIX data on PGV-1.
The ΔCEC* value is negligible (< 5 mmolc g-1) in the case of the two oxidised samples, showing
that CEC cross-determinations are consistent. ΔCEC is larger and systematically positive in the
case of the reduced samples, indicating the presence of Festr2+ in all cases. Since this overconsumption is correlated with the amount of Festr2+, the data indicate that reduction levels of the
reduced sample are in the order R4 < R1 ~ R2 ~ R3 < R5. This is not consistent with the preliminary results of the Mössbauer survey (Tab. G-6). However, Mössbauer results are suspected
to be erroneous. In the present case, the trend inferred from ΔCEC values appears more consistent
with the expectation from the CBD treatments. R5 would be the most reduced samples, and
reduction levels in R1, R2 and R3 are equivalent. One discrepancy is still observed, as sample R4
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would be the least reduced sample, instead of being intermediate between R1/2/3 and R5. Inefficient CBD treatment or re-oxidation of this specific batch upon cleaning procedure could explain
such discrepancy.

G4.3.9

Conclusion on CEC method inter-comparison and outlook

Present inter-comparison suggests that CoHex methods stand out as both the most efficient and
the simplest method. Results of CoHex and LIX series compare well (after correction of the LIX
data) and enable reliable interpretation of CEC data despite the redox artefact. Correction of the
LIX values (extract B) was necessary, presumably because of an experimental artefact (too low
background electrolyte leading to insufficient collection of solid samples between step A and B,
and/or sample dissolution). More care should be taken in this intermediate step in the future
(higher centrifugation speed and longer time).
Data collected by the other methods are in turn difficult to interpret, mainly because of uncertainty
regarding cation dissolution/precipitation in the various batches. Along with the unanticipated
presence of Ca- and P-bearing salts following CBD sample preparation, the origin of such uncertainty lies in the absence of control of pH of the solutions upon the different extractions. The
higher pH in these experiments (compared to CoHex and LIX) complicated the comparison
between extracted cations and LIX values. In addition, the NiEn3 complex appeared to be the least
stable complex, since Ni was not always recovered only in this form, but in some cases presumably rather as NiEn2 and NiEn1. The high pH of NiEn3 solutions (pH ~ 10), the lowest cation
recoveries and the lower extinction coefficient (requiring using lower L/S ratio) makes it the least
suitable probe for colorimetric measurements (especially in the same conditions as the other
methods discussed here). Regarding CuTrien and CuEn2, extraction of cations appears to be more
efficient; those methods should, however, be applied with a control on the pH. The leaching
assays necessary for correction should then be conducted in the same buffered conditions.
Colorimetric measurements of oxidised samples suggest that the reactivity of all the four probes
is relatively similar. Except for CoHex, the reactivity is also very similar with the reduced sample.
This shows that the redox artefact (reduction of the probe by Festr2+) only occurs with CoHex.
Colorimetric measurements should thus in any case be relatively consistent, but the absence of
control on pH may have induced a significant bias in the data. Moreover, the large data uncertainty
on extracted cations renders their interpretation difficult anyway. One can at least infer that
samples were still reduced at the end of step A and that CoHex further reacted with Festr2+ upon
step B. This is indeed indicated by the positive ΔCEC found at step B with the reduced samples
(Fig. G-19), assuming the sole cation desorbed at step B is the probed A (CuTrien, CuEn2 or
NiEn3). Indeed, a portion of the probe sorbed during step A was recovered with CoHex at step B.
For a given probe, the recovered amount was the same in all extracts, regardless of the reduction
level. This indicates two things. The first is that, sorption of the CuTrien CuEn2 and NiEn3 on the
clay surface is reversible, at least to a certain extent. Data allow calculating relatively narrow
ranges of selectivity coefficient for the exchange of CoHex for probe B (following the GainesThomas convention as in Tournassat et al. 2007: 0.04 – 0.07, 0.0005 – 0.0008, and 0.02 – 0.05
respectively for CuTrien CuEn2 and NiEn3. Such values appear to be low, meaning either that the
affinity for those probes is higher than for CoHEx, or that desorption is only partly reversible (i.e.
selectivity coefficient for the exchange of probe B for CoHex would be in fact similarly very low).
Secondly, this suggests that exchange and reduction of CoHex at the surface of reduced PGV
montmorillonite are not necessarily two coupled processes. Exchange of probe B by CoHex and
CoHex reduction seem to occur at different locations. This would mean that the layer charge ia
not located at the same sites as Festr2+.
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The recommended method for analysing the present series of sample is the CoHex method. Festr
reduction impedes direct determination of the CEC through colorimetric measurements, but data
on extracted cations can be conveniently corrected using data from aqueous extracts. This is not
the case for the three other methods. In fact, colorimetric measurements may not be impeded by
the presence of Festr2+ in this case, but precipitation of a part of the extracted cations impedes
correcting data on extracted cation and thus ascertaining whether colorimetric data is valid. Data
from the CoHex and LIX series are the used for present interpretation of CEC data.

G4.4

CEC versus reduction levels

The corrected CECΣcat values determined from CoHex and LIX experiments are presented as a
function of Festr2+ content in Fig. G-21 (the way Festr2+ was re-calculated in the case of PGV is
further described in the next section). The left diagram compares present data of PGV-1 to
analogous data previously collected on a series of reference smectites (from Stucki et al. 1984a
and author's in-house data collection). The right diagram also displays CECcolo collected in the
other series of experiments (CuTrien, CuEn2 and NiEn3) as a comparison.

Fig. G-21: CEC as a function of the content in Festr2+: comparison of present CoHex data on
PGV to data on other references montmorillonites (left) and compilation of data from
the present study on PGV (right).
The lines represent various models (see text).

Data collected in previous campaigns on a series of reference smectites (all of similar "Wyoming"
type) show that their CEC increases as a function of Festr reduction. In contrast, the present CoHex
data on PGV-1 oscillate around a value consistent with the CEC inferred from structural formula
(1.18 mmolc g-1). In fact, these data suggest that the CEC of this clay remains almost unchanged
as a function of Festr reduction level.
The first proposed models (Gast 1977, Roth & Tullock 1973) predicted that CEC would increase
linearly with the reduction of Festr, assuming that the increase of negative charge would be strictly
compensated by an increase of the negative charge (1:1 model on Fig. G-21 left). Early data (Lear
& Stucki 1985, Stucki et al. 1984a) in fact showed that this increase is rather curvilinear and that
another charge compensation process occurs concurrently to CEC increase. This mechanism was
identified as dehydroxylation of the octahedral layer (through the adsorption of a proton and the
release of a water molecule). The original data were collected mainly on nontronites and
beidellite; the only data collected on a montmorillonite (UPM) at that time are displayed on
Fig. G-21 left (Stucki et al. 1984a).
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Data collected on a series of other references on nontronite later revealed that the CEC first
increases, but then decreases if the reduction of Festr reaches a certain level (Hadi et al. 2013).
This decrease can be so strong that the CEC of the reduced clay can become lower than the CEC
of the pristine one. This transformation was identified as being due to an excess dehydroxylation
induced by a profound reorganisation of the dioctahedral layer (migration of cation, preferential
dissolution of Festr, creation of trioctahedral domains and holes). Empirical models could then be
further refined, and one single model was proposed for predicting the CEC increase of any
nontronite in the limited reduction domain where the increase is observed (Hadi et al. 2013). This
model relates the CEC to the content of Festr2+, to other structural parameters such as octahedral
Mgstr content and tetrahedral Alstr content (in fact all the sources of distortions from an ideal zero
charge smectitic structure) and an empirical constant (Kr, 3 g mmolc-1). A more elaborate numerical model was then further developed, allowing to group physical, geometrical and statistical considerations in order to simulate the mineralogical transformation of nontronite structure upon
reduction of Festr (an extended description can be found in Hadi 2012).
The data previously collected on Wyoming montmorillonites, showing a CEC increase as a
function of the content in Festr2+, can be in fact adequately modelled with the above-mentioned
empirical model (Hadi et al. 2013). However, the model cannot be applied to PGV, as data shows
that the CEC of PGV remains rather constant (in the 1.15 – 1.25 mmolc g-1 range). This means
that in this case, dehydroxylation is the sole charge-compensating mechanism induced by reduction of Festr. Interestingly, data collected on Wyoming montmorillonites suggest that their CEC
can increase up to values in the same range as the CEC of PGV. One can assume that, similarly
to what was observed with nontronite (Hadi et al. 2013), a CEC limit exists for montmorillonite.
This limit would be lower for montmorillonite (1.25 mmolc g-1) than it is for nontronites
(1.70°mmolc g-1). Because the CEC of the pristine PGV is already at the limit, further increase is
impossible and Festr reduction can only be compensated by dehydroxylation.
Structural considerations can account for the difference between both types of smectite. Reduction
of Festr induces an increase of the negative layer charge, but also an increase of the distortion of
the TOT structure, mainly localised in the octahedral layer. Dehydroxylation occurs as this
distortion reaches a certain limit, and thus not only acts as a charge compensating mechanism, but
also as a distortion release process. Overall, pristine montmorillonites and nontronites exhibit
similar layer charges (0.95 – 1.25 mmolc g-1). In the case of nontronite, the initial layer charge
(and thus distortion) is mainly located in the tetrahedral layer (substitution of Si4+ by Al3+ and
Fe3+). Nontronites generally also have an octahedral layer charge (substitution of Al3+ or Fe3+ by
Mg2+), which in most cases is much smaller than the tetrahedral charge. Things are reversed in
montmorillonites: the layer charge is mainly located in the octahedral layer and the tetrahedral
charge is generally small. The extent to which the octahedral layer can be distorted prior to induce
dehydroxylation should thus be more limited in montmorillonites. In the case of PGC, this limit
would already be reached in the pristine samples. This would be consistent with the hypothesis
that the layer charge is not located where structural Fe2+ is sitting (see previous section).
Another structural difference which might explain such contrasting behaviour of montmorillonites is the cis-vacant (cv) structure of the octahedral layer (nontronite are trans-vacant, tv). In a
perfect trioctahedral system, all sites are occupied by cations, but two kinds of periodically
organised sites exist: 2/3 of cis-OH sites and 1/3 of trans-OH sites. In a dioctahedral structure,
only 2/3 of the octahedral sites are regularly occupied, and thus two possibilities exist: tv or cv
structures. In a tv structure, all occupied sites are cis-OH sites, while in a cv structure, half of
occupied sites are cis and half are trans. The asymmetric cv cationic framework might withstand
less distortions than the symmetric tv framework.
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Unlike nontronites, profound reorganisation of the octahedral layer is not likely to happen in
montmorillonites. There, octahedral cation migration and/or dissolution have so far never been
reported. Moreover, this is observed in nontronites only once the amount of divalent cation in the
dioctahedral layer has reached a certain limit (40 – 50 % of octahedral cation). In most montmorillonites, the total amount of Fe and Mg represent 35 % at most. It can thus be inferred that
such a limit will never be reached, and that the CEC of any montmorillonite will increase as a
function of Festr up to a limit of ~ 1.20 – 1.25 mmolc g-1 and then remain constant.

G4.5

Calculation of Festr2+ content

In the case of PGV, it is assumed that the CEC remains constant. Since data on the Festr content
collected with Mössbauer were not reliable, the Festr2+ content in the reduced samples was recalculated based on the value of ΔCEC* (using CoHex values, Fig. G-20). Assuming that the CEC of
PGV does not change upon reduction, that clay rehydroxylation is completely reversible upon reoxidation. Further assuming that the reaction between CoHex and Festr2+ is complete, one can
infer the Festr2+ content in the reduced based on the overconsumption of the CoHex. Indeed, both
values should be directly proportional in this case. Since the reduction of one CoHex centre is
interpreted as the consumption of 3 charges, the Festr2+ content should then correspond to 1/3 of
ΔCEC*.
The resulting reduction levels are lower than expected. Indeed, higher reduction level could be
reached with Wyoming montmorillonites, using the same exact procedure and even less strongly
reducing conditions. This may be in fact related to the peculiar structure of PGV and the fact that
it is presumably already at the CEC limit. The redox potential of Festr is directly related to the
distortion of its environment. The more distorted the structure is, the more difficult it is to reduce.
Because the clay structure displays a notable variety of configurations, the redox potential of
smectites Festr spans a large domain (Gorski et al. 2012). This domain is nearly as large for
Wyoming montmorillonites as it is for nontronites. This suggests that this montmorillonite family
is as difficult to reduce as nontronite, despite the much lower content of Festr (6 to 8 times less).
This can be interpreted as a sign of a more distorted environment of the montmorillonite in general. PGV clay might be in fact even more difficult to reduce than Wyoming montmorillonite for
the same reasons.

G4.6

Oedometric pre-tests

This section documents the first oedometric tests performed on reduced clay samples. Since this
approach was never attempted before at Äspö, and because such experiments can last for long
time (weeks to months), a short-term pre-test (two weeks) was planned. Three cells were
available. Only one reduced sample was employed in the pre-test, along with the pristine clay
PGV-1 and one batch of coarse grained MX80 (as a reference sample for comparison with other
tests). As explained in the experimental section G2.5, samples could not be pre-pressed prior to
be placed into the cell. The samples were thus introduced as powders and pressed by hand using
the pistons (further referred to as the "powder approach"). The control on the density a priori was
thus not possible. Since control of the density at the end of the experiment was also a priori not
possible, and since the cells would be occupied for an extended time period (at least several
weeks), the possibility to monitor relative changes (in one given sample) was also envisioned.
Various options for oxidising the sample in-situ were thus envisioned. The goal of the pre-test
was thus to assess the performances of the apparatus inside the glove-box, the feasibility of the
"powder approach", and the feasibility of the in situ oxidation.
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Initial pre-test

At the beginning of this experiment, the cell was firmly closed, and the position of the lid was set
to establish an initial minimal pressure within the cell (equivalent to ~ 20 – 25 % of the calibrated
range). As soon as water circulation was started, and the sample became hydrated, the pressure
increased within the cell because of clay swelling. The pump flow was usually set to the minimum
to minimise mechanical erosion of the sample due to friction with circulating water. Otherwise,
pump flow would be set to the maximum for 30 minutes at each change of conditions in the
solutions to equilibrate the system as quickly as possible. The initially circulated solution was
pure water; addition of CaCl2 was only planned after sufficient equilibration time and prior to
oxidation tests.
During the initial increases, dampened oscillation could be observed for all samples (Fig. G-22
left). This presumably reflects the time when forces (and thus sample position) are homogenised
within the cell (Fig. G-22 right). Samples R2 and MX80 showed a later response than PGV-1
because the solution did not circulate until air bubbles could be removed from the tubes.

Fig. G-22: Ps at the beginning of the pre-test (first half-day) (left), schematic of the initial variation of Ps due to sample re-arrangement (right).
It was initially planned to start the oxidation as soon as the pressure was stable over long periods
(with a variation below 1 MPa/day). Within this waiting time, the effect of varying pump flow
was tested by setting the pump to the maximum flow rate for a short period of time (after ~ 1 day,
Fig. G-23 left). This induced a slight increase of Ps in all samples (most pronounced in MX80).
Such an increase is interpreted as being induced by the difference of ionic strength between the
water in the filter and the sample and the circulating solution. The circulating solution was initially
pure water, but salts were present in each sample and presumably dissolved progressively,
equilibrating with the solution and the clay exchangeable population. The ionic strength was thus
initially much lower in the circulating solution. A decrease of the ionic strength induces an
increase of Ps (the reverse can be observed when 2 M CaCl2 was added after ~ 12 days, Fig. G-23
left). A further test with a high pump flow (after ~ 4 days) had the same effect on MX80
(suggesting that equilibrium was not reached) and no effect on PGV-1 (suggesting equilibrium
was reached) but had the opposite effect on sample R1 (slight decrease of Ps was observed). Such
a decrease can be due either to erosion of the sample, or because sample homogenisation in the
cell was not achieved. Indeed, after 4 days, Ps was stable only for PGV-1, while it was still varying
for R1 and MX80 (respectively -3 and 4 MPa/day, Fig. G-24).

G-37

NAGRA NTB 17-10

Fig. G-23: Ps (left) and temperature and relative humidity upon the whole duration of the pretest (two weeks) (right).
Although equilibrium was not reached for R2 and MX80, the oxidation sequence was initiated on
the 4th day. In a first approach, this was attempted by purging the dead volume over the test solution with ambient air, in order to saturate water with oxygen (8 mg l-1 O2 at 28° C, i.e. 0.25 mM).
Unfortunately, the glovebox underwent a security shutdown a few hours after the initiation of the
test (due to depleted gas supply). This issue could only be solved one week later, on day 11. The
effects of this unexpected event were manifested by a rapid increase of Ps (+3 – 4 % in few hours).
This increase is in fact induced by an important temperature drop (~ -10° C) following the
shutdown of the glovebox (Fig. G-23 right). This event highlights the lack of temperature control
in the initial pre-test.
The glovebox at Äspö is not equipped with a climate control system. The inner temperature thus
partly depends on the surrounding environment (a large ventilated room in the basement of the
shaft building, at ~ 17 – 19° C during that time period) and on the automated systems of the glovebox, which control the gas supply and the purification and also appear to produce a considerable
amount of heat. The purification employs a copper catalyst, i.e. a fine Cu powder on which O2 is
electrochemically trapped (as CuO). Such a reaction is exothermic. Moreover, since the gas is dry
and all present water containers are normally closed, the relative humidity is usually very low.
During working hours, the glovebox temperature was oscillating between ~ 26 and ~ 28° C and
RH was very low. Daily oscillations of the temperature, apparently related to the alternation of
night and day times (and thus outer climatic conditions) were observed, but appeared, however,
rather limited (± 0.2° C) compared to the larger temperature shifts observed at various points of
the experiment, apparently related to other reasons. Some temperature peaks were observed at
day time and accompanied by a small RH peak (e.g. on day 13). Such an event can be attributed
to user operations in the glovebox. Longer temperature shifts might rather be related to varying
performance of the glovebox systems over the course of days, perhaps in response to users'
operation. Indeed, small additions of water to the glovebox environment had an impact on the O2
sensors for several hours, and presumably on the O2 purification system as well (inducing higher
heat production).
Upon glovebox shutdown, the temperature rapidly dropped from 26 to 19° C within a few hours,
and then more slowly to 17° C during the next 7 days. The RH concomitantly increased,
suggesting the presence of a small leak (since there were no sources of water within the chamber).
This increase was rather limited (up to 15 % RH compared to 60°% RH outside), and the O2 levels
reached also only a few thousands of ppm (versus 200 thousand ppm outside) when the glovebox
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was turned on again. Temperature oscillations were more dampened in this period and limited to
day and night alternation. The other temperature changes observed when the glove box was
working might thus be related to the interplay of user and glovebox's operations.

Fig. G-24: Ps upon the beginning (left) and end of the pre-test (right).
The numbers indicate the slope of the tangent (in MPa/day).

The reverse process could be observed when the glove box was turned on again 7 days later, as
the temperature increased back to temperatures >26° C and Ps concomitantly dropped. The
temperature-induced Ps drop appears predictable and reversible. Indeed, the variation of Ps as a
function of T upon the first few hours following each event can be roughly modelled with a linear
function, the slope of which depend on the sample but appears independent of the direction of the
variations (Fig. G-25). In the case of MX80 and PGV-1, Ps dropped back to a value which could
be predicted by the daily trend of the curve before the initiation of oxidation step (Fig. G-24).
However, in the case of R2, Ps dropped to a much lower value, indicating that the swelling pressure
of the reduced samples decreased following the initiation of oxidation step. Because the drop was
small, and equilibrium had not been reached and the temperature was not stable enough yet, it
was decided to apply stronger reduction conditions.

Fig. G-25: Variation of the swelling pressure as a function of the temperature upon the first few
first hours following shutdown and turning on of the glovebox.
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The amount of Festr2+ introduced into the system was roughly 1.6 mmol (~ 8 g of R2 was introduced, with ~ 0.2 mmolc g-1 of Festr2+). In a first approach, a constant supply of water at 0.25 mM
O2 was expected to be sufficient to induce sufficient oxidation over the course of a week. Stronger
oxidants at higher concentrations were then used to accelerate the process. This was achieved first
by successive additions of a 3 % H2O2 solution and then by successive addition of 3 % H2O2 and
6 % NaClO4 solutions. Both compounds are oxidants, but react together when mixed, to yield
"singlet O2" generally considered as more oxidizing than the normal ground state "triplet O2"
(Wayne 1969). Additions were done progressively to reach a maximum concentration of ~ 10 mM
of oxidant. Air circulation was interrupted, but since oxidation reactions produce considerable
amounts of gas, the air outlet was left open to avoid build-up of pressure within the circulation
system.
Prior to these operations, the test solution was of very low ionic strength. The test solution was
initially pure water, and although some salt progressively dissolved from the various samples, the
background electrolyte was still well below 1 mM according to leaching data on PGV samples.
In order to avoid large variations of ionic strength with the addition of oxidant (and thus lower
concomitant ionic strength-induced variations of Ps), it was decided to first increase the concentration with a background electrolyte (0.2 M CaCl2). Air circulation was thus first interrupted
and the circulation system was flushed with N2. During this period the Ps kept on dropping
(Fig. G-24 right), presumably because temperature was still increasing (Fig. G-23 right). The
decrease of Ps was more pronounced in the case of the reduced sample, and this trend continued
throughout the rest of the experiment.
As previously discussed, a rapid drop of Ps was observed following the strong change of ionic
strength operated on day 12. This drop was smaller in the PGV samples (~ -10 – 20 %,) than in
the MX80 sample (almost 50 % drop). These differences can be attributed to the fact that the
reduced sample was already Ca-saturated, while PGV1-1 was initially partly Na-exchanged, and
MX80 displayed even more exchangeable Na. The 10 % drop observed in R2 can be attributed to
an increase in the ionic strength, while the more important drops in PGV-1 and MX80 are also
partly due to exchange of Na for Ca. Data indicate that such changes are fairly rapid, and that
equilibrium is reached after less than half a day (data appear rather stable at 12.5 days Fig. G-24
right).
The second oxidising approach, the addition of H2O2, had almost no effect on PGV-1, while it
induced some variation of Ps of R2 and MX80 samples. In the case of MX80, a small drop was
observed. This is attributed to the fact that MX80 contains small amounts of carbonates which
can be hydrolysed by H2O2. In the case of sample RA, a small but rapid increase was observed,
followed by a decrease. This small variation following H2O2 addition is interpreted as an
unanticipated sudden and strong reaction with Festr2+, which should likely proceed similarly to a
Fenton reaction (Garrido-Ramírez et al. 2010). Such a reaction leads to the rapid production of
gas (likely O2), which may have first accumulated in the sample, inducing an increase of pressure
until the sample was breached and the gas could escape from the sample. Indeed, gas bubbles
started to be observed at this point of the experiment. Reaction of H2O2 with carbonates also
generates gases (CO2), but the more heterogeneous MX80 may provide more pathways for gases
to escape, compared to the pure PGV sample. Besides these variations, it appeared that H2O2
addition did not have much impact on the overall swelling pressure variations in R2 over the
course of several hours.
A third more intense oxidising approach was then attempted but turned out not to be suitable for
such an experiment. From a practical point of view, addition of both oxidants, even at concentrations low enough to avoid boiling, generates gas bubbles which tend to accumulate in the tube.
The addition of these oxidants together had almost no impact on MX80, while it slightly enhanced
the trend of Ps decrease in samples PGV-1 and R2. However, at this point of the experiment, clay
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particles in the tube and in the test solution flask started to be observed. It appeared that this
procedure would lead to a significant erosion of PGV-1 and RA samples. The observed decrease
might thus be mainly related to the erosion of both samples (and thus a decrease of the volume of
the sample, leading to a decrease of the swelling pressure). It was decided to stop the experiment
at this point. The cells were dismantled inside the glovebox.
Since the final redox state of sample RA was unknown, dismantling was done in the glovebox in
order to conserve its redox state. However, this had unanticipated effects, impeding a correct
determination of sample's final density. The samples could be easily withdrawn from the cell.
However, sample PGV-1 was stuck to the filters, and a part of it was lost upon separation). The
environment of the glovebox was so dry, that the extracted clay pellets started to dry quickly and
were visually different after only a few minutes (already bent and cracked after 10 minutes).
Nevertheless, visual observation revealed several interesting aspects. On the one hand, samples
PGV-1 and MX80 exhibited contamination from corrosion products on their edges, with visually
similar alteration of blue and red halo. The contamination was, however, restricted to the edges
(where the sample was not protected by the filter) and likely originated from certain connections
of the water circulation system. On the other hand, the impact of the oxidation could be observed
on sample R1 through a slight change of colour of the sample (from blueish white to greyish
white), as a very thin front progressing from both sides. The impact appeared, however, very
limited, as if the sample was only partially oxidised despite the amount of oxidants added to the
system. Samples were preserved from oxidation, and later embedded in degassed epoxy.

G4.6.2

Conclusion on initial pre-test

This pre-test allows outlining several positive and negative aspects of the envisioned methodological approach.
Although it impeded any a priori control on sample density, the "powder approach" is feasible.
The sample cell can be loaded with powder within the glovebox and a reliable swelling pressure
can be monitored once the sample is saturated. The possible advantages or drawbacks of this
method regarding the use of pre-pelleted samples are, however, still to be determined. If the buildup of swelling pressure is fast (few hours), the present approach, however, appears to require a
certain equilibration time before a steady pressure can be monitored (apparently more than two
weeks). Consequently, any controlled perturbation (such as in situ oxidation as intended in the
present study) should be initiated and monitored only after a sufficiently long equilibration times
of several weeks.
The system appears to respond relatively rapidly (within a few hours) to important changes in
conditions such as ionic strength or temperature. If control of the ionic strength was already
included in the routine protocol of such procedure, the present test in the glovebox of Äspö
laboratory revealed the importance of temperature control on such a sensitive long-term experiment. Since the glovebox has no climate control system and produced considerable heat, the inner
temperature is slightly higher than ambient. The inner temperature also shows greater oscillation
over the course of several days, apparently due to interference of the user with the performance
of the glovebox.
In situ oxidation should better be achieved using air-saturated solutions. Use of stronger oxidants
such as H2O2 or NaClO4 induces the generation of gas bubbles and erosion of the sample,
impeding the correct use of the oedometric cell. Nevertheless, in situ oxidation appears to proceed
homogeneously, progressing as a front within the sample, but seems also relatively slow in such
experimental configuration, as suggested from the visual appearance of the sample after two
weeks of experiments (and almost 10 days of oxidation). At present, it is not possible to determine
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whether partial re-oxidation of sample RA induced any change of Ps, since such an influence
could have been overridden by other factors such as the constant temperature drift. Furthermore,
it cannot be ascertained whether reduction of sample RA induced any changes of the swelling
pressure. At the end of the experiment more care must be taken when extracting the samples,
dismantling should be carried out at sufficient humidity to avoid rapid drying out of the clay and
enabling correct density determination.
Thus, for the following experiments some parameters of the experimental approach were adjusted.
It was decided to use two reduced samples (R3 and R5) and the CB treated samples R0, following
the "powder approach", and using a CaCl2 2 M solution. Oxidation should be achieved using an
air-saturated solution, and only once a steady pressure is reached in each cell. Since such operation
would take a long time, it was decided to wait for sufficient equilibration time within the glove
box (at least one month), then take the entire system out (where temperature should be more
stable, and also in order to free space in the glovebox), wait for further re-equilibration (due to
temperature drop, the glovebox being hotter), and start the oxidation only once a steady pressure
reached again in the three cells.

G4.6.3

Experiment A: R0, R3 and R5

As in the initial pre-test, this experiment was well initiated. Swelling pressures between 2 and
8 MPa, Fig. G-26 left) could be reached within a few hours. However, later unfortunate events
occurred in this experiment.
The first event was a second failure of the glovebox (again automatic shutdown following gas
supply depletion) which occurred a few hours after starting the experiment. Notwithstanding this
mishap, its occurrence allowed determining the temperature dependency of each system over a
certain range of temperature (Fig. G-27).
The second event was a failure of the data login system, which occurred after three weeks, while
the system was still evolving in each cell and thus not equilibrated yet. This issue could only be
solved one month later, and data logging only started again on day 46.

Fig. G-26:

Ps (left) and temperature and relative humidity upon the whole duration of the pretest (right).
Grey zones display some of the night times. (Here is the status at mid July 2017, the experiment is still running).
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The last unfortunate event occurred because of the decision to proceed to the oxidation step after
one month anyway, in the absence of data logging and on clear indication on the status of each
system regarding equilibration. This casts certain doubts on the resulting data. Here a projection
of the missing data has been attempted, simply assuming that the Ps variation was continuing it
trend over the next weeks following the failure of data logging system (i.e. following the same
linear decrease as upon the two previous weeks), and by anticipating the temperature drop
occurring when taking the system out of the glovebox using the slope of the curves displayed in
Fig. G-27. Variations of temperature and RH were also extrapolated based on rather simple
assumptions (Fig. G-26 right). Variations inside the glovebox were inferred to follow an
oscillating trend (a sinusoid with an amplitude of 0.2° C, and a period corresponding to day/night
alternation), and to reach at maximum a temperature of 31° C. The temperature outside is lower
(19° C) and night/day oscillations are more marked (here approximated by a square function),
suggesting that the glovebox in fact dampens the effect of night and day alternation.
Those predictions are rather uncertain (Fig. G-26 left). The error (between predicted and measured
values when data logging restarted) is rather low for the oxidised sample R0 (-1 %), and higher
for the reduced samples R4 and R5 (respectively -5 % and -3 % error). The predicted trend is
fairly similar to the experimental trend for sample R0 (same slope, suggesting a small progressive
decrease). In contrast, the slopes are different for both samples R3 and R5. In the case of the
reduced sample, it seems that Ps is not decreasing anymore, but has been stabilised in the case
R3, or is even increasing in the case of sample R5. Present data thus suggest that reduction of
sample R3 and R5 leads to a decrease of their swelling capacity, and that their progressive reoxidation is leading to a re-increase of such capacity. This contradicts the initial pre-test results,
which rather suggests the reverse. However, extended longer run time and careful determination
of the density at the end of the experiment are necessary to enable a better interpretation of the
results.

Fig. G-27: Variation of the swelling pressure as a function of the temperature upon the first few
first hours following turning on of the glovebox (on day 3, see Fig. G-26).
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General conclusions on the investigation of CEC and swelling of
reduced PGV montmorillonite

The experimental challenges involved in the approach which had to be developed in this work
were significant. The goals included determining physical properties of redox modified montmorillonite (CEC and swelling capacity), but also addressing the technical and practical aspects
of various experimental methodologies involved in such an investigation. Although a series of
unanticipated experimental artefacts occurred, a number of questions could be addressed. The
results highlight several important aspects relative to the behaviour of redox-modified montmorillonites and their characterisation methods.
It must be emphasised that the present investigation was focused on one particular montmorillonite, the commercially available purified PGV-1, which may not represent a good proxy for other
types of montmorillonites (such as the Wyoming type). PGV clay appears more difficult to reduce
than Wyoming montmorillonites as indicated from different reduction tests.
Addition of sodium hexametaphosphate was efficient for suspending the clay, but the subsequent
washing procedure should have involved intermediates steps prior to Ca saturation, so as to lower
P concentration and avoid the precipitation of Ca- and P- bearing salts upon Ca saturation steps.
This precipitation of salts further complicated the interpretation of CEC measurements. It
allowed, however, identifying a previously unsuspected artefact which affects CEC experiments:
the precipitation of extracted cations due to uncontrolled pH conditions. Method inter-comparison
has shown that the CoHex method is by far the most convenient (from practical point of view)
and the most efficient for determining the CEC of the redox modified samples, despite the
presence of partially soluble salts, and despite the redox artefact. The three other methods appear
not to be affected by the redox artefact. However, pH control appears to be necessary for the other
methods. The NiEn3 method is the least reliable given the instability of the probe complex. The
second extraction step revealed that the exchange of such highly sorbing compounds is at least
partially reversible, and that exchange is decoupled from the redox reaction with Festr in the case
of PGV clay.
The CEC of PGV does not seem to be affected by redox modification of the Festr. The correspondding negative increase of layer charge may in fact be mainly compensated by a partial dihydroxylation of the octahedral layer (thus with no net change of layer charge). This behaviour contrasts
with that of other montmorillonites, nontronites, and beidellites, where a CEC increase is
observed up to a certain limit. The CEC of PGV might in fact be already at such a limit, which
appears to be lower for montmorillonites (1.25 mmolc g-1) than previously determined for nontronites (~ 1.70 mmolc g-1). Such a difference may be related to the fact that the asymmetric cv structure of "octahedrally charged 2 montmorillonite is more distorted than the symmetric tv structure
of "tetrahedrally charged" nontronites, and thus less prone to CEC increase. This can also explain
why montmorillonites are more difficult to reduce, and why a very high-charged one such as PGV
would be even harder to reduce.
Since the negative layer charge of PGV appears not to be affected by redox modification of Festr,
and assuming the process is completely reversible, the amount of Festr2+ can be determined from
the overconsumption of the index cation. Better knowledge of the underlying mechanism in other
clays (i.e. where layer charge changes are also involved) should allow to extend this approach for
determining Fe content to any redox modified clay.
Even if reduction of Festr is not necessarily accompanied by changes of layer charge, it affects
other properties of the clay such as its hydroxylation state. Along with other properties, it may
thus affect the pH buffering capacity of the clay (as suggested by the different behaviour of the
pH-sensitive probe depending on the sample), and therefore the way the clay will interact with
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water. Thus, it should affect the swelling pressure as well. The direction and extent of such influence is, however, difficult to predict. The presented first attempts have not been able to evaluate
the effect of Festr reduction on swelling pressure. The experiment is, however, still progressing
and the present study has allowed identifying various important experimental aspects to adopt and
develop for further investigations.
A long experiment time is necessary (more than three months), first for equilibration of the system
and further for the oxidation sequence. It appears that in a configuration where the sample is
confined, processes such as changes of ionic strength, cationic exchange or significant temperature drifts are equilibrated rapidly (within the course of few hours), but oxidation proceeds comparatively slowly (over months). This suggests that diffusion of O2 (and other oxidant) within porewater is retarded in such a medium compared to other species such as Ca2+ and H2O.
Given the diversity of parameters influencing the swelling pressure, a strict control and monitoring of any experimental conditions should be applied (including pH, conductivity, Eh). Ways to
improve the design of the oedometric cell exist. For example, no corrodible part should be present
in the circulation system. The filters should not allow any erosion of the sample. In the pre-test,
this occurred on the edges, where a small gap was present between the filters and the walls of the
cell. The cell should also allow an in situ measurement of sample geometry (in fact knowing its
height, hence the gap between piston and lid, would be sufficient) for more precise determination
of sample's density with regard to the swelling pressure.
All these lessons learned should be applied in the continuation of these studies.

