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FUNMIG (fundamentals processes of radionuclide migration). Le workshop était organisé par le 
CEA et s’est tenu à Saclay du 28 novembre au 1er décembre à l’Institut National des Sciences et 
Techniques Nucléaires. Le projet a démarré le 1er janvier 2005 pour une durée de quatre ans. Le 
projet utilise les « workshops » annuels afin de rassembler les partenaires et d’inviter les groupes 
externes à participer et contribuer. Par conséquent, ce rapport sera suivi de trois autres issues des 
« workshops » annuels qui se tiendront en 2006, 2007 et 2008. Le 2ème workshop sera organisé 
par SKB et se tiendra à Stockholm du 21 au 23 novembre 2006. 
Ces rapports ont plusieurs objectifs. Le principal est de documenter et de rendre disponible les 
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structurée autour du « workshop » et du projet lui-même. Une large partie néanmoins contient 
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AVANT PROPOS 

Ce document constitue le rapport du 1er « workshop » annuel du projet intégré FUNMIG 
(fundamentals processes of radionuclide migration). Le workshop était organisé par le CEA et 
s’est tenu à Saclay du 28 novembre au 1er décembre à l’Institut National des Sciences et 
Techniques Nucléaires. Le projet a démarré le 1er janvier 2005 pour une durée de quatre ans. 
Le projet utilise les « workshops » annuels afin de rassembler les partenaires et d’inviter les 
groupes externes à participer et contribuer. Par conséquent, ce rapport sera suivi de trois 
autres issues des « workshops » annuels qui se tiendront en 2006, 2007 et 2008. Le 2ème 
workshop sera organisé par SKB et se tiendra à Stockholm du 21 au 23 novembre 2006.  

Ces rapports ont plusieurs objectifs. Le principal est de documenter et de rendre disponible les 
avancées du projet pour une large communauté scientifique. Une part importante des rapports 
d’activité du projet est aussi faite par cet intermédiaire. Pour cette raison, la première partie 
est structurée autour du « workshop » et du projet lui-même. Une large partie néanmoins 
contient des contributions scientifiques des partenaires du projet aussi bien que de 
contributeurs externes.  

Des informations complémentaires sont disponibles sur www.funmig.com 
 

FOREWORD 

These are the proceedings of the 1st Annual Workshop Proceedings of the Integrated Project 
FUNMIG (fundamental processes of radionuclide migration). The Annual Workshop was 
hosted by CEA at the Institut des Sciences et Techniques Nucléaires, and held in Saclay, 28 
November – 1 December 2005. The project started January 2005 and has a duration of four 
years. The project makes use of annual workshops bringing the project partners together and 
inviting external groups to participate and contribute. Consequently, the present proceedings 
will be followed by another three proceedings from the forthcoming annual workshops to be 
held the end of 2006, 2007, and 2008. The 2nd Annual Workshop will be hosted by SKB and 
be held in Stockholm, 21-23 November 2006. 

The proceedings serve several purposes. The key purpose is to document and make available 
to a broad scientific community the outcome of this project. A considerable part of the project 
activity reporting is also done through the proceedings. For this reason the first parts of the 
proceedings are structured around the workshop and the project. A large part of the 
proceedings, however, also contain individual scientific contributions by the project partners 
as well as external contributors. 

Information about the project can be found under www.funmig.com 

http://www.funmig.com/
http://www.funmig.com/
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THE PROJECT 

The 6th EC FP Integrated Project FUNdamental processes of radionuclide MIGration 
(FUNMIG) started in January 2005 and will extend over 4 years. The main objective of the 
project is to deepen in the fundamental understanding of radionuclide migration processes in 
the geosphere, its application to the nuclear waste disposal Safety Case and communication of 
the results. The project tackles one of the main challenges for a sustainable European energy 
mix, namely scientific and social credibility of geological HLRW disposal. 

To this aim, the project sets up a consortium of 51 contractors and presently 21 associated 
groups. The consortium includes key European Research Institutes, Universities, National 
Waste Management Agencies and SMEs. The participation and strong financial commitment 
of Waste Management Agencies ensures the proper technology transfer and application 
feedback. Active technology transfer and training is ensured, also by involvement of the 
additional associated groups interested in the subjects under study. 

The project is structured into six Research and Technological Development Components 
(RTDCs) and one Component on Knowledge Management and Dissemination of Knowledge 
(C7). The six RTDCs cover basic processes common to all the disposal concepts under 
consideration in Europe, to the study of host-rock type specific processes and application of 
the results to the disposal Safety Case. 

RTDC1 focuses on the study of well defined processes, such as ionic speciation, ionic 
exchange and surface complexation, organic complexation and solid solution and formation 
of secondary phases. 

RTDC2 focuses on the study of less-well defined processes, such as formation and migration 
of colloids, redox reactions at surfaces and biogeochemical processes. 

RTDC’s 3 to 5 are devoted to specific host-rock types presently under consideration in 
Europe, namely clay host-rock (RTDC3), granitic host-rock (RTDC4) and salt formations 
(RTDC5). 

RTDC6 focuses on integration of scientific results for their application in the disposal Safety 
case.  

Component 7 organizes management and dissemination of knowledge, and both project 
internal and external training. The present proceedings documents the 1st annual workshop 
held in Saclay, France, 29th of November to 1st of December 2005, covering the first project 
year. 
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THE FIRST ANNUAL WORKSHOP 

The 1st annual workshop of the FUNMIG project was held in Saclay, France, 29th of 
November to 1st of December 2005. The workshop was hosted by CEA. 

120 people attended the workshop, representing all the 51 contractors, many of the associated 
groups and project external organizations.  

The workshop was organized in three days of oral presentations around the project, a poster 
session, two invited talks and two topical sessions. 

Objectives 

This Workshop combined various types of activities and meetings with the following 
objectives: 

• Inform about the scientific progress 

• Inform about the administrative status 

• Inform/agree upon forthcoming reporting 

• Discuss various topics of interest (for example, various aspects of Integration,. ) 

• Inform about and discuss training 

• Agree upon continuation 

Emphasis was on scientific-technical topics with administrative issues kept to the minimum 
possible. 

RTDC sessions 

Each RTDC leader presented a summary of the work conducted so far within their respective 
RTDC’s. Individual RTDC meetings were also organized within the annual workshop  

Next to an overview of the achievements within the respective RTDC’s, scientific highlights 
were presented. The following presentations were given within this context: 

RTDC1:  

• Application of TRLFS to carbonate complexation at variable temperature (Thomas 
Vercouter/CEA) 

• Influence of simple organics on the retention of radionuclides on mineral surfaces 
(Nick Evans /University of Loughborough) 

• Incorporation of Actinides in Natural Calcium Carbonates (Susan Stipp/University 
Copenhagen) 
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RTDC2: 

• Actinide complexation behaviour of organic colloids: new insights from 
photodynamics on natural humic substances and their building blocks 
(CEA/UNICYPRUS/UPPC/ FZK-INE, presented by Michael Kumke, UPPC) 

• The interaction of Se(IV), Se(VI), Am(III) and U(IV) with boom clay humic substance 
(SCE·CEN/KULeuven, presented by Christophe Bruggeman, KULeuven) 

• Microbiological effects on radionuclide mobility: from laboratory to field 
investigations (UNIUTRECH/CTH/KU, presented by Thilo Behrends, UNIUTRECH) 

RTDC3 

• Priority elements and an integrated sampling program: essential support for RTDC3 
WPs (Achim Albrecht, ANDRA) 

• Research on synthetic clays at the nano- to micrometer scales (Christophe Tournassat, 
BRGM) 

• An interlaboratory collaboration on the determination of retention parameters (batch 
and column) for a selection of sorbing model radionuclides onto natural clay materials 
(Norbert Maes, SCK·CEN) 

• Results from the DIR and DR diffusion experiments carried out recently in the Mt 
Terry and Bure underground rock laboratories (Sarah Dewonck and Paul Wersin, 
NAGRA) 

• Large-scale laboratory diffusion experiments in clay rocks (Miguel García Gutierrez, 
CIEMAT, presented by J.L. Cormenzana, ENRESA) 

RTDC4 

• Analyses of the mass transfer from bentonite to granite: studies at the FEBEX gallery 
(Paloma Gomez, CIEMAT) 

• Geological and geophysical studies for the granite/bentonite interface characterization 
(Andrés Pérez-Estaún, CSIC-IJA) 

• Bentonite colloid influence on radionuclide migration (Muriel Bouby, FZK-INE) 

• Upscaling of reactive transport in heterogeneous media (Marco Dentz, UPC) 

RTDC5 

• Investigation of uranium in a natural sediment by µ-XRF and µ-XAFS in confocal 
geometry (FZK-INE, presented by Ulrich Nosech, GRS) 
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RTDC6 

• Presentation of the new structure and objectives of RTDC6 (Bernhard Schwyn, 
NAGRA) 

• The Interaction between Science and Performance Assessment (Jürg Schneider, 
NAGRA) 

Within Component 7 (management and dissemination of knowledge) the outcome of the first 
training course was presented. The first training course (“Fundamentals of Radionuclide 
Migration”) was held in Barcelona, November 2005. Other activities within Component 7 
were also communicated. 

Topical sessions 

Two topical sessions were held, covering the following topics: 

• Scientific knowledge base of processes/topics and its implementation in PA from the 
point of view of Waste Management Organizations, organized by Bernhard Schwyn 
(NAGRA), leader of RTDC6 (Integration of processes and abstraction to PA) and 

• Diffusion/retention in compacted clayey materials, organized by Scott Altmann 
(ANDRA), leader of RTDC3 (Radionuclide migration in clay-rich host formations) 

The topical session were organized by Scott Altmann, ANDRA. Each topical session 
consisted on a series of talks given by experts in the field that gave rise to interesting 
discussions in the framework of the project. 

The aim of the topical sessions was to be used for scientific-technical in-depth presentations 
and discussions. For the different processes treated in FUNMIG, the following questions were 
addressed: 

i. Present state of scientific level for the given process. 

ii. Present state of technical implementation of this scientific knowledge into PA. 

iii. If the level of technical implementation in PA is lower that the level of scientific 
knowledge, why is this the case? (for example, tools not yet available, scientific 
knowledge not yet sufficiently well rationalized or further development of technical 
implementation of that process is irrelevant, …). 

iv. How can FUNMIG contribute to improvement in PA with respect to this process, if 
desired? 

The topics selected are at comparably advanced state of development with a sound scientific 
basis in good progress. It therefore serves as a good example for discussion of treatment in 
PA and the expected contribution from scientific progress also in other areas.  
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Invited talks 

Given the relevance of the workshop and the aim of integration inherent to the project, several 
experts on the subjects of interest for FUNMIG that do not take part as contractors were 
invited to give talks in specific topics: 

• “Interpretation and prediction of sorption using Thermodynamic Sorption Models: 
NEA sorption project, Phase II”, presented by Michael Ochs (BMG), member of the 
technical committee of the NEA-sorption Phase II project; 

• “Role of colloids in actinide migration in subsurface environment at radionuclide 
contaminated sites in Russia”, presented by Stepan Kalmykov, from the Lomonosov 
Moscow State University, Associated Group to the project; 

• “PAMINA, Forthcoming IP on Performance Assessment”, presented by Jörg Mönig 
(GRS), coordinator of the Integrated Project on Performance Assessment, and 

• “IAEA as a partner for training”, presented by Bernard Neerdael (IAEA) 

Structure of the proceedings 

The proceedings are divided into two parts with: 

i. Summaries of the progress within the different RTDCs, followed by 

ii. Scientific-technical contributions 

Scientific-technical contributions submitted by Contractors were subject to an external review 
process. Two independent reviewers (Budhi Sagar, SWRI, and Paul Davis, Envirologic Inc.) 
reviewed the manuscripts and sent their comments to the authors for their consideration. 
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RTD Component Overviews 
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RTD COMPONENT 1 

 
Pascal Reiller 

Commissariat à l’Energie Atomique, CE Saclay, DEN/DANS/DPC/SECR 
Laboratoire de Spéciation des Radionucléides et des Molécules 

Bâtiment 391, p.c. 33 
F-91191 Gif-sur-Yvette CEDEX, France 

pascal.reiller@cea.fr 
 

Michael Bradbury 
Paul Scherrer Institut 

Waste Management Laboratory 
CH-5232 Villigen PSI, Switzerland 

mike.bradbury@psi.ch 
 

Introduction 

The main objective of this component is to provide fundamental process knowledge and the 
required data for processes with comparably well established conceptual understanding. The 
overall impact of organic coatings is included. Processes studied are fundamental and 
applicable to all types of host rocks and the proper parameters are derived for the relevant 
migration systems. The outcome is the fundamental understanding and quantification of the 
processes studied. The models are developed at the research model level. Thereafter, the 
advances of the research are briefly summarised. 

Advances within Work Packages 

WP1.1: Ionic species/speciation, processes determining physico-chemical conditions and 
generation of missing thermodynamic data 

CEA has studied the speciation of trace amounts of Cm(III) in carbonate solutions at variable 
temperature by time-resolved laser-induced fluorescence spectroscopy (TRLFS). The 
dissociation of Cm(CO3)

3–
3  into Cm(CO3)

–
2 has been examined at high ionic strength as a 

function of the carbonate concentration between 10 and 70°C. The corresponding equilibrium 
constant was determined at each temperature. The enthalpy and entropy of the reaction were 
found to be low, suggesting a very small effect on the aqueous speciation even at 70°C. These 
data were compared with previous solubility measurements of Am(III) in carbonated 
solutions at various temperatures, for which the interpretation is not ubiquitous; after the 
original experimental data had been corrected for a small effect on the speciation calculations, 
they have been reinterpreted considering the transformation of the solubility-controlling solid, 
and provided new data in agreement with the TRLFS results on Cm(III). A publication of this 
work is available: Vercouter et al. Inorg. Chem. 44, 5833 (2005).  

A second contribution focused on the possible use of electrospray ionisation – mass 
spectrometry (ESI-MS) to study the inorganic speciation of f-block metal ions. The complex 
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formation of trivalent lanthanide ions with sulphate at ambient temperature was therefore 
investigated by both ESI-MS and TRLFS. A set of thermodynamic data was obtained by 
TRLFS for the formation of EuSO4

+ and Eu(SO4)2
– as a function of the ionic strength of the 

solution. The formation of the LaSO4
+ analogous complex could also be quantified by 

ESIMS, but only at low ionic strength, suggesting that ESI-MS can very well be applied to 
study the aqueous formation of labile inorganic complexes of f-block metal ions. A 
publication of this work is available: Vercouter et al., Inorg. Chem. 44, 7570, (2005). 

560 570 580 590 600 610 620 630 640 650 660 670 680 690 700 710 720
λ / nm

Fλ [SO4
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Figure 1. TRLIFS spectra of Eu(III) with -4.1 < lg[SO2–

4 ] < -1.6, in Na2SO4/NaClO4 aqueous 
solutions with I = 0.5 M at -lg[H+] > 3 and 23 °C. 

The work performed so far within WP1.1 for CTH has mainly been focused on the 
complexation of thorium with phosphate. We have determined stability constants for this 
system at pH 8, and verified these complexes and the obtained stability constants also at pH 7 
and 9. Work concerning complexation of americium and curium with silicate has been started 
and suitable extraction systems have been selected. 

In addition, CEA and CTH are evaluating a possible collaboration for speciation studies on 
trivalent lanthanides or actinides with silicate at near-neutral pH. A report is being prepared. 

WP1.2: Ion exchange and surface complexation 

CEA performed an analysis of the bibliography and batch chemical experiments. It appears 
that two distinct apparent mechanisms of lanthanide uptake by clay minerals. At low pH, 
lanthanide sorption on clay minerals is inhibited by increasing the solution ionic strength from 
0.05 to 0.5 M NaCl, suggesting a cation exchange mechanism. At high ionic strength, uptake 
increases with pH over a narrow pH range, from ~ pH 5 to pH 7 for Eu, suggesting possible 
oxide-like sorption behaviour, but also consistent with neoformation of a solid phase. 
Polarized-EXAFS spectra recorded on self-supporting films of Nd-sorbed montmorillonite 
(an aluminium smectite) and hectorite (a magnesium smectite), and Lu-sorbed 
montmorillonite and hectorite displayed only a little angular with respect to the angle a 
between the electric field vector of the X-ray beam and the plane of the self-supporting film 
sample, suggesting that the environment of the lanthanide in the sorption samples is nearly 
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anisotropic. The EXAFS signal from next-neighbouring shells are however slightly different 
from that observed for solvated lanthanides, suggesting the presence of neighbouring cations. 
Quantitative spectral analysis for Nd sorbed on hectorite provided a good fit with two Mg/Si 
cationic shells at s at 3.93 and 4.04 Å. These distances are consistent with Nd simultaneously 
binding oxygens of the octahedral and tetrahedral sheet. However, due to the weak angular 
dependence of the P-EXAFS signal, neo-formation of a solid phase cannot be ruled out.  

The objective of the work from CIEMAT was to interpret and quantify sorption in natural 
clays by means of (quasi) thermodynamic models including both surface complexation and 
ionic exchange mechanisms. Basic studies on homo-ionised smectite and illite clays (Na-Ca) 
with Sr and Pu were carried out in order to construct appropriate sorption models. The final 
aim is to extrapolate the results of the sorption models to natural clay-rock conditions, 
considering the real geochemical environment. The basic idea was to use initially pure illite 
and smectite to derive the main sorption parameters (surface complexation and ionic 
exchange) by means of surface complexation modelling and then validate the models in illite 
and smectite mixtures. The results with the smectite are satisfactory whereas problems 
aroused with the illite. The mineral used initially, presented a noticeable quantity of kaolinite 
and calcite impurities that could bias the interpretation of sorption data. Therefore CIEMAT 
decided to use a “standard” illite (Silver Hill, Montana) and re-started the experimental work 
with this mineral. This produced certain delay on the foreseen work, but it should not affect 
the delivering of the PID1.2.2 Report. 

Concerning CTH, the work on sorption has not yet been started due to the fact that obtaining 
thin sections of mineral for the biofilm sorption experiments (RTDC2) proved difficult. The 
preparation of circa 1 mm thick slices requires special methods. Since CTH prefers to have 
the same material in both experiments, the sorption work on silicates and phosphates with as 
well as without biofilm have been somewhat postponed.  

INE studied the Cm(III) sorption onto different crystal planes (018), (104), (012), (110), (001) 
of sapphire single crystals (area: 1cm²) low Cm(III) concentrations and at pH 4.5 and 5.1 by 
time resolved laser fluorescence spectroscopy (TRLFS), XPS, α-spectrometry and 
autoradiography. A homogeneous Cm(III) distribution on the sapphire surfaces is 
demonstrated by autoradiography for all samples. Sorbed Cm(III) concentrations are in the 
range 2 × 10-12 – 7 × 10-11 mol/cm² or 0.02 – 0.4 atoms/nm². TRLFS and XPS spectra of 
sufficient intensity are obtained for all samples proving the sensitivity of these techniques and 
their applicability at very low Cm(III) concentrations. TRLFS spectra of Cm(III) sorbed onto 
the (001) surface show distinct differences with regard to peak position and fluorescence 
lifetime compared to those obtained for the four other crystal planes. Similar information is 
available from XPS. The extent of Cm(III) sorption differs for the individual crystal planes 
with the highest sorption taking place at the (001) the lowest at the (018) orientation. Similar 
TRLFS spectra for Cm(III) sorbed at the (001) plane and onto colloidal γ-Al2O3 suggest the 
presence of similar surface species. Variations in the TRLFS and XPS spectra for Cm(III) 
sorbed at the (001) plane after high vacuum treatment and after water contact suggest an 
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important influence of surface relaxation processes on the surface properties. Such an effect is 
much less pronounced for the other sapphire crystal planes.  

Otherwise, numerous tests using various modifications of a non-electrostatic model involving 
only one site were carried out in order to determine to what extent such models can describe 
acid-base titrations of quartz. The usual non-electrostatic type models with integer 
stoichiometries turned out to fail completely as expected. This was always the case whether 
sodium association was considered or not and whether site concentration was considered as 
adjustable or not. Non-electrostatic models, which allow for non-integer stoichiometries with 
respect to protons and sodium, were then tested. These tests included up to 6 adjustable 
parameters for quartz (one site concentration, two stability constants and three stoichiometric 
factors). No convergence of the optimisation routine was obtained for this case. 
Consequently, the number of adjustable parameters was systematically reduced and site 
concentration was adjusted manually, leaving in the first step 5 free parameters to be adjusted. 
This had to be pursued until convergence could be obtained. The best fit results did not yield a 
satisfactory fit to the data, suggesting that the fractional stoichiometries are not able to make 
up for the electrostatic factor(s) in the case of acid base titrations. Similar tests for goethite 
yielded the same results. For goethite a two-step protonation was tested. The two-step 
protonation mechanism involved an increased number of adjustable parameters compared to 
the quartz case. However, the increased number of parameters could still not yield a 
satisfactory fit to the experimental data. Consequently, in the non-electrostatic adsorption 
models to be applied to the uranyl-quartz adsorption data and to adsorption data on goethite, 
acid-base reactions of the surface will not be considered. The consequence of this model 
construct is that such a kind of model will not be able to correctly describe the proton or 
hydroxyl transport in a dynamic experiment. This is also true for the common non-
electrostatic models. 

HU-VTT experiments were carried out to both identify the important minerals for adsorption 
and to quantify the adsorption on selected minerals and rocks. Molecular modelling 
techniques were used in order to attain an insight of selected mineral materials on the 
molecular level. The work was focused on layer silicates (e.g. biotite) and network silicates 
(e.g. plagioclase) typical for the bedrock of coastal regions of the Baltic Sea. The methods 
used for evaluation of the mica gneiss and granodiorite were optical microscopy for mineral 
contents of the samples and thin section autoradiography of 63Ni, 134Cs and 152Eu to identify 
the minerals on which the radionuclides were mainly sorbed. For this study rock samples 
were selected from the drill core archives of the Geological Survey of Finland.  

Sections of apparently homogenous granodiorite and mica gneiss were taken for optical 
mineralogical analysis of thin section samples. The main difference between the compositions 
was that the biotite content of mica gneiss was higher and the K-feldspar and plagioclase 
content lower than in the granodiorite. Mica gneiss typically also contains some cordierite. 

For caesium the sorption correlates directly with the mean biotite contents of the rocks. For 
nickel the trend was the same but differences in sorption were larger, and nickel sorption was 
about the same as on the granodiorite thin section with the highest and mica gneiss with low 
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biotite content. For europium the sorption was about the same for both rock types. Americium 
sorbed more on the mica gneiss thin section than on the granodiorite. For americium the 
sorption was high as in the case of europium. Biotite was the mineral chosen for mineral 
phase experiments. 

Molecular level modelling was applied to find out the structures of minerals observed in 
granodiorite and mica gneiss. Altogether eight minerals (biotite, chlorite, cordierite, epidote 
K-feldspar, muscovite, plagioclase and sillimanite) were studied. Basically two different 
phenomena will cause retardation of radionuclides: diffusion into structures of rocks and 
adsorption onto surfaces. Both phenomena actually happen in nano-scale, where it is difficult 
or even impossible to apply direct experimental methods. Furthermore, the latest studies show 
that adsorption and diffusion are strongly coupled in nano-scale. Surface reactions may 
change the sign of the surface charge (mainly negative on the pH-ranges of interest), which 
will make the behaviour anions and cations different. Plagioclase might be interesting for 
nano-scale diffusion while biotite might be important for adsorption reactions.  

KULeuven studied the adsorption of selenite on dilute (5-10 g/L) systems of illite du Puy. 
Illite du Puy was purified before use by removal of carbonates, oxides and organic matter and 
put into the Na-form. Hereafter it was characterised using X-Ray Diffraction (XRD), 
Scanning Electron Microscopy (SEM) and Fourier Transform InfraRed (FTIR) spectroscopy, 
confirming that illite was the predominant (> 95%) crystalline phase present. The 22Na-Cation 
Exchange Capacity (CEC) was determined to be 108 meq/100 mg (pH 7.05, 0.01 N NaCl). 

Macroscopic batch adsorption measurements on dilute systems were used to record both 
sorption edges (pH 3–10, 0.01 N NaCl) at different initial Se(+IV) concentrations (5 × 10-8 M, 
5 × 10-7 M, 5 × 10-6 M), and sorption isotherms with initial Se(+IV) concentrations ranging 
between 5 × 10-4 M – 1 × 10-8 M at pH 4 (0.01 N, 0.05 N and 0.1 N NaCl) and pH 8 (0.01 N 
NaCl). EXAFS was used to obtain qualitative data on Se surface species. These 
measurements are currently being evaluated and interpreted. 

PSI modelled experimental sorption edge and isotherm data for Ni(II), U(VI) and Eu(III) 
using the two site protolysis non electrostatic surface complexation and cation exchange 
(2SPNE SC/CE) model. In order to obtain a first estimate of the potential influence of 
carbonate, scoping calculations were carried out for the sorption of all three metals on illite in 
simulated Opalinus Clay groundwaters compositions in the pH range 6.3 to 7.8. Sorption was 
calculated assuming that ONLY metal cations and positively charged and neutral hydroxy 
complexes sorbed. Little influence was calculated in Ni systems but the effects for Eu(III) and 
especially U(VI) were significant. Experimental conditions for Ni were selected, with the aid 
of modelling, to yield unambiguous results enabling clear conclusions to be drawn concerning 
the influence of carbonate complexation in the pH range 6 to 9. This was an essential and 
important step since the “experimental windows” for such studies are not large. (The same 
methodologies will be applied to the planning of the Eu(III) and U(VI) experiments. 
Eventually and where appropriate, surface complexation constants for carbonate species could 
be deduced.) 
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The experimental data indicate that Ni sorption onto illite is rather insensitive to the presence 
of inorganic carbon at levels up to 20 mmol and pH values below 9 within the experimental 
uncertainties associated with the measurements. Only at very high inorganic carbon 
concentrations (≈ 100 mM) is a significant effect on sorption observable.  
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Figure 2. Sorption of trace 63Ni on Na-illite in the absence (O, ) and presence ( ) of Na-
HCO3. Ionic strength = 0.1 M. 

The objective of SCK-CEN studies was to produce sorption datasets onto Boom Clay host 
rock determined under variable geochemical conditions in order to set up a TSM in 
supporting the selection of radionuclide retention parameters for PA for both non-disturbed 
and disturbed conditions. The planned work was to acquire site specific sorption data sets for 
Am(III) and Th(IV) at varying environmental conditions: pH, pCO2, ionic strength,... 
Interpretation using TSM-GC approach. 

First sorption tests with Am(III) and Th(IV) were performed at high solid liquid ratio 
(~0.4g/ml) it pH = 8.3 and under anaerobic conditions in a 0.4% CO2 atmosphere relevant for 
in situ Boom Clay conditions. Phase separation of these “heavy” slurries by centrifugation 
results in a grey – mainly mineral – fraction with on top a black OM rich phase. The aim of 
these first tests was to investigate the partitioning of Am(III) and Th(IV) between these two 
phases. The sorption behaviour of Am and Th was similar. For both elements values of log Kd 
≈ 3.4 ml/g and log Kd ≈ 2 ml/g were observed respectively after ultrafiltration at 30,000 
MWCO and centrifugation only. Major part of the Am(III) in the solution is present under the 
form of colloids. A linear relationship between the adsorbed amount and TOC was observed 
suggesting that the Am(III) and Th(IV) partitioning is mainly governed by the NOM and that 
part of the NOM, ≈ 1% (remaining in the grey mineral fraction), is inactive for sorption (FTIR 
shows no functional groups). 

A proposal for an interlaboratory collaboration on the determination of retention parameters 
for a selection of sorbing model radionuclides onto natural clay materials is discussed CEA 
and PSI. The aim is to provide a high quality data set of sorption and migration data for a 
selection of sorbing radionuclides for the different considered clay formations. Special 
emphasis will be given to: 
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• The compatibility between batch measured sorption data and data obtained from 
column experiments (upscaling from dispersed to confined systems). 

• Mechanistic description of the sorption data: ion-exchange, SCM,...  

• Transferability of the data.  

Based on a list of elements given in document M3.4.1 and based upon discussions with 
representatives of PSI and CEA following radionuclides are selected: Cs+, Sr2+, Am(III) or 
Eu(III). Following clay rock formations are considered: Callovo-Oxfordian, Opalinus Clay, 
Boda Clay, Ruprechtov Clay and Boom Clay. 

UPC study the interaction of Th(IV) with iron oxi-hydroxides and oxides: magnetite and 
ferrihydrite. Thorium (IV) can be used as an analogue for other tetravalent actinides in respect 
of the ionic radius and the ionic charge, such as U(IV), Np(IV) and Pu(IV). Magnetite was 
characterised in XPS. Sorption kinetics of Th(IV) on magnetite is relatively fast and 
dependent of pH and Th(IV) concentration. Surface precipitation is probably occurring under 
the experimental conditions employed in this work.  

WP1.3: Influence of organics on the retention of radionuclides by minerals  

FZR will only begin their experiments in the second 18 month period. 

INE obtained results based on UV/VIS, µFTIR and Scanning Transmission X-Ray 
Microscopy (STXM) that demonstrates an increase of polymerisation of humic acids with 
temperature in presence and absence of smectite. Furthermore, the variation of exchangeable 
cation composition changed the degree of polymerisation in the order Fe3+>>Ca2+>Na+ and 
smaller clay size fractions (<0.1µm) showed the highest aromatic content indicating a surface 
area catalysed polymerisation reaction. However, the results also indicate that the smectite 
associated synthetic OM polymers still have considerable higher oxygen containing functional 
group content in comparison to the clay mineral associated OM found in Opalinus Clay and 
Callovo-Oxfordian argillite. 
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Figure 3. C(1s) XANES Comparison of GG Polymerization and COx 

NIREX examined whether the reduction in radionuclide sorption in the presence of various 
organic complexants observed in a large number of NIREX commissioned experiments were 
significant statistically. This study was a pre-cursor to reconsideration as to how the impact of 
complexants might be treated more appropriately in future PA. In many cases there is 
evidence of a marked reduction in sorption which is chemically important but because of the 
small sample sizes of the data sets the effects cannot be shown to be statistically significant. It 
would be necessary to undertake sorption experiments in at least quadruplicate with 
commensurate analytical costs. Therefore a purely statistical approach is not particularly 
helpful. The data do show instances where sorption apparently increases in the presence of 
organic complexants. 

All of the complexants considered show some examples of enhanced radionuclide sorption 
which was more likely to occur at pH ≈ 7-8 than at pH ≈ 11-12. This is similar to effects seen 
in the presence of humic acid where increased sorption before sorption edges has been 
reported for a wide range of metals and substrates. A similar effect may be present in some of 
the systems described here. Plutonium is notable in apparently not showing this sorption 
enhancement at lower pH and this may be attributable to the generally high Rd’s found for 
plutonium in the absence of complexants indicating a strong sorption affinity between 
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plutonium and geological substrates. It would appear to be fruitful to consider radionuclide – 
complexant – rock substrate configurations as ternary systems taking account of the 
possibility of organic complexant sorption. 

No clear explanation could be found why Iso Saccharinic Acid and ACDP did not yield 
consistent effects on radionuclide sorption. There was however a tendency for Rds in the 
presence of ACDP to be larger than those in the presence of ISA (ACDP>ISA) at pH ≈ 10-11 
and 15 the reverse to occur at pH ≈ 7-8 (ISA>ACDP). This means that choosing results from 
ACDP would be conservative for geosphere-relevant conditions (pH ≈ 7-8) and for this reason 
and the lack of an obvious reason for the discrepancies it is recommended that future 
experiments should be undertaken using ACDP rather than ISA. 

UNILOUGH performed work to increase understanding of the sorption behaviour of selected 
radionuclides with minerals in the absence and presence of competing complexing ligands in 
binary (metal-solid and ligand-solid), and ternary (metal-solid-ligand) systems using a 
standard batch adsorption technique. Four metal radionuclides have been used; 137Cs, 63Ni, 
152Eu and 109Cd, to facilitate holistic modelling approaches. Montmorillonite, kaolinite and 
goethite (α-FeOOH) have so far been used as solids; EDTA and humic acids (HA), for 
organics. Mineral surfaces of montmorillonite, kaolinite and goethite do not seem to interact 
singly with EDTA. The results provide Kd values low enough that ligand solid interaction can 
be assumed to be zero for modelling purposes and thus future work to predict aquatic 
speciation of metal EDTA complexes with mineral surfaces and on the natural ligand 
competition phenomena between metal EDTA complexes and other metal ligand complexes 
for sorption sites should concentrate on the role of the metal interaction with the mineral 
surface as the main mechanism for investigation. 

When HA is added to a surface, the HA contributes to the existing negative charge of the 
clays and adds negative charge to the goethite solid surface. Thus, it would be expected that 
addition of HA in the presence of metal would increase metal sorption. This phenomenon has 
been observed in this study. There is a significant increase in percentage sorption for the same 
level of trace metal added to each of the ternary systems compared to the appropriate binary 
systems. From data provided by the investigations it is clear that the metal distribution is 
correlated with the distribution of the humic, i.e. lower metal sorption onto the solid when 
higher humic concentration is in solution. This is attributed to simple mass action and 
diffusion laws whereby in a steady state system the metal distribution follows distribution of 
the bulk solutes. It is also clear that this relationship is somewhat different for each metal 
studied due to the different affinity of each metal and its speciation with the bulk solution, 
humic substances and the different solid surfaces. 

The extent of correlation between the metal and humic in solution is considerable for 
europium and nickel shown with slopes for their log plots of metal in solution versus humic in 
solution being close to unity. For cadmium and caesium the distributions can not be correlated 
as would be expected of these metals and thus must be more influenced by electrostatics 
interactions of the relative surface and metal charges. 
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UNIMANCH studied a ternary system of humic acid, quartz-sand and europium (III) ions. 
Binding in individual binary systems with time has been studied, e.g. metal ion with sand etc. 
After this, the behaviour of the full ternary system, where all three components are present 
has been studied. A mathematical model for this ternary system has been developed that is 
able to describe both the binary and ternary systems. The interaction of the humic with the 
sand is complex, requiring two parallel kinetic components, both of small capacity. The 
interaction between metal ion and humic is described using two components, exchangeable 
and non-exchangeable. The interaction of metal ion with the surface is relatively simple, and 
could be described with a single equilibrium constant. The ternary system could be modelled 
only with ternary complexes. The same parameters that described the interaction between 
metal ion and humic in solution could also be used to describe the interaction with humic 
sorbed on the surface. 

In addition, the uptake of metal ions by various oxide surfaces has been studied. The uptake 
of Cd2+, Cu2+ and Ag+ by silica and hematite phases, bulk and colloidal (15 - 100 nm 
diameter), has been measured. A Poisson-Boltzmann model of sorption has been used to 
explain the results. Finally, the sorption of uranyl (UO2

2+) and neptunyl (NpO2
+) ions (with 

and without carbonate) has been studied, and modelled with a conventional surface 
complexation approach (Diffuse Double Layer). 

WU has developed a conceptual method to determine the effective reactive surface area of 
natural porous media under imposed well-known conditions. It is proposed to use the 
phosphate as probe ion in an extraction solution dominated by a 0.5 M NaHCO3 solution. 
Phosphate is chosen since it is omnipresent in natural systems as dominant anion. NaHCO3 is 
chosen since it may have a triple action in the sense that i) it makes the phosphate-carbonate 
competition dominant in the system, i) the pH becomes well buffered and iii) the solubilities 
of interfering Ca2+ and Mg2+ ions are suppressed. The potentials and limitations of this 
method have been analysed with the CD MUSIC model for a set of PO4 extraction data 
obtained by Barrow and Shaw for soil-bicarbonate systems with a variable solid-solution 
ratio. Analysis shows that a consistent surface area can only be obtained after adaptation of 
the parameters.  

The difference in behaviour between model and natural hydroxides systems might be due to a 
difference in point of zero charge or may results from the competitive binding of for instance 
humic acids. The effect of natural organic matter on the results will be studied as soon as the 
mineral/organic matter interaction model has been sufficiently developed. A new theoretical 
approach for the equilibrium condition for the phase distribution of variable charge nano-
particles has already been formulated. 

WP1.4: Formation of solid solutions and secondary phases, including retardation of anions  

CEA proposed a common starting point for handling so-called solid solutions, co-
precipitation processes or mixtures. The starting point is thermodynamics of ideal solid 
solutions non-ideality. Several features of solid solutions were discussed, as typically the 
chemical meaning of the choice for stoichiometric coefficients, dramatic decrease of aqueous 
solubility when coprecipitation of elements at trace concentrations, but little influence on 
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aqueous solubilities, when the components of the mixture are at macro concentrations. The 
stoichiometry of ideal solid mixtures is deduced from the composition of the equilibrated 
aqueous solution. Stoichiometric coefficients inside the mixture also appeared to be the 
saturation indexes of the pure components, i.e. end-members. No new thermodynamic 
parameters are needed: the solubility products of the pure components – or equivalently their 
Gibb's energy of formation – are sufficient, and make the equations consistent with standard 
state. The dissolution reaction of a three component mixture was handled as a two 
advancement variable reaction; one of these reactions is ionic exchange inside the solid 
solution. In that respect any ionic exchange equilibrium – in solid, surface or liquid phases – 
can be interpreted as deriving from the dissolution reaction of the ion exchanger matrix; this 
gives a theoretical link to standard state for sorption, at least when described as ionic 
exchange. 

INE completed a first set of Np(V) coprecipitation experiments with a mixed flow reactor. 
Results indicate that neptunyl partitioning is much higher than uranyl partitioning. This was 
not expected. First EXAFS measurements were done in order to work out the local structure 
of Np(V) in Calcite. As a preliminary result an unusual Np-O equatorial distance was 
observed. The EXAFS measurements will be repeated as soon as possible. Pu coprecipitation 
experiments with calcite using a mixed flow reactor are being prepared at the moment. 

FZR have synthesized the uranium phases Boltwoodite and Compreignacite. In addition the 
phases have been spectroscopically characterized by TRLFS and FT-IR spectroscopy. The 
above listed spectroscopic information of uranium reference compounds can be used as 
"fingerprints" to better understand the coordination environment of adsorbed uranium species 
on mineral and rock surfaces. 

 
Figure 4. TRLFS spectrum of Boltwoodite – HKUO2SiO4. 1,5 H2O (left) and Compreignacite 
K2[(UO2)3O2(OH)3]2·7 H20 (right) 

The aim for the first phase of the study of KU was to: i) estimate an upper limit for actinide 
solid solution in natural calcite by using total rare Earth element (REE) concentration as a 
proxy; ii) compare these data with laboratory results for uptake of Eu3+ as a representative for 
REEs, to provide an estimate for use in PA modelling. 
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Sixty samples, collected from a diversity of geological settings, ages and geographical 
locations, were analysed. Total REE for the natural samples varied over several orders of 
magnitude. The highest concentration, 6.5 mmoles/kg of calcite was found in a carbonatite, an 
igneous rock rich in carbonate minerals, where hydrothermal solutions contribute to 
composition changes. The maximum concentration of Eu3+ that was taken up by solid solution 
in synthetic calcite was about 6 mmoles/kg. The maximum REE found in natural calcite and 
the amount that could be precipitated in synthetic samples were remarkably similar, offering 
confidence that 6 mmoles/kg is a reasonable estimate of total REE that can be accommodated 
in the calcite structure. There is probably an uncertainty of an order of magnitude in the 
estimate. For predicting expected actinide retention by calcite as a secondary phase in 
fractures of degrading radioactive waste repositories, this number could be used as an upper-
limit estimate for elements that behave as the trivalent REEs. Of course this should be tested 
by experiment with actinides, but in the meantime, while there are no data, the estimated 
value could serve for use in PA. 

The student responsible for this project went on a happy maternity leave, which in Denmark is 
a year. In an academic system, one cannot simply give a project over to another co-worker, so 
it sat on hold until recently. The student has now taken a job and will not return, so the project 
will be completed by others in the research group. 

The original plans were to use Laser Fluorescence Spectroscopy, in collaboration with INE-
FZK, to determine Eu2+/Eu3+ ratios in the natural calcites, which is why we focussed the 
synthesis experiments on uptake of Eu3+. However, it turned out that natural Eu 
concentrations in calcite are at, or below, the detection limits of TRLFS, so we had to 
abandon the ‘integrated’ part of the project. Since the results are needed and we had the 
facilities to get them, we continued with the rest of the work. 

A manuscript of the REE sub-project will be finished and submitted to Radiochimica Acta. 

SUBATECH studied selenium (-II) and (-IV) sorption on pyrite and illite respectively. 
Methods to prepare/characterize Se(-II) and pyrite were developed. Selenide was synthesized 
by an electrochemical reduction method and identified by a polarographic technique. In a 
universal electrochemical cell, selenite was reduced to selenide in 1 M NH4Cl solution (pH = 
8.0) by a mercury pool electrode at -1650 mV with a saturated calomel electrode as reference. 
A platinum rod electrode served as the anode and was protected by a salt-bridge filled with 
saturated NaCl solution. The speciation was performed by anodic differential-pulse 
polarographic analyses. Pyrite was formed at 25°C with two starting materials: ferric chloride 
and sodium hydrosulfide. The reaction solution was aged for two days in a glove box under 
nitrogen before pyrite formation. Then a solvent extraction was carried out in order to remove 
element sulfur from the reaction product. The synthesized pyrite was characterized by 
scanning electron microscope (SEM) and X-ray diffraction (XRD). Based on the results, the 
method should be improved. 

For Se(IV)/illite, a common project has been defined between KULeuven and SUBATECH. 
SUBATECH work focussed in 2005 on the characterization of illite and the compacted 
medium from which sorption experiments will be performed (porosity, water speciation). The 
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most important result is that specific surfaces (basal, edge and interlayer) are not affected as 
the pH varies from 3 to 10. 

Conclusion 

This part of the project is progressing very well, and it is noteworthy that new collaborations 
were identified after the beginning of the project: CEA/CTH in WP1.1, 
KULeuven/SUBATECH between WP1.2 and WP1.4, INE/CEA between WP1.3 and WP2.2.  

A first RTDC meeting was hosted by CEA on June 3rd 2005 in Saclay (France). A second one 
will be hosted by CTH on May 2006 in Gothenburg (Sweden). 
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P.O. Box 3640, 76021 Karlsruhe, Germany 
 

Less established or “ill defined” processes are discussed in performance assessment, but not 
commonly modelled in PA’s. The focus of RTD Component 2 is on the effect of 
inorganic/organic colloids, mineral redox processes and all aspects of microbiologically 
mediated processes in radionuclide migration. Progress of scientific process understanding on 
these topics depends inter alia on further development of analytical methods. The overall 
objective of RTD Component 2 is to improve our knowledge on radionuclide retention 
processes which are currently not well understood and which are not fully considered for 
predictive analysis of the far field of geological repositories. RTD Component 2 has been 
structured in 4 work packages and results obtained in the first projects year of IP FUNMIG 
are summarized briefly in the following paragraphs.  

Further details can be found in 10 Scientific & Technical contributions of the partners 
involved in RTD Component 2. 

Advances within Work Packages 

WP2.1: Formation, migration and transport processes of inorganic colloids 

In WP 2.1 the formation, migration and transport processes of inorganic colloids are 
investigated under near-natural conditions. Objective is a detailed process understanding and 
the determination of the fundamental thermodynamic parameters for the quantification of 
mineral surface interaction mechanisms and actinide sorption/desorption kinetics of inorganic 
colloids in relevant far-field systems.  

Partner TUM-RCM in collaboration with FZK-INE investigates the generation of stable 
hydroxyl-aluminosilicate (HAS) colloids, a precursor phase of clay minerals, through co-
nucleation of Si and Al. The formation of stable pseudo-colloids of trivalent actinides 
(An(III)) with a HAS core, has been demonstrated by radiometric as well as laser-
spectroscopic methods. The impact of humic substances on the generation of HAS colloids 
and the interaction with trivalent actinides has been estimated. Main results in the first year 
are (a) the stability of HAS colloids is directly correlated with the highest hydrolysis of Al 
and Si (high pH, high concentration), (b) most stable An(III)-HAS interaction is found for 
conditions favouring its co-nucleation with Si and Al (maximum hydrolysis of An(III)) and 
(c) humic acid can enhance the stability region of HAS- An(III) pseudo-colloids, if An(III) is 
present as a hydrolyzed ionic species.  

Further investigations of FZK-INE focused on the stability of bentonite backfill derived 
colloids in granite groundwater from the Grimsel Test Site (GTS) in Switzerland as a function 
of the ionic strength by addition of monovalent (NaCl) and divalent (CaCl2) cations and pH. 
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Photon correlation spectroscopy (PCS) measurements of bentonite colloids (Febex) 
demonstrated stability in granite groundwater of the GTS. The experimental results are 
discussed with the total interaction force calculation according to the Derjaguin 
approximation, which sums up DLVO and non-DLVO forces (hydration forces) of edge-edge, 
edge-face and face-face association modes. The change in the pH-dependent edge charge of 
bentonite colloids were experimentally determined and taken into account. The calculation 
helps to explain the colloid stabilisation dependence on ionic strength and pH. Further 
calculation, without considering the superposition postulation in the DLVO theory, concludes 
that colloidal stability is dependent on the average colloid size and that classical DLVO 
theory underestimates the stability of nano-sized colloids (<100 nm). 

WP2.2. Formation, migration and transport processes of organic/humic colloids 

In WP 2.2 the formation, migration and transport processes of organic/humic colloids are 
investigated. The main objective of this work is to provide process understanding and a 
fundamental thermodynamic basis for the interaction of humic colloids with radionuclides. 
This includes understanding of the complexation kinetic behaviour. The work described here 
is aimed at obtaining a thermodynamically sound description of the metal ion humic matter 
interaction process and an evaluation of the interactions between organic colloids and 
radionuclides. 

UPPC investigated by steady-state and time-resolved luminescence measurements Eu(III), 
humic substances (HS) and HS building blocks (e.g., salicylic acid and 3-hydroxy benzoic 
acid). First results by time-resolved fluorescence anisotropy measurements with HS in 
absence and presence of Eu(III) have been performed. The intrinsic HS fluorescence 
anisotropy was changed upon Eu(III) complexation and as a function of temperature. These 
first results are promising and the application of the technique is further pursued in order to 
connect the observed changes in HS fluorescence anisotropy to the actual size of the HS 
molecules. Furthermore, the sensitisation of Eu(III) luminescence as well as the quenching of 
the intrinsic fluorescence by Eu(III) has been investigated. It was found that sensitisation and 
quenching yield different information. Contrary HS building blocks, the intrinsic HS 
fluorescence is quenched by Eu(III). This points toward the contribution of conformational 
changes in HS induced upon complexation of metal ions. The position of the 5D0-7F0 
transition has been determined for Eu(III) complexes with different model ligands and with 
Gorleben fulvic acid (GoHy573 FA). From the results it is attractive to conclude that the 
major binding groups in HS are of a carboxylic type.  

First experiments were performed by FZK-INE on the reduction sequence of Plutonium 
starting with Pu(VI) in presence of NOM building blocks (hydroquinone) as reducing 
compound for pH 1 to 7. The Pu(VI) reduction rate was observed in the time scale of seconds, 
where two PuO2

2+ molecules are reduced by one hydroquinone molecule at pH 3. In the next 
reducing step, the reduction of Pu(V) is dependent on the adjusted pH value. At pH < 3 
Pu(III) is the prevailing oxidation state, whereas at pH >3 the colloidal Pu(IV) dominates. 
Generally, the rate of this reduction step is much slower than the Pu(VI) reduction and 
proceeds in the time scale of days. Similar observations were made in experiments for the 
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reaction of Pu(VI) in a solution with Gorleben fulvic acid (GoHy-573-FA), with Pu(III) as 
final prevailing oxidation state at pH < 3 and predominant Pu(IV) at pH > 5.  

Partner SAS-IIC focuses on the development of relativistic quantum-chemical methods for 
theoretical prediction and interpretation of paramagnetic NMR (PNMR) and EPR spectra, the 
application of these developed methods for studying actinide/lanthanide complexes in 
solution and, by comparison of theoretical and available experimental results, to access 
information about structure of the complexes. Theoretical calculations of PNMR spectra are 
only in their infancy and serious efforts are required to develop quantum chemical methods up 
to adequate level. During the first year, SAS-IIC implemented a method for quantum-
chemical calculations of NMR spectra in the quantum-chemical code ReSpect, tested it for 
transition metal complexes and is currently doing benchmark calculations on lanthanide 
compounds. Two different approaches for calculation of zero field splitting (ZFS) parameters, 
which are of the key interest for PNMR and EPR studies were implemented. In parallel, a 
more advanced approach of spin-orbit relativistic effect variation was developed to treat more 
adequate heavy elements as actinides and lanthanides. The experimental work focused on 
PNMR study of lanthanide complexes with 5-sulfosalicylic acid serving as building block for 
humic substances in the natural environment. 

The partner CEA focuses on the sorption-induced fractionation of Natural Organic Matter 
(NOM), i.e. humic and fulvic acids, to mineral surfaces (pure oxides and clay minerals) and 
metal complexation. Significant deviations can be found in the literature comparing results 
obtained using simple linear additive model (LAM), which essentially describes the system as 
a physical mixture of independent sorbent phases, with direct measurement in the ternary 
system metals-NOM-mineral surfaces. First results on the NOM (Gorleben, Suwannee Humic 
and Fulvic Acids and Aldrich HA) fractionation by α-Al2O3 using spectroscopic techniques 
(UV/VIS, IR, ESI-MS, C-NEXAFS) and spectro-microcopic techniques (STXM) show 
organic functionality changes via sorption and interpretation of these results are underway.  

Partner UNICYPRUS focused in the first year on solubility and stability studies of U(VI) 
solid phases in aquatic solutions in absence of humic acids under defined experimental 
conditions (pCO2  = {0.03%, 1%, 100%}, I = 0.1 NaClO4, pH = 5-7). Experimental results 
obtained by various techniques (TGA, ATR-FTIR, XRD and solubility measurements) show, 
that the stable and solubility-limiting phase under 0.03% CO2 is UO3

.2H2O (metashoepite), 
whereas under 100% CO2 the dominating solid phase in the system is UO2CO3. Under 1% 
CO2 UO3

.2H2O predominates (at least during the experimental time period), however this is in 
contrast with literature data indicating UO2CO3 as stable solid phase.  

NRIRR used a composite material (SiO2-HA) formed by chemically immobilizing humic acid 
on silica gel to model the interaction of Th(IV) with humic-coated minerals which are likely 
to function as interceptors of tetravalent actinide species (Pu, Np, U) in the vicinity of nuclear 
waste repositories. Likely values of Th(IV)-humate conditional stability constants have been 
obtained by acquiring, at pHs 4, 5 and 6, for SiO2-HA non-linear regression binding isotherms 
of Th4+ in 0.1 mol l-1 NaClO4 solutions. The results have been interpreted in terms of 
complexes of 1:1 stoichiometry. A second study of NRIRR focused on the understanding of 
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the radionuclides interactions with HA on a microscopic scale by using HA immobilized on 
silicon wafers. A trifunctional silane reagent 3-aminopropyltrimethoxysilane (APTES) was 
used to modify the surface of silicon wafers, which appeared to be able to strongly attach 
soluble HA to solid support. The wafers were characterised by atomic force microscopy 
(AFM), ATR-FTIR, time-of-flight secondary ion mass spectrometer (TOF-SIMS) and Am-Nd 
binding isotherm. Humic acid immobilised on Si-wafers were proved to be able to bind 
trivalent lanthanides and actinides. 

NRI-REZ focused their work on the separation and characterisation of OM matter present at 
the Ruprechtov site natural analogue (methology testing) and started the characterization of 
extracts. Further investigations at the Ruprechtov site focussed on the behaviour and 
migration properties of natural radioelements in geological time scales. Two alternative 
mechanisms of U(VI) reduction were traced - microbial influence on redox conditions and 
inorganic processes and further studies will focus on the role of OM in the fate of uranium.  

SCK·CEN and KULeuven focussed their work on the radionuclide retention in the Boom 
Clay system. The objective is to produce sorption datasets onto Boom Clay host rock 
determined under variable geochemical conditions. Within RTDC-2 the main focus is on the 
identification and possibly quantification of the role of mobile and immobile NOM in the 
sorption (retention) of Am and Th.  

First sorption tests by SCK·CEN with Am and Th were performed at high solid liquid ratio 
(~0.4g/ml) at pH = 8.3 and under anaerobic conditions in a 0.4% CO2 atmosphere relevant for 
in-situ Boom Clay conditions. Phase separation by centrifugation results in a grey -mainly 
mineral- fraction with a “Black OM” rich phase on top. The "Black OM" layer (TOC increase 
from 1.9% to 3.2%) is smectite-rich, while the "grey mineral" part has a typical Boom Clay 
mineral composition with depletion in OM (TOC decrease from 1.9% to 1.2%). The 
remaining 1.2% TOC in the mineral fraction showed no HA typical bands by FTIR. Am and 
Th showed both values of log Kd ≈ 3.4 ml/g and log Kd ≈ 2 ml/g after ultrafiltration at 30 kDa 
MWCO and centrifugation, respectively. Major part of the Am in the solution is present in 
colloidal form. A linear relationship between the adsorbed Am and Th amount and TOC was 
observed suggesting a mainly NOM governed sorption. Linear extrapolation yielded that ~1% 
(remaining in the grey mineral fraction), is inactive for sorption.  

KULeuven investigated the interaction mechanism of Se(IV) and Se(VI) with dissolved 
Boom Clay HS and/or Gorleben HS as it possible influences Se migration scenarios. Batch-
type experiments with 75SeO4

2- and Boom Clay HS or Gorleben HS in synthetic clay pore 
water electrolyte showed no interaction between Se(VI) and HS during the three months 
observation period. Conducting the same type of experiments with 75SeO3

2- showed a 
decrease in total dissolved Se after centrifugation of ≈ 95% and a final Se solution 
concentration of 4.4 × 10-8 M (Boom Clay HS) and 1.3 × 10-7 M (Gorleben HS) after six 
months reaction time. The supernatant solutions were analysed by a combination of Ion 
Chromatography, Gel Permeation Chromatography and ultrafiltration to determine the 
selenium solution speciation. Analysis revealed after one month a Se association with HS in 
both systems. The SeO3

2- concentration decreased steadily to a final concentration of 1.9 × 
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10-8 M (Boom Clay HS) and 1.5 × 10-8 M (Gorleben HS). For the detailed process 
understanding spectroscopic measurements on both the Se species present in the pellet and Se 
associated with the humic substance fraction in solution are planned. 

WP2.3. Radionuclide redox transformation on minerals 

In WP 2.3 the impact of electron transfer processes at inorganic mineral surfaces on the 
retention of radionuclides is analyzed. The main systems investigated are Fe(II)-bearing 
minerals commonly found in granitic and in clay environments using advanced redox 
sensitive surfaces spectroscopy and microscopy. 

Partner KU investigates the structure, composition, thermodynamic properties and reactivity 
of green rust. Laboratory investigations showed evidence for monovalent cations in the green 
rust structure and two series (K-green rust SO4 and Na-green rust SO4) have been 
characterised and thermodynamic studies are underway. KU found furthermore evidence for 
green rust in natural groundwater (Äspö). For method development investigations on the 
green rust oxidation using the reduction of Cr(VI) to Cr(III) were performed and similar 
investigations in collaboration with FZK-INE on the reactivity of Np(V) on green rust are 
started.  

FZK-INE performed sorption experiments with Pu, Am, and Np on well defined mineral 
samples from granite and fracture filling material, obtained from Äspö Hard Rock Laboratory. 
XPS and α-autoradiography were used to quantify local sorption properties of the rock 
samples. It is shown that Np is retained in both materials by reduction to Np(IV) on Fe(II) 
containing minerals. Pu retention takes place on a multitude of minerals, whereas sorption of 
U is strongly correlated with the occurrence of Fe oxide phases. The sorption coefficient 
found for Pu is significantly higher compared to those of Np or U.  

KTH studies the kinetics of the reduction of uranyl by Fe(II) on the surface of minerals under 
conditions similar to the Äspö groundwater (anoxic, neutral pH, sodium chloride and 
bicarbonate type). Ferrous iron containing minerals, which appear in granite, are compared 
with similar Fe(II)-free minerals (comparison of biotite with phlogopite, pyrite with galena, 
and magnetite with hematite). In the first year KTH has set-up the laboratory program for 
batch-type adsorption isotherms and thin-film flow-through reactor experiments, therewith 
investigating the rate of U immobilization and mobilization at the mineral surfaces. In the 
later, boundary conditions (pH, oxygen- and carbonate content) can be varied in order to 
determine their influence on the reductive adsorption. 

WP2.4. Impact of biogeochemical processes 

In WP 2.4 the role and extent of microbiological mediated processes affecting radionuclide 
migration in the far-field of a repository will be investigated. The focus is on the identification 
of radionuclide interaction with detached micro-organisms, retention through interaction with 
biofilm material, including microbiologically mediated reduction, and change in the 
geochemical environment generated by microbial metabolism, including the generation and 
influence of various chelating compounds. 
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CTH has started to produce biofilms on mineral samples. The biofilms are grown on slices of 
apatite, quartz and glass as reference in special flow-through reactors under in situ conditions 
in the Äspö Hard Rock laboratory (MICROBE site). After a few months of biofilm growth, 
the rock pieces are carefully removed, placed in special sample holders and sorption 
experiments are conducted. First results evidence a lower sorption of mono-, di- and 
tetravalent cations (Co(II), Th(IV)) and a comparable or higher sorption of trivalent cations 
(Pm(III)) on biofilm covered minerals. Furthermore, in an on-going collaboration with the 
University of Gothenburg the effect of complexing agents from microbial activity is 
investigated. 

UNIUTRECH studies the role of mixed valence iron oxides for the mobility of radionuclides 
in complex systems involving competing processes, including the mechanism of radionuclide 
immobilization and the risk of radionuclide release from the solid formed as the reaction 
product. First studies focussed on the phase distribution of uranium in incubation experiments 
with bacteria and hematite. Microbial iron reduction induced the formation of magnetite in a 
hematite suspension, which was separated from the bacteria by a dialysis membrane. The 
change in dissolved uranium over time in this experiment, compared to control experiments 
without hematite, indicate that the presence of hematite inhibits the sorption and possible 
reduction of uranium by the bacteria. However, preliminary results suggest that once 
magnetite formation is induced, it creates the most efficient sink for dissolved uranium in 
these experiments.  



1st Annual Workshop Proceedings 6th EC FP - FUNMIG IP Saclay (France) 28th Nov.- 1st Dec. 2005 

 - 26 -  

RTD COMPONENT 3 

 
Scott Altmann 

ANDRA Agence Nationale pour la gestion des Déchets Radioactifs. 1/7 rue Jean Monnet 
F-92298 Chatenay Malabry CEDEX, France 

scott.altmann@andra.fr 
 

The primary objective of RTDC3 is to improve understanding of radionuclide diffusion and 
retention by sorption in clay mineral-rich geological formations in order to provide support 
for improved representation of these processes in performance assessment and to enhance 
safety case credibility (confidence building). The work is carried out in four complementary 
Work Packages (WP) (cf. figure). WP3.1 deals with understanding basic phenomena affecting 
radionuclide transfer, mainly by studies using model clay minerals, while WP’s 3.2 and 3.3 
focus on understanding and modelling the combined effects of the key processes (in situ 
dissolved speciation, solid-solution partitioning, diffusion) determining radionuclide 
migration in clay-rich rocks, in particular those coming from the four geological formations 
proposed as possible host rocks for deep geological disposal of high level nuclear waste and 
under investigation in underground rock laboratories (URL): 

• Boom Clay at Hades URL (B), 

• Opalinus Clay at Mt Terri URL (CH), 

• Callovo-Oxfordian argillite at Bure URL (F), 

• Albitic Claystone Formation at Boda (HU).  

WP3.4 focuses on developing methods / models for up-scaling clay-rock transport properties 
to the larger spatial (and longer time) scales pertinent for safety assessment of high level 
nuclear waste disposal concepts, with particular consideration of managing spatial 
heterogeneity. This WP also serves to synthesize the results of the other WPs (including those 
from RTDC 1 and 2 pertinent to clay formations) in order to furnish a coherent vision of 
radionuclide transfer in clay-rock formations for the safety case. 
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Examples of key ‘questions’ being addressed by the research programs carried out within 
RTDC3 are: 

• Can the differences in diffusion-driven transfer characteristics observed (at the 
macroscopic scale) in clay-rich compacted materials for non-sorbing anions (e.g. Cl-), 
HTO and alkaline earth cations (e.g. Cs+) be justified/explained in terms of 
‘mechanism-based’ model(s)? Can models developed to explain data obtained at 
different space-time scales be made coherent? 

• Are sorption values measured in batch tests on dispersed material compatible with 
those deduced from diffusion experiments on intact rock? In cases where apparent 
incompatibility is observed, is it possible to derive phenomenological models for 
‘scaling’ between the two system states in a justified manner? 

• Are models used for calculating element dissolved speciation in dispersed systems 
applicable for determining speciation in intact rock pore-spaces? If not, what 
theoretical basis can be used for passing from one state to another in a 
thermodynamically rigorous fashion?  

• Clay-rock formations display heterogeneity, at different spatial scales, regarding 
physical and chemical parameters which can potentially influence the transfer 
characteristics of radionuclides. Performance assessment models generally require 
relatively large mesh dimensions and long time steps in order to simulate radionuclide 
migration in the far field. Which are the best methods / models for carrying out this 
up-scaling in a consistent and justifiable manner? 

• Can it be demonstrated that soluble actinide species, in particular in association with 
organic compounds released as a result of various plausible near-field processes, can 
contribute significantly to actinide transport through the different clay-rock formations 
under consideration as geological barriers? 
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The principal ambition of RTDC3 is to progress significantly along the road to answering 
these important questions. In order to do this, collaborative and complementary efforts 
involving teams from 19 different organizations (including research institutes, laboratories, 
SME, national radwaste management agencies) are underway or programmed within the 
FunMig IP. The following table illustrates the links between the different organizations and 
the principal ‘questions’ which are addressed directly or indirectly by their FunMig activities 
(within RTDC3, but also through actions in other RTDC). 

The remainder of this chapter is devoted to summarizing the principal activities accomplished 
during the first 12 months of the FUNMIG IP in this context. 

 
Key question Organization (country) 

1 2 3 4 5 
AIED (FR) X     
ANDRA (FR)   X X  
ARMINES-Subatech (FR) X   X X 
BRGM (FR) X  X X  
CIEMAT (ES)   X   
CEA (FR) X X  X X 
ERM (FR) X   X  
FZK-INE (DE)  X   X 
GRS (DE)    X  
II-CRC-HAS (HU)  X    
NIRAS-ONDRAF (BE)    X  
LMM (FR) X     
LPEC (FR) X     
NAGRA (CH)    X  
PSI (CH) X X    
SCK-SEN (BE)  X  X X 
U-BERNE (CH)    X  
UDC (ES)    X  
UJF (FR) X     

Milestones 

Milestone 3.4.1 Identification of Rn-representative elements for comparative migration 
experiments  

In RTDC3, studies will be carried out on rock samples from different geological formations in 
order to understand how the particular characteristics of each rock (proportions of different 
minerals, organic matter content, pore solution composition, porosity…) influence such 
migration-determining processes as sorption and diffusion. One of the key advantages of an 
integrated project involving different geological formations is to be able to inter-compare 
results obtained over a wider range of rock characteristics than is possible within a single 
formation. It is expected that the results of certain aspects of various key migration processes 
(variation of anionic species diffusion parameter values as a function of ionic strength, 
correlation between solid - solution partitioning intensity for certain cations and the 
corresponding effective diffusion coefficient value or scaling between batch Kd and observed 
in situ retardation parameter value) will display certain common features for all of these 
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formations. Such a result would aid in showing that the underlying conceptual models are 
based on certain common principles, and therefore promote confidence in their direct or 
indirect use in safety case representations. 

In order for such intercomparisons to be possible, it is necessary to produce appropriate 
datasets. Milestone 3.4.1 responds to this by proposing a common small set of elements for 
which a particular effort would be made to produce datasets as complete as possible regarding 
key migration determining parameters, for each of the four clay rocks (Boom, Opalinus, 
Boda, Callovo-Oxfordian). Two principal considerations guided the selection of the proposed 
elements:  

• The importance of including elements which have a clear link (direct or indirect) to 
radionuclides which are of particular concern for agencies responsible for developing 
safety cases for clayrock formation oriented disposal concepts. 

• The desire to have datasets which reflect the widest possible range of radionuclide 
behaviour with respect to the key processes determining transport and retention in clay 
rocks. 

Based on the information obtained by means of two questionnaires sent out to RTDC3 
partners, the following groupings of radio-elements were identified: 

• Those whose migration is limited by high solid-solution partitioning coefficients (in 
situ Kd). The identified elements are the actinides (U, Am, Pu, Cm, Np), Ni and Ra. 
For some of these elements, uncertainties exist concerning importance of formation of 
mobile dissolved species (organic complexes or colloids) and/or solid-solution 
partitioning reactions. 

• Those in the form of weakly or non sorbing anions, and whose diffusion behaviour is 
largely determined by rock porosity characteristics and influenced by anion exclusion 
effects. These elements are represented by the halogens (Cl-, I-). 

• Those likely to be in anionic form and weakly sorbed, but whose dissolved speciation 
and/or sorption reactions are influenced by redox reactions that remain poorly 
understood. The identified elements are Se and Tc. 

• Those whose migration retardation is linked mainly to cation exchange reactions with 
clay minerals, but for which the conceptual model for coupling sorption-diffusion still 
has major uncertainties. The identified element is Cs. 

Based on these considerations and integration with actions carried out in RTDC1 and 2 (see 
figure below), the following set of elements was selected for developing databases for 
intercomparison: Eu(III) for group 1, Cl- for group 2, Se for group 3, Cs+ for group 4. 
Determination of HTO diffusion parameters for each rock was also recommended. 
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Milestone 3.4.2: Identification of clay-rock samples available (and appropriate) for 
FUNMIG studies 

The main emphasis of RTDC3 is on understanding migration determining processes taking 
place in intact rock volumes representative of the various geological formations mentioned 
previously. In order to insure the relevance and comparability of the results obtained by 
RTDC3 research actions it is important (i) that the studies be carried out on samples 
representative of in situ rock properties and (ii) that studies carried out on a given formation 
be coordinated in terms of the specific samples (and elements) used by the different 
laboratories in order to insure that results obtained are complementary and comparable. These 
were the goals, and motivation for, Milestone 3.4.1 and 3.4.2. 

The basic information used for identifying rock sample sources and sample requirements of 
research partners was obtained by means of three questionnaires sent out to RTDC3 
participants and contractors. Two were sent to RTDC3 research organizations requesting them 
to identify the types of studies to be carried out and the associated requirements for clay-rock 
samples coming from one or more of the 4 formations. Another was sent to RTDC3 partners 
controlling access to each formation requesting information on the capacity for providing 
appropriate rock samples. The results were compiled and summarized in the document placed 
on the FunMig Workspace, and can be briefly summarized as follows.  

Hades URL (Boom Clay): Samples are available from three drilling campaigns (2 in 2001, 1 
in 2003) yielding a total of 77.6 m of rock cores. The cores from the first 2001 campaign were 
taken and preserved in a manner so as to insure that samples were minimally disturbed for use 
in migration experiments. These clay cores will be used for migration and sorption studies 
conducted by SCK-CEN, and are also available for other partners. Samples from the other 
two campaigns were obtained by conventional drilling/coring techniques, and those from 
2003 are conditioned so as to minimise changes due to oxidation and other phenomena. 
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Samples are thus available both for experiments requiring controlled reducing storage 
conditions and for those where redox variations are not particularly critical.  

Mont Terri URL (Opalinus Clay): Cores taken from a bore hole (BDR-01) made in the DR 
experimental niche have been distributed among FunMig partners in June 2005 (detailed 
information available on FunMig Intranet Workspace). The core traversed a tectonically 
disturbed zone and samples of best quality were set aside for diffusion experiments. Sample 
conditioning and preservation were adapted depending on experimental requirements. Two 
additional cores were drilled in November 2005 as part of the on-going Mont Terri DR 
experimental program, and samples are also available on request for FunMig studies. 

Boda Albitic Claystone Formation: Older samples (before 2000) collected from a 1000 m 
deep borehole are partly available for distribution for FunMig studies. Some will be used by 
II-CRC-HAS for breakthrough measurements. The samples have been stored in open air. A 
new sampling campaign is ongoing and will yield additional core samples. 

Bure URL (Callovo-Oxfordien argilites): The first year of the FunMig project coincided 
with the execution of a very extensive experimental program at the Bure URL. Advantage 
was taken of this situation to coordinate the RTDC3 experimental program requirements, and 
especially the up-scaling philosophy incorporated in the Work Package progression WP3.2  
3.3  3.4, with samples to be taken from cored boreholes drilled as part of certain in-situ 
experiments (i.e. DIR, PAC, PEP) emplaced at different positions within the Callovo-
Oxfordian formation (see figure below). It was therefore possible to define a very extensive 
and detailed sample acquisition and conditioning program tailor made for the specific needs 
of studies to be carried out within RTDC3 (details provided in Milestone 3.4.2). Samples 
were distributed to the partner organisations in late 2005. 
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Advances within Work Packages 

 
WP3.1: Understanding key, basic processes affecting radionuclide transport in clay-rich 
porous media (small-scale, simplified model laboratory systems) 

This work package is made up of complementary research efforts aimed at reaching a sound 
understanding of key phenomena determining radionuclide migration in highly compacted 
clay-rich porous materials. 

A consortium of contracting partners (AIED, BRGM, LGIT, LMM, LPEC) and some newly 
associated laboratories are working on developing an innovative model of the physical-
chemical behaviour of water and dissolved species in pore spaces of compacted clay minerals 
(cf. figure). The overall objectives for WP 3.1 for the full FunMig project are (i) to improve 
our understanding of water and dissolved ion states in compacted clay pore water, (ii) to ‘up-
scale’ these results to transport-retention processes modelling in simple-small-scale model 
porous systems, and (iii) to verify the extended model by means of specifically measured 
diffusion data sets. 
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Efforts during 2005 have been mostly dedicated to parallel studies addressing the first of these 
points. Molecular dynamics (MD) studies were begun at AIED, and methods are being 
developed to calculate diffusion coefficients based on the results furnished by the MD 
simulations. MD-based calculations were begun in November 2005 at the BRGM (aided by 
AIED). Neutron diffraction measurements on synthetic clay material systems are on-going at 
LGIT. These experiments will put further constraints and verification on the water and ion 
state parameters used for the MD calculations. The synthetic clay used, a Mg-substituted 
montmorillonite (1/6 Mg, 5/6 Al), was provided by LMM. The surface chemical 
characterisation of this clay was carried out by the BRGM. LGIT has completed setting up of 
its experimental system for neutron diffraction measurements. 

Finally, a new collaboration was established within the framework of this action with 
ARMINES and a newly associated laboratory (LAIEM). It will allow liquid-phase RMN 
measurements to be carried out on this same system in order to provide information on water 
– clay surface interactions. This data will provide another constraint for the model developed 
based on MD calculations. 

At a more macroscopic conceptual scale, but still focusing initially on description of solute 
diffusion in compacted simple clay mineral systems, ARMINES progressed significantly in 
development of a double porosity model for simulating radionuclide transfer. The micro-
porosity between the individual clay particles is considered as the principal transport path, and 
its volume is considered to be a function of the degree of compaction. Connected to this 
principal porosity is a second pore volume which represents the clay interlayer space. 
Preliminary results indicate that the contribution of the so-called ‘surface diffusion’ process to 
solute transport may be simulated by this approach. 

CIEMAT has been working on a preliminary conceptual model about the distribution of the 
different types of water (external and internal water) present in highly compacted clay-rich 
porous materials. This preliminary model is based on the CIEMAT´s results obtained in 
WP3.2. The external water is related to the geochemical porosity, which is the main water 
volume available for solute transport/chemical reactions of radionuclides, which depends on 
the porosity and the pore water solution chemistry. This preliminary model was applied to the 
Opalinus Clay rock formation (BDR core samples). The results are being compared to the 
total porosity and the available porosity for anion diffusion. Besides, the pore water chemistry 
modelled with the calculated water volume accessible to ion transport is being compared with 
that obtained by the squeezing technique in WP3.2. 
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WP3.2: Radionuclide chemistry and transport in natural clay-rocks at small scales 

The overall objective of this WP is to develop methods and models supporting 
mechanistically defendable representations of radionuclide migration at the ‘homogeneous’ 
mineralogical scale (cm – dm). It is based on the interpretation and modelling of data obtained 
by studies carried out on small scale (~10-3 to 10-2 m) real clay-rock compact samples coming 
from the different formations. These ‘facies scale’ oriented studies constitute the core of the 
RTC3 research programme since it is at this scale that the realities of real rock samples 
(porewater composition uncertainties, complex mineralogical and organic matter composition, 
porespace structure…) impose their effects on, and must be taken into account in, the 
radionuclide migration model. It is also at this scale where the natural spatial heterogeneity of 
real rock samples must be explicitly dealt with in a scientifically coherent manner and where 
correct and justifiable means of quantifying and representing transport model parameter 
uncertainty are developed. The main activities carried out in 2005 are summarized below. 

Porewater composition and clayrock- pore water conditions 

A good understanding of the composition of clay-rock porewaters is essential for carrying out 
representative migration parameter determining experiments and properly interpreting the 
results. CIEMAT has carried much of the characterization of the main physical-chemical 
parameters (density, water content, porosity, exchangeable cation populations, composition of 
porewater extractable by high pressure squeezing …) of key samples of the Opalinus Clay 
(BDR borehole) and Callovo-oxfordian argillites (PAC2001 and PAC2002 boreholes). The 
following figure illustrates the similarities (and differences) of these two rock types as regards 
exchangeable cation populations (Opalinus on left, COx on right).  

 

The collaboration involving BRGM, LPEC, LMM and LGIT has also progressed in its 
research program aimed at improving our understanding of the processes constraining 
clayrock porewater redox conditions. During 2005, two different aspects were studied: 

The iron localisation and redox state in the formation have been investigated by microscopic 
techniques and Mössbauer on Callovian-Oxfordian samples (BRGM + LPEC). Conflicting 
data were found for the iron redox state. This is most likely due to differences in sample 
preservation given that high redox reactivity was found to be associated with the clay mineral 
fraction. 
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Synthetic iron-bearing clay minerals were successfully synthesised at LMM and will be used 
later for studies on clay redox properties. A complete characterisation has been carried out at 
LMM (TEM, EDX, X-ray diffraction, X-ray Fluorescence, SEM, ATG, Mössbauer) and Fe(II) 
sorption experiments have started at LGIT. 

Organic colloids 

Improving our understanding of the potential role played by the kerogen fraction of organic 
matter present in the COx in influencing actinide speciation and mobility is one of the 
objectives of work carried out by ARMINES-Subatech (in collaboration with the University 
of Poitiers and the GREGU, Nancy). The motivation is based on several considerations: (i) it 
is known that kerogen is reactive in the presence of oxygen and it is hypothesized that it can 
interact strongly with metal ions and (ii) while kerogen is not mobilized in the presence of 
clay water, a fraction could be mobilized by the alkaline perturbation caused by concrete 
materials present in a radwaste repository. Two questions are under investigation in 
RTDC3.2: (i) does kerogen contribute to the total sorption capacities of unperturbed 
clayrock? and (ii) can organic matter mobilized from the kerogen fraction by an alkaline 
perturbation modify radionuclide speciation (formation of mobile ‘colloidal’ forms) and, if so, 
can these species diffuse in the compact rock?  

A methodology to answer these questions has been elaborated (see below), and tasks T1, T4, 
T5 and T10 were the focus of efforts in 2005. 

 
Kerogen (K) (T1) (T1) 

Characterization (T2)(T2)

Retention study 
K/CW/Eu (T3)(T3)

Mobilized kerogen (MK) 
after alkaline 
perturbation (T4)(T4)

MK isolation and 
concentration (T5)(T5)

MK behavior in CW; (T7)

Eu interaction 
with MK in CW; 
(T8)(T8)

MK interaction 
with COX-clay
in CW  (T9)(T9)

Retention study K* (after
alkaline perturbation) 
/CW/Eu (T3)(T3)

Compacted clay medium; 
characterization (pore 
volume, pore water, 
porosity…) (T11)(T11)

Diffusion experiments; effect of 
colloids impact (T10)(T10)

Modelling (T12)(T12)

MK characterization (T6)(T6)

 
 

More specifically, the oxidised kerogen to be studied is being extracted (T1) and should be 
available at the end of 2005. Some preliminary experiments concerning T4 and T5 were 
performed with a batch of kerogen available from a previous study. The method to mobilize 
kerogen has been optimized (S/L ratio, contact time,…) and the isolation/concentration 
procedure was tested with methods known for humic substances. The results show that the 
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isolation/concentration method works but that part of the mobilized organic matter is lost 
during the procedure. An alternative method is actually under development by Poitiers 
University. Capillaries packed with consolidated clayrock will be constructed for use in 
measuring diffusion parameters (T10), and baseline studies carried out using conservative 
tracers (HTO, I-) and 1H-NMR. 

Viewing porosity at high spatial resolution 

An understanding of correlations, at relatively high spatial resolution, between (i) rock 
physical-chemical characteristics likely to influence radionuclide transport (pore dimensions 
and ‘accessible’ porosity, pore solution contacting sorbing phases…) and (ii) local scale 
radioelement diffusion-retention behaviour is needed in order to support migration models for 
highly sorbing Rn. This information will also aid in developing models for correlating 
differences in macroscopic transport parameter values (e.g. Kd, De) observed on rock samples 
coming from different mineralogical facies, an important step toward defending upscaling of 
sample scale measurements to the geological formation scale. 

ERM and ARMINES have progressed significantly along these lines during 2005 in their 
programs to develop complementary methods for obtaining 2D and 3D cartography of 
clayrock pore space structure and porewater contacting minerals, at scales ranging from sub-
millimetric (micrometric resolution) to pluri-centimetric. In particular, ERM has developed a 
specifically adapted sample preparation methodology in order to obtain suitable images for 
characterizing clayrock microstructure, carrying out 2D and 3D image acquisitions and 
undertaking image processing, analysis and correlation between images at the investigated 
scales. The sample porosity is impregnated with a specific resin (MMA, methylmethacrylate) 
which is able to penetrate into the interlayer spacing of swelling clay minerals. The 
consolidated sample is then cut and, after drying, is impregnated with a radioactive resin 
(14C-PMMA) in order to perform porosity mapping. ERM has also developed a very high 
resolution microtomography technique making it possible to study the microstructure of 
clayrock samples with up to sub-micrometric resolution, using the radiation provided by the 
line ID19 of the European Source of Synchrotron radiation. The following figure shows the 
internal structure of a Callovo-Oxfordian sample (size ~ 200 × 400 × 600 μm). It shows the 
presence of pores (green spots on right-hand figure) of several tens of micrometers large, 
generally localised in the argillaceous matrix (size of pixel of 0.7 µm). 
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ARMINES is developing a method based on 2D beta imaging (with a gaseous detector) which 
allows rapid acquisition of quantitative images of isotopically labelled molecules, with high 
spatial resolution. This method is generally used for measuring emissions from very thin 
slices (~ 10 µm) of biological materials. In the case of the Callovo-Oxfordian clayrock the 
main difficulty has been to obtain very thin sections and to polarize them with high voltage. 
The work carried out in 2005 has been focused on adapting the detector microstructure and 
electronics of the beta imager prototype in order to obtain the spatial resolution needed for the 
Funmig project (< 20 µm). The electronics and gas detector system are now fully operational.  

Kd’s from batch and diffusion studied 

As pointed out in the talk by Mike Bradbury (FunMig Saclay meeting), a recurrent question 
faced by safety cases for disposal in clayrock formations is whether or not the Kd values 
measured in batch systems for moderately and strongly sorbing radionuclides (especially 
actinides) can be used to calculate migration retardation in intact rocks. This topic is 
addressed directly by experimental work being carried out by several RTDC3 partners (FZK-
INE, PSI, CEA), and is the focus of an inter-comparison organized by SCK-CEN of 
experimental results to be obtained on different clayrocks. 

FZK-INE has designed and developed a sample cell - autoclave system (see photo) for 
carrying out actinide diffusion experiments on clayrock samples at pressures representative of 
in-situ conditions. The system is operational and has been tested with Mont Terri Opalinus 
clay and organic dye tracers. Because breakthrough of actinide elements through the roughly 
10 mm thick samples is not expected, analytical methods allowing determination of the 
amount of actinide sorbed onto the solid material are under investigation (e.g. µ-image 
radiography). Background uranium and lanthanide element concentrations in different clay 
samples have been measured using this latter technique (cf. example image below). 
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The main goal of the PSI action in RTDC3 is to generate data directly applicable in linking 
sorption studies on dispersed systems with sorption studies on intact (=compacted) systems 
for weakly and strongly sorbing radionuclides. The work done so far can be summarized as 
follows: 

Development of a high-resolution abrasive technique for measuring the diffusion profiles of 
strongly sorbing tracers in hard rock samples (see illustration given below). The technique 
was tested with 134Cs(I) at trace concentrations (<10-8 M) of total Cs(I). At this concentration, 
the sorption of Cs(I) can be assumed to be linear. The interpretation of the results, however, 
requires knowledge of the transport properties of the filters used for confining the samples. 
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Sorption isotherm of Cs(I) on intact rock samples (ongoing) and in-diffusion studies of Cs(I) 
at different total Cs concentrations (partially finished). Modelling of results is ongoing. 

First in-diffusion tests with 60Co(II) and 152Eu(III). Oxidation of pyrite in OPA and the 
formation of Fe2O3 in the system were identified to be a major problem. This implies that 
future diffusion/retention studies on strongly sorbing tracers have to be performed in an inert 
gas glove box. New samples of OPA are under preparation. 
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A new type of cell for conducting diffusion/sorption studies on thin rock samples is under 
development. 

The CEA has been working on development of another technique for measuring elemental 
concentrations in solids with high spatial resolution, Laser-Induced Breakdown Spectroscopy 
(LIBS), with the objective of using it to measure depth penetration profiles of strongly 
sorbing radionuclides. Diffusion profiles for Eu in COx argillite have been obtained with Eu 
concentration as low as 1 × 10-6 mol/L, but further improvements in the detection limit are 
needed. Two means of doing this are being studied, one based on the reheating scheme (non 
selective by dual-pulse LIBS, selective reheating by LIBS-LIF, Laser-Induced Fluorescence), 
another focusing on the development of a micro LIBS instrument with optical coupling 
dedicated to performing UV analysis and photomultiplier line definition as detection system.  

At a more macroscopic scale, the CEA has also made significant progress in 2005 in 
developing new column-based methods for more rapid determination of radionuclide 
retention and diffusion parameters in clayrocks, in particular by reducing diffusing length. 
Two new column designs are being built, one containing a 4mm diameter clayrock cylinder 
surrounded with sand, the other 1.2mm thick clayrock sheets, also sand surrounded. Transport 
parameters measured with these experimental setups for slightly retained cations (Li, Rb) and 
anions (Br, I) will be compared to values obtained by conventional through-diffusion 
experiments. In a second step, highly sorbed cations (Cs and Eu) will be used. 

II-CRC-HAS has used through-diffusion to study diffusion of 99Tc and 14C radioisotopes (in 
forms of TcO–

4 and HCO–
3 respectively) in samples coming from the Boda Claystone 

formation. Two samples have been characterized and significant differences have been 
observed. Results obtained with a sample from a ’fractured’ region showed no differences in 
the apparent diffusivities for 99Tc (ca. 1.1 × 10-12 m2 s-1) for samples pre-equilibrated with 
solutions at pH 8 and 12. A similar value could be estimated for 14C at pH = 8 (1.3 × 10-12 
m2 s-1). The results are quite similar to those obtained in previous studies for 129I. Thus, it can 
be concluded that anionic species migrate with a similar rate in this type sample. Different 
behaviour was observed for a sample originated from a non fractured borecore. No 
breakthrough has been detected since the beginning of experiments (> 150 days). Additional 
sample characterisation (mineralogical, optical, XRD, etc.) will be carried out in the near 
future. 

CIEMAT has developed a novel experimental set-up for studying diffusion and retention of 
tracers at a larger scale, approaching that observable in experiments carried out in URL (cf. 
WP3.3). It is based on using a clay/tracer compacted mixture as a solid source located in the 
centre of a large clay block. The system is closed and the tracer permitted to diffuse into the 
surrounding rock mass. At the end of the experimental period, thorough sampling of the rock 
mass provides a 3D distribution of tracer diffusion profiles. The methodology has been tested 
on rock volumes coming from the Opalinus clay (Mont Terri URL) with HTO, anionic 
(36Cl¯), and slightly sorbing cationic radionuclides (85Sr2+). New diffusion experiments on 
large samples from the Mont Terri DR experiments were recently started with HTO, 85Sr, 
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137Cs, 60Co and 152Eu. The figure below shows the results of model predictions of HTO 
distribution in the block. 
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Finally, as mentioned above, a key objective of RTDC3 is to contribute to our understanding 
of the relationships existing between measurements of radionuclide solid – solution 
partitioning in batch experimental systems (e.g. Kd values) and the effective manifestation of 
sorption during transport through intact rock, i.e. the retardation factor (R). The FUNMIG 
project provides an excellent platform for carrying this out for two main reasons: 

• it brings together organisations having (and augmenting) databases on Kd and/or R 
values for different clayrock formations. Exploitation of this existing information base 
offers an excellent starting point for comparative analysis and ensures that the 
program carried out within Funmig is focused on obtaining key missing information. 

• Funmig offers the possibility of carrying out Kd – R measurements, under truly 
comparable conditions, for a common set of elements on multiple rock types. This will 
limit ambiguities when carrying out comparative analyses of behaviour observed in 
different rock types in order to understand ‘cause-effect’ relationships. 

SCK-CEN is responsible for organising this inter-comparison study based mainly on a 
commonly agreed upon program of batch sorption experiments and migration tests on host 
rock clay materials. Certain key aspects were mentioned in PID M3.4.1. Much of the sorption 
work (Kd) to be carried out is included in RTDC1, WP1.2; the coupled ‘transport & sorption 
retardation’ work on intact rock samples is included in WP3.2 of RTDC3. Organisation of 
practical aspects has begun through contacts with the main organisations carrying out these 
types of measurements on the several rock types: SCK-CEN (Boom), CEA (Cox), PSI 
(Opalinus), Rez (Ruprechtov clay), II-CRC-HAS (Boda claystone). Emphasis of the study 
will be on the following radionuclides: Sr, Cs and Eu. A text describing these aspects has 
been prepared and sent around for discussion (P.I.D2.1.8). 

WP3.3: URL experiments for characterising radionuclide chemistry and migration in clay-
rock formations at intermediate time and space scales 

Datasets useful for validating, under in–situ conditions and at somewhat larger space (~ dm - 
m) scales, the transport models developed in WP 3.2 will be furnished by experiments carried 
out in the Mont Terri URL and Bure URL*. The Diffusion & Retention (DR) experiment 
                                                 
* a feasibility analysis for carrying out such an experiment at the Mol URL is foreseen. 
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(Mont Terri) is directly included in WP3.3 while the similar ‘DIR’ experiments carried out at 
Bure are not. However the data generated by these latter experiments will be made available 
by ANDRA to Funmig (PID). The combined in situ databases and associated validated 
conceptual models will provide one of the key information bases for development of up-
scaling and homogenization methods applicable to the intermediate (facies) scale, a key 
RTDC3 objective. 

NAGRA is responsible for the DR experiment in the Opalinus Clay. A kick-off planning and 
organisational meeting including partners from the Mont Terri Project and Funmig took place 
in Basel (13-14/6/2005). Samples from a dedicated borehole were provided to several partners 
(PSI, CIEMAT, FZK-INE, CEA) for carrying out experiments described in WP3.2. The 
scoping calculations carried out by UDC (cf. below) were used to optimise experimental 
design. Data on chemical and mineralogical characteristics of the DR rock volume and the 
pore water were provided to the partners. 

UDC used a reactive transport code (CORE2D) to carry out three-dimensional scoping 
calculations for the DR experiment. The DR experimental concept, while similar to that of 
previous Mont Terri experiments (DI-A…), differs in that it has been optimized for 
determining diffusion anisotropy in situ (i.e. parallel and perpendicular to the rock bedding 
plane). Tracer plumes are expected to be ellipsoidal in shape due to the faster diffusion along 
the bedding plane. The configuration of tracer diffusion plumes shows symmetry with respect 
to the borehole axis. The numerical model considers a domain of 1 × 1 m². The model mesh 
(triangular finite elements, with smaller elements near the borehole increasing in size with 
distance) has 3636 nodes and 7000 elements. The model domain is a 2D vertical section 
aligned with the borehole axis. Symmetry around the borehole axis is assumed. All outer 
domain boundaries are no-flux boundaries. Calculations have been performed for isotropic 
and anisotropic conditions. Example results of loss of the Sr2+ tracer from the injection 
chamber (left figure) and its spatial distribution in the rock after 5 years (right figure) are 
shown below. 
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GRS is using data generated from in-situ diffusion experiments to test the relative advantages 
of two numerical codes of different complexity. The data being (or to be) used comes from 
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the DI-A (existing database) and DR experiments at Mont Terri. Data from the Bure DIR 
experiments may also be exploited. The two models tested are CLAYPOS and r3t. CLAYPOS 
is a Performance Assessment code that models diffusive transport in 1D in either planar or 
radial geometries. Sorption is considered in CLAYPOS with the linear Kd-model. r3t is a code 
to model transport in a 3D geometry taking advection, diffusion, dispersion, and linear as well 
as non-linear sorption, into account. 2005 was devoted to modelling the results of the DI-A 
experiment (CLAYPOS using 1D radial geometry; r3t using a 2D geometry). This allowed the 
results obtained with the mentioned two codes to be compared with those obtained by other 
groups. The results from both codes agreed very well with each other, as well as with the 
experimental data. Good agreement was also observed with the results obtained previously by 
other groups. 

WP 3.4: Up-scaling to formation scale, furnishing of tools useful for safety case studies 

The overall objective of this WP is to produce data and methodologies useful for determining 
and justifying, the use of transport parameter values (and associated uncertainty ranges) for 
host formation volumes sufficiently large to be useful for safety case studies (i.e. at the host 
formation scale and over long time frames). Two main types of research actions are 
programmed in order to advance along these lines: 

• Use of measurement, and interpretation by modelling, of the spatial distribution of 
natural tracer elements to obtain information on transport phenomena taking place 
under natural conditions at large space and long time scales. 

• Development of methods for analyzing and relating information available at all scales, 
for a given formation, concerning properties affecting directly or indirectly 
radionuclide transport, 

Efforts in 2005 were mainly focused on the first aspect. 

UNIBERN carried out the drilling and sampling program in the Opalinus Clay anticline at 
Mont Russelin needed to obtain samples for measurements of the spatial distribution of 
various natural tracers. Mineralogy analyses and bulk and grain density measurements have 
been conducted on the samples. Analysis of the stable isotope composition of pore water is in 
progress, as is the aqueous leaching of samples for Cl, Br and I analysis. Measurement of He 
is also underway. 

GRS aims to model measured profiles of natural tracers in the Opalinus Clay formation at two 
locations (Mont Terri, Benken) using the same two codes mentioned in WP3.3. The work 
performed in 2005 mainly consisted of collection of needed input data about the measured 
tracer profiles and about the geometry and rock properties at both sites. The modelling work 
was started for the Benken dataset, both because of its simpler geometry (re. Mont Terri) and 
because the initial focus of the study is on ‘model testing’. The latter is facilitated by the 
existence of previous modelling work with which the GRS results can be compared. Model 
geometry has been set up and the modelling work has been started. 

Several actions in 2005 contributed to the “upscaling method development” aspect of WP3.4. 
The BRGM began its synthesis for borehole and core sample data available on the COx. 
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ANDRA furnished various documents (Funmig intranet) describing transport pertinent 
characteristics of the COx formation. 
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The performance assessment (PA) of a repository needs a detailed understanding of the 
processes that can affect the contaminant transport, to bring them in mathematical models 
adequately. Radionuclide migration in crystalline rocks has been studied for many years 
because these geological systems present suitable properties to host a deep geological 
repository of radioactive waste. Therefore, the main objective of RTDC4 is to investigate 
specific processes affecting the migration behaviour of radionuclides in crystalline rock 
formations. To fulfil the objectives of RTDC4, the experimental data will be obtained both 
from laboratory and in-situ scale. The integration of the studies at both scales is expected to 
facilitate the transfer of information to PA. 

The studies carried out within RTDC 4 include investigations of the chemical characteristics 
of the crystalline media and of the fracture networks features, also in presence of the bentonite 
barrier, using novel and complementary techniques. The main migration and retention 
processes affecting radionuclide transport (including sorption, matrix diffusion and colloids) 
are experimentally analysed under realistic conditions and at different scales. The 
complementary analysis of real site data provides valuable information for assessing the 
importance of several geochemical parameters on radionuclide migration and at relevant 
scales, both in time and in space. 

The analysis of the effects of the rock heterogeneity is an important part of the studies carried 
out within different work packages, as well as the development of a methodology to 
incorporate multicomponent transport to PA. 

Thus, the aim of this paper is to summarise the contributions, of the different organisations 
involved in the RTDC 4, to the work carried out during the first year of the FUNMIG project, 
organised by work packages.  

Advances within Work Packages 

WP4.1: Characterisation of geochemical conditions in crystalline host rocks 

One of the main aim of this WP is to highlight the solute migration mechanisms in crystalline 
host-rock, influenced by the presence of the bentonite buffer (which is always present in this 
concept of radioactive waste disposal) and, therefore, by the geochemical gradients generated 
at the bentonite/granite interface.  

Part of these studies is performed in the FEBEX gallery (NAGRA’s Grimsel Test Site, GTS, 
Switzerland). The FEBEX experiment reproduces at a real scale a high-level waste repository 
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in granite and was installed 9 years ago. Possibly, at moment, it represents the only realistic 
environment where the processes affecting radionuclide migration from the bentonite to 
granite can be studied. 

The evolution of the water chemistry in the FEBEX tunnel has been followed since the 
bentonite emplacement until now, by analysing samples from several existing boreholes 
(radial and parallel to the tunnel). During the FUNMIG project, a new field campaign was 
performed (Sep 05). Special attention was given to the presence of some elements that could 
migrate from the bentonite buffer (including the tracers I and Re) to show possible 
geochemical gradients and the presence of bentonite colloids. More details on these studies 
can be found in Buil et al., 2005 (www.funmig.com) and in Pérez-Estaún et al. (this volume).  

Apart from the analysis of water chemistry data, a complete revision and a new 
reinterpretation of existing geological, hydrogeological and geochemical data of the FEBEX 
site was made. A close collaboration between several organisations involved in WP 4.1 and 
WP 4.2 existed, with a high degree of interdisciplinarity.  

With the available data, a first blind modelling of the near/field to far/field mass transfer was 
carried out. It was considered that, in the surrounding of the bentonite the groundwater flux 
shows a radial symmetry parallel to the axes of the gallery, discharging in the empty fraction 
of the tunnel (Martinez-Landa and Carrera, 2005). The temperature was assumed 80°C at the 
heater surface and 30°C at the granite domain boundary, based on previous heat flux 
modelling (Martinez-Landa and Carrera, 2005). Minerals included in the system were calcite, 
gypsum, and amorphous silica in the bentonite, and calcite and fluorite in the granite. 
According to their low kinetics, no silicates have been included in the calculations. Reactions 
considered were aqueous speciation, surface complexation, cationic exchange and mineral 
dissolution and precipitation. Local equilibrium was assumed for the first three reactions, 
whereas minerals reacted under kinetic laws. After 9 years of elapsed time considered in the 
calculations, temperature and conservative solute reached steady state. Mass diffusion is 
calculated to take place from bentonite up to 0.6 m in the granite. As far as new data will be 
obtained from field studies, the modelling will be calibrated/validated.  

Additional important geochemical information, needed to fulfil the objectives of the WP, can 
be obtained if new boreholes are drilled in the FEBEX site at optimum locations. The 
compilation, analysis and discussion of all the previously mentioned data provided a sound 
basis for all the new experimental studies to be conducted on the site.  

The selection of the new boreholes location was carried out following obvious “spatial” 
requirements, trying not to interfere with other FEBEX or NF-PRO tests. From the chemistry 
point of view, the boreholes location should be as near as possible to the bentonite surface. In 
fact, the packed-off sections of the existent boreholes are relatively far from the bentonite; 
additionally, the sampling interval lengths are very large (up to 25 m in some cases) inducing 
high dilution.  

For the chemistry purposes, the regions of very high hydraulic conductivity must be avoided, 
for minimising washing processes, as well as regions of very small conductivity to obtain 

http://www.funmig.com/
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reasonable sampling times. In addition, the possibility of measuring conservative I and Re 
tracers, located at the bentonite surface, would be of interest to study their migration 
behaviour. 

Obviously, these “chemical requirements” were also strictly constrained by the geological and 
hydrogeological characteristics of the FEBEX tunnel. It was considered of interest, for 
example, to drill the boreholes in regions were different type of discontinuities (fracture 
families) geometric elements and different infills, could be analysed, maintaining the 
connection with WP 4.2.  

Figure 1 shows a schematic of the main hydrological and structural characteristics of the 
FEBEX tunnel. The position of the conservative tracers I and Re located during the 
installation of the experiments, 9 years ago are also indicated in the Figure. 
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Figure 1. Schematic of the main characteristics of the FEBEX tunnel to be accounted for the 
decision on the new borehole locations. Taken from García-Gutiérrez (2001). 

At least four main different fracture groups were considered of importance: 1) Open fractures 
(tardimagmatics) with quartz and biotite as infills; 2) Lamprophyre; 3) Vertical fractures 
present in the final part of the tunnel; 4) “Riedel” fracturing. Even these last fractures are not 
particularly large, they may be of importance allowing the connectivity between all the other 
fracture systems. 

On the other hand, hydrogeological models suggested the existence of high trasmissivity zone 
in the lower part (related to fractures of groups 3 and 4). This section is close to the bentonite, 
therefore of interest.  

Two new boreholes (FU-1 and FU-2) were finally drilled in Nov. 05, with NAGRA’s support. 
The main characteristics of these boreholes are described below.  

• FU-1: Length: 17 m; Diameter: 86 mm; the orientation is horizontal, parallel to the 
gallery axis. The main objective of this borehole is to intersect fractures connected to 
the gallery with a certain level of hydraulic conductivity.  



1st Annual Workshop Proceedings 6th EC FP - FUNMIG IP Saclay (France) 28th Nov.- 1st Dec. 2005 
Tizziana Missana 

 - 47 -  

• FU-2: Length: 17 m; Diameter: 86 mm; the orientation is inclined 2º in respect to the 
gallery axis. The objective of this borehole is to intersect fractures with less hydraulic 
conductivity at the end of the borehole. 

Additionally, 3 short boreholes (3 m length) will be drilled for geophysical testing. The 
closest pre-existing borehole parallel to the gallery (FBX-2) was desinstrumented. 
Reinstallation of the packers in the FBX-2 with restricted sampling interval length will allow 
carrying out additional chemical analysis in better conditions (Pérez-Estaún et al., this 
volume).  

WP4.2: Fluid flow system characterisation 

The acquisition of a statistically significant database of physical rock properties will help 
improving our knowledge on retention/transport mechanisms and on the effects caused by the 
rock heterogeneity.  

At the in-situ scale, the characterisation of the FEBEX tunnel granite structure will be carried 
out by CSIC by using geophysical logging (sonic, televiewer images), borehole and surface 
seismic/GPR. 

The other participants worked at lab-scale using different characterisation techniques, being 
Äspö and Grimsel granite the main rocks studied. 

Quantitative petrography of the samples and impregnation with (3H, 14C) labelled 
methylmethacrylate (MMA) and the autoradiographic visualisation of porosity distributions 
(combined with complementary techniques) is used by HU. This group is paying special 
attention on the heterogeneity of the non-flow porosity and its effects on matrix diffusion and 
retention processes. Concerning the analysis of the samples recently extracted from the new 
FUNMIG boreholes at the FEBEX site HU, UNIOVI and CIEMAT will work in a close 
collaboration and in agreement with other experimental partners from WP 4.2 and others WP. 
Aspects such as sample size, orientation related to the local structural geology, geostresses, 
techniques to be applied, impregnation procedures and circulation of specimens among 
FUNMIG partners should be discussed during the first annual meeting. 

The studies on these samples will provide important basic information at laboratory scale to 
be joined to that obtained in-situ. The main information on the techniques that will be used in 
this study can be found in Kelokaski et al (this volume). 

A 3-days workshop untitled “Granitic rock matrix structures; determination methodologies 
and radionuclide behaviour in granitic rock; lab scale - block scale studies” has been held in 
Helsinki (Finland), organised by Prof. Marja Siitari-Kauppi (HU), to establish the basis of 
collaborations within FUNMIG.  

Positron emission tomography (PET) is amongst the newest techniques available to study 
crystalline materials. The discussion about the application of this technique to geological 
formation can be found in Grundig et al. (this volume). 

IIF used PET for the study of fluid transport, within a fractured core from Äspo, in 
collaboration with FZK-INE. By use of suitable radiotracers both the spatial velocity profile 
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of the water flow and the spatial concentration distribution of several adsorbing components 
can be analysed. PET data will be also compared with data obtained by other as, for example, 
transmission computer tomography (CT), X-ray microtomography (μXCT) to validate the 
different modelling approaches. The drill core from Äspo, was studied by JGUM with μXCT 
and the flow-field model is under construction.  

NILPRP also analysed several samples by μXCT with the application of dual-energy cone-
beam tomography. Details of this method can be found in Tiseanu at al. (this volume) 

FZK-INE, in parallel, carried out migration experiments using 99TcO4
– and 233UO2

2+ in the 
bore-core installed in the CHEMLAB at Äspö HRL. The bore-core is now under analysis and 
has been cut in slices. Autoradiographs of slices revealed the main tracer pathways. The 
sawdust has been digested and ICP-MS analysis for 99Tc and 233U is currently underway. The 
strong retention of 99Tc in the rock suggested that it was reduced to the tetravalent state (link 
to WP 2.3).  

Colloid experiments in the Grimsel bore core are going to be performed in cooperation with 
CIEMAT within NoE ACTINET JRP 01-01, this issue being also related to WP 4.4 and 4.3. 

WP4.3: Generation, quantification, characterisation, stability and mobility of groundwater 
colloids 

Only if colloids are generated in non-negligible concentration and are stable and mobile they 
may affect radionuclide migration. Filtration processes are recognised to be of great 
importance in hindering the mobility of colloids and their understanding is necessary for the 
quantification of colloid-mediated transport in PA. So far, very small amount of work has 
been devoted to the experimental study of filtration processes. In addition, diffusion of 
colloids in granite has not been experimentally studied, even if diffusion coefficients are 
sometimes considered to model the tail of colloid breakthrough curves. 

Both natural colloids generated from fracture fillings or the weathering of the rocks and 
colloids generated from the bentonite barrier are of interest in crystalline media. 

FZK-INE studied the nature of natural colloids generated from the fracture infill minerals in 
samples from the GTS. The characterisation of the < 2 µm fraction of crushed material 
revealed the occurrence of illite or biotite. Unexpectedly, also smectite phases have been 
identified by XRD. In GTS bore core experiments a continuous release of such colloidal 
material is observed even at low groundwater velocities. 

Flow-field fractionation coupled to ICP-mass spectrometry was used by FZK-INE to study 
the generation of colloids from FEBEX bentonite and their stability. Different colloid size 
distributions were observed for bentonite colloids depending on the solution composition. 
Suspension in pure Grimsel groundwater yielded colloids with sizes between 100 – 250 nm, 
while after an initial homoionisation of the bentonite (main component Ca-montmorillonite) 
with Li+ resulted in higher colloid yields and significantly smaller particles (25 – 200 nm). 
Agglomeration of the homoionised clay colloids is observed over a period of weeks until a 
steady state of the size distribution is observed comparable to the colloids prepared in Grimsel 
groundwater directly. Experiments demonstrate the dynamic colloid behaviour driven by ion 
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exchange processes at the basal planes of the clay colloid platelets even at the high pH (~9) 
and low ionic strength conditions (I ≈ 10-3 mol/L) of the Grimsel groundwater. Addition of 
natural humic acid is found to inhibit the colloid agglomeration reaction.  

Natural colloid analysis and characterisation have been performed in cooperation with UPC 
within NoE ACTINET JRP 01-01. 

Additional studies on the generation of bentonite colloids from the compacted clays are being 
carried out at CIEMAT. The main aim of these tests is to quantify the generation of bentonite 
colloids from compacted clay plugs, in contact with stagnant water (no-advective flow). New 
experimental cells have been designed to study the generation of colloids as a function of (a) 
the density of the clay and (b) the groundwater chemistry. Stainless steel filters with known 
pore size (10 μm, in these first experiments) will be used to confine the compacted bentonite. 
The cells will be immersed in water and, the analysis of the water will be carried out, with a 
special focus on the detection of the presence of bentonite colloids intruded in the porous 
matrix. Two clay densities will be investigated (1.4 and 1.6 g/cm3) and two ionic strengths (1 
× 10-3 and 1 × 10-2 M). 

An interesting result obtained in this WP, is the determination of the bentonite colloid 
diffusion coefficient in granite. This is the first time, in fact, that this parameter is 
experimentally determined. As mentioned before, colloid matrix diffusion is sometimes 
accounted for breakthrough curves simulations, but no experimental data existed so far.  

Rutherford Backscattering Spectrometry (RBS) was proposed for determining bentonite 
colloid diffusion coefficients. The methodology included: a) Granite characterization by 
means of RBS and preliminary studies on the applicability of this technique to colloid studies; 
b) Colloid tracer selection. In order to follow the trail of the bentonite clay colloids within the 
granite by RBS analysis, the colloids need to be traced with a heavy element. Eu was finally 
selected as adequate tracer; c) Comparison of Eu and Eu-traced bentonite colloid diffusion 
within granite by RBS. Diffusion lengths of Eu in granite after different times were measured. 
The cases of Eu in solution and the Eu-traced bentonite colloids were compared; d) 
Evaluation of diffusion coefficients.  

Figure 2 shows the Eu diffusion lengths, as function of time, are presented both for the Eu as 
solute and the Eu-traced bentonite colloids. The Da for solute Eu was (4.5 ±0.2) × 10-14 m²/s. 
Da for bentonite colloids was D ≈ (7,5 ± 0.1) × 10-17 m²/s, three orders of magnitude lower. 
More details on this study can be found in Alonso et al. (this volume).  
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Figure 2. Diffusion length (in m) travelled for Eu as solute and adsorbed onto the bentonite 
colloids, as a function of the contact time (in s).  

Finally, this work was complemented with a study for the validation of RBS analyses as an 
adequate technique to determine colloid diffusion coefficients. The measurements of 
concentration profiles at the micrometer scale performed by RBS technique may be affected 
by surface heterogeneity and roughness that can bias the spectra interpretation.  

The study was carried out using gold colloids of different size. Monte Carlo simulations 
allowed differentiating the effects of the surface roughness and particle deposition on the 
surface, from colloids permeation. The conclusion is that observed signal in colloid diffusion 
is due to depth profiles and not to roughness effects (Patelli et al, in press). This work has 
been carried out in close collaboration between CIEMAT and INFN-LNL within the frame of 
the EC - EURONS programme. 

WP4.4: Radionuclide transport studies, including the effects of inorganic/organic colloids 

Radionuclide transport studies have to be carried out at different scales. The design of a 
mock-up experiment was carried out at CIEMAT. A migration test in a 40 × 40 cm granite 
block and in presence of bentonite will be carried out. The block will be water saturated and a 
central hole of 70 mm diameter will be filled with compacted FEBEX bentonite. Preliminary 
tracer experiments will be carried out with HTO, 36Cl and 137Cs. Sixteen radial boreholes at a 
4 different heights in the block will be used for sampling. A report with the characteristics of 
the test will be distributed soon to the modellers groups to start scoping calculations. 

The effects of organic and inorganic colloids on radionuclide transport, based on the results of 
WP 4.3 and in connections with WP 2.1 are being analysed in this WP.  

FZK-INE studied the interaction of Eu(III), Th(IV) and U(VI) taken as chemical homologues 
and representatives for tri-, tetra- and hexavalent actinides with FEBEX bentonite colloids by 
flow-field fractionation coupled to ICP-mass spectrometry and ultrafiltration. U(VI) did not 
sorb to the colloids significantly whereas Eu(III) and Th(IV) are completely colloid-borne. 
The time-dependent desorption of Eu from colloids is studied by addition of humic acid as a 
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competing ligand. The addition sequence of the metal ions to either humic acid first or 
bentonite colloid first was also varied. First results point to the establishment of equilibrium 
with regard to complexation with humic acid or to clay colloid surface sites in the case of 
Eu(III). A strong kinetic inhibition is however stated for Th(IV) desorption from bentonite 
colloids, where an equilibrium is not achieved even after several months. Studies are 
underway to scrutinize the Th(IV) binding to the clay colloid surface. The question to be 
answered is whether new solid Th(IV) phases have formed at the colloid surface or whether 
the surface complexation equilibria for tetravalent actinide ions are extremely slow.  

In CIEMAT, column transport experiments with bentonite colloids were carried out using a 
large core from the GTS, with a longitudinal fracture. Bentonite colloid suspensions (24 ppm) 
traced with 152Eu (5 × 10-9 M) were used. Considering the activity in the suspension, 
approximately the 73 % was adsorbed on the bentonite colloids and the rest in the liquid. The 
calculated log Kd was 5.12. Different flow rates from 5 to 10 ml/h were used for the 
experiments. A europium peak in a position slightly advanced with respect to the HTO peak 
always appeared, this behaviour being related to the presence of bentonite colloids.  

The Eu recovery tended to increase when the water flow was increased from 5 to 8 ml/h. A 
further increase in the flow rate caused an unexpected drop in the Eu recovery (confirmed in 2 
different experiments). Additional tests are planned to understand the causes of this 
behaviour. 

However, interesting point worth to be mentioned is that the Eu recovery is relatively small, 
being always lower than a 10 % of the injected activity. 

Taking into account that approximately a 75 % of Eu is initially colloid-bound, at least two 
different hypotheses can be postulated: a) a fraction of bentonite colloids is retained in the 
fracture (filtration). This fraction would be significantly higher than that observed in the 
previous CRR tests with only bentonite colloids. b) Europium desorbs from bentonite colloids 
and adsorbs on fracture walls. Both hypotheses are being evaluated and new experiments are 
ongoing. 

Certainly, the “reversibility” of the radionuclide-colloid binding is one of the most critical 
parameters for the assessment of colloid relevance to radionuclide migration. The present 
study demonstrates the necessity of studying the underlying reaction mechanisms. There is a 
strong linkage of the studies described here to WP 1.2. 

A preliminary test was carried out with bentonite colloids (24 ppm) traced with 239Pu (5 × 10-8 
M). As previously observed with Eu, the Pu peak is also observed in a position slightly 
advanced with respect to HTO, according to a colloid-like behaviour. The shape of the curve 
was significantly different from that previously observed, with a much more pronounced tail.  

A significant result is that the Pu recovery in this test was very high (almost 100%). This 
suggested that Pu could have formed colloid during the radionuclide addition to the 
suspension. Data from new with Pu and bentonite colloids are under analysis. 

CIEMAT performed diffusion experiments in granite with different radionuclides (Eu, U, Th, 
Se, Re, I) using a novel approach by means of Rutherford Back Scattering (RBS) technique.  



1st Annual Workshop Proceedings 6th EC FP - FUNMIG IP Saclay (France) 28th Nov.- 1st Dec. 2005 
RTD COMPONENT 4 

 - 52 -  

This technique provides compositional information in depth and is especially suitable to 
detect heavy elements in a substrate formed by lighter elements. 

From these experiments, the calculated apparent diffusion coefficient was 1.3 × 10-13 m²/s for 
the uranium, and 7.6 × 10-14 m²/s for the europium, as an example. Considering a porosity of 
1% for the granite and Kds between 0.1 and 10 ml/g, the De values will fall within the range of 
10-12 to 10-14 m²/s. These values are in comparable with those previously reported for effective 
diffusion coefficients in crystalline rocks, (from 10-13 to 10-14 m²/s) obtained with 
“conventional” methods and with much larger experimental times. Another advantage of the 
technique is that is possible to carry out the measurement in single minerals. Results obtained 
so far are promising. This work has been carried out in close collaboration between CIEMAT 
and INFN-LNL within the frame of the EC - EURONS programme. Collaboration with WP 
4.2 is foreseen for porosity analysis of the samples used in diffusion studies. 

Finally, UDC carried out the numerical modelling of some selected column experiments using 
CORE in order to develop conceptual models of radionuclide migration, sorption and 
exclusion through bentonite-granite interfaces and derive transport and exclusion parameters 
for selected radionuclides. THC models of the engineered barrier indicated that some solutes 
may back-diffuse from the bentonite barrier into the granite. These models, which have been 
proved to be useful for analysing geochemical changes in the bentonite, have been used to 
analyse mass transfer from the bentonite barrier into the surrounding granite rock. In 
particular, predictions of iodide (an artificial tracer added in the bentonite barrier) have been 
updated. More details on the UDC work can be found in Samper et al. (this volume).  

WP4.5: Process identification and verification by real system analysis 

The analysis of data from real systems provides the possibility to identify and quantify 
processes for time scales not accessible from laboratory experiments.  

In this WP, these actions were carried out so far: a) Establishment of relevant data-sets and 
compilation of background information; b) Detailed analysis of date with respect to 
plausibility of end-members/primary mixing components and hydrological situation; c) 
Investigations of the paleo aspects by using natural radioactive elements. Specific data from 
the Swedish site Forsmark were obtained. The data set includes a total of 1131 water samples 
collected from the surface and sub-surface environment and 252 samples were collected from 
drilled boreholes. The deepest fracture groundwater samples with sufficient analytical data 
reflected depths down to 1 km. The Model version 1.2 focuses on geochemical and mixing 
processes affecting the groundwater composition in the uppermost part of the bedrock, down 
to repository levels, and eventually extending to 1000 m depth. 

The conclusion of the study is that the complex groundwater evolution and patterns at 
Forsmark are a result of many factors: a) the present-day topography and proximity to the 
Baltic Sea; b) past changes in hydrogeology related to glaciation/deglaciation, land uplift and 
repeated marine/lake water regressions/transgressions; c) organic or inorganic alteration of the 
groundwater composition caused by microbial processes or water/rock interactions. The 
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sampled groundwaters reflect to various degrees processes relating to modern or ancient 
water/rock interactions and mixing.  

More groundwater and isotopic data, together with microbial information, colloids and gases, 
provided additional site descriptive information. Finally, the introduction of coupled 
modelling provided further possibilities to address independently the various processes in 
question. 

Additionally, the post-glacial events and mineral ages in the Fennoscandian shield (Finland, 
Palmottu and Hyrkkölä, and Sweden) were analysed. The geochemical cycling of natural 
radioactive elements in the Fennoscandian shield provides a great deal of information 
concerning the paleohydrological evolution of the region in the light of past climatic changes, 
in particular ice ages. 

More details on the work carried out in this WP can be found in Laaksoharju et al. in this 
volume. 

WP4.6: Up-scaling of processes 

The main objective of this WP is to develop procedures to up-scale processes both in time and 
in space in order to provide the basis for an adequate integration in PA models. Experimental 
methodologies for the up-scaling of sorption parameter and matrix diffusion processes are 
tested. 

VTT is analysing the influence of rock heterogeneities on the matrix diffusion. CIEMAT is 
studying how the crystalline rock heterogeneity affects the RN retention, for a proper 
selection of Kd values to be used in predictive transport models. An ultimate goal would be 
the application of mechanistic models to quantify RN retention. It is necessary to identify 
which are the minerals that most affect the retention along the flow path, to determine the 
actual surface area in which retention occurs and the density of available surface sorption 
sites. A combination of sorption, mineralogical and petrographic studies with the use of new 
sensitive techniques is tested. So far, preliminary studies were carried out with Cs(I), U(VI), 
Eu(III) and Se(IV).  

To obtain the information for the sorption up-scaling procedures experimental data obtained 
in the same system from different techniques have to be compared. The information from the 
following type of tests is needed: 

a) Sorption studies in the crushed rock and Kd determination (static/dynamic); b) Sorption 
studies in rock surfaces and Ka determination (static/dynamic); c) Identification of sorbing 
minerals by autoradiography and/or μPIXE (particle induced X-ray emission); d) 
Quantification of the sorption in the single minerals and of the “real” surface area where RN 
are retained; e) Study of mineralogy and porosity of rock pieces; f) Main sorbing minerals 
characterisation. Sorption studies on main minerals for application of mechanistic models. 

μPIXE analysis of rock slices in which the different elements were adsorbed, showed that RN 
distribution is not homogeneous but it is related to particular minerals. This heterogeneity 
may cause additional problems for the correct specific surface area determination to be 
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accounted for. In addition, the RN distribution can be evaluated in parallel to the 
identification of the minerals with PIXE by the analysis of the presence of the most important 
elements (Al, Si, Ca, Mg, Fe…). Figure 3 shows an example of µPIXE analysis in a granite 
sample with Eu adsorbed. 

 
Figure 3. µPIXE analysis of a granite sample in which Eu was previously adsorbed.  

It was observed that Fe or Ti bearing materials are preferential sorbing mineral for U (Alonso 
et al, 2003); Cs is preferentially sorbed onto biotites and Eu also shows a preferential 
retention in Fe-bearing minerals. The Se distribution is characterised by a sort of “exclusion” 
from Si minerals like quartz. Sometimes the retention of Se seems to be related to grain 
boundaries or mineral defects, evidencing the importance of analysing these structures more 
in depth. 

For the up-scaling procedure, additional efforts are now needed for the quantification of RN 
sorption in the main minerals (point d). In addition, a study of the porosity distribution of the 
rock samples used in sorption experiments is needed. To this scope collaboration with 
organisations within the WP 4.2 is foreseen. 

Iron rich micas, and in particular biotite, were identified amongst the most active sorbing 
minerals in granite. Preliminary more detailed sorption studies on a well-characterised biotite 
were carried out with Cs(I), U(VI) and Se(IV) for the application of mechanistic models. 
More details on this work can be found in Missana et al. (this volume).  

Finally, the development of a methodology to derive overall effective parameters controlling 
multi-component reactive transport and of a tool incorporating multi-component transport to 
PA is considered a very important issue. Multicomponent reactive transport needs the linking 
of transport and reaction processes. So far, models are invariably based on the conventional 
form of the advection-dispersion equation that may be not adequate in certain systems. The 
medium heterogeneity causes processes, equations and parameters to shift in importance as 
the scale changes. Stochastic hydrology has been proposed to address heterogeneity but 
stochastic results are of limited applicability to multicomponent reactive transport. The 
objective UPC work in this WP is to close such gap developing a methodology to derive 
effective reactive transport parameters (upscale) from microscopic descriptions.  
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UPC worked on the development efficient upscaled transport concepts that integrate the 
interaction between temporal fluctuations, spatial heterogeneity, molecular diffusion, local 
dispersion and (multi-species) chemical reactions.  

To this end, existing information about microscale transport and reaction processes has been 
compiled and analytical expressions have been established describing reactions between the 
aqueous-aqueous phases and the aqueous-solid phases (De Simoni et al., 2005). The impact of 
the interaction of local dispersion/diffusion, spatial heterogeneity and temporal fluctuations of 
the flow conditions on the mixing and spreading of reactants has been quantified in terms of 
effective dispersion coefficients as outlined in Dentz and Carrera (2005).  

A methodology for the derivation of effective transport dynamics has been developed and an 
effective transport framework for the movement of reactants under spatially random 
adsorption properties has been derived in collaboration with Brian Berkowitz from the 
Department of Environmental Sciences of the Weizmann Institute of Science, Rehovot, Israel 
(Dentz and Berkowitz, 2005). It turns out that short-range correlated spatial fluctuations of the 
adsorption properties lead to memory effects and non-Markovian effective transport. The 
memory term integrates the effect of spatial heterogeneity and has been given explicitly in 
terms of the heterogeneity distribution.  

In collaboration with the Politecnico di Milano (Milan, Italy) a methodology has been 
developed for the analytical solution of reactive transport problems caused by the mixing of 
waters, which are in chemical equilibrium with the solid matrix. The methodology consists of 
four steps: (1) the definition of the (conservative) components, (2) solution of the transport 
equations for these components, (3) solution of the chemical speciation problem, and (4) 
evaluation of the reaction rates.  

In collaboration with the University of California (San Diego, USA), an effective model for 
the description of anomalous transport in heterogeneous environments has been developed, 
which is based on the idea of “delayed” diffusion. Within a stochastic modelling framework, 
an exact effective equation for transport in a random flow field has been derived and a scheme 
for the macrodispersion coefficients has been established.  

More detail on this work can be found in Dentz et al. (this volume). 
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The objective of RTDC5 is the investigation geochemical processes in a natural system which 
shows similarities to typical sedimentary formations covering salt domes for underground 
waste disposal. Ruprechtov site has been chosen because its geological and geochemical 
conditions are similar to such sediments. In particular, the existence of lignite-rich layers is of 
interest at Ruprechtov site, since lignite rich sediments are also found in the overburden of the 
Gorleben salt dome. At Gorleben site they were identified as sources for humic colloids, 
which might facilitate radionuclide transport.  

Ruprechtov site has been characterized within a bilateral project performed by NRI-REZ, 
Czech Republic and GRS, Germany. Based on the available information specific aspects are 
addressed within RTDC5 of FUNMIG project. Additional partners within RTDC5 are FZK-
INE, Germany and HU, Finland. One aspect regards the role of colloids and the behaviour of 
organic matter in general. The second aspect deals with the behaviour of trace elements in 
particular uranium in the natural system.  

The investigation of the role of colloids and organic matter comprises the following issues: 

• Investigation of colloids  

• Concentrations of inorganic colloids in dependence of geochemical conditions 
(comparison with other sites) 

• Concentration of organic colloids (humic substances)  

• Characterization of the interaction of uranium with organic colloids in the natural 
system 

• Investigation of sedimentary organic matter (input from WP2.2) 

• Characterization of sedimentary organic matter (SOC) e.g. by application of different 
extraction schemes 

• Experiments on the interaction of trace elements with SOC 

• Interrelation between SOC and organic colloids, e.g. which processes control the 
generation of DOC 

• What is the role of microbes 

The investigation of the behaviour of radionuclides, in particular uranium, in the natural 
system consists of the following topics: 

• Method development 
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• Development of a µ-XRF / µ-XAFS method with high spatial resolution 

• Further development of a separation method of U(IV)/U(VI) in natural samples 

• Characterization of immobile uranium phases by a multi method strategy, including 

• Identification of oxidation state by bulk chemical analysis and µ-XANES  

• Characterization of the chemical form by µ-EXAFS, as well as combination of 
sequential extraction methods with mineralogical analysis and desorption experiments  

• Use of available information from electron microscopy 

The project has been performed according to the work plan. This summary report contains a 
short description of the Ruprechtov site with its most important features. In the subsequent 
chapters the main tasks which have been performed in each work package during the first year 
are summarized. 

 
Description of Ruprechtov site 

The Sokolov basin with its Tertiary sediments of Oligocene and Miocene age is at Ruprechtov 
site surrounded and underlain by Carboniferous granitic rocks, which were intensively 
kaolinized during Mesozoic and possibly Cenozoic age. The basal Staré-Sedlo formation (or 
adequate rocks) fills depressions in the basement and is overlain by the so-called volcano-
detritic formation, which is composed mainly by volcanogenic series and intercalated lignite 
seams. A schematic cross section is given in Figure 1.  
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Figure 1. Simplified schematic geological profile of Ruprechtov site 

Uranium mineralization is mainly located on top of the kaolin layer in a coal enriched part, 
which is – due to strong heterogeneity – normally described as “clay/lignite-sand-layer”. The 
underlying Krušné hory granite is most probably the U-source, is confirmed by its relatively 
high mean primary content of 12 ppm uranium where the U-content partly exceeds the Th-
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content. Directly on top of kaolin, close to aquiferous horizon, uranium concentrations raise 
with sharp peaks in a sector of about three meters. Altogether U-concentrations vary from 
some tens up to hundreds of ppm. 

In order to understand U-migration and mobilisation/immobilisation processes as well as the 
behaviour of organic matter a more detailed knowledge of the hydrogeological flow regime of 
the site is essential. Altogether 12 wells from recent drilling campaigns have been lined to 
sample and characterize undisturbed groundwater from aquiferous horizons (NA4-NA15). 
Additionally seven other boreholes are available at the site. The position of all boreholes is 
shown in Figure 2. 
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Figure 2. Detailed view of location of boreholes at Ruprechtov site correlated to geologic 
map.  

From old boreholes and hydrogeological models developed in the past it is known that the 
general flow field in the tertiary basin is directed from south west to the north east. Current 
laboratory (selected drill cores) and on-site (pumping tests) measurements of hydraulic 
conductivities made clear that only distinct water bearing layers with kf-values of 10-5 to 10-7 
m/s and a thickness of about 1-2 meter exist mainly in the surrounding of the clay/lignite-sand 
layer, whereas the pyroclastic sediments are very low permeable with typical kf-values 
between 10-10 to 10-11 m/s. 

Another important feature of the site is a strong morphology of the kaolin/pyroclastics-
interface and significant differences in kaolin thickness. The interface shows a structure with 
hills and valleys, where highest kaolin thickness corresponds to evaluations and lowest 
thickness of only few meters coincides with valleys. Therefore, areas with very low kaolin 
thickness might represent a connection of groundwater systems in granite and Tertiary layers. 



1st Annual Workshop Proceedings 6th EC FP - FUNMIG IP Saclay (France) 28th Nov.- 1st Dec. 2005 
RTD COMPONENT 5 

 - 60 -  

Milestones 

Milestone 5.1.1. Method for geo-monitoring of groundwater (in-line with LIBD) under 
undisturbed conditions 

The only milestone in RTDC5 in the first year regards WP5.1. After 12 month a geo-
monitoring unit (in-line with LIBD) for the detection of pH, Eh, electrical conductivity and 
dissolved oxygen content of ground water under conditions prevailing in the sample, as far as 
possible undisturbed geological horizon is available. It consists of a borehole sampling system 
and a laboratory set-up as shown in Figure 3. 

The sampling system consists of a sampling cylinder, which can be lowered into the detection 
horizon of the borehole. After equilibration of the system the cylinder is filled with 
groundwater by use of remotely operated valves. In the laboratory, this sampling cylinder is 
connected with the high-pressure flow-through detection cell of the laser-induced breakdown 
detection (LIBD) system for the detection of colloids. Subsequently, pH, Eh, electrical 
conductivity, and oxygen content are detected and samples for chemical ground water 
analysis are collected.  

Under Argon atmosphere the ground water is pumped through the LIBD detection cell via a 
bubble collector (BC) to avoid occasionally occurring gas bubbles which interfere the colloid 
detection. At the outlet of the LIBD system additional detection cells with pressure resistant 
electrodes for pH, Eh, a sensor for electrical conductivity and a sensor for the pressure 
detection are arranged downstream. Overpressure in the whole system avoids further contact 
to oxygen. Time-dependent detected data of this geo-monitoring system are stored on a 
personal computer with a data logger. This allows to separate temporary fluctuating data, 
especially during the starting period of pumping with the HPLC pump when the detection cell 
and the geo-monitoring system is contaminated and does not contain the pure sampled ground 
water, respectively. 
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Figure 3. Borehole sampling system and laboratory setup for in-line LIBD colloid analysis 
and ground water monitoring (FZK-INE) 

Ground water batch samples are collected at the outlet of the pressure regulator (PR) for 
chemical analysis with ICP-AES, ICP-MS and for the detection of inorganic carbon (IC) and 
dissolved organic carbon (DOC). 
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Advances within Work Packages 

WP5.1: Determination and characterization of colloids und variation of geochemical 
conditions 

The borehole sampling and the laboratory set-up has already been described in chapter 2. 
With this set-up colloid measurements have been performed at different boreholes from 
Ruprechtov site. LIBD measurements show inorganic colloid concentrations in the range of 
100-750 µg/l. A clear correlation with element concentrations could not be observed so far.  

DOC measurements revealed rather low concentrations in the range of 1 – 5 mg/l. Different to 
the Gorleben aquifer, where high concentrations of dissolved humic and fulvic acids up to 
100 mg DOC/l (in few samples even more) where found, we are facing different conditions at 
Ruprechtov site. Despite the existence of lignite-like solids in the sedimentary layers very low 
amount of soluble organic species exist in the groundwater. In order to explain this fact 
investigation on the role of microbes and the properties of the sedimentary organic matter will 
be performed in FUNMIG RTDC5 and RTDC2. 

In order to verify that geochemical conditions are maintained during transport and storage of 
the groundwater samples ph and Eh-values will be compared with data obtained by an in-situ 
probe. This comparison will be done in the first half of 2006. 

WP5.2: Geochemical behaviour of radionuclides in the natural host rock 

The main objective of WP5.2 is the determination of the chemical state of uranium and other 
trace elements in the tertiary sediments in order to understand the immobilization 
mechanisms. The work comprises detailed analyses of the immobile uranium phases in 
U-enriched samples from the clay lignite horizon. The major part of work in the first year was 
selection of suitable samples, distribution to the partners and method development. 

Drill core sections from the last drilling campaign have been pre-characterized by 
γ-spectroscopy in order to identify the most uranium rich samples. Highest γ-signals are found 
in drill cores NA13 and NA14 (see Figure 4). Therefore segments from peak areas of these 
samples have been selected for prior investigation of the geochemical state of uranium. The 
drill cores have been cut into slices of 3 cm length shrink wrapped in foil under nitrogen 
atmosphere and sent in sealed packages to FZK-INE and HU. In each institution they are 
stored in glove boxes under nitrogen atmosphere.  
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Figure 4. Results from γ-characterization of drill cores NA11, NA12, NA13 and NA14 from 
Ruprechtov site 

FZK-INE developed a multi method strategy. Central part of this strategy is the use of µXRF 
and µ-XAFS spectroscopy. 3D element distributions are measurable by using a confocal 
μ-XRF set-up as shown in Figure 5. The setup allows probing the local composition of 
specified volumes, thereby enabling measurement of the distribution of trace elements in 
tomographic cross-sections situated at different depths below the surface. 

Confocal geometry

Focusing 
optic

Collimating 
optic

  
Figure 5. Principle of confocal set-up, left and photograph of the confocal CRL/polycapillary 
set-up (right). Arrow marks the focused beam path to the sample. 

At FZK-INE a confocal system using new planar compound refractive lens (CRL) array 
generated X-ray microbeams for 3D elemental analysis with high resolution at the Fluoro-
Topo-Beamline at ANKA was tested. With this new array a focus beam spot size of 2 × 5 µm² 
(V × H) is achieved. The new set-up detailing the relative position of a sediment sample, 
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microscope (M), SU8 CRL array (C), polycapillary lens (P) and X-ray detector (D) as shown 
in Figure 5 is described in depth in (Denecke 2005) in the proceedings of the 1st annual 
FUNMIG workshop. 

The new set-up was tested on a uranium-rich sediment sample from 35 m depth in the clay 
lignite horizon taken from drill core NA4. Figure 6 shows the recorded Fe, As and U 
distributions measured in a depth of 60 µm below the sample surface. The high resolution 
makes it possible for the first time to discern an As-rich boundary layer surrounding 
Fe(II)-nodules. This suggests that an arsenopyrite mineral coating of framboidal pyrite 
nodules is present in the sediment. Uranium occurs in direct vicinity of the As-rich layers. 
These results confirm an earlier postulated mechanism that As was sorbed on FeS2 forming an 
AsFeS precipitate. Uranium reduction occurred on AsFeS sites affecting U(IV) precipitation 
and formation of As(V) due to the observation from previous experiments that As occurs in 
two valences states As(0) and As(V) and that uranium is preferentially located near As(V).  

 
Figure 6. Confocal µ-XRF maps of a 120 × 120 µm2 section (2 × 4 µm2 step size) from 60 µm 

below the surface. Circles indicate U hot-spots. Dashed lines indicate As-rich rim around 
Fe(II) nodules. 

According to first U(IV)/U(VI) separation experiments performed by HU on one sample from 
the clay/lignite-sand horizon by a modified wet chemical procedure, 80-90 wt.% of U in the 
solid samples are found in U(IV) form. This result is in good agreement with the results from 
µ-XRF-spectroscopy described above and with results from microprobe techniques, which 
identified in similar U-rich sediments from clay/lignite-sand exclusively U(IV) mineral-
phases: ningyoite (U,Ca,Ce)2(PO4)2.1-2H2O, tristamite (Ca,U,Fe)(PO4,SO4).2H2O and 
uraninite (UO2). Detrital U(IV)-bearing minerals originating from granite were also identified 
in previous analyses, which are leucoxen, monazite, xenotime, and zircon. Part of uranium 
exists in form of sorbed, crypto-crystalline and very finely dispersed forms which can not be 
characterized by microprobe. Analysis of further samples by all different methods shall 
contribute to quantification of uranium in the different forms.  

Extensive applications of single and sequential extractions (i.e. selective dissolution of rock 
with different chemical reagents with increasing intensity) were performed with the objective 
to characterise association of U with present phases (or rather – operatively defined phases). 
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Five and in some cases six step procedure (with initial H2O step) were applied mainly – 
exchangeable, carbonates, Fe/Mn oxohydroxides, organic matter and residual fraction. The 
results showed not clear prevailing association of U with particular phases (really present or 
operatively defined) indicating variability of U forms. Surprisingly, phosphorus was analysed 
in all sequential extracts putting doubts on simple applicability of sequential extractions to 
provide required information – rather integral combination of phase analysis (at least 
chemical + XRD) and measurement of trace elements in interest and selected main elements 
in individual sequential extracts would provide reliable results. 

Associated group 

Members of the associated group CTU, Prague [AG 14] have been involved in the study by 
application of U-desorption experiments. The determination of exchangeable uranium is 
performed by isotope exchange using isotope 233U with simulated seepage water from 
Ruprechtov site (0.0018 M CaCl2, 0.0010 M MgCl2, 0.0011 M NaCl, 0.0008 M Na2SO4, 
0.0002 M NaHCO3).  

In the next step in WP5.2 the samples from the new drill cores will be analysed by the 
different methods in order to check if additional immobile uranium phases occur and to 
confirm results obtained so far. It is planned to use as much as possible directly neighboured 
samples in order to allow a better comparison of the results. For selected measurements, 
homogenized material will be used. 

WP5.3: Real system analysis 

Main part of work in WP5.3 consists of compilation of hydrogeological data, determined 
within a national project during the last few years. The location of all boreholes available for 
sampling was shown in Figure 2. Their main characteristics are listed in Table 1. 

Three boreholes in outcropping granite in south east and east of the area (RP1, NA8, NA10) 
and two reaching the underlying granite (NA14, HR4) are available (cf. Fig. 2). Most of the 
other boreholes are filtered in the uranium bearing clay/lignite-sand horizon. Due to the strong 
morphology of the top of kaolin and consequently of the Tertiary structure the depth of the 
clay-lignite/sand layer varies between 20 to 60 m in the investigation area.  

Stable isotopes δ2H, δ18O (groundwater origin), tritium 3H (water ages), carbon isotopes 14C, 
δ13C (water ages, reactions, mixing processes) provided various information about the 
hydrogeological system. Natural isotope data as well as 14C and δ13C isotope data available 
are listed in Table 2. Based on the evaluation of stable isotope data and water tables a flow 
system at Ruprechtov site from south-west to north east was confirmed with two supposed 
infiltration areas in the western part (around boreholes NA8, NA10) and in the southern part 
(around RP1) as shown in Figure 7. 
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Table 1. Characteristics of boreholes and filter horizons at Ruprechtov site 

Well Depth of  
filter-horizon 

Hydraulic 
conductivity [m/s]  Description 

NA8 10-20 m 2.0·10-6 granite 
RP1 10-20 m 3.4·10-7 granite 
NA10 20-28 m 2.9·10-8 granite 
NA14 67.5-82.2 m 2.8·10-8 granite 
HR4 46,5-95 m not available granite 
NA5 19-21 m 5.5·10-8 uranium 
NA7 19-21 m 1.9·10-7 Clay-lignite, uranium 
NA9 5-15 m 3.3·10-6 No lignite, no uranium 
NA4 33-35 m 1.5·10-6 Clay-lignite, U 
NA6 33-35 m 1.4·10-7 Clay-lignite, U 
NA11  6.5·10-6 Clay-lignite, U 
NA12 44-48 m 3.8·10-7 Clay-lignite, U 
NA13 51-56 m 2.3·10-9 Clay-lignite, U 
NA15 34-36 m 1.2·10-7 Clay-lignite, U 
RP2 25-43 m 2.8·10-6 Clay-lignite, U 
RP3 25-48 m 2.3·10-5 Clay-lignite, U  
RP5 30-58 m 2.3·10-6 Clay-lignite, U 
PR4 5-32 m not available  Clay-lignite, U 
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RP4
RP2
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Figure 7. Proposed hydrogeological flow regime proposed from information about stable 
isotope data and water heads. 

Typical infiltration water (NA8) shows values of δ13C = -22 ‰, 14C = 72 pmc; δ13C is 
increasing with increasing DIC and 14C decreasing with increasing δ13C. Isotopic signature 
points that input of DIC was caused by dissolution of sedimentary inorganic carbon and/or 
endogenic CO2 from exhalation. Microbial degradation of SOC alone as third possible 
process cannot explain development of DIC, δ13C and 14C values. 
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In order to understand whether microbial degradation of SOC occurs in the clay/lignite-sand 
horizon or not, it is important to determine 14C-content in DOC and δ34S in dissolved sulphate 
in water from the infiltration area and in groundwater from the clay/lignite-sand horizon. 
Results from measurement of 14C in DOC and δ34S isotopes in dissolved sulphate will be 
available in first half of 2006. These results together with detailed analyses of the properties 
of sedimentary organic matter as planned in RTDC2 will contribute to the understanding of 
the behaviour of organic matter at Ruprechtov site and to explain, why DOC concentrations 
are much lower than those observed in the overburden of Gorleben site. 
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Table 2. Summary of natural and carbon isotope data measured in groundwater wells in the 
Ruprechtov area 

Well No. Lithology δ18O δ2H Tritium 14C δ13C δ13C δ13C 
    ( ‰ ) ( ‰ ) ( TU ) (DIC) (DIC) (DOC) (CH4) 
           ( pMC ) ( ‰ ) ( ‰ ) ( ‰ ) 

NA-4 Clay-lignite, U -9.71 -68.2 0.0 ± 0.5         
    -9.81 -66.9 0.0 ± 0.5 3.2 -10.4     
    -9.83 -68.9 0.0 ± 0.5 3.2 -11.7 -16.9 -26.9 

NA-5 U  -8.93 -62.6 0.0 ± 0.5         
    -8.98 -62.2 0.9 ± 0.5 4.3 -10.6     
    -9.03 -60.9 0.0 ± 0.5 6.4 -11.2 -25   

NA-6 Clay-lignite, U -9.34 -64.8 0.7 ± 0.5         
    -9.26 -65.5 0.2 ± 0.5 13.1 -12.4     
              -26.8   
    -9.22 -63.6 0.8 ± 0.3         

NA-7/1 Clay-lignite, U -8.96 -61.5 0.2 ± 0.5         
NA-7/2   -9.00 -61.1 0.0 ± 0.5         

          39.4 -16.1 27.3   
NA-8 granite -9.22 -62.9 1.1 ± 0.5 71.9 -21.9 -27.8   
NA-9 No U, no U-anomaly -8.95 -60.8 0.0 ± 0.5 72.1 -20.5 -27.1   

NA-10 granite -8.89 -61.5 1.6 ± 0.3 54.6 -16.2     
NA-11 Clay-lignite, U -9.00 -65.5 1.5 ± 0.3 7.8 -9.6     
NA-12 Clay-lignite, U,  -8.87 -61.9 0.3 ± 0.3 26.5 -16.0     
NA-13 Clay-lignite, U -9.24 -65.9 1.5 ± 0.3         
NA-14 granite -9.33 -64.9 0.6 ± 0.3 9.8 -12.8     
NA-15 granite -9.88 -70.9 0.2 ± 0.3 11.8 -13.7     
RP-1 granite -9.52 -66.9 0.2 ± 0.5 21.0 -16.8     
RP-2 Clay-lignite, U -9.81 -69.0 1.1 ± 0.5 16.8 -13.2 -26.6   

              -24.9   
RP-3 Clay-lignite, U (28 m)       13.3 -15.3 -26.6   

    -9.60 -68.2 1.0 ± 0.3         
RP-5 Clay-lignite, U -9.73 -68.2 0.0 ± 0.5 6.4 -11.7     
RP-5   -9.77 -68.6 0.0 ± 0.5         
(End)                 
HR-4 granite       29.9 -14.5 -26.2   

    -9.31 -64.3 1.2 ± 0.3         
HR-5  -8.86 -63.1 5.0 ± 0.4         
PR-4          -7.3     

            -13.2     
    -9.00 -63.7 9.7 ± 0.4         
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RTD COMPONENT 6 

 
Bernhard Schwyn 

bernhard.schwyn@nagra.ch 
NAGRA Hardstrasse 73 

CH-5430 Wettingen, Switzerland 
 

RTDC6 has been subject to restructuring. In this context, also the Integration Monitoring 
Group (IMG) was established. Throughout the first project year a large number of groups 
provided their input to this process. Especially Waste Management Organizations have 
contributed strongly. In the continuation of the project, the IMG will ensure integration of 
S+T results for the purpose of generating tools for PA. Key instrument for documentation of 
this progress will be the project internal deliverable PID6.2.1 (“Interim report on the current 
treatment of investigated processes in PA”). This first interim report has a due date of 18 
project months. 

Integration Monitoring Group (IMG) 

The IMG is established by the ExCom. 

The role of the IMG is: 

• To act as an interface between the research oriented RTDC’s 1-5 and RTDC6, and 

• To provide support in establishing relevant documents where the outcome of research 
is implemented in PA, i.e. in the formulation of tools for PA. This refers especially to 
the generation of a first interim report on “Current Treatment of Investigated 
Processes in PA”, in association with PID6.2.1. This report will be up-dated in the 
course of the project considering the results produced within RTDC1 to 5. 

The IMG consists of persons nominated by the RTDC leaders. They are: 

• RTDC1: Les Knight, NIREX 

• RTDC2: Thorsten Schäfer, FZK-INE 

• RTDC3: Scott Altmann, ANDRA 

• RTDC4: Berta de la Cruz, CIEMAT 
  Andrés Peréz-Estaûn, CSIC 

• RTDC5: Ulrich Noseck, GRS 

• RTDC6: Bernhard Schwyn, NAGRA 

The Coordination Team also takes part in the IMG. 

Bernhard Schwyn, NAGRA, is currently chairperson of the IMG meetings. At a later meeting, 
it will be decided how to proceed with the chairperson.  
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The chairperson shall: 

• Monitor and report upon the functioning of the IMG, 

• Call meetings of the IMG, 

• Prepare the agenda for the meetings of the IMG, and 

• Ensure preparation of minutes to be forwarded to the Coordination Secretariat and the 
ExCom. 

Internal working rules will be established and documented during a meeting of the IMG early 
2006. 

Meetings shall be organized upon the need to hold such a meeting, identified by any member 
of the IMG. If not identified by the chairperson, this need for an IMG meeting shall be 
communicated to the chairperson for: 

i. Identification of the actual need for such a meeting, and if so,  

ii. Taking actions for holding such a meeting. 

A first short meeting was held in association with the First Annual Workshop in Saclay on 30 
November 2005. 

Advances within work packages 

RTDC6 has been re-defined along the first year of the project and contains, currently, in 
agreement with the implementation plan, four different work-packages. 

WP6.1 Boundary Conditions 

It was decided to distribute a questionnaire to the involved Waste Management Organisations 
in order to establish boundary conditions used in the various European disposal concepts. 

WP6.2 Process representation in PA 

The objective was to compile the current representation in PA of the processes investigated 
within RTDC1 to 5. To this aim, the integration monitoring group, mentioned above, was 
established. The 1st. topical session of the annual workshop was dedicated to the uses of 
scientific information in PA and the compilation of the processes investigated within 
FUNMIG has started. 

WP6.3 Data Bases 

The objective was to list currently available sorption data bases. This is currently being 
worked on via a questionnaire sent to the Waste Management organisations on the sorption 
data bases used for their performance assessment exercises. 
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WP6.4 Abstraction of transport processes to PA analyses 

The work has started in this WP, centred upon the development of the state-of-the-art of up-
scaling techniques applied to solute transport models, and the development of up-scaling 
techniques to simplify solute transport models in high preferential path systems (“fast 
channels” in fractured network systems). 
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Abstract 

This work forms part of a project which aims to (i) generate data and process understanding for 
phenomena that cannot be obtained from laboratory studies, and (ii) to verify process up-scaling 
with respect to time, spatial scale and heterogeneity. It is based on the Swedish and Finnish site 
investigation programmes for a nuclear waste repository in crystalline rock. A database with 
background information has been established for relevant sites. A detailed analysis has identified 
plausible end-members as primary mixing components for the present groundwater. The portions 
of different groundwater contributors together with knowledge about the evolution history provide 
a good picture of the present hydrological situation. A large number of geochemical processes 
have been identified, including the formation of secondary uranium silicate minerals, related to 
past climatic events. Investigations of the palaeo aspects by using natural radioactive elements are 
under development. The results contribute to the safety assessment of nuclear waste disposal in the 
granitic rock investigated, with respect to the hydrological situation and relevant geochemical 
processes, both present ones and future site evolution with the onset of climatic changes. 

Introduction 

The work is associated with the Swedish and Finnish site investigations for construction and 
operation of repositories for high-level long-lived radioactive waste. The present work is related to 
the Integrated Project Fundamental Processes of Radionuclide Migration (IP-FUNMIG) where a 
number of Contractors (Research Center Karlsruhe – Institut für Nukleare Entsorgung (FZK-INE) 
(DE), Geopoint AB (SE), Svensk Kärnbränslehantering AB (SKB) (SE) and Helsinki University 
of Technology) (Fin) and Associated Groups (Conterra AB (SE), Terralogica AB (SE), University 
of Santiago de Compostela (ES), University of Zaragoza (ES) and 3D-Terra (CA) contribute.  

Siting studies for SKB’s programme of deep geological disposal of nuclear fuel waste currently 
involves the investigation of two locations, Forsmark and LaxemarSimpevarp, on the eastern coast 
of Sweden to determine their geological, hydrogeochemical and hydrogeological characteristics. 
Present work includes data and results from the Forsmark Model version 1.2 (SKB R-05-17) 
which represents the second evaluation of the available groundwater analytical data collected up to 
June 2004. The data set includes a total of 1131 water samples collected from the surface and sub-
surface environment (e.g. soil pipes in the overburden, streams and lakes); 252 groundwater 
samples were collected from drilled boreholes. The deepest fracture groundwater samples with 
sufficient analytical data reflected depths down to 1 km. Most of the waters sampled (66 %) 
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lacked crucial analytical information that restricted the evaluation. Model version 1.2 focuses on 
geochemical and mixing processes affecting the groundwater composition in the uppermost part of 
the bedrock, down to repository levels, and eventually extending to 1000 m depth. 

Furthermore, secondary uranium silicates are studied, especially from the Finnish Palmottu and 
Hyrkkölä sites, for the purpose of dating their formation and relating to past climatic 
periods/events. Results from all sites investigated are brought together for generating both site-
specific and generally applicable information. 

Objectives 

The overall objectives are to provide well founded evidence in support of the safety case for 
nuclear waste disposal in the crystalline rock in Sweden and in Finland, with respect to 
hydrological and geochemical processes. For this purpose, hydrological and geochemical data are 
gathered, scrutinized and brought together into a database. The database is used for interpretation 
of the concerned processes in view of relevant safety features of the far-field of such a crystalline 
rock repository. 

Results and discussion 

Hydrological and hydrogeochemical studies 

Four main groundwater types are found at the Forsmark site. In addition to the recent to young Na-
HCO3 type groundwater and older Na-Ca Cl(SO4) type groundwater (with a Littorina Sea and 
glacial signature), there exist at greater depths (KFM03A; 645 m) an even older meteoric Na-Ca-
Cl type groundwater (~ 16 pmC) with a small glacial component (δ18O = -11.6 ‰ SMOW; 
δD = -84.3 ‰ SMOW). At still greater depth (KFM03A: 990 m) the groundwater changes to a 
higher saline Ca-Na-Cl type characterised by an even greater glacial signature (δ 18O = -13.6 ‰ 
SMOW; δ D = -98.5 ‰ SMOW). Although only one deep sample exists, the A2 gently dipping 
deformation zone which traverses the Forsmark site appears to form the boundary between the Na-
Ca-Cl and Ca-Na-Cl groundwater types were borehole KFM03A is drilled (see Figure 1). 

The near-surface Na-HCO3 groundwater forms a distinctive horizon at the centre of the site area 
which lenses out towards the SE Baltic Coast where discharge of deeper groundwater probably 
occurs. From Bolundsfjärden to the NW a less marked horizon is indicated but data are few. In 
addition, the influence of the deformation zone A2 on the groundwater chemistry is not clear at 
this near-surface locality. Bordering the shallow Na-HCO3 groundwater, and extending from close 
to the surface (near the SE coast) to depths of around 500 m (along the gently dipping deformation 
zone A2), are the Littorina Sea type groundwater. The possibility of an upward (discharging) 
movement of these Littorina Sea type groundwaters below Bolundsfjärden Lake is supported by 
the soil pipe groundwater sample SFM0023 collected close to the lake and showing increased Mg 
and SO4. The Bolundsfjärden Lake discharge area may correspond to the intersection of steeply 
dipping deformation zones further connected to the gently dipping deformation A2 zone. On-
going hydrogeological modelling should provide more information on what is occurring at this 
location.  

Most lines of evidence support that the sulphur system, microbiologically mediated, is the main 
redox controller in the deepest and most saline groundwater. On the other hand, Littorina-rich 
brackish groundwaters show variable and very high iron contents, in agreement with what has 
been observed in similar groundwaters elsewhere. The microbial analyses only found trace 
amounts of sulphate reducing bacteria (SRB) in these samples, but very high numbers of iron-
reducing bacteria (IRB). However, there is no correlation between Fe2+ concentration and the 
number of IRB in these groundwaters. Moreover, they show very low but detectable contents of 
dissolved S2- and the δ34S values are very homogeneous (around 25‰) and clearly higher than in 
the present Baltic Sea, indicating that microbial sulphate reduction has operated. These observa-
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tions could support the existence of an iron-sulphide precipitation process during the Littorina Sea 
phase of these groundwater but not intense enough to effectively limit Fe2+ solubility.  

A modelling approach was used to simulate the obtained groundwater in the Forsmark area by 
introducing Littorina Sea water. These results indicate that re-equilibrium reaction processes are 
important in the control of some parameters such as pH (as well as Eh, and some minor-trace 
elements), moving the waters towards the adularia-albite boundary. However, the main compositional 
changes, and even the extent of re-equilibration processes, are controlled by the extent of the mixing 
process. Coupled transport modelling was used to model the measured water conservative elements, 
tritium contents and the water recharge into the granitic bedrock. The simulations indicate that 
Quaternary sediments may play a significant role since most of the infiltrated water could flow through 
the conductive layers in the sediment to discharge zones, mainly associated with lakes and the Baltic 
Sea coast line. Based on this hypothesis, the effective recharge into the granitic bedrock is estimated to 
be less than in other investigated sites such as Simpevarp and Laxemar, where the presence of 
Quaternary overburden is less important. The hydrogeologic behaviour of the Quaternary overburden 
in Forsmark provides a plausible explanation for the preservation of Littorina Sea signatures found in 
several groundwater samples, even at very shallow depths. Other (and complementary) explanations 
can be related to the flat topography, as well as including the fact that the Forsmark site has emerged 
over the sea level more recently than other investigated sites (e.g. Laxemar). The confidence level of 
the results is checked by the comparison between measurements and computed results. The model 
results are promising based on the comparison in terms of salinity and environmental isotope 
distribution.  

Water type C: Saline 10-15 g/L TDS; δ18O = ~-11.6 to -13.6‰ 
SMOW (only 3 samples); Na-Ca-Cl to Ca-Na-Cl; Glacial - Deeper 
Saline mixture
Main reactions: Ion exchange, microbial reactions
Redox conditions: Reducing

Water type B: Brackish 5-10 g/L TDS; δ18O = -11.5 to -8.5 ‰ SMOW; 
Na(Ca,Mg)-Cl(SO4) to Ca-Na(Mg)- Cl(SO4); Marine (Strong Littorina Sea 
component) ±Meteoric; Glacial ± Deeper Saline component.
Main reactions: Ion exchange, pptn. of calcite, redox and microbial reactions
Redox conditions: Reducing

Water type A: Dilute 0.5-2 g/L TDS; δ18O = -11.7 to -9.5 ‰ 
SMOW; Na-HCO3; mainly Meteoric
Main reactions: Weathering, ion exchange, dissolution of 
calcite, redox reactions, microbial reactions
Redox conditions: Oxidising - reducing

Water type D: Strongly saline > 20 g/L TDS;  Ca-Na-Cl; 
Deep saline origin (Field observations)
Main reactions: Long term water rock interactions
Redox conditions: Reducing
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Figure 1: Schematic 2-D groundwater model of Forsmark, integrating the major structures, the 
major groundwater flow directions and the variation in groundwater chemistry (Types A-D) from 
the sampled boreholes (indicated in blue). The blue arrows are estimated groundwater flow 
directions and their respective lengths reflect relative groundwater flow velocities (short = low 
flow; longer = greater flow.  
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The conclusion is that the complex groundwater evolution and patterns at Forsmark are a result of 
many factors such as: a) the present-day topography and proximity to the Baltic Sea, b) past 
changes in hydrogeology related to glaciation/deglaciation, land uplift and repeated marine/lake 
water regressions/transgressions, and c) organic or inorganic alteration of the groundwater 
composition caused by microbial processes or water/rock interactions. The sampled groundwater 
reflects to various degrees processes relating to modern or ancient water/rock interactions and 
mixing. Sensitivity analysis of model results with respect to varying the domain size, indicate that 
current boundaries are far enough from the candidate areas as to have a relevant impact on 
computed results. The modelling indicates also that the groundwater composition at repository 
depths is such that the representative samples from KFM02A:509-516m and KFM03A:448-453m 
can meet the SKB chemical suitability criteria for Eh, pH, TDS, DOC and Ca+Mg.  

In this evaluation the groundwater flow model has been updated, the salinity distribution, mixing 
processes and the major reactions altering the groundwater have been modelled down to a depth of 
1000m, and an updated Hydrogeochemical Site Descriptive Model version 1.2 has been produced. 
More groundwater and isotopic data, together with microbial information, colloids and gases, 
provided additional site descriptive information. Finally, the introduction of coupled modelling 
provided further possibilities to address independently the various processes in question.  

Post glacial events and mineral ages in the Fennoscandian shield: Finland (Palmottu and 
Hyrkkölä) and Sweden 

The geochemical cycling of natural radioactive elements in the Fennoscandian shield provides a 
great deal of information concerning the palaeohydrological evolution of the region in the light of 
past climatic changes, in particular ice ages. Determining the age of an occurrence within 
geological time scales, U-Th ages can be calculated. Uranium series disequilibrium can be used to 
derive a time-line for glaciation events in the geologically recent past. Secondary uranium silicates 
from Palmottu and Hyrkkölä display clusters of ages at 70 000 to 100 000 BP and around 20 000 
to 30 000 BP. There is a correlation between the study sites both in Finland and in Sweden. It is 
suggested that the reason behind this grouping is a major climatic event. 

There are several possible causes for the change in geochemical conditions. Permafrost could have 
stopped groundwater flow into the rock matrix thus decreasing recharge of deeper waters. Another 
cause could be the establishment of anoxic geochemical conditions where dissolution of the U 
source minerals would be prevented. It is likely that the effects of such a climatic event would be 
coupled. 

It is suggested that a possible trigger for uranium release at significant depths in the bedrock is the 
intrusion of oxidising, glacial melt waters. It is also possible for uranium (VI) minerals to form 
during interglacial periods by sub-aerial weathering though this process is confined to the near 
surface. 

Relevance of the above results for PA 

The results described in the previous sections can be directly or indirectly implemented in 
performance assessment (PA) studies. For example, the ingress of glacial melt water deep into the 
bedrock is indicated by the cold climate δ18O signatures measured in the deeper groundwater types 
as described and illustrated in Figure 1. At their source these waters are assumed to be dilute and 
highly oxidising, but they are expected to quickly become reducing at depth when they come 
increasingly in contact with the buffering effect of the upper bedrock. This is an important 
scenario issue when considering the long term safety and performance of a repository system.  

The collected values and the process understanding can be used for: 1) input parameter values in 
calculating long-term repository safety, and 2) to understand the present undisturbed 
hydrogeochemical conditions and how these conditions will change in the future. Parameter values 
for safety analysis include pH, Eh, S, SO4, HCO3, HPO4 and TDS (mainly cations), together with 
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colloids, fulvic and humic acids, other organics, bacteria and nitrogen. These values will be used 
to characterise the groundwater environment at, above and below repository depths. When the 
hydrogeochemical environment is characterised, this knowledge, together with an understanding 
of the past and present groundwater evolution, should provide the basis for predicting future 
changes. 

Summary and Conclusions 

The hydrological and geochemical characterization of the concerned sites is progressing well. The 
origin of present groundwater and a series of key geochemical processes have been identified. 
This includes formation of secondary uranium silicate minerals that can be correlated with past 
climatic events. The results are directly relevant for the performance assessment with respect to 
the present hydrological and geochemical situation but also in view of prediction in association 
with future site evolvement. 
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Abstract 

The contribution of the University of Helsinki (HU) and VTT, Technical Research Centre of 
Finland, to FUNMIG WP 1.2 focuses on the sorption of nickel and europium on selected rock 
types in the area of the planned repository. Mechanistic understanding of the interaction of solutes 
and rock forming minerals is important because fracture surface minerals may be in a very thin 
layer or absent in reducing bed rock conditions. 

The specific objective of the work is to interpret from experimental data and molecular modelling 
of minerals the chemical reactions governing the sorption of Ni(II) and Eu(III) as well as their 
sorption kinetics and reversibility using well-established thermodynamic sorption models. 

In this report, the selection of mineral phases for further sorption experiments is described. The 
work was concentrated on phyllosilicates (e.g. biotite) and tectosilicates (e.g. plagioclase) typical 
for the bedrock of coastal regions of the Baltic Sea. Experiments were carried out to identify the 
important minerals for sorption. The methods used for evaluation of the mica gneiss and 
granodiorite were optical microscopy for mineral contents of the samples and thin section 
autoradiography of Ni-63, Cs-134, Eu-152 and Am-241 to identify the minerals on which the 
radionuclides were mainly sorbed. Biotite was the mineral chosen for the experiments. 

Modelling techniques were utilised in order to obtain an insight of minerals on the molecular level. 
The starting point for the modelling studies was the crystallographic structures of eight minerals: 
biotite, chlorite, cordierite, epidote, K-feldspar, muscovite, plagioclase and sillimanite. 

Application to PA 

The sorption of radionuclides on mineral surfaces will retard migration significantly and for 
performance assessment it is important to quantify both the sorption and its uncertainties. Being 
able to understand the partition of a radionuclide between a sorbing mineral surface and the 
solution phase under variable groundwater conditions is paramount in clarifying the mechanistic 
background of sorption. Molecular modelling and adsorption modelling studies in close co-
operation with experimental work assist in developing e.g. physico-chemically more plausible 
transport models to be applied in performance analysis. 

Objectives 

Our project aims to interpret from experimental data the chemical reactions governing the sorption 
of Ni(II) and Eu(III) as well as their sorption kinetics using well-established thermodynamic 
sorption models and molecular-level modelling. The specific objective in this work is the selection 
of the mineral phases for adsorption studies and the production of data for these minerals for later 
use. 
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Mineral specific sorption 

The main rock types in the area of the planned repository are mica gneiss, granodiorite and 
pegmatite granite that is often coarse grained and poor in micaceous minerals [3, 10]. Our earlier 
studies on the sorption of cesium and plutonium have shown that in fresh rocks they sorb 
preferentially on dark minerals, especially on biotite [5, 6, 9]. For this study, rock samples were 
selected from the drill-core archives of the Geological Survey of Finland. Sections of apparently 
homogenous granodiorite and mica gneiss were taken for optical mineralogical analysis of thin 
section samples. The thin sections were photographed under normal and crossed-polarized light. 
Three typical samples of thin sections of both rock types were chosen for analysis of the mineral 
composition, the results of which are given in Table 1. In the scale of the thin sections (1.5 × 2.5 
cm2) there is heterogeneity of the mineral contents of the rocks. Table 1 also presents the average 
mineral compositions of the granodiorite and mica gneiss thin rock sections, which are in 
agreement with our earlier analyses of these rock types from the same area [4, 7]. The main 
difference between the compositions was that the biotite content of mica gneiss was higher and the 
K-feldspar and plagioclase content was lower than in the granodiorite. Mica gneiss typically also 
contains some cordierite. 

Autoradiography of the thin rock sections was performed to survey the sorption of radionuclides 
Ni-63 and Eu-152 on different minerals, following the method of [8]. In addition to Ni(II) and 
Eu(III), radioactive tracers of Cs-134 and Am-241 were used. The radioactivity of the tracer 
solution before and after experiment was assayed. A Wallac 1480 Wizard gamma counter was 
used to measure Cs-134 and Eu-152 and a Wallac 1219 Rackbeta liquid scintillation counter was 
used for Ni-63 and Am-241. Digital autoradiography of the thin rock sections was performed with 
imaging plates, a Fujifilm Fluor Imager FLA-5000 scanner and an Aida Image Analyzer computer 
program. For Cs-134 and Eu-152 the Fuji BAS-MS image plate with a protective foil was used. 
For Ni-63 and Am-241 the Fuji BAS TR plate with no protective foil was used. 

The sorption of the radionuclides Ni-63, Cs-134, Eu-152 and Am-241 is presented in Table 2. The 
results are only tentative for the rock type owing to heterogeneity of the mineral contents of the 
thin sections. For cesium the sorption correlates directly with the mean biotite contents of the 
rocks. For nickel the trend was the same but differences in sorption were larger, and nickel 
sorption was about the same as on the granodiorite thin section with the highest biotite content and 
mica gneiss with low biotite content. For europium the sorption was about the same for both rock 
types. Americium sorbed more on the mica gneiss thin section than on the granodiorite. 

The photographs and autoradiography images, Ni-63 and Am-241, of the thin sections B3 and B6, 
respectively are shown in Figure 1. For all tracers sorption takes place mainly on dark minerals. A 
more detailed study of the mineral identity of the darkest spots will be performed later. 
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Table 1: Mineral compositions, mean values and standard deviation (volume-%) of granodiorite 
(A) and mica gneiss (B) thin rock sections calculated by point counting method, 500 points/thin 
section. 

 A A A M S B B B M S
Quartz 24 25 24 24 0 31 33 27 30 3

Plagioclase 42 40 38 40 1 26 14 23 21 6
K-feldspar 14 11 17 14 3 10 10 7. 9. 1

Biotite 16 18 11 15 3 20 32 33 28 7
Muscovite/ 1. 2. 3. 2. 1 2. 5. 2. 3. 1

Chlorite 0. - 3. 2. 2 - - -  
Epidote 0. + 0. 0. 0 - - +  
Apatite 0. 0. + 0. 0 - 0. 0. 0. 0

Sillimanite - - - 1. 2. 4. 2. 1
Cordierite - - - 7. - -  

Opaques + 0. + 0. 1. 0. 0. 0
Total 10 10 10 10 10 10  

 
Table 2: The percentage of radionuclides sorbed on thin sections granodiorite and mica gneiss in 
0.05 M NaCl at pH 6. 

 63Ni 134Cs 152Eu 241Am Biotite content 
granodiorite 5.9 41.0 95.5 90.6 15.3 
mica gneiss 19.9 77.7 95.4 98.8 28.8 
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Figure 1: The photographs (B3 top left, B6 bottom left) and Ni-63 (B3 top right), and Am-241 (B6 
bottom right) autoradiography images of the thin rock sections (mica gneiss). 

Modelling 

Molecular level modelling was applied to find the differences in the molecular structure of 
minerals observed in granodiorite and mica gneiss. The starting point for the modelling studies 
was the crystallographic structures of eight minerals: biotite, chlorite, cordierite, epidote, K-
feldspar, muscovite, plagioclase and sillimanite [1, 2]. 
 

Now, we consider the retardation mechanism based on structural differences found in biotite and 
plagioclase. In Figures 2 and 3, the unit cells for biotite (a = 535.7 pm, b = 924.5 pm and c = 2 
023.4 pm) and plagioclase (a = 817.5 pm, b = 1 287.1 pm and c = 1 420.3 pm) are shown. In the 
case of plagioclase, we considered the anorthite type structure, and the framework structure was 
presented only using aluminium atoms. The investigated structures are typical for phyllosilicates 
(biotite) and tectosilicates (anorthite). In Figures 4 and 5, the side and top views of the typical 
surface structures are shown. 
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Figure 2: Biotite (left) and plagioclase (right) unit cells 

   
Figure 3: Biotite (left) and plagioclase (right) unit cells with van der Waals spheres 

When we considered the adsorption of radionuclides onto different biotite surfaces, we were 
especially interested in the edge surfaces. Our estimation of adsorption is based on the 
coordination geometry of different elements. When we consider the surface structure of the biotite 
(110) surface (Figure 4), we find that there are no empty vacancies in the coordination sphere of 
aluminium and silicon atoms. However, these sites can be very reactive with the water-forming 
hydroxylated surface structure. Also, the formation of iron hydroxyls is presumable on this 
surface. Based on these findings and experimental analysis, the adsorption positions for 
radionuclides can be found in the positions of magnesium and potassium cations. In particular, the 
potassium cations in the interlayers can be replaced with sodium, magnesium and calcium cations. 
Therefore, it is rather presumable that di- and tri-valent cations will also favour the same sites in 
their adsorption. 

    
Figure 4: Side view of biotite (110) (left) and plagioclase (001) (right) surface structure. 

    

5.18 Å5.18 Å

 
Figure 5: Top view of biotite (110) (left) and plagioclase (001) (right) surface structure. 

The structure of plagioclase is different compared to the structure of biotite. In plagioclase, there is 
a framework structure where calcium cations are inside the framework. There are no interlayer 
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cations in the structure. Therefore, the possible adsorption sites for radionuclides can be found in 
the framework structure. On the other hand, there is internal empty space between the network 
layers. Because this interlayer distance varies from 0.5–1 nm, it can be, at least, supposed that the 
diffusion of radionuclides can occur in this interlayer area. 

Conclusions 

The mineral content analyses of the sections selected for analysis indicate that the drill-core 
samples taken are representative of the rock types, mica gneiss and granodiorite. Ni-63, Cs-134, 
Eu-152 and Am-241 autoradiographs indicated that sorption of these radionuclides is dominated 
by micaceous minerals, mainly biotite, which was chosen for further experiments, and molecular 
and adsorption modelling. 
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Abstract 

The influence of heterogeneous structures of the solid geological matrix is considered to an 
increasing degree for the modelling of geochemical transport processes. For validation and 
parameter estimation of the models examination methods are required which enable to measure 
the spatial distribution of the mass flow directly. Such measurements in conjunction with transport 
models on the mesoscopic scale provide the basis for the development of transport relations on the 
macroscopic scale and for estimations for PA.  

The positron emission tomography (PET) is a radiotracer method which allows carrying out such 
measurements in soil columns and drill cores with a spatial resolution of 3-5 mm non-
destructively. Positron emitting radionuclides can be used as radiotracers to describe transport 
processes of geochemical solutions, inorganic and organic contaminants in a geological matrix. 
Spatially resolved data for modelling of the transport processes can be derived from the 
reconstructed images of the radiotracer concentration distributions.  

Considering examples of transport investigations in various geological formations the increase of 
information by PET is demonstrated. Special studies at samples of underground laboratories will 
be reported after conclusion of the measurements.  

Results of the water transport studies in soil columns with real structure demonstrate the 
importance of the PET investigations for the hydrodynamic modelling. Channelling, stagnant 
volume and the influence of heterogeneous inclusions can be measured quantitatively. 

The example of the transport of copper ions [64Cu]Cu2+ in a horizontal sandy layer shows that by 
use of PET also processes with geochemical interactions like heavy metal transport in a geological 
layer can be investigated. Spatial velocity and mass flow distributions can be calculated from the 
measured data. 

In connection with the performance assessment of long time safety of final deposits of spent 
nuclear fuel the modelling of transport processes of geochemical solutions and radionuclides in the 
potential rock formations plays an important role. The presented examples show that PET 
investigations of the transport of geochemical solutions in samples of natural clay rock, salt rock 
and granite can provide detailed information about the barrier function of such geological 
formations.  

Introduction 

The influence of heterogeneous structures of the solid geological matrix is considered to an 
increasing degree for the modelling of geochemical transport processes. For these studies methods 
are required which enable to measure the spatial distribution of the mass flow directly. 
Appropriate investigations at potential host rock formations for final deposits for spent nuclear 
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fuel are necessary to specify the occurring processes and to enhance the scientific fundamentals 
for the development of the prognostic models.  

The positron emission tomography (PET) is applicable to determine spatially resolved transport 
distributions at samples and drill cores with real structures. The optimum use of information 
obtained by PET investigations of transport processes in geological layers demands a special 
evaluation system to determine spatially resolved model parameters [1]. A combination of 
software modules of commercial PET cameras with components of other scientific image 
evaluation programs and special relations which consider the demands of process modelling are 
the basis of the geoscientific image evaluation system.  

Considering several examples the information content of the method is demonstrated. 
Investigations at granitic samples from the rock laboratory Äspö have started and will be reported 
in the next paper.  

Objectives 

PET is a radiotracer method which allows carrying out measurements in soil columns and drill 
cores with a spatial resolution of 3-5 mm non-destructively. Positron emitting radionuclides (e.g. 
18F, 64Cu, 58Co, 124I) are used to describe transport processes of geochemical solutions, inorganic 
and organic contaminants in a geological matrix. The data for modelling of the transport processes 
are derived from the reconstructed images of the radiotracer concentration distributions.  

In the following it is shown at several examples which information are obtained by PET 
investigations and how quantitative data are derived for validation and parameter estimation of 
transport models which consider the influence of heterogeneous structures. 

Experimental and results 

Production of the tracer solution. The tracer [18F]KF (T1/2 = 110 min, 0.1 M KF carrier solution) 
was produced at the cyclotron of the Clinic and Polyclinic of Nuclear Medicine of the University 
of Leipzig. The tracer [64Cu]Cu2+ (T1/2 = 12.7 h, β+: 17.9 %) was produced by irradiation of copper 
powder with thermic neutrons in the research reactor BER II of the Hahn-Meitner-Institute Berlin.  
Measurement. The measurements were carried out at the commercial PET camera ECAT EXACT 
HR+/CTI Siemens at the University of Leipzig. 

The result of the tomographic reconstructions of the measured primary data in PET studies is a 
stack of images of the tracer concentration distribution in different cross sections. Stacks of tracer 
concentration distributions measured at a defined time enable the reconstruction of three-
dimensional images which show the structure of transport processes.  

The following results of the water transport studies in soil columns with real structure demonstrate 
the advantages of the PET investigations for the hydrodynamic modelling (Figure 1, 2). Figure 1 
shows the formation of flow channels in the cross section of a soil column (diameter 100 mm), 
filled with sand. Figure 2 represents a stagnant flow regime in the vicinity of an embedded clay 
lens in the sandy layer. The mean water flow (saturated conditions) was 0.12 cm/min. The 
stagnant regime is larger than the volume of the clay lens, because a stagnant volume arose above 
and below the clay lens. This has to be taken into consideration for the development of transport 
models [2]. 
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Figure 3 shows the example of a PET measurement in a drill core of clay rock (diameter 100 mm). 
In the centre of the core a bore hole (diameter 10 mm) was fixed in which the tracer solution was 
added. The Figure shows the tracer concentration distributions in the cross sections after 320 min. 
Starting from the bore hole different channels with accelerated flow velocity (vmax ≈ 0.4 cm/h) 
have developed caused by the different swelling of the heterogeneous structures and inclusions 
and the resulting cracks. The modelling of such transport processes with a simple diffusion 
approach is not possible [3]. 

Figure 1: Flow distribution in the 
cross section of a sandy layer, 
tracer [18F]KF in 0.1 M KF 
solution.  

Figure 2: Axial flow distribution 
in the vicinity of a clay lens, 
tracer [18F]KF in 0.1 M KF 
solution.  

Scale: 
red - flow channels with high flow velocity 
green - flow channels with mean flow velocity 
blue - flow regime with low flow velocity 
black - stagnant flow regimes  
 



1st Annual Workshop Proceedings 6th EC FP - FUNMIG IP Saclay (France) 28th Nov.- 1st Dec. 2005 
M. Gründig, M. Richter, and A. Seese 

 - 89 -  

 
Figure 3: Tracer concentration distributions of [18F]KF in 0.01 M KF solution in the cross 
sections in a distance of 5 mm each in a drill core of clay rock measured after 320 min. 
Scale: 
blue: concentration of the tracer solution in the bore hole = 100 %  
green: concentration of the tracer solution 50 % 
yellow: concentration of the tracer solution 25% 
red: concentration of the tracer solution 10 % 

The example of the transport of copper ions [64Cu]Cu2+ in a horizontal sandy layer (Figure 4) 
shows that by use of PET also processes with geochemical interactions like heavy metal transport 
in a geological layer can be investigated.  

 
Figure 4: Horizontal soil column, tracer input concentration cCu=1.8 mg/l, fluid input 22 ml/min.  

The images of Figure 5 show the axial sections of the [64Cu]Cu2+ tracer impulse in the mean plain 
of the soil column. The mass balance shows that 27 % of the copper ions are adsorbed irreversibly. 
The mean distribution coefficient for the dynamic part of the copper ions was calculated from the 
tracer concentration distributions integrated over the column length at different times to KD = 
0.043 L/kg. 
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Figure 5: Axial tracer concentration distribution of the [64Cu]Cu2+ impulse in the soil column. 

 
The spatial moments Mi can be calculated with the mean tracer concentration values cx,y (z, t) of 
an area element (x, y), determined of all images (z) of the stack measured at time t:  

M0 (x, y, t) = ⌡⌠
0

Z max

cx,y (z,t) dz M1 = ⌡⌠
0

Z max

cx,y (z,t)·zdz 

The spatial distribution of the flow velocity can be estimated from these moments (Figure 6). 

v(x,y) = 
M1(x, y, t1)/M0(x, y, t1) – M1(x, y, t0)/M0(x, y, t0)

t1 – t0
  

  

Figure 6: Spatial distribution of the flow 
velocity in the horizontal soil column. 

Figure 7: Spatial distribution of the mass 
flow of copper ions in the horizontal soil 
column. 

For the spatial distribution of the mass flow follows (Figure 7): 

φ(x, y) = M0(x, y)·v(x, y) 

The flow profiles show a higher transport velocity in lower parts of the horizontal soil column. 
This may be caused by the heterogeneity of the sandy layer, which has developed in the starting 
phase by the change of unsaturated to saturated flow [4]. 
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Application to PA 

In connection with the performance assessment of long time safety of final deposits of spent 
nuclear fuel and toxic chemicals the modelling of transport processes of radionuclides and 
geochemical solutions in the potential geological formations plays an important role. The 
explained examples demonstrate that PET investigations can also provide detailed information for 
transport processes in the host rock formations salt, clay and granite. They yield a better 
knowledge about the occurring transport processes and enable a more exact derivation of transport 
equations on the macroscopic scale for the further development of the transport models and serve 
the improvement of the long time prognoses for a potential final repository. 

Conclusions  

PET is a useful method to evaluate quantitatively the spatial distribution of transport processes in 
heterogeneous geological structures on the mesoscopic scale. PET provides important information 
for validation and parameter estimation of the transport models which consider to an increasing 
degree the influence of the real structure of the geological matrix. Improved transport models on 
the macroscopic scale can be derived from the results on the mesoscopic scale. The PET method 
and the quantitative evaluation of geoscientific studies have been developed and proved in the last 
years. Investigations at samples of underground laboratories are carried out now and the results 
will be introduced in the next reports.  
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Abstract 

A confocal system was tested for the measurement of trace element distributions in tomographic 
cross-sections at different depths below a uranium-rich sediment sample surface. The primary 
focusing optic used was a new planar compound refractive lens array generating X-ray 
microbeams for high resolution three-dimensional elemental analysis. The focus beam spot-size 
achieved was 2 × 5 µm2 (V × H) and the system performs with a 16 µm depth resolution. 
Experiments were performed at the Fluoro-Topo-Beamline at ANKA. Spatially resolved 
measurements of three dimensional distributions of elements in a uranium-rich sediment bore core 
samples from the Ruprechtov site were made with the set-up. Uranium hot-spots were observed to 
be located near but not on grain boundaries of Fe(II) minerals in the sediment. Arsenic is found 
enriched directly at the surface of framboidal Fe(II) minerals, indicating an arsenopyrite-mineral 
coating is present on pyrite. These results show that the confocal set-up using new planar CRL 
allows elemental mapping below the surface of heterogeneous, natural samples with a spatial 
resolution in the micrometer range. 

Introduction 

Successful understanding of the processes determining radioactive contaminant behavior in the 
environment, as part of performance assessment (PA) for proposed nuclear waste disposal 
strategies, increasingly requires structure information and characterization of radioactive 
contaminants on a molecular-scale. Due to the heterogeneity of natural systems, different hard X-
ray microprobe techniques with high sensitivity and high spatial resolution are indispensable to 
such speciation studies. For this reason, we have for the first time tested a confocal µ-XRF set-up 
for recording three dimensional trace element distributions in bulky samples on a U-rich sediment 
sample from the natural analogue site Ruprechtov, Czech Republic [3]. 

Objectives 

The objective of the first phase of this project was to test a system for measurement of three 
dimensional trace element distributions, with a spatial resolution in the micrometer range, 
applicable to bulky samples.  

Results and discussion 

We tested new planar compound refractive lens (CRL) array generated X-ray microbeams for 
three dimensional elemental analysis with high resolution at the Fluoro-Topo-Beamline at ANKA. 
Three dimensional distributions are measurable by using a confocal µ-XRF set-up. This set-up 
allows probing the local composition of specified volumes, thereby enabling measurement of the 
distribution of trace elements in tomographic cross-sections situated at different depths below the 
surface. This has the great advantage that tomographic cross-sections can be recorded without 
reverting to classical tomographic data acquisition and processing methods of rotating the sample 
during measurement and subsequent mathematical reconstruction. This allows recording stacks of 
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tomograms of relatively large samples, such as the sediment bore-core (about 20 mm in diameter 
and nearly 10mm thick) used for these tests.  

The confocal set-up was constructed by positioning a polycapillary X-ray half-lens (X-ray Optics 
systems, Albany, NY, US) in front of the Si(Li) detector and using a new planar SU8 polymer 
CRL, fabricated by the Insitut für Microstrukturtechnik-FZK, as focusing optic for the incident 
synchrotron radiation [1]. The polycapillary half-lens serves as depth-selective collimation and 
radiation-collection device. The CRL array primary focusing optic used can be seen mounted on 

an Al-plate in the photograph of the confocal set-up in 
Figure 1 (indicated with “C”). The array consist of 10 
sets of SU8 polymer resist material cross-lenses with 
parabolic profiles on a rectangular Si wafer, all having 
identical focal distances of 15 cm, and each set designed 
for different energies from 5 keV to 30 keV. The 
relatively long focal distance for the CRLs makes them 
applicable for experiments where the focusing optic 
cannot be placed directly next to the sample, e.g, in 
radioactive samples requiring containment or shielding.  

A photograph of the set-up is shown in Figure 1, 
detailing the relative position of a sediment sample (S), 
microscope (M), SU8 CRL array (C), polycapillary lens 
(P), and X-ray detector (D). After alignment of the foci 
of both lenses relative to one another, a cube-shaped 
analysis volume is defined from which fluorescent 
radiation can reach the detector [2].  

The footprint on the sample of the beam generated by 
the CRL lens is measured from knife-edge scans to be 2 
× 5 µm2 (V × H) in cross-section. The depth resolution 
is estimated by scanning a thin glass standard foil 

(National Institute of Standards and Technology, NIST) through the analysis volume (Figure 2, 
left) to be around 16 µm in the energy-range 10-15 keV. The relative minimum detection limits 
(MDL) for elements Ti-Mo in a silicate-rich matrix are also shown in Figure 2 (right, collection 
time = 1000 s). The MDL lie in the 0.3-30 ppm range, indicating that trace element mapping in 
confocal mode is feasible within reasonable acquisition times.  
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Figure 2 (left) Depth-resolution and (right) MDL values obtained with the confocal set-up (1000 s 
counting time) for transition elements from the NIST SRM 613, trace elements in a glass standard. 

This new set-up was tested on a uranium-rich sediment sample from Ruprechtov site. This sample 
stems from argillaceous sediments, with high of kaolin, quartz, and organic matter content and 
containing pyrite minerals. Work package RTDC5 comprises characterization of the immobile 
uranium phases in these sediments by application of microscopic methods with high spatial 
resolution accompanied by bulk analyses such as U(IV)/U(VI)-separation, sequential extraction, 

S 

 
Figure 1. Photograph of the confocal 
CRL/polycapillary set-up. Arrow marks 
the focused beam path to the sample. 
See text for labelling explanation.  
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and sorption/desorption measurements. The aim is to identify the immobile uranium phases and to 
understand the mechanisms leading to immobilization of uranium during diagenesis in the 
sedimentary system at Ruprechtov site, which is similar to sediments found in covering rocks of 
salt formations in northern Germany.  

Figure 3 shows the Fe, As, U distributions recorded for the uranium-rich sediment bore core 
sample from the Ruprechtov site [3] investigated. The cross sections were measured at a 60µm 
depth below the sediment sample surface. The sample surface photograph is shown at the lower 
left of Figure 3. The high lateral resolution available using the CRL array makes it possible to 
discern an As-rich boundary layer associated with the outermost layer of Fe(II)-nodules in the 
sample, not yet observed [4]. This suggests that an arsenopyrite, FeAsS, coating of framboidal 
pyrite nodules is present in the sediment. Uranium occurs in direct vicinity of the As-rich 
boundary layers. 

Application to PA 

The confocal set-up tested allows measurement of trace elemental maps in heterogeneous, natural 
mineral systems. This technique is especially suited for the study of natural analogues in a top-
down (on the time scale) approach to understanding immobilization reactions responsible for 
creating hot-spots in such samples. If we are able to successfully model the reactions leading to 
immobilization of uranium in natural analogue samples using bottom-up mechanistic models 
developed in speciation investigations, then this will lend greater confidence to the tools used in 
PA for long-term assessment. 

 
Figure 3: Confocal µ-XRF maps of a 120 × 120 µm2 section (2 × 4 µm2 step size) from 60 µm 

below the surface. Circles indicate U hot-spots. Dashed lines indicate As-rich rim around Fe(II)-
nodule. 

Ruprechtov site is an example of such an analogue for radionuclide transport in the far field of a 
repository, where the uranium transport and subsequent enrichment in tertiary argillaceous 
sediment layers occurred on a geological pastime-scale. In the long term, understanding of the 
dominant immobilization reactions may provide information that will aid in increasing confidence 
in PA and/or help develop more intelligent technical barriers. Measurements of other samples 
from Ruprechtov site are intended to check if similar uranium speciation and element correlations 
are found which confirm the proposed mechanism for uranium immobilization [4], or if also other 
uranium species can be detected. Furthermore, upcoming tests of the confocal set-up to secure 
microscopic information on the distribution of sorbed radionuclides in cores from field studies 
(specifically Äspö) are planned. This will provide insight into radionuclide retention processes on 
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a molecular scale necessary for either justifying bulk distribution/retention coefficients used in PA 
or for adjustment of the coefficients to increase PA reliability. 

Summary and conclusions 

A confocal set-up using a planar CRL to focus the incident synchrotron X-ray beam to the 
micrometer range has been successfully used for characterization of the three dimensional 
distribution of trace elements in a natural analogue sample.  
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Abstract 

The complexation of Eu(III) and Tb(III) by humic substances (HS) was investigated using steady-
state and time-resolved luminescence as well as stopped-flow methods. From the differences 
between fulvic acids (FA) and humic acids (HA) in the observed sensitisation of the lanthanide 
(Ln(III)) luminescence and the kinetics measured in the stopped-flow experiments, the importance 
of conformational alterations in HA due to the metal ion complexation was concluded. On the 
other hand, FA show more common properties in terms of spectroscopic data (e.g., sensitisation 
potential of Ln(III) luminescence) and stopped-flow kinetics due to the reduced influence of 
conformational effects. 

The evaluation of the sensitised time-resolved luminescence spectra of Eu(III) complexed to HS 
showed that conformational changes of the Eu(III) complex might occur after photo excitation of 
HS. From the time-dependence of the hypersensitive transition- calculated as the ratio r = 
I595nm/I616nm it is tempting to assume a photon-induced proton transfer reaction which particularly 
changes the potential of phenolic groups to participate in complexation reactions. A new transient 
complex might be formed, which returns – after it losses its excess energy – back to its ground 
state conformation. 

Introduction 

The transport and fate of metal ions in the environment is determined by their binding to surfaces 
and natural occurring ligands. Humic substances (HS) represent a major class of natural ubiquitous 
occurring organic ligands. The characterization of the interaction mechanism of HS and metal ions 
is still not fully understood which makes the modelling of such interactions difficult and prone to 
errors. A major challenge in the investigation of HS is their extreme heterogeneity, especially with 
respect to their structure. Their macroscopic properties are – in the best case – the sum of the 
properties of the individual components. In addition, the formation of macromolecular assemblies 
may lead to new systems with different properties in terms of metal binding and transport of 
metals. Due to the outstanding spectroscopic properties of the lanthanide ions (Ln(III)) europium 
(Eu(III)) and terbium (Tb(III)) those ions can be used as luminescence probes to investigate the 
interaction of metals with HS. Ln(III) are also perfect surrogates for actinides (An(III)) in order to 
study the interaction under environmental relevant conditions. 

In our experiments we are using steady-state and time-resolved luminescence techniques for the 
investigation of the interaction between HS and Ln(III). In order to reduce the structure-related 
complexity of the HS, experiments are also performed with organic model ligands such as 
substituted benzoic acids, which are supposed to be building blocks of HS. The intrinsic 
fluorescence of the HS (or model ligands) as well as the luminescence of Eu(III) and Tb(III) is 
measured and used for the calculation of binding constants, for the determination of the symmetry 
of metal complexes and for the investigation of intra- and intermolecular energy transfer processes 
in HS-Ln(III) complexes. 
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Objectives 

The objectives of the project are the investigation of the basic intra- and intermolecular interaction 
mechanisms in HS-Ln(III) complexes. Especially the intramolecular processes involved in the 
sensitization of the Ln(III) luminescence and the effects of metal ions on the conformation of HS 
are investigated. The basic understanding of these processes is very important in order to analyse 
the experimental data and consequently, to fully comprehend the effect of HS on the fate and 
transport of metal ions.  

Experimental 

The quenching of the intrinsic HS fluorescence upon binding of Ln(III) as well as the sensitization 
of the Ln(III) luminescence was investigated. For Tb(III) it was recently shown by us that the 
conditional binding constants calculated based on the intrinsic fluorescence quenching and on the 
sensitized luminescence of Tb(III) were significantly different (Kumke et al. 2005). While for 
fulvic acids (FA) the conditional binding constant determined from the sensitized Tb(III) 
luminescence was always larger than the corresponding values resulting from fluorescence 
quenching experiments, for humic acids (HA) the opposite result was obtained. The trend was not 
as clear as for the FA. In many cases the observable sensitized Tb(III) was extremely weak. In 
stopped-flow fluorescence quenching experiments it was further shown that the interaction of 
Ln(III) with FA and HA is highly different. In Figure 1 the fluorescence traces of a FA and HA 
upon Ln(III) addition are compared. In black (upper curve) a blank experiment for the case of no 
quenching is shown and in red (lower curve) the effect of Ln(III) addition is depicted. While for 
the FA an instantaneous quenching of the intrinsic fluorescence occurs, which is beyond the time 
resolution of the instrument, for the HA two different effects are readily seen. In addition to the 
instantaneous fluorescence quenching an additional fluorescence quenching contributions occurs 
on a longer time scale. 
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Figure 1: Comparison of stopped-flow fluorescence quenching experiments using Gohy 573 HA 
(left) and Gohy 573 FA (right) fractions of HS. The intrinsic fluorescence of HS was monitored 
between 360 nm < λem < 440 nm after excitation at λex = 325 nm. The instrument dead time is 1.2 
ms and the detection volume is 25 µl. 

The sensitised luminescence of Ln(III) was strongest for Tb(III), for Eu(III) the observed 
luminescence signal was about an order of magnitude lower in intensity. The comparison of the 
electronic energy levels of Tb(III) and Eu(III) suggests that the luminescence of Eu(III) should be 
easier to be sensitized because of the lower energy and more suitable electronic states in HS can 
act as donors. However, Eu(III) is prone to redox reactions to Eu(II). Due to the excitation the 
redox potentials of the HS might be altered and a photo induced reduction to a transient Eu(II) 
state might be induced. The formed charge-transfer complex Eu(II)-HS is non- or only weakly 
fluorescent. Consequently, the observed sensitized fluorescence of Eu(III) is lower in comparison 
with Tb(III) which does not form charge-transfer complexes under the relevant environmental 
conditions.  
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On the other hand, because of the high energy of the emitting 5D4-level, Tb(III) complexes are 
prone to an energy back transfer reaction. Here, the energy is funnelled back from Tb(III) to the 
ligand. This energy back transfer is one source for the observed complex luminescence decays of 
Tb(III) when bound to HS (Kumke et al. 2005). Due to the lower energy of the 5D0-level of Eu(III) 
it is expected that the influence of energy back transfer is diminished. In Figure 2 the 
luminescence decays of Eu(III) complexed to a FA are shown. The measurements were carried out 
at the magnetic dipole transition at λem = 595 nm and at the electric dipole transition at λem = 616 
nm. It is obvious that the luminescence decays at the two detection wavelengths are different. 
Depending on the concentration of Eu(III) the luminescence decay has only a very small non-
exponential character and becomes monoexponential, e.g., at 33 µM Eu(III) (left part, Figure 2) 
for the measurement at λem = 595 nm. On the other hand, at λem = 616 nm, always a complex 
luminescence decay was found independent of the Eu(III) concentration. 
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Figure 2: Sensitized luminescence decays of Eu(III) complexed to a HO14 FA (isolated from Lake 
Hohloh, Northern Black Forest). The samples were excited at λex = 337 nm. The FA concentration 
was 10 mg/L at pH 5 and an ionic strength of 0.01 M (NaClO4). 

 
Figure 3: Time-dependence of r = I595nm/I616nm for HO14 FA at different Eu(III) concentrations 
(left). Working hypothesis (right): excited-state proton transfer reaction is the cause for the 
observed time-dependence of r. 
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From the Eu(III) luminescence decays at λem = 595 nm and λem = 616 nm also the time-
dependence of the ratio r of the luminescence intensities r = I595nm/I616nm was calculated. It can be 
expected that for a stable complex r(t) is a constant. The time t corresponds to the time after 
excitation of the sample by a laser pulse. In Figure 3 (left) the time-dependence of r for different 
Eu(III) concentrations is shown. It is clear that with increasing Eu(III) concentration the observed 
ratio r(t) is no longer a constant value. It is changing during the luminescence decay time of 
Eu(III). Interestingly, the ratio first increases and then returns to its initial value. Our data suggest 
that during the luminescence lifetime a transient change in the coordination of the Eu(III) occurs. 

Application to PA 

From the spectroscopic measurements a basic understanding of the complexation mechanisms as 
well as the acquisition of system descriptors, that allow creating a more detailed picture of the 
interaction between metal ions and HS, is obtained. The more detailed information can help to 
create and to improve models that predict the transport processes in ground water or in soil. From 
the analysis of the spectroscopic data new and improved descriptors for HS properties, that 
determine the reactivity, are reasoned. These parameters might be helpful in the creation of an 
increment descriptor system and can be used in a quantitative structure activity relationship 
(QSAR) for an improved performance assessment. 

Conclusions 

The composition of HS in terms of relative fractions of FA and HA is very important for the 
overall complexation properties of the HS. While FA are much more consistent in their 
complexation reactions, HA show a broader variation and the influence of their origin seems to be 
more important. Probably due to their smaller size, FA behave more or less like “small” organic 
ligands and their complexation properties are determined by the functional groups involved in the 
complexation reaction. On the other hand for complexation by HA additional contributions from 
conformational effects seem to be important and should be considered in modelling approaches.  

The sensitization of Ln(III) luminescence is determined by two – contrary – trends: a) the energy 
back transfer, which is important in case of Tb(III) and the formation of charge-transfer complexes 
in the case of Eu(III). Both effects are decreasing the observable sensitized Ln(III) luminescence. 
Furthermore, it is tempting to take into account excited state reactions, which may lead to a 
transient change in the complex that is formed between HS and metal ions. In Figure 3 (right) a 
working hypothesis for the involvement of an excited state proton transfer reaction is shown 
schematically. Due to the excitation the pKa-value of proton donating groups is dramatically 
changed. The corresponding pKa

*-value of aromatic hydroxyl groups can be several orders of 
magnitude smaller (e.g., phenols are about 6-7 orders of magnitude more acidic in their 
electronically excited states). Due to the increased acidity the hydroxyl groups may become 
temporally involved in the binding of metal ions. After return to electronic ground state the 
complex might return to its initial configuration. This effect might also contribute to the frequently 
found complex luminescence decays of other Ln(III) and An(III) and may hamper the data 
analysis. 
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Abstract 

A stability study of bentonite colloids is carried out in granite groundwater from the Grimsel Test 
Site (GTS) in Switzerland as a function of the ionic strength by addition of monovalent (NaCl) and 
divalent (CaCl2) cations and pH. Measurements are made by photon correlation spectroscopy 
(PCS) and Febex bentonite colloids, in the mg/L concentration range, are found to remain stable in 
granite groundwater of the GTS. The experimental results are discussed with the total interaction 
force calculation according to the Derjaguin approximation, which sums up DLVO and non-
DLVO forces (hydration forces) of edge-edge, edge-face and face-face association modes. The 
change in the pH-dependent edge charge of colloids that were experimentally determined, is taken 
into account. The calculation helps to explain the colloid stabilisation dependence on ionic 
strength and pH. Further calculation, without considering the superposition postulation in the 
DLVO theory, concludes that colloidal stability is dependent on the average colloid size and that 
classical DLVO theory underestimates the critical coagulation concentration by an order of 
magnitude for nano-sized colloids (<100 nm). 

Introduction 

Aquatic colloids are ubiquitous in natural water and can play a carrier role for the migration of 
radionuclides, especially actinides [1]. Therefore colloidal species of actinides, either real-colloids 
or pseudo-colloids can dominate the actinide speciation in groundwater and may migrate faster 
than their ionic species [2]. In the near field of a nuclear repository, once water intrudes, colloids 
can be generated during the dissolution of waste packages by homogeneous or heterogeneous 
nucleation of dissolved metal ions and also by dispersion from solid-phase in the leaching process. 
Both processes may produce actinide-borne colloids and, as a consequence, the actinide 
concentration can exceed much more than their thermodynamic solubility [3]. On the other hand, 
the leaching of backfill materials, e.g. bentonite, which is considered as a most appropriate mineral 
for sealing the water path by its swelling properties and very low hydraulic permeability, may also 
produce aquatic colloids. Bentonite colloids have a pronounced tendency towards sorption of 
actinide ions due to their high cation exchange capacity (CEC), and thus form so called pseudo-
colloids of actinides. Appraisal of the stability and migration behaviour of such colloids is of 
importance for the source term quantification of actinides in the repository near field and potential 
enhancement of radionuclide mobility in the far-field. The bentonite colloids studied here have 
been used for colloid and radionuclide retention (CRR) studies in the Grimsel test site (GTS) in 
Switzerland [2].  

Objectives 

Evaluation and prediction of the long-term coagulation stability of dispersed Febex bentonite 
colloids is the main subject of interest in the present work, which is investigated by dynamic laser 
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light scattering (photon correlation spectroscopy). The experimental results are discussed in 
relation with calculation based on the microscopic force model [4]. 

Experimental 

The Febex (full-scale engineered barrier experiment) bentonite taken for this study was from the 
region of Cabo de Gata, Almería (Spain) and is composed of about 93 wt% of smectite and 
accessory minerals, such as quartz, cristobalite, feldspar, calcite, anatase etc. [5]. The Grimsel 
granite groundwater, collected in an Al-vessel under Ar-gas flushing and brought to laboratory for 
preparing the colloidal suspension, has pH 9.5 and ionic strength of 0.002 M. The Febex bentonite 
pore water has originally pH 7.4 and ionic strength of 0.19 M [5]. Colloid suspension preparation 
is described in detail in [6] and a colloid concentration of 1mg/L was used throughout the 
coagulation experiments. Ionic strength of the groundwater is varied by addition of NaCl or CaCl2 
while pH is held constant at pH 9.5. 

Zeta-potential measurements were performed using the ZetaPals system (Brookhaven Inc.). 
Smectite edge charge has been estimated by measuring purified silica (Ox50, Degussa) and 
alumina (Al2O3) under various ionic strengths (see Figure 1) and calculating the edge potential 
after [7] using the published structural formula from [5]. Figure 1 (right) shows under the 
conditions of the Grimsel groundwater (pH 9.6) a negative zeta-potential for both the edge and the 
plane/face resulting in an overall high colloidal stability. Even at an ionic strength of 0.1M NaCl 
the edge potential is slightly negative and coagulation is not purely diffusion limited (small energy 
barrier). Furthermore, the results reveal a zero point of charge (pHPCZ) for the Febex smectite edge 
of approx. pH 6 in quite good agreement with the pHPCZ obtained by potentiometric titrations of 
6.85. 

0 2 4 6 8 10 12
-60

-50

-40

-30

-20

-10

0

10

20

30

40

50

60

0 2 4 6 8 10 12

 Silica (Ox50)
 Alumina (Al2O3)

pH

0.1M

0.001M

0.001M

0.1M

0.1M

ze
ta

-p
ot

en
tia

l (
m

V
)

0.001M

pH

 

Febex colloids "bulk" potential
 0.001M NaCl

edge-charge estimation:
(0.72*ζquartz + 0.28* ζ γ-alumina)
based on structural formula:
(Si7.66Al0.34)(Al2.68Fe0.34Mg0.91)X0.81O20(OH)4 

 
Figure 1: Zeta potential (ζ) of FEBEX bentonite colloids as a function of pH. Edge potentials are 
estimated by a linear combination of silica (Ox50) and alumina after [7]. 

The coagulation rate of bentonite colloids is determined by photon correlation spectroscopy (PCS) 
using a homodyne ZetaPlus system (Brookhaven Inc.). The data evaluation is made by built-in 
software, which includes a linear to quartic cumulant analysis and a series of multi-size 
distribution algorithms. The time resolved increase of the average colloid size was measured under 
variation of the parameters pH and ionic strength (NaCl, CaCl2). The slope of the initial 
agglomeration (colloid single-single to duplet formation) was normalized to the fastest solely 
diffusion limited agglomeration rate observable in the system thereby determining the stability 
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ratio W (see Figure 2). The purely diffusion limited aggregation (W = 1) gives the information on 
the critical coagulation concentration (CCC). The results show a diffusion limited colloid 
aggregation at an ionic strength of 0.01M for NaCl solutions and approximately 5mM for pure 
CaCl2 solutions at a pH of 9.5, respectively. Linear fitting of the stability ratio variation with pH 
value reveals a slope of ~1 (0.82 ± 0.06 and 0.99 ± 0.22) with variation of ionic strength in NaCl.  

Modelling 

The ionic strength and pH effects on the stability of colloids are evaluated by calculating the total 
interaction force (summing up the Born repulsion, electrical double layer force, van der Waals 
attraction and hydration force) of three possible association modes: the edge-face (E-F), edge-edge 
(E-E) and face-face (F-F) interactions according to [4]. The Stern plane face and edge potentials as 
a function of pH at two different ionic strengths are taken from the experimental zeta potentials 
shown in Figure 2. 
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Figure 2: Stability ratio W as a function of ionic strength for monovalent (NaCl) or bivalent 
(CaCl2) cation composition at fixed pH of 9.5 resembling Grimsel groundwater conditions (left) 
and as a function of pH (right) for two selected NaCl concentrations (data from reference 8 
included). 

Calculation results of the total interaction forces for F-F, E-F and E-E modes are given in Figure 3 
for the colloid size of 235 nm at pH 9.5 and three different ionic strength (0.001, 0.01 and 0.1 M 
NaCl). Taking the number weighted average colloid size of 100 nm determined by laser induced 
breakdown detection (LIBD) revealed six times lower interaction forces, which infers that the 
aggregation probability is lower for larger particles. The calculated F-F force indicates a strong 
repulsive barrier that expands to separation distances > 30 nm at all ionic strength. On the other 
hand, the E-F and E-E interactions are to overcome the weaker barriers, extending a separation 
distance from about 2 nm to around 10 nm in 0.001 M NaCl and the barrier force becomes 
reduced with increasing ionic strength. At 0.1 M NaCl both E-F and E-E forces disappear and 
hence coagulation of colloids becomes enhanced. A comparison of the height of the barrier force 
at the same ionic strength follows a sequence: F-F >> E-F > E-E, which suggests that the 
destabilisation of bentonite colloids is most likely caused by the E-E interaction. 

The interaction force calculation is also carried out for the pH variations from 4 to 10 at a constant 
ionic strength of 0.001 M NaCl (Figure 3, bottom) to simulate the pH change from 9.5 in Grimsel 
ground water to pH 7.4 in the Febex pore water. Strong repulsive force for F-F association mode 



1st Annual Workshop Proceedings 6th EC FP - FUNMIG IP Saclay (France) 28th Nov.- 1st Dec. 2005 
T. Schäfer, H. Geckeis, M. Bouby, S. Mihai, A. Delos, U. Alonso, and T. Missana 

 - 103 -  

can be observed by an exerted separation distances > 35 nm for all pH values, which suggests a 
strong limitation of such interactions. The F-F force calculated in this study is comparable to the 
DLVO calculation and both demonstrate a poor prediction of stability for heterogeneously charged 
colloids. As is apparent from Figure 3, the E-F and E-E interaction force barriers decrease with the 
pH reduction and disappear around pH 7.5 and pH 8, respectively. With further decrease of pH, 
the E-F force barrier steadily decreases, while the E-E force barrier rebuilds again (Figure 3 
inserted). The colloid association is thus favoured around pH 7-8 for both E-F and E-E interactions 
by the model, whereas at pH < 6 only the E-F interaction drives the colloid association. The 
primary minimum showed a decrease in the depth in both the E-F (-1.8 to -2.0 nN) and E-E mode 
(-1.2 to –1.3 nN) with decreasing pH, with the E-F association inherently stronger by a factor of 

2 . The predicted pH range for Febex colloid stability agrees well with stability ratio 
measurements shown in Figure 2. 
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Figure 3: Interaction forces for the E-F, E-E and F-F mode association of bentonite platelets as a 
function of the ionic strength using NaCl solutions (top) and as a function of pH (bottom). 

The calculation made here is based on of the Derjaguins approach. As the electrical double layer 
thickness of nano-size colloids is not necessarily smaller than the colloid radius, the electrical 
double layer repulsion derivation by [10] between two small spheres is applied for further 
calculation. For the classical Derjaguins approach the reciprocal Debye length κ (factor related to 
the ionic strength) becomes independent of particle size (not shown separately). Calculations using 
the equations of [10] show a clear dependency of κ on the colloid size. Hence the CCC value of 
smaller colloids appears larger than that of larger colloids. According to this calculation the 
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conventional DLVO theory tends to underestimates the CCC values for nano-sized bentonite 
colloids (~100 nm) by an order of magnitude.  

Application to PA 

All national programs include the colloid formation in their features, events and processes (FEP) 
list but do not commonly model colloids [9]. PA‘s of repositories for spent fuel and HLW that 
contain bentonite buffer do not consider colloids on the source term and PA‘s of waste repositories 
without bentonite buffer have to account for radionuclide mobilization by colloids. However, the 
concentration of colloids that may be formed is one of the key uncertainties. Reliable prediction of 
long-term colloidal stability in the far-field groundwater by means of stability ratio determination 
is a first step to an advanced PA. 

Conclusions 

This study demonstrates that natural colloids in the Grimsel groundwater remain very stable (W ~105). 
Model calculation gives hint to the dependency of the CCC of medium electrolyte on the colloid size: 
the higher CCC value applies to the smaller size of bentonite colloids. Due to the high sensitivity of the 
smectite stability ratio W on the bivalent cation composition the groundwater mixing zone (transition 
backfill porewater/granite groundwater) and their time-dependent evolution will be the key parameter 
in determining the colloid source term.  
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Abstract 

Clay formations are being considered as potential host rocks for radioactive waste disposal in 
many countries. Since clays have a very low hydraulic conductivity, diffusion is the main transport 
mechanism for radionuclides released from the canisters. Thus, the understanding of the diffusion 
processes and the determination of diffusion parameters, in conditions as similar as possible to the 
real ones, are critical for the performance assessment of deep geological repository. 

Diffusion coefficients are mainly measured in laboratory using small samples. In in-situ tests, the 
experimental set-up usually includes the injection of tracers diluted in reconstituted formation 
water into a packed-off section of a borehole. Both experimental systems (laboratory and in-situ) 
may produce artefacts in the determination of diffusion coefficients.  

A large-scale laboratory diffusion experiment in a large cylindrical block of consolidated clay is 
presented in this work, trying to approach to the real conditions. In this experimental set-up the 
radionuclides were mixed with the clay obtained from the drilling of a central hole in the large 
sample, and re-compacted into the hole at approximately the same density as the consolidated 
block, forming a tracer “solid source”. The system, which was sealed after the addition of the 
tracer, did not need additional treatment of the sample nor external monitoring. After the 
experimental time selected for diffusion to take place (estimated by scoping calculations), the 
block was sampled to obtain a 3D distribution of the tracer concentration. The modelling of the 
tracer distribution allowed the estimation of the diffusion parameters on different geometrical 
planes. 

The proposed methodology has been tested in the Opalinus (OPA) clay from Mont Terri 
(Switzerland) with preliminary diffusion tests of neutral (HTO), anionic (36Cl¯), and cationic and 
slightly sorbing (85Sr2+) radionuclides. It is important noticing that such a configuration could be 
used as an “in-situ” methodology for diffusion tests without any modification. 

Introduction 

Experimental studies on diffusion are mainly performed in laboratory and also some in-situ tests 
are generally planned in underground rock laboratories (URLs). In laboratory tests, the preparation 
of the sample can generate structural changes, above all if the consolidated clay has a layered 
fabric. The “classic” experimental set-up for in-situ diffusion studies includes the injection of a 
tracer diluted in reconstituted formation water into a packed-off section of a borehole. The packed-
off section is formed by a stainless steel sinter of high and known porosity. Between the sinter 
chamber and the wall of the borehole a void volume is always left. In this configuration, a 
complete contact between the chamber and the clay formation does not exist, and possible 
deformations of the clay material near the injection chamber and density losses probably occur. 
Furthermore, the introduction of a chamber filled of water could modify the properties of the 
saturated clay in the first centimetres near the clay/experimental chamber interface, just where 
radionuclide diffusion is expected to take place. 



1st Annual Workshop Proceedings 6th EC FP - FUNMIG IP Saclay (France) 28th Nov.- 1st Dec. 2005 
Large-scale laboratory diffusion experiments in clay rocks 

 - 106 -  

In this work, a large-scale laboratory diffusion experiment is presented, using a large cylindrical 
sample of consolidated clay that can overcome the abovementioned problems. Basically, in this 
set-up, a re-compacted clay / radionuclide mixed solid source is placed in the centre of a large clay 
block, allowing the tracer to diffuse into the closed system. At the end, a thorough sampling of the 
rock provides a 3D distribution of the tracer activity, evidencing the diffusion paths.  

The aim of this work is to demonstrate the feasibility of such a methodology for the determination 
of diffusion parameters in real systems to be used by PA. 

The source part of the set-up, made by the re-compacted OPA, presents a dry density slightly 
different from the large original block and higher porosity. For this reason, it was considered of 
interest to determine the transport parameters of the re-compacted clay, which are useful in the 
modelling. Therefore, “conventional” laboratory diffusion tests were also carried out in parallel, 
with the same radionuclides used in the large-scale test. 

Materials and Methods 

The OPA sample used for these tests comes from the BDI-B3 borehole, corresponds to the shaly 
facies. From the upper borehole section (0-3 m) a cylindrical sample of 1m length and about 30 
cm of diameter of the consolidated OPA clay was obtained. The observer-bedding plane has about 
33-35º from the horizontal (bedding planes dip). 

The experiments were performed using a neutral (HTO), anionic (36Cl-) and cationic (85Sr2+) 
species. HTO and Cl are conservative tracers because they are not sorbed by the clay. Chloride is 
an anion and therefore its diffusion can be affected by anion exclusion. Strontium is weakly sorbed 
by the clay. In all cases, synthetic water simulating the Mont Terri groundwater is used for the 
clay saturation [1].  

From the large sample, three cylindrical samples of 30 cm of diameter and 30 cm height were 
obtained, using a diamond saw without lubricant fluid. After the cut, the cylindrical 30 cm sub-
samples were placed in a PVC tube and embedded by an epoxy resin (Epofix, Struers). In the 
centre of each cylinder, a hole was drilled (38 mm diameter and 16-18 cm of deep). The crushed 
clay material obtained from the drilling process, mixed with the synthetic porewater, was used to 
make three clay plugs (50 × 38 mm), and re-compacted at a density of approximately 1.75 - 1.8 g 
/cm3. The synthetic porewater used for the central plug (the source) was spiked with the tracer. 
The source plug was introduced first in the central hole, followed by the other two plugs, to fill the 
rest of the hole, as schematically shown in Figure 1. Finally, the system was re-sealed with epoxy 
resin and diffusion started. 

The initial humidity of the sample and the dry density were measured on residual pieces of the 
clay obtained during the cut (6.4-6.5% humidity and 2.3 g/cm3 dry density, respectively). The 
porosity in the unaltered block, according to the average water content and the dry density 
measured, is about 15% whereas the central re-compacted clay plugs have a porosity of 
approximately 35%.  
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Figure 1: Schematic design of experiments showing the tracer position. 
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Scoping calculations were carried out to calculate the diffusion distances as a function of diffusion 
time, taking into account the cylindrical geometry of the test. The experimental time was decided 
by these calculations for each different tracer. After that time, different clay samples were 
extracted from the cylinder, at different distances from the cylinder axis and at different heights. 
The activity in the solid samples was measured to obtain the diffusion profiles. Since HTO and 
36Cl are beta emitters, it is necessary to extract the tracer from the solid and to measure the activity 
in the liquid phase. A weighted amount of crushed solid is suspended in water and after three days 
the sample is centrifuged. The counting was performed in the liquid phase by liquid scintillation 
with a Packard 2700TR counter. In the case of experiment with Sr, the solid samples were 
measured directly with the Packard Cobra II gamma counter. 

Modelling 

PORFLOW™ code was used to calculate the 3D concentration profiles for different values of the 
parallel and perpendicular diffusion coefficients in the large-scale tests.  

These theoretical profiles were compared with the experimental results in order to find out which 
values of the diffusion coefficients provided the best fitting of the experimental results. The grid in 
the numerical model takes into account different zones with different properties: the original 
consolidated OPA cylindrical block and the central part of re-compacted OPA. In this last region, 
the tracer source and the zone initially without tracer are distinguished. For the modelling purpose, 
a regular bedding plane (33º) was considered. 

Diffusion coefficients parallel and perpendicular to clay bedding planes have been calculated 
comparing the concentrations measured at different points in the large block with those predicted 
using the PORFLOW™ code for several sets of values of De(parallel) and De(perpendicular). Comparisons 
with the experimental data are made using normalized concentrations.  

The error of the fitting is defined as: 

Ω = ∑
i

⎝⎜
⎛

⎠⎟
⎞1

C iexp

²
 ( )C iexp – C ical

²       (E.1), 

where, Ci
exp and Ci

cal are the normalized concentration experimentally measured or calculated, 
respectively, at point i. This error definition is similar to the typical one: 

Ωtypical = ∑
i

 ( )C i
exp – C i

cal
²        (E.2), 

but introducing a ‘weight’ equal to (1/Cexp)2, which increases the weight of the points where low 
(but still significant) tracer concentrations has been measured.  

Following this definition, for a point with Cexp = 0.1 the contribution to total error is 100 times 
greater. The points corresponding to the lowest concentrations (usually far from the source) are the 
most useful to establish the upper limits to the diffusion coefficient. The points corresponding to 
the high tracer concentrations (close to the source) allow establishing the lower limits to the 
diffusion coefficients.  

Experimental results and discussion 

The HTO diffusion experiment lasted 138 days. After this time, 97 samples were taken from 
different positions. In this case, sampling was not regular but it was carried out as to obtain a 
distribution of the tracer in different areas, including the central plug of reconstituted clay and 
considering the existence of the parallel and perpendicular bedding plane directions. Assuming a 
15% of totally accessible porosity in the clay, as experimentally measured, the minimum error is 
obtained using this set of values: De(parallel) = 6 × 10-11 m2/s and De(perpendicular) = 1.5 × 10-11 m2/s. 
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Taking into account the relation between De, Da and capacity factor (or porosity for conservative 
elements as HTO), the apparent diffusion coefficients estimated are the following Da(parallel) = 4 × 
10-10 m2/s and Da(perpendicular) = 1 × 10-10 m2/s.  
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Figure 2: Grid used in PORFLOW calculations (left), and HTO results obtained with the best set 
of parallel and perpendicular diffusion coefficient (right). 

Figure 2 shows the grid used in PORFLOW calculations and the modelling results obtained with 
the previous values, which better compares with experimental data. 

The chloride diffusion experiment lasted 2.2 years. After this time, 24 cylindrical samples (with a 
2 cm of diameter) were taken at regular space from the top of the clay block. In this case, it was 
decided to perform a regular sampling to facilitate the analysis of experimental data. With this 
sampling pattern, four planes could be defined, with six cylindrical samples in each plane. The 
plane 1 (formed with the cores 1, 2, 3, 15, 14 and 13) presents the maximum angle with the 
bedding dip, and the plane 3 (formed with the cores 7, 8, 9, 21, 22 and 23) presents a 0º angle with 
the bedding plane dip. Each core sample was sliced and the activity in each slice was measured. A 
total of 432 samples were finally obtained and measured. 

Using PORFLOW and assuming that Mont Terri clay is a homogeneous medium, theoretical 
concentration profiles for each core were calculated and again compared to the experimental 
profiles. The accessible porosity to chloride was fixed a 0.08 according to [2].  

The best agreement of the experimental and calculated concentration profiles was obtained using a 
Da(parallel) = 5 × 10-11 m2/s, and Da(perpendicular) = 1.2 × 10-11 m2/s. These values were obtained 
considering all the four sampling planes.  

Figure 3 (left) shows an example of 2D plot of the experimental data, corresponding to the plane 
1, obtained using the Surfer™ program. Only a local polynomial of power 2 as gridding method 
was used without any other smoothing. The central narrowness is just an artefact due to the fact 
that experimental data in the region of the tracer clay plug are not available. All the data 
corresponding to the other planes were plotted in a similar way. This revealed that the regular 
sampling system and the high number of samples obtained lead to experimental profiles of high 
quality. In the right part of Figure 3 the concentration profiles obtained with PORFLOW are 
shown. 

It is interesting noticing as the effect produced by the bedding plane can be clearly observed. 
Experimental ModelledExperimental Modelled
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Figure 3: Chloride experimental results, plotted with Surfer®, obtained for Plane 1, in the block 
(on the left). PORFLOW calculation for Plane 1 using the best fit value (on the right). 

The strontium diffusion experiment lasted 499 days. Also in this case, a regular sampling was 
carried out. Unfortunately, the experimental time selected initially was probably too large and lead 
to very low counts above backgrounds and no clear diffusion profiles could be identified. New 
experiments are planned with shorter diffusion times. 

As can be show in Table 1, the influence of the anion exclusion for chloride is clearly shown by 
the order of magnitude of difference in the apparent diffusion coefficients compared with HTO. 
HTO diffusion coefficients and porosity are in good agreement with the values obtained in [2] and 
[3]. In the case of chloride, the values of Da obtained in our work are smaller than the values 
obtained in those works. This result might be a consequence of the increment of porosity (or 
decreasing of clay density) in the area adjacent to the water deposit containing the tracer in their 
in-situ experimental set-up.  

Table 1 Summary of the results obtained with the large-scale experiments with HTO and Cl. 
 De∥ (m2/s) De⊥ (m2/s) Da∥ (m2/s) Da⊥ (m2/s) φ (%) 

HTO 6 × 10-11 1.5 × 10-11 4 × 10-10 1 × 10-10 15.0 
36Cl 4 × 10-12 1 × 10-12 5 × 10-11 1.2 × 10-11 8.0 

Conclusions 

These preliminary experiments demonstrated that the proposed methodology for large-scale 
diffusion studies is feasible. Results showed that it is possible to obtain a good three-dimensional 
representation of the diffusion process that allows analysing the effect of the bedding planes, very 
common in sedimentary formations, and determining simultaneously the parallel and 
perpendicular diffusion coefficients. The proposed experimental set-up could simplify the design 
and performance of an in-situ diffusion experiment, eliminating the need for continuous 
monitoring and avoiding the alteration of the clay (due to contact with water) in the proximity of 
the source of the tracer. In addition, the system is economically less expensive. 

HTO and Cl, exhibited higher diffusion coefficients in the direction parallel to the bedding plane 
of the rock than in the perpendicular, clearly showing the anisotropy of the medium. The contact 
time selected for Sr was too large and this prevented the analysis and fit of the data obtained with 
this tracer. New experiments will be therefore carried out with slightly sorbing tracers. 

The values of the apparent diffusion coefficients obtained for HTO are higher than those measured 
for chloride, in any direction, indicating the effect of anion exclusion on chloride diffusion arising 
from the negatively charged clay particles. 
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Abstract 

Scoping experiments were performed in which the interaction of Se(IV) and Se(VI) with dissolved 
Boom Clay and/or Gorleben HS in batch systems was followed as a function of time. A first 
experiment in which 1 × 10-6 M 75SeO4

2- was contacted with 128 ppm Boom Clay HS or 160 ppm 
Gorleben HS in a Synthetic Clay H2O background electrolyte, showed that the total SeO4

2- 
solution concentration remained unchanged, indicating that there was no interaction whatsoever 
between Se(VI) and HS during the 3 months’ observation time. Upon contacting 1 × 10-6 M 
75SeO3

2- with the same HS-containing solution however, a decrease of ~ 95% in total Se solution 
concentration after centrifugation was noted and final Se solution concentrations of 4.4 × 10-8 M 
(Boom Clay HS) and 1.3 × 10-7 M (Gorleben HS) were measured after a 6 month observation 
time. Together with the decrease in total solution concentration, a change in the Se solution 
speciation was determined. After one month, the solution speciation in both systems was 
dominated by a colloidal Se species that was associated with HS. The SeO3

2- concentration 
decreased steadily to a final concentration of 1.9 × 10-8 M (Boom Clay HS) and 1.5 × 10-8 M 
(Gorleben HS). The detailed understanding of these latter results necessitates spectroscopic 
measurements on the Se species present in the pellet and on Se associated with the humic 
substance fraction in solution. 

Introduction 

Selenium-79 (Se) is considered a main critical radionuclide for the geological disposal of high-
level radioactive nuclear waste in the Belgian Boom Clay layer. The present study will check the 
interaction of different Se oxyanions with mobile humic substances (HS) in simplified systems 
starting from SeO4

2- or SeO3
2- and dissolved HS only. In the past, several studies [5, 6] were 

already undertaken to elucidate the geochemical behaviour of both oxyanions in a humic-rich 
reducing environment, but always in the presence of a reducing solid phase.  

In batch experiments studying the reduction of SeO4
2- by pyrite minerals [3, 6] as well as in SeO4

2- 
migration experiments in a compacted Boom Clay core [1], it was observed that SeO4

2- acts as a 
conservative tracer with respect to the time-scale of the experiments performed (at most a couple 
of months). In batch experiments where the reduction of SeO3

2- by reducing surfaces such as 
pyrite minerals and Boom Clay was studied as a function of time in the presence of HS, an 
interaction of Se with dissolved HS was noted [2, 6]. This interaction was geochemically 
important in the sense that at longer equilibration times (~ months), the majority of Se species in 
solution was found to be associated with HS. Moreover, from these previous experiments it was 
noted that both reduction of SeO3

2- (by the solid phases ?) and association of Se with dissolved HS 
occurred simultaneously. Given the fact that Se-HS interactions were already observed in previous 
experiments, the quantification of this interaction, as well as the qualification of the Se species 
which interacts with the HS, forms a valuable tool for predicting and modelling the Se migration 
under in situ conditions. 
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Experimental 

All experiments were carried out in a controlled atmosphere glove box flushed with a mixture of 
N2 (99.6%) and CO2 (0.4%). Synthetic Clay Water (SCW) was used as the standard electrolyte in 
all experiments. Its composition is based on analysis of waters collected in Boom Clay 
piezometers [5] and consists of a 1170 mg/L NaHCO3, 10 mg/L NaCl, 0.3 mg/L Na2SO4, 25 mg/L 
KCl, and 22 mg/L MgCl2.6H2O solution which is saturated with CaCO3. After one week of 
equilibration in the 0.4% CO2 glove box atmosphere, the SCW is filtered (0.22 µm). Boom Clay 
extracts were prepared starting from 50 g of solid Boom Clay and 200mL SCW. These systems 
were shaken end-over-end for 3 weeks followed by centrifugation (Beckman Centrifuge J2-21, 
rotor JA-14, 2h, 22000g, cut-off ~ 35 nm). The supernatant of these systems, which was 
centrifuged again, was further used as “a Boom Clay extract”. The Boom Clay sample used 
(Boom Clay core nr. 2-200, Amorce Nord 2nd shaft) originated from the Andra Gallery in the 
underground research facility (URF) at SCK-CEN (Mol, Belgium).  

Batch systems containing Boom Clay extract (128 ppm HS) and Gorleben groundwater (GoHy 
2227, filtered over 0.45 µm, 160 ppm HS) were contacted with 1×10-6 mol/L 75SeO3

2- and 75SeO4
2- 

solutions. It can be remarked that these systems were not purified, i.e. there was no effort made to 
change or purify the Boom Clay extract solutions on the one hand or the Gorleben groundwater 
solution on the other hand. The 75SeO4

2- solution was obtained by H2O2 oxidation of 75SeO3
2- and 

subsequent removal of excess H2O2 by heating. The presence of SeO4
2- (and absence of SeO3

2-) 
was checked by Ion Chromatography. For each combination of HS and Se oxyanion, a total of 5 
samples were prepared. 75Se spike solution was purchased from Riso (Roskilde, Denmark) and had 
a specific activity of 79300 MBq/g at reference date 3/3/2004.  

Before analysis all systems were centrifuged (Beckman J2-21, rotor JA-17, 2h, 31000 g, cut-off ~ 
20 nm). The total 75Se concentration in sample solutions was obtained from analysis of a 2 mL 
supernatant for 75Se counts in a Packard Tricarb 1600 CA gamma counter. The free 75SeO3

2- and 
75SeO4

2- concentrations in an aliquot (500 µL) of the supernatant solutions were determined using 
a combination of Ion Chromatography (IC) and gamma counting [3]. Another aliquot (1.12 mL) of 
the samples was eluted over a glass Gel Permeation Chromatography (GPC) column (30×1 cm) 
filled with Superdex 30 (Pharmacia Biotech) Prep Grade gel. The eluent was a degassed saline 
0.15 N NaCl solution (containing 0.002% NaN3) that was stored under N2. The eluted solution was 
continuously analysed for UV-absorbance (at 280 nm) and collected in 2 mL fractions that were 
monitored for 75Se. The supernatant solutions were also subjected to ultrafiltration (Microsep 
300K, 30K and 3K MWCO Omega Centrifugal Ultrafiltration Devices, Pall). The Optical Density 
(OD) of sample solutions was analyzed by measuring the UV-absorbance at 280 nm of a (diluted) 
aliquot of the supernatant using a LKB Spectrophotometer. The OD for Boom Clay extracts is 
known to be directly correlated with the dissolved HS concentration which is calculated using the 
relationship of Henrion [4]. 

The samples containing SeO4
2- and SeO3

2- were followed versus time for respectively 90 and 220 
days. 
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Results 
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Figure 1: Total Se concentration in solution and Se solution speciation in the supernatants after 
centrifugation as measured by IC plotted as a function of equilibration time, for systems initially 
containing 1×10-6 M 75SeO4

2- and 128 ppm Boom Clay HS (Figure 1A - right) or 160 ppm 
Gorleben HS (Figure 1B - left). The SeO3

2- and SeO4
2- concentrations are measured directly by IC, 

while the concentration of “Se rest” is calculated as the difference between total Se and the Se 
oxyanions. 

From Figures 1A and 1B it can be derived that SeO4
2- does not interact with dissolved HS. Firstly, 

the total Se solution concentration remains constant throughout the course of the experiment. It 
must be noted here that this observation is valid, despite the fact that part of the added dissolved 
HS are precipitated during the course of the centrifugation of the samples. In the case of Boom 
Clay systems, this precipitated fraction amounts to ~55% of the initial HS amount, while in the 
case Gorleben systems, the precipitated fraction is lower and amounts to a mere ~3-4% (based on 
OD measurements). Secondly, also the initial Se solution speciation remains unchanged, i.e. only 
SeO4

2- is present as a detectable species and the total Se solution concentration is equal to the 
SeO4

2- concentration. Thus, the present experiment confirms that (over a period of 3 months) 
SeO4

2- does not interact with dissolved HS and therefore gives additional proof for the 
conservative tracer behaviour observed before [1]. 

In contrast with the experiments performed with SeO4
2-, the total Se concentration in the 

supernatant solution after centrifugation decreases approximately one order of magnitude over the 
220 days equilibration time (Figures 2A and 2B), while the amount of HS which is precipitated 
during centrifugation remains more or less constant (the data at 7 days equilibration time for 
Boom Clay are considered an outlier). The amount of Se precipitated increases to about 90% of 
the total added Se from about one month to three months equilibration time. After 224 days, the 
total Se solution concentration in the presence of Boom Clay HS is ~ 4.4 × 10-8 M, while in the 
presence of Gorleben HS the total Se concentration is ~ 1.3 × 10-7 M. 

At the same time as part of the toal Se is being precipitated by centrifugation, the Se speciation in 
the supernatant solutions is observed to change drastically. Figures 2A and 2B clearly show that in 
the first few days after mixing of the different components (data at 3 and 7days equilibration time) 
there is no change of the Se speciation in solution, while also the total amount of Se in solution 
remains constant. However, from the data point taken at 28 days equilibration time onwards, both 
the Se speciation is changing while also a substantial amount of the total Se is precipitated. At this 
point, the amount of SeO3

2- in the supernatant solution becomes smaller than the “Se rest” 
concentration. At the end of the experiment, the SeO3

2- concentration in the supernatant amounts 
to 1.9 × 10-8 M for the Boom Clay system and 1.5 × 10-8 M for the Gorleben system. The SeO4

2- 
concentration remains below detection during the whole course of the experiment. 

A 
B
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Figure 2: Total Se concentration in solution and Se solution speciation in the supernatants after 
centrifugation as measured by IC plotted as a function of equilibration time, for systems initially 
containing 1×10-6 M 75SeO3

2- and 128 ppm Boom Clay HS (Figure 2A - upper) or 160 ppm 
Gorleben HS (Figure 2B - lower). The SeO3

2- and SeO4
2- concentrations are measured directly by 

IC, while the concentration of “Se rest” is calculated as the difference between total Se and the Se 
oxyanions. 

Up till now, it remains unclear which Se species is centrifuged off, and several hypotheses can be 
made regarding the observed kinetic data. Firstly, it is possible that the added Se is complexed by 
(functional groups on) the dissolved humic substances, with a strong tendency towards the high 
molecular weight range. Therefore, it is possible that the “complexed Se” is centrifuged off 
together with these high molecular weight organic molecules. It must be remarked that the amount 
of Se precipitated (~ 90% of the total amount of Se added) is not comparable to the amount of HS 
precipitated, especially in the Gorleben systems (about 10% of the dissolved HS are centrifuged 
off). However, given the fact that the total amount of Se added is only about one hundredth of the 
total capacity of the HS present in the samples, these two percentages are not in conflict. A second 
possibility for the loss of Se from solution can be described by assuming that SeO3

2- is reduced in 
the presence of dissolved Gorleben and Boom Clay HS. Since neither the Gorleben nor the Boom 
Clay HS were subjected to elaborate purification before use, the systems prepared in this 
experiment contain considerable amounts of Fe2+ (either complexed as free cation or present as 
Fe(II)-bearing surfaces in the organic matrix). The presence of Fe2+ can therefore be accountable 
for the reduction of SeO3

2-.  

Regarding the Se speciation in solution, and especially the “Se rest” fraction, Gel Permeation 
Chromatography was used to qualitatively identify an interaction between HS and Se. From 
observing the GPC chromatograms and associated gamma counts in the eluted fractions (data not 
shown), it is obvious that the change in Se speciation in solution observed with Ion 
Chromatography and depicted in Figures 2A and 2B, is also apparent in GPC measurements. As 
equilibrium time increases, part of the total Se supernatant concentration is eluted together with 
the majority of injected dissolved HS molecules, instead of at the elution time of SeO3

2-. Another 
part of the total Se was not recuperated at all, also pointing towards a shift in speciation (the 
recuperation of 75SeO3

2- is +95%). However, based on these chromatograms, an association 
between Se and HS can not be proven unambiguously. Indeed, the elution profile of Se species 
merely suggests that a shift toward Se species of higher molecular weight is occuring. These 
higher molecular weight colloidal Se species may as well be organic (Se-HS) as inorganic (Se0) by 
nature.  

A B
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Figure 3: Comparison of the percentages of different species (HS and colloidal Se) retained on 
the filter upon centrifugal ultrafiltration with different molecular weight cut-offs (3, 30 and 300 
kDa) for respectively the Boom Clay samples (Figure 3A - upper) and the Gorleben samples 
(Figure 3B - lower). The total amount of colloidal Se is calculated as the difference between the 
total Se concentration in the supernatant solution and the sum of the measured Se oxyanions. 

Ultrafiltration was then used as a tool for further analysis of the colloidal Se species. Figures 3A 
and 3B show the comparison of the percentages of species (HS and Se) removed from solution 
upon filtration with the different cut-offs for respectively the Boom Clay samples (Figure 3A) and 
the Gorleben samples (Figure 3B). Se oxyanions are not retained on the filter and appear entirely 
in the permeate. Therefore, only the colloidal Se species also observed in GPC are retained on the 
filter. It is apparent that the amount of colloidal Se removed from solution and the amount of 
dissolved HS retained on the filter (both expressed in percentage) are very much alike for both the 
Boom Clay and the Gorleben samples. If the colloidal Se would predominantly be in the inorganic 
form, there would be no explanation for the different percentages which are retained when 
comparing the two systems, since the starting concentration and final concentration (after 
centrifugation) are approximately the same. If on the other hand the colloidal Se would be in the 
organic form, and there is an association between the dissolved HS and Se in solution, the results 
presented in Figures 3A and 3B are quite logical.  

Conclusions 

A scoping experiment was set up to investigate the interaction between Se oxyanions and 
dissolved HS, in the absence of a (reducing) mineral surface. In the case of SeO4

2-, no interaction 
whatsoever was observed between Se and dissolved HS. This implies that SeO4

2- has to be treated 
in performance assessment as a conservative tracer with no solubility control. In the case of SeO3

2- 

however, the Se solution speciation in presence of HS was observed to change drastically, 
accompanied by a decrease of the total Se concentration after centrifugation. Another Se species 
could be identified which had interacted and was associated with the dissolved HS. The detailed 
understanding of the mechanisms at work in these systems necessitates spectroscopic 
measurements to be performed on both the Se species present in the pellet and Se associated with 
the humic substance fraction in solution. 

Relation to PA  

There is no direct interaction between dissolved HS and SeO4
2-. For SeO3

2- however, an interaction 
mechanism exists, and amounts to a decrease in SeO3

2- solution concentration while a Se-HS 
species was also found to be present. The influence of this latter mechanism in the migration 
potential of Se remains unclear.  
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Abstract 

EDTA may be present in low and intermediate level wastes because of its use as a decontaminant. 
EDTA forms strong, water soluble, complexes with many metals and, therefore, has the potential 
to enhance radionuclide transport from a repository. 

To understand the water transport of radionuclides by EDTA related processes, it is essential to 
understand the transport of EDTA alone. Herein is detailed an investigation of the extent of 
sorption of EDTA onto three minerals; Montmorillonite, Kaolinite and Goethite.  

Measurement of EDTA concentrations in solution was determined indirectly as DOC using TOC 
(Total Organic Carbon) analysis. EDTA was found to exhibit negligible sorption onto all three 
mineral surfaces studied. Minimum detection limits are reported for EDTA together with the 
extent of sorption of EDTA onto three common mineral surfaces. 

Introduction 

The chelating agent EDTA (ethylenediaminetetraacetic acid) is a compound used world-wide in 
many household and industrial applications. EDTA is an anthropogenic compound with an 
inability to biodegrade in the environment. EDTA is found in many natural waters and occurs at 
higher levels in wastewater effluents. 

Formation of weakly adsorbing complexes with organic ligands can keep otherwise strongly 
adsorbing metal ions in solution [1]. Numerous field studies have shown that formation of 
complexes with natural and synthetic organic ligands, particularly the synthetic chelator EDTA, 
can mobilize radionuclides and other contaminant metal ions in subsurface media [2,3]. Other 
investigators have studied the sorption properties of EDTA contacted soils with other organic 
acids and trace metals [4] and EDTA oxide surface complexes in relation to dissolution processes 
of solid surfaces [5] in an attempt to model metal EDTA transport.  

Objectives 

To measure the minimum detectable amount and reproducibility of EDTA analysis using TOC. 

To investigate the extent of sorption of EDTA onto three mineral surfaces; montmorillonite, 
kaolinite and α-Goethite in the absence of other competing ligands or complexing metals. 

Experimental 

Materials Unless otherwise stated, all chemicals were reagent grade. Water for all experiments 
was supplied from a Barnstead/Nanopure water system. The solids kaolin (~Al2Si2O6(OH)4, 
Aldrich Chemical Company), montmorillonite (K-10 Grade, Aldrich Chemical Company) and α-
Goethite (Fe(OH)O, Fluka) were all used as supplied from their commercial manufacturers. The 
pH throughout the investigations was maintained between pH 5.5 and 6.0 by adjustment using 
minimal amounts of either HNO3 or NaOH. Unless otherwise stated, all experiments were 
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conducted on the bench at room temperature. During equilibration, samples were stored out of 
direct sunlight at ambient temperature on a rotary shaker set at 300 r.p.m. 

Solutions All EDTA solution dilutions were typically made by weight from a 0.01 mol dm-3 stock 
solution prepared from analytical grade Sodium-EDTA. 

Minimum Detectable Amount of EDTA EDTA solutions (10-2, 10-3, 10-4, 10-5, 10-6, 10-7, 10-8, 
and 10-9 mol dm-3 EDTA; 100 cm3) were prepared in deionised water and adjusted to pH 6 with 
minimal amount of either HNO3 or NaOH. The EDTA content of each solution was measured in 
duplicate indirectly as DOC using a SARTEC DC-190 High Temperature Total Organic Carbon 
Analyser. 

Standard Error The EDTA content of the minimum detectable EDTA solution was measured 
separately 10 times directly as DOC using a SARTEC DC-190 High Temperature Total Organic 
Carbon Analyser. 

Batch Sorption Experiments A Sodium-EDTA solution (0.01 mol dm-3 in deionised water 
adjusted to pH 6) was contacted with either 0.1 or 1 g of montmorillonite, kaolin or goethite 
(solid:solution ratios of 1:20 and 1:2 respectively). Control samples were prepared containing no 
solid to determine the initial amount of EDTA in solution available for sorption before contact 
with mineral surfaces. All samples were prepared in duplicate. The samples were mixed and 
equilibrated for 5 days. After equilibration, a sample was removed, filtered and the EDTA in 
solution measured indirectly as DOC. The pH of the samples was also measured. 

Results 

The lowest detectable amount of EDTA was determined for the 1 × 10-5 mol.dm-3 Na2EDTA 
solution with a reproducible TOC reading, averaging 1.52 ± 0.4 p.p.m.  

Possible interference of glycerine from the cellulose filters was found to be negligible. Results 
from the sorption studies indicate that there was negligible sorption of EDTA onto any of the 
mineral surfaces at pH 6. All the TOC measurements for the montmorillonite gave less than 2% 
sorption and those for kaolinite and goethite gave less than 1% sorption. 

Conclusions 

The results show that montmorillonite, kaolinite and goethite do not interact with EDTA. The 
sorption results presented as Kd values are extremely low. Since many radionuclide performance 
assessment models rely heavily on such parameters, the inclusion of EDTA in the calculation of a 
retardation factor during radionuclide transport modelling can be disregarded when looking at the 
individual solid phase properties of montmorillonite, kaolinite and goethite  

It is well documented that through the strong chelating power of EDTA, any metal present will 
follow its distribution and thus is more likely to stay as an aqueous species available for water 
transport. 

Future work to predict aquatic speciation of metal EDTA complexes with mineral surfaces should 
concentrate on the role of the metal interaction with the mineral surface and competition between 
EDTA and other complexing ligands for the metal as the main focus of investigation. 

Performance Assessment 

Geological disposal is considered a realistic solution for the disposal of intermediate and low level 
waste. Performance assessment to evaluate the long term safety of the desired geological disposal 
system requires that the barrier properties of the host formation be known under various 
conditions.  
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The chelating agent EDTA, present in radioactive waste, has been studied previously and shown to 
alter the mobility and transport of metals in soil because of the formation of water soluble 
chelates. The relevance of this study is to assess the sorption of EDTA under non alkaline 
conditions analogous to a far field environment so that its presence can be accounted for in the 
transport modelling of radioactive waste. 
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Abstract 

The effect of clay minerals associated organic matter (OM) on the stability (dissolution behaviour) 
of clays under high alkaline conditions representative for the initial cement corrosion has been a 
matter of research over the last couple of years. Observed effects under these near-field conditions 
raised the question how the clay-OM association affects in general the reactivity and the 
radionuclide complexation behaviour of clay minerals in the natural argillaceous host rocks. 
Investigations focus in the first step on the effect of clay mineralogy, exchangeable cation 
composition (Na+, Ca2+, Fe3+) and temperature (25°C, 80°C) on the polymerisation of organic 
material. In this paper, first results based on UV/VIS, µFTIR and Scanning Transmission X-Ray 
Microscopy (STXM) are presented on the polymerisation of glucose + glycine on Na, Ca, Fe 
exchanged Ibeco bentonite at 25°C and 80°C. An increase of polymerisation with temperature in 
presence and absence of smectite was observed. Furthermore, the variation of exchangeable cation 
composition changed the degree of polymerisation in the order Fe3+>>Ca2+>Na+ and smaller clay 
size fractions (<0.1µm) showed the highest aromatic content indicating a surface area catalysed 
polymerisation reaction. However, the results also indicate that the smectite associated synthetic 
OM polymers still have considerable higher oxygen containing functional group content in 
comparison to the clay mineral associated OM found in Opalinus Clay and Callovo-Oxfordian 
argillite. 

Introduction 

Previous studies on argillaceous rocks under discussion for the storage of high level nuclear waste 
(i.e. Callovo-Oxfordian argillite and Opalinus Clay) have indicated that the low amount of organic 
matter (OM) present in these natural rock formations (~0.2-1.5%) can have a significant influence 
on the reactivity of clays [1] when compared to batch type experiments using pure clay minerals 
[2]. Surprisingly, it could been demonstrated by means of X-Ray spectromicroscopy (STXM) that 
even after two years reaction time in hyper alkaline solutions OM was still associated with clay 
edge sites giving hint that the natural OM is not solely associated via surface sorption [3]. 
Furthermore alkaline extraction studies showed that only minor amounts (1-7% of total organic 
carbon) of this OM could be classified as hydrophilic humic (HA) or fulvic (FA) acids [4,5]. The 
combination of principle component- (PCA), cluster- and target spectra- analysis [6] revealed 
different sources for mobilized humic and fulvic acids, namely smectite rich regions for HA and 
illite dominated regions for FA [7,8]. In addition, these investigations showed a low functional 
group content of the mineral associated OM. Conceptual models exist in the literature that 
describe the OM mineral interaction as a multi-step process with 1) a selective sorption of 
dissolved organic carbon (DOC) compounds, 2) condensation reactions increasing the binding 
strength of the OM-clay association and 3) OM compounds with multiple sites will out-compete 
those with fewer binding sites [9]. One of the questions that arise from the above-mentioned 
investigations is, how the clay mineral type or exchangeable cation composition controls the 
organic matter sorption and especially the polymerisation pathway and if surface polymerised 
organics change considerably the radionuclide-clay interaction? 
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Objectives 

The objective of the ongoing experimental program is to identify by state-of-the-art synchrotron 
and laser based spectro-microscopic techniques, inter alia µ-FTIR microscopy and STXM on 
well-defined batch type systems the influence of clay mineral type, clay size, exchangeable cation 
composition (Na+, Ca2+, Fe3+) and temperature on the polymerisation of OM building blocks 
(catechol, glycine + glucose, glycine), synthetic OM (melanoidins) or natural polymerised OM 
(HA, FA). In this paper we focus on the polymerisation of glucose + glycine polymerisation on 
Na, Ca, Fe exchanged Ibeco bentonite [10] at 25°C and 80°C. 

Experimental 

Condensation of low molecular weight compounds (0.36g/L glucose and 0.15g/L glycine [11]) on 
Na-, Ca-, or Fe-exchanged smectite occurs via the Maillard reaction; a sugar-amine condensation 
between carbonyl groups and amines that forms dark brown nitrogenous polymers of high 
molecular weight called melanoidins. Reaction time for samples discussed in this study was 30 
days. 

UV/VIS analysis of the glucose/glycine polymerisation reaction (Figure 1) shows a significant 
increase of polymerisation with increasing temperature (25°C to 80°C). Analysis of the specific 
absorption at 300nm (E3) and 400nm (E4) ratio (12) reveals uniform values at 25°C (3.71 ± 0.24) 
with or without addition of smectite and only for Fe3+ interlayer cations a considerable increase to 
a value of 7.24. The experiments at 80°C revealed a none uniform tendency of the E3/E4 ratios, as 
there is a considerable shift of the peak observed in the pure glucose + glycine system at 280nm to 
a position of 254nm in the Fe3+-exchanged smectite. This indicates a general tendency to have 
higher amounts of aromatic rings with substituted polar groups in the samples (Fe3+>Ca2+>Na+). 

 

Figure 1: UV/VIS spectroscopy of glycine & glucose reaction products. A) without Ibeco smectite 
at 25°C and 80°C, B) at 25°C without Ibeco smectite and with Na-, Ca- and Fe-exchanged Ibeco 
smectite and C) at 80°C without Ibeco smectite and with Na-, Ca- and Fe-exchanged Ibeco 
smectite. 
 

Infrared spectroscopy (Figure 2) shows in the reacted glycine + glucose system still bands of low 
molecular weight (LMW) compounds as primary amines and aliphatic carboxylic acids vibrations, 
which indicates that not all LMW compounds have been condensated. A broad absorption in the 
region around 3650-3250cm-1 is indicative for amino groups, which could be found to be 
dominant in absence of smectite and with Na-exchanged smectite. In the presence of clay this 
broad band shifts towards vibrations of primary amine. The additional moderate to intense bands 
in the ranges 1600-1300cm-1 and 1200-1000cm-1 indicate a simple hydroxy compound as 
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hydrogen-bonded OH absorption of a hydroxy (alcohol). Absorption at the low end of the region 
1850-1650cm-1 (carbonyl compounds) show amide probably in conjugation with a double bond or 
aromatic ring, which lowers the carbonyl absorption by 30-50cm-1. An increase of absorption in 
the region typical for aromatics with bands around 1600cm-1 and around 1500cm-1 and additional 
weak-to-moderate absorptions of aromatic C-H stretches in the region 3150-3000cm-1 can be 
identified. In summary, the µFTIR results point out a catalytic effect of the mineral surface and 
especially the importance of the initial step of organic matter cation bridging on the mineral 
surface for the formation of aromatic structures and macromolecules. The polymerisation reaction 
seems to be triggered in the first step by the OM sorption density, which is expected to be highest 
for Fe3+-exchanged smectite [11]. 

The XRD patterns of both the reacted and starting clay are shown on Figure 3. The starting clay 
contains small amount of kaolinite and quartz as impurities. The amount of kaolinite seems to 
decrease in the reacted clay, whereas quartz disappears. Theses changes are rather correlated to the 
finer size fraction of reacted clay than to the reaction with organic compounds itself. A shift 
toward higher values in the (001) crystal planes (Miller indices) of the dhkl basal spacing can also 
be observed after the reaction. Natural organic matter found in the smectite interlayer (13) and 
nitrogen containing compounds as alkyl ammonium are well known to increase the d001-spacing of 
clay minerals. However, the observed d001 increase of ~0.6 Å is somehow small in comparison to 
values reports for e.g. alkyl ammonium. On the other hand, a reduction of the size of the coherent 
scattering domains (CSD) leads also to an increase of the d001. Therefore one cannot conclude that 
the organic are in the clay interlayer solely by XRD analysis. 
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Figure 2: (left) µFTIR spectroscopy of glycine & glucose reaction product without clay addition 
and of different Na+-exchanged Ibeco smectite size fractions obtained by centrifugation. (right) 
Effect of different exchangeable cations on the2µm smectite fraction associated organics (spectra 
normalized to OH vibration at 3620cm-1). Reaction for all spectra presented at 80°C over 30 days. 

XANES investigations at the C(1s)-edge using STXM and de-convolution post-processing [15] 
revealed for the glucose + glycine polymerisation reaction at 80°C almost no aromatics (C=C π*-
transition at 285.2eV) low absorption in the phenol-type group range (5% at 286.6eV) and a high 
content of carboxylic (26% at 288.4eV) and carbonyl-type (69% at 289.2eV) groups. The Na-
exchanged smectite associated OM shows a significantly lower content of oxygen-containing 
functional group and an increase in overall OM aromaticity therefore clearly showing the 
enhanced OM polymerization. The OM-smectitic clay association found in the natural system 
(Callovo-Oxfordian argillite, 447m depth, borehole EST104) in comparison shows very high 
aromaticity and a reduction of both the phenol-type and carboxyl/carbonyl type groups. This low 
amount of oxygen-containing functional groups results in a high hydrophobicity therefore 
explaining the low amount of humic and fulvic acids present in the argillaceous formations (i.e. 
Callovo-Oxfordian and Opalinus Clay). Otherwise, the presented data also shows that the duration 
of polymerisation reaction is not sufficient to mimic the natural conditions and it can be expected 
that clay reactivity is not strongly changed by the polymerisation achieved so far. Further results 
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(not presented) show a strong impact of clay size on polymerisation pathway (changes in OM 
functionality). 
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Figure 3: (Left) Carbon XANES of glucose + glycine polymerisation reaction at 80°C after 30 
days in absence of smectite (red) and in presence of Na-exchanged smectite, whereas the blue 
curve represents the supernatant after centrifugation and the green curve the 2µm smectite 
associated OM. For comparison the smectite associated OM of the Callovo-Oxfordian argillite 
(COx) from (7, 8) is inserted. (right) XRD pattern of clay size fractions (001) peak before and 
after OM reaction. 

Application to PA 

Natural organics and complexation is one of the features, events and processes (FEP) included in 
the list for argillaceous rocks [16]. The immobile organic matter can have a high sorption capacity 
for the radionuclides as shown in the Boom clay for immature OM (17). However, in the more 
mature form associated with clay minerals in the Opalinus Clay and Callo-Oxfordian argillite it 
can influence the overall clay RN complexation. This project intends to evaluate the influence of 
polymerised OM on radionuclide clay sorption and check if “bottom-up” approaches using 
purified clay minerals and linear additive models are valid to describe surface complexation in 
clay-rich formations. 

Conclusions 

Results based on UV/VIS, µFTIR and Scanning Transmission X-Ray Microscopy (STXM) 
demonstrates a smectite catalysed organic matter polymerisation increasing with temperature, 
variation of exchangeable cation composition (Fe3+>>Ca2+>Na+) and surface area (highest 
aromatic content in the smallest <0.1µm clay fraction). However, the polymerisations results after 
30 days also indicate that the smectite associated synthetic OM polymers still have considerable 
higher oxygen containing functional groups in comparison to the clay mineral associated OM 
found in Opalinus Clay and Callovo-Oxfordian argillite, therefore not exactly mimicking real site 
conditions. Future work will focus on the questions (a) if the polymerised OM modifies clay 
reactivity in chemical disturbed systems and (b) how radionuclide complexation is influenced by 
the clay surface polymerised organics. 
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Abstract 

A novel approach for the experimental estimation of bentonite colloid diffusion coefficients in 
granite, based on the application of the Rutherford Backscattering Spectrometry (RBS) technique, 
is presented. To perform these specific diffusion studies by RBS in geological materials a stepwise 
methodology and a throughout analysis were required. Firstly, complementary batch sorption 
experiments were performed to find an adequate heavy tracer to follow the trail of the bentonite 
colloids. Secondly, granite samples were studied by RBS after the contact with Eu as solute and 
Eu- traced bentonite colloids, for comparison. Undoubted Eu profiles, dependent on the contact 
time, were measured in the granite by RBS in both cases, suggesting that colloids were able to 
diffuse within the granite. However, checks were needed by additional RBS measurements and 
Monte Carlo simulations to differentiate artefacts due to surface roughness or particle 
retention/deposition on the surface, from the colloid concentration profiles, to avoid misleading 
interpretations. Results demonstrated that the observed profiles could be attributed to a colloid 
diffusion process. It was possible to determine, for the first time, the bentonite colloid diffusion 
coefficient, that was estimated to be approximately 10-17 m2/s, a value a three orders of magnitude 
lower than that measured for Eu as solute (10-14 m2/s), in the same experimental conditions. 

Introduction 

Bentonite colloids detached from the bentonite barrier are considered as potential radionuclide 
(RN) carriers, if appropriate geochemical conditions occur (Missana, 2003). The transport of 
colloids in fractured rocks is expected to be controlled by advection and dispersion in water, if a 
fracture network exists. During their transport colloids suffer interaction with the surfaces and are 
filtered in the medium. The theoretical description of colloid retention in a fractured medium 
usually includes surface retention in fracture walls and, in some cases, matrix diffusion, but almost 
no experimental data exist. The obtaining of experimental data on these colloid retention 
mechanisms is necessary to describe and quantify the colloid-mediated radionuclide transport 
within a crystalline rock.  

Objective 

The aim of the present work is to assess whether bentonite colloids are able to diffuse within the 
granite, and to determine its diffusion coefficient. A methodology based on the ion nuclear beam 
technique Rutherford Backscattering Spectrometry (RBS) is selected for this study.  

 

Experimental set-up and results 

The granite samples (1cm2 and properly polished) were characterized by RBS following the 
experimental procedure, previously applied for solutes, described in (Alonso et al., 2003). The 
bentonite colloid diffusion analysis within granite presented more difficulties than the case of 
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solutes. The main followed steps are described below. Further details about this work can be found 
in the resulted paper (Alonso et al., in press). 

Selection of a colloid tracer 

The colloid movement has to be evaluated by trailing a heavy element; thus, complementary batch 
sorption experiments were performed to find a suitable tracer. Bentonite colloids were prepared in 
the laboratory following a standard procedure conditioning 0,5 g/l bentonite colloids with NaClO4 
to a final ionic strength of 10-3 M and pH 7.52,and mean hydrodynamic diameter of 250 nm 
(Missana et al., 2003),  

The Eu was finally selected because: (1) It is a heavy element, accounting for the RBS sensitivity. 
(2) It presented almost 100% sorption onto the clay colloids. The kinetic sorption studies (spiking 
the colloids with active 152Eu 4,25 × 10-6 M and pH 5) showed that after only 5 minutes, up to 98 ± 
5 % of the Eu was adsorbed onto the bentonite colloids and. The distribution coefficients remained 
constant at least during one month. (3) By analysing the Eu adsorption onto granite samples after 
their immersion, in Eu-traced bentonite colloids, it was proven that during the time scales of RBS 
measurements (days), no tracer desorption from the bentonite colloids to the rock surface could 
take place. 

RBS diffusion experiments 

For comparison, granite samples were analysed by RBS after the contact with Eu as solute and Eu-
traced bentonite colloids. Measurements were performed at several contact times (5 minutes, 2 
hours and 1 day) for being able of evaluating diffusion coefficients.  

Figure 1A shows the spectra of the granite in contact with the Eu solution, 5 minutes, 2 hours and 
1 day. In Figure 1B the case of the Eu-traced bentonite colloids is presented as well. In all cases a 
clear time-dependence in the Eu peak height and tail was observed, in agreement with a diffusion 
process.  
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Figure 1: RBS spectra of granite after contact with (A) Eu in solution. (B) Eu-traced bentonite 
colloids. The peaks signal corresponds to Eu. 

The analysis of the Eu profiles is clear for the case of Eu-solute (Figure 1A). The Eu peak signal at 
higher Channels (1.95 MeV, in energy scale) can be attributed to Eu sorption on the surface. The 
Eu tail at lower channels (from 1.9 to 1.7 MeV), which scales with time, can be attributed to a Eu 
concentration profile within the sample. 

Similar analysis could be done for the case of Eu- traced colloids, assuming a layer of colloids 
deposited on the surface, and a colloid concentration profile. However, it is well known that 
artefacts due to surface roughness and/or particles deposited on the surface can significantly bias 
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the RBS spectra interpretation as colloid concentration profiles. Therefore further checks are 
needed to differentiate the different contributions to avoid misleading interpretations. 

Validation of the RBS analysis for colloid spectra. 

The analysis validation was performed on granite samples immersed in different suspensions of 
spherical gold colloids (2 nm to 250 nm) of known diameter and shape, to be able to differentiate 
amongst all spectra features. The RBS spectra obtained were completely equivalent to those of the 
Eu-traced bentonite colloids.  

First, it was necessary to guarantee that the tail observed in the RBS spectra was due to colloid 
permeation rather than to the roughness of the granite matrix. If the tail of the gold signal in the 
RBS spectra were due to a roughness effect, then the observed gold signal was related to a layer of 
colloidal particles on the surface. 

Monte Carlo code (MC) simulations were performed to describe the RBS spectra of a smooth film 
of colloids on a rough surface (described by a Lorentzian distribution that fits the AFM data 
obtained for the samples roughness), according to Mayer’s model (Mayer, 2002). The simulation 
is presented in Figure 2. It can be appreciated that, the shape of the lower energy tail is not 
comparable to those of the experimental spectra (Figure 1B). Therefore, the assumption of 
roughness effects for explaining the experimental RBS peaks can be discarded. 

 
Figure 2: Simulations of RBS spectra of a homogenous thin film 100 nm and 50 nm thick on rough 
surface by a lorentzian distribution identified by the FWHM (w). 

Once discarded the roughness effects, if the high energy peak is due to one layer of particles on 
the surface, the tail of the signal could be either due to an effective diffusion of the colloids into 
the granite micro-fractures or to a cluster accumulation of colloids on the surface. In order to 
distinguish between these two possibilities, additional measurements were performed, on the same 
sample, by tilting the incident angle (Baglin, 1989; Chu, 1978).  

As can be seen in Figure 3A, if the colloids are deposited on the surface the beam path does not 
change by tilting the sample, neither the spectra. However, if the colloids migrated into the granite 
fractures, the incoming and the outgoing path should change by tilting the sample, proportionally 
to a cosines factor. In Figure 3B, the RBS spectra obtained on a granite sample, immersed 1 day in 
a 40 nm gold colloids suspension, measured at different incidence angles are presented. It can be 
appreciated that the spectra changed by tilting the sample. This fact indicated that tail of the gold 
signal can be attributed to a colloid depth profile within the granite. Indeed, the three spectra could 
be perfectly simulated (simulations plotted as continuous lines) by using the same in-depth gold 
diffusion profile and just accounting angle changes.  
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Figure 3: (A) Incoming and outgoing signal paths changes, by tilting the sample, for the case of 
colloids on the surface or deeper in the sample (B) RBS spectra of granite after 1 day contact with 
40 nm colloids, at different angles (0°, 40° and 50°). 

Since the gold signal varied with the contact time and colloid size, and the results of RBS at tilted 
incidence angle indicated that the colloids migrated within the granite, further simulations were 
performes to identify the type of depth profile. In particular, a Monte Carlo code has been 
developed to simulate an exponential gold colloids diffusion profiles into the granite fractures, as 
“gold veins” (Figure 4A) was chosen. In Figure 4B it can be appreciated that these MC 
simulations perfectly fits the observed spectra peaks, and that the differences observed for the 40 
nm and 100 nm gold colloids are consistent with the diffusion hypothesis, since lower size 
colloids can move deeper into the micro-fractures. According to these results, it is possible to 
analyse the concentration profiles as a function of the time in order to estimate the diffusion 
coefficient of colloids. Further details of these RBS validation analysis can be found in the 
resulted paper (Patelli, in press).  
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Figure 4: (A) Representation of colloid diffusion as “veins” within granite. (B) RBS spectra of the 
granite immersed in gold colloids (40 nm and 100 nm) 1 day with the MC simulation 
characterised by an exponential colloid diffusion profile into fractures, as “colloid veins”. Higher 
energy part of the signal can be fitted (discontinuous lines) just accounting a single spherical 
colloid layer at the surface. 

Diffusion coefficients evaluation. 

From the simulation of the Eu profiles obtained by RBS spectra, it was possible to measure the 
tracer content (in atomic %), as a function of the penetration depth at different contact times, and 
thus to estimate a Eu diffusion coefficient in both cases, as solute and adsorbed onto the bentonite 
colloids. Since batch experiments revealed that no Eu desorption from the bentonite colloids could 
take place, the Eu- traced bentonite colloids experiments allowed measuring a bentonite colloid 
diffusion coefficient. The calculated diffusion coefficient for the bentonite colloids was (D ≈ (7.5 
± 0.1)·10-17 m2/s) that it is three orders of magnitude lower than that determined for the Eu as 
solute (7.6·10-14 m2/s). The diffusion coefficient obtained for the Eu as solute, is in agreement with 



1st Annual Workshop Proceedings 6th EC FP - FUNMIG IP Saclay (France) 28th Nov.- 1st Dec. 2005 
Can bentonite colloid diffusion coefficients in granite be measured? Yes! 

 - 128 -  

values previously reported for some solute diffusion in granite (Yamaguchi, 1997; Vieno, 1999). 
However, further studies on the physical properties of our granite samples are needed to relate the 
obtained diffusion coefficients to the granite porosity and structure, to be able of generalising the 
results. Collaboration with WP4.2 will be really helpful to that aim.  

Application to PA 

The methodology proposed allowed observing for the first time the bentonite colloid diffusion 
within a low permeability medium. The introduction of the experimentally determined diffusion 
coefficient (10-17 m2/s) in theoretical transport codes can help to identify and quantify other colloid 
filtration mechanisms, fundamental to evaluate the colloid contribution to the radionuclide 
migration. 

Conclusions 

The diffusion of Eu as solute and adsorbed onto bentonite colloids within granite has been 
investigated by RBS. In both cases, undoubted Eu profiles were detected, dependent on the contact 
time in agreement with a diffusion process. The demonstration of Eu as suitable bentonite colloid 
track, and the validation, by several RBS checks and Monte Carlo simulations of the RBS 
analysis, allowed isolating roughness effects, surface deposition and the colloid depth profiles 
within the rock. In summary, it was possible to determine the diffusion coefficient of bentonite 
colloids (10-17 m2/s), a value three order of magnitude lower than that of the Eu as solute. This is 
the first time that such parameter is experimentally determined. 
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Abstract 

An experimental methodology to account for the effects of crystalline rock heterogeneity on 
radionuclide retention, for a proper selection of Kd values to be used in predictive transport 
models, is being analysed.  

The sorption up-scaling methodology includes the combination of sorption studies in dynamic and 
static conditions, as well as mineralogic and petrographic studies. 

The μPIXE technique has been shown to be adequate for the identification of the main granite 
minerals affecting the RN retention and for the determination of the effective surface area in 
which retention occurs. More efforts are still needed for the quantification of sorption in each 
mineral with this technique. 

Iron rich micas, and in particular biotite, were identified amongst the most active sorbing minerals 
in granite. Preliminary more detailed sorption studies on a well-characterised biotite were carried 
out with Cs(I), U(VI) and Se(IV) for a possible future application of mechanistic models.  

Introduction 

The performance and the safety of deep geological repositories of high level radioactive waste can 
be predicted over the time-scales required, only if a deep knowledge of all the processes that can 
affect the RN migration exists. The important question on the representativity and transferability 
of laboratory data to the real system (up-scaling), above all when highly heterogeneous systems 
are studied, arises. 

Generally, PA models use a careful selection of site-specific Kd values obtained, in 
crushed/powdered materials, by the “batch” method. Most of the uncertainties related to the Kd 
determinations are solved defining “realistic” and “conservative” values. 

The need of providing a better insight on retention processes to estimate their uncertainties in a 
sound way and to support a defendable choice of Kd values is recognised. The application of 
mechanistic models could represent a further significant improvement over strictly empirical 
descriptions, but their application needs to properly account for the system heterogeneity and to 
understand how Kd values can be properly “up-scaled”. 

Objectives 

The aim of the work planned by CIEMAT within WP 4.6 is to analyse how the crystalline rock 
heterogeneity affects the radionuclide retention. An experimental methodology to account for 
these effects, for a proper selection of Kd values to be used in predictive transport models, is being 
analysed. An ultimate goal would be the application of mechanistic models to quantify RN 
retention. This paper summarises the preliminary results obtained on this topic during the first year 
of the FUNMIG project. 
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Experimental and results 

The evaluation of the sorption capability of a solid for a certain RN is usually obtained by means 
of static or “batch” experiments. In these experiments, a known mass of crushed/powdered solid 
is mixed with a known volume of solution and a known amount of RN. The partitioning of the RN 
between the solid and the liquid phase is described by the distribution coefficient, Kd.  

Retention parameters can be also obtained, in dynamic conditions, using columns made by 
(crushed) solids (granite or fault gouge), by determining the retardation factor of the RN with 
respect to the water, Rf,: 

Rf = 1 + 
ρb Kb

εp
 

where εp is the matrix porosity and ρb matrix bulk density. 

As reported in the literature, “static” and “dynamic” Kd values are generally comparable within a 
factor 1 to 4, but it is clear that the experimental conditions in which these values are obtained 
strongly affect the value itself and uncertainties on the observed differences remain. 

An additional point to be remarked is that sorption strongly depends on the specific surface area of 
the material, SA, a critical parameter that it is expected to vary from intact to crushed rocks. 
Indeed, SA is a very important parameter to account for sorption in the up-scaling procedure.  

Most sorption data on granite are obtained on crushed rocks but much fewer data are obtained 
using “intact” rocks (Baik et al 2003). The sorption capacity of intact rocks is usually expressed as 
the surface distribution coefficient Ka. The relation between bulk and surface distribution 
coefficients is: Ka =Kd/SA. Baik et al (2003) in their study on sorption of U(VI) in crushed rocks 
and intact surfaces were not able to compare the two parameters and suggested that possibly 
different sorption mechanisms are occurring in the two cases. Actually, the real problem is related 
to the estimation of SA.  

In summary, to obtain the information for the sorption up-scaling procedures, experimental data 
obtained from the same system with different techniques have to be compared. The following 
types of tests are being carried out on granites from Southwest Spain and Grimsel: 

a) Sorption studies in the crushed rock and Kd determination (static/dynamic); b) Sorption studies 
in rock surfaces and Ka determination (static/dynamic); c) Identification of sorbing minerals by 
autoradiography and/or μPIXE (particle induced X-ray emission) in “intact” rock; d) 
Quantification of the sorption in the single minerals and of the “real” surface area where RN are 
retained; f) Study of mineralogy and porosity of rock pieces; g) Main sorbing minerals 
characterisation; h) Sorption studies on main minerals for application of mechanistic models. 

So far, preliminary studies were carried out with Cs(I), U(VI), Eu(III) and Se(IV).  

Figure 1 and 2 explains the importance of the mineralogical heterogeneity on RN retention in the 
rock. Figure 1 shows a sorption experiment with 137Cs on a Spanish granite. In the central picture, 
the regions of the granite surface corresponding to micas (mostly biotites) are evidenced. In the 
right part, the regions where Cs has been preferentially sorbed, obtained by autoradiography, are 
marked. It is interesting to notice that most of the activity measured on the granite surface is not 
randomly distributed but it is specially localised on biotites.  

The technique that we have selected for visualising the sorption areas is the μPIXE [3]. μPIXE can 
be used in fact for identifying and quantifying the reactive surface minerals, since a mapping of 
single elements on the solid surface, with a resolution of few parts for million, can be obtained. 
The surface normalized distribution coefficients (Ka) can be calculated for every single mineral.  
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Figure 1: Image by authoradiography of 137Cs sorption on granite. After the sorption experiment, 
the activity of 137Cs is distributed on the granite surface following the distribution of mica 
minerals. 

Figure 2 shows an example of μPIXE analysis of a Grimsel granite surface in which different 
elements were previously adsorbed (Cs (Figure 2a), Eu (Figure 2b), U (Figure 2c) and Se (Figure 
2d)). The concentration of each element is represented by the colour scale on top of the Figure (red 
highest concentration, blak lowest). 

Again, it can be observed that the RN distribution is not homogeneous but it is related to particular 
minerals. As shown in Figure 2, the RN distribution can be evaluated in parallel to the 
identification of the minerals by the analysis of the presence of the most important elements (Al, 
Si, Ca, Mg, Fe…).  

It was observed that Fe or Ti bearing materials are preferential sorbing mineral for U [1]; Cs is 
preferentially sorbed onto biotites and Eu also shows a preferential retention in Fe-bearing 
minerals.  

On the other hand, the Se distribution is characterised by a sort of “exclusion” from Si minerals 
like quartz. Sometimes the retention of Se seems to be related to grain boundaries or mineral 
defects, evidencing the importance of analysing these structures more in depth. It is clear that a 
great piece of information can be extracted from these experiments, not only about the reactive 
minerals but also on the surface area in which sorption preferentially takes place.  

For the up-scaling procedure, additional efforts are now needed for the quantification of RN 
sorption in the main minerals (point d) that implies the improvement of the acquisition and 
analysis systems, which is ongoing. In addition, a study of the porosity distribution of the rock 
samples used in sorption experiments is needed. To this scope, collaboration with organisations 
within the WP 4.2 is foreseen. 

From the experiments previously summarised, it is clear that one of the most interesting minerals 
for detailed sorption studies is biotite. Biotite has high iron content, partially present in the Fe(II) 
form, which can favour the reduction of some radionuclide during surface reactions and surface 
precipitation.  
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Figure 2:  μPIXE images of granite rock surface where different elements where previously 
adsorbed. a)Cs; b)Eu; c)U and d)Se. 

A standard biotite was used to carry out preliminary sorption experiments with Cs, Se and U. It 
was comprehensively characterised by means of TEM, XRD and XPS. The basic parameters 
needed for the application of surface complexation models (e.g. surface sites density, CEC, 
surface charge and surface area) were also experimentally determined [4].  

A) 

B) 

C) 

D) 



1st Annual Workshop Proceedings 6th EC FP - FUNMIG IP Saclay (France) 28th Nov.- 1st Dec. 2005 
T. Missana, U. Alonso, A. Patelli, V. Rigato, and M. García-Gutiérrez 

 - 133 -  

The determination of surface charge and protonation-deprotonation constants was carried out by 
potentiometric titrations. The best fit of the titration curves, which presented no dependence on the 
ionic strength, was obtained using a non-electrostatic model (Table 1). 

Table 1: Parameters used for the modelling of titration curves. 
Parameter Value 
Surface area (SA) 10 m2/g 
Solid concentration (S) 2,61 g/L 
Surface sites density 12 μmol/m2 
LogK(SO-) -10,7 
LogK(SOH2+) 3,5 

After the characterisation of the biotite, sorption experiments were carried out in an anoxic glove 
box under N2 atmosphere. Biotite suspensions at different ionic strengths (from I =1·10-1 to 1·10-3 
M in NaClO4) were prepared to carry out sorption isotherms and sorption edges (pH 3 to 11). 
Figure 4 shows an example of the sorption experiments carried out (sorption edges) with uranium. 
More detail on these experiments can be found in Missana et al (2005). 

However, the application of surface complexation models needs the acquisition of more 
experimental data, which is ongoing.  
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Figure 4: Sorption of U onto biotite. Left: sorption kinetics. Right: sorption edges. Ionic strength 
( ) 0,1 y (−) 0,001 M in NaClO4. 

Application to PA 

To provide a better insight on retention processes may be of great help in supporting a defendable 
choice of Kd values and, above all, to estimate their uncertainties in a sound way. Therefore, the 
understanding of retention mechanisms and their description in mathematical models for their 
quantitative evaluations are fundamental for performance assessment (PA). The more precise and 
sound the data feeding these models are, the more reliable the predictions will be.  

Conclusion 

Preferential retention of different RN in different minerals or mineral defects has been clearly 
observed. To account for it in a quantitative way it is necessary to combine visualisation 
techniques with mineralogical and petrographic studies. The combination of techniques is 
promising in supporting a defendable choice of Kd values for PA.  
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Abstract 

Sorption experiments with Pu, Am, and Np are performed onto well defined mineral samples from 
granite and fracture filling material, which are obtained from Äspö Hard Rock Laboratory. α-
autoradiography and XPS were used to quantify local sorption properties of the rock samples. It is 
shown that Np is retained onto both materials by reduction to Np(IV) in the presence of Fe(II) 
minerals. The sorption coefficient for Pu is significantly higher compared to Np or U. Pu retention 
takes place on a multitude of minerals. Sorption of U is also strongly correlated with the 
occurrence of Fe oxide phases.  

Introduction 

The Äspö Hard Rock Laboratory (HRL) was established in Sweden in a granite rock formation for 
in-situ testing of disposal techniques and for investigations concerning migration and retention of 
radionuclides [1]. Groundwater flow through fractures in granite host rocks may cause migration 
of radionuclides from the repository. Within the scope of a bilateral cooperation between Svensk 
Kärnbränslehantering AB (SKB) and Forschungszentrum Karlsruhe, Institut für Nukleare 
Entsorgung (FZK-INE), actinide migration experiments with Pu, Am, and Np are conducted at the 
Äspö Hard Rock Laboratory [2]. 

To understand the findings of the migration experiments, series of laboratory experiments are 
conducted. Batch experiments provide information on the sorption behavior of the different solids 
present at Äspö HRL [3].  

Materials 

Groundwater 

For laboratory investigations, Äspö groundwater was used, which was extracted from the drill hole 
SA 2600. The groundwater composition is given in ref. [4]. Major cations were Na+ and Ca2+, the 
dominant anion was Cl- (0.09, 0.04 and 0.2 mol dm-3). Ionic strength was 0.24 molal. The 
laboratory experiments were performed in a glove box under a 99% Ar, 1% CO2 atmosphere at 
room temperature (22±1°C). pH was 7.2 and Eh was found in the experiments between 112 to -50 
mV (Ingold Pt-4805 against Ag/AgCl, corrected with respect to hydrogen electrode). Fe could not 
be measured in the groundwater used in laboratory (SA 2600). Fe-hydroxides had been 
precipitated during the transport to Germany. 

Rock samples from Äspö 

Sorption experiments in laboratory were performed onto samples provided as slices (1.5cm × 
1.5cm, grinded and polished) of freshly broken Äspö rock and of altered material (weathered 
fracture filling, untreated, selected planar samples). The solids were characterized and analyzed by 
scanning electron microscopy (SEM/EDX) and XRD. Element mappings of granite and altered 
material in a fracture are presented in ref. [5]. The granite showed fine grained Fe-oxides 
/oxyhydroxides. X-ray diffraction showed that chlorite is a main constituent in the altered fracture 
material. 
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Radionuclides 

For batch experiments, actinide spiked groundwater SA 2600 was prepared (according to ref [6]) 
using the actinides 238Pu, 237Np and 233U. Concentrations applied were 1×10-9 mol dm-3 (7.5×105 
Bq dm-3) for 238Pu, 1×10-4 mol dm-3 (5×105 Bq dm-3) for 237Np and 1×10-5 mol dm-3 (8.4×105 Bq 
dm-3) for 233U. The pH measured in the different spike solutions were 6.9 to 7.1 for all actinides. 

Methods 

The rock samples were pre-equilibrated with Äspö groundwater [3] for about 2 weeks in a glove 
box at anoxic conditions (99% Ar, 1% CO2). The atmospheric oxygen concentrations were kept 
less than 10 ppm. After equilibration, the slices were immersed in actinide spiked Äspö 
groundwater. The exposure periods varied between 1 hour and 14 days. After exposure, the slices 
were scanned by means of an optical scanner using a resolution of 600×600 pixel per inch. The 
radioactivity retained on each slice was measured by means of spatially resolved autoradiography 
(Cyclone Phosphor Scanner, Packard BioScience, Dreieich, Germany) at the same resolution. By 
calibration of α-autoradiography of a rock sample with respect to α-spectroscopy, the absolute 
activity on the slices was obtained. Composition and area distribution of the mineral phases in the 
slices was determined by SEM-EDS. Sorbed Np was dissolved from some slices and by means of 
TTA extraction, the oxidation state of the initially pentavalent Np could be detected. 

XPS measurements 

XPS is used for identification of chemical valence states of Np, U and Fe on the surface. A 
transfer vessel was used to move samples from the glove box to the XPS spectrometer (PHI model 
5600ci) avoiding air contact. XPS spectra were acquired by use of Mg Kα (1253.6 eV), Al Kα 
(1486.6 eV) or monochromatic Al Kα X-ray excitation. High-resolution scans of elemental lines 
were recorded at 11.75 eV pass energy of the hemispherical capacitor analyzer which yields a full-
width-at-half-maximum (FWHM) of the Ag 4d5/2 line of 0.85 eV, 1.02 eV or 0.60 eV, 
respectively. The energy scale of the spectrometer was calibrated by Cu 2p3/2, Ag 3d5/2, and 
Au 4f7/2 lines of pure and Ar+ sputter cleaned metal foils.  

Results and Discussion 

Sorption onto natural material 

For comparison of sorption between the different elements the sorption coefficient Ks is calculated  

 

 

Ks = 
activity on the surface  (Bq/cm²)
activity in the solution (Bq/cm³)  

Results of the sorption experiments (see above) onto freshly broken granite and onto altered 
material are given in Table I. 

Table 1: Sorption coefficient of actinides on Äspö materials after 14 days of exposure 
Ks (cm) freshly broken granite altered material 

238Pu 2.50 1.30 
237Np 0.16 0.16 
233U 0.026 0.018 

The Table shows significant differences between the actinide elements, but only slight differences 
between freshly broken granite and altered materials. The time dependence of the sorption process 
within the period under investigation is similar for Pu and U. In contrast Np shows fast sorption 
onto altered material and retarded sorption onto granite (Figure 1).  
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Figure 1: Sorption coefficient of Np and Pu onto granite and altered material 

Figure 2 shows the optical scan, the element mapping of the iron distribution and corresponding 
α-radiography for a slice consisting of altered material exposed to U. The scan showed differently 
colored phases. Black structures indicated mainly epidote or chlorite which was in correspondence 
with the measured Fe distribution. Light colored parts are identified as feldspar and quartz. The α-
radiography shown in the autoradiogram correlates well with the measured Fe distribution. 
Maxima of sorbed U correspond with local enrichments of Fe oxides. Np shows similar behavior 
as U for altered and fresh granite; Sorbed Np is also clearly correlated to some Fe bearing 
minerals. In contrast, Pu having a significant higher sorption coefficient shows no correlation with 
the Fe distribution in the slices. Pu is not sorbed homogeneously onto the surfaces, but a 
correlation with element distributions of K, Ca, Si, Al or Mg is not observed.  

 
Figure 2: Optical scan (a), Fe distribution (b) and α-autoradiography(c), of altered material 
exposed to U spiked solution. 

Speciation of sorbed actinides 

XPS was used for identification of chemical valence states of redox sensitive elements on the 
surface, such as Np and iron. Analyses of various areas on the samples indicated correlation of 
Np(IV) with the presence of Fe(II). More than 80% of Np could be assigned to the tetravalent state 
which is confirmed by TTA extraction method. 

XPS mapping of a 2mm × 2mm area of granite exposed for 14 days in Np spiked solution showed 
correlation between Fe(II) and Np(IV) (Figure 3). Concentrations of 238Pu are to low for this kind 
of investigations. Reduction of U(VI) to U(IV) sorbed on crushed high-FeO olivine rock was 
reported by Rodrigues at al. using XPS [7]. Due to the groundwater composition used for our 
experiments, U concentration in the spiked solution was by one order of magnitude lower. This 
fact and the limited sorption of U (see Tab. I) prevented the detection of U phases by XPS on the 
surfaces. 
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Figure 3: XPS maps of a 2mm × 2mm area of granite exposed for 14 days in Np spiked solution 
(bright plotted areas correspond to enhanced atomic concentrations). Curve #1 and #2 
correspond to the locations indicated in the maps 

Application to PA 

Figure 1 and Tab. I show significant differences between the actinide elements, but only slight 
differences between freshly broken granite and altered materials. The time dependence of the 
sorption process within the period under investigation is similar for Pu and U. In contrast Np 
shows fast sorption onto altered material and retarded sorption onto granite. In granite host rocks, 
migration takes place along fractures. To apply the batch data to fractures, a procedure has to be 
developed which provides a correlation between the more or less flat surface of the batch samples 
and the natural surface of a rough fracture by means of a form factor f. From investigations of 
series of migration experiments using natural fractured rocks, the form factor f was determined to 
be in the range of 20 [5]. This procedure allows the application of measured batch sorption data 
obtained by investigations of single natural fracture samples in PA models. 

Rs = 
Ks · f

δ   
Rs:retardation coefficient used in PA models  
Ks:sorption coefficient (surface related) from batch exp. 
f: form factor for surface area 
δ: aperture of the fracture 

Conclusions 

Following conclusions can be drawn from this study: 

• Np is retained onto granite and altered materials by reduction to Np(IV) in presence of 
Fe(II) minerals. This finding confirms investigations of other authors [8]. 

• Pu retention takes place on a multitude of minerals. Specific processes cannot yet be 
presented. However, the sorption coefficient is significantly higher compared to Np or U 
in agreement with migration experiments [3].  

• Strongest sorption of U is correlated with the occurrence of Fe oxide phases. 

• A procedure for application of batch sorption data to PA is presented. 
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Abstract 

X-ray tomography as an NDT tool can provide detailed information on density variations and 
micro-cracks development and is a powerful tool for 3D accurate modelling of porous materials. 
Recently, at the National Institute for Lasers, Plasma and Radiation Physics (NILPRP), Bucharest, 
Romania a laboratory for X-ray micro-tomography was established with European Community 
support. An optimisation of the µCT instrument has been performed allowing the extraction of 
quantitative data for crystalline rock samples. An effort has been done to mitigate the beam 
hardening effects which are the main challenge for the application of the micro-tomography 
technique to the NDT analysis of high density crystalline rock samples. Therefore, our 
reconstruction software also incorporates efficient techniques for beam hardening reduction. It has 
been demonstrated that our system can be used for a large range of samples with regards to size, 
material and complexity. For miniaturized samples the micro-tomography analysis is guaranteed 
for feature recognition down to a few microns. A space resolution of tens of microns for samples 
of around 100 mm characteristic dimension is currently obtained. We can conclude that, 
technically, our micro-tomographic facility and the associated reconstruction and image post-
processing software are prepared for the investigation of the FUNMIG relevant samples. 

Introduction 

X-ray micro-tomography (µCT) is a powerful tool in characterising porosity, fractures and even 
fluid flow in materials in a non-destructive way. The µCT technique is based on the former 
experience of medical CT scanning. However, due to recent progress both in the microfocus X-ray 
generators as well as in large area, high resolution detector arrays, much higher resolutions (down 
to 5-10 μm, almost isotropic in three dimensions) can be achieved. Computed tomography systems 
are usually configured to take many views of the object in order to build a 3D model of its internal 
structure. 2D slices through this volume can be viewed as images, or the 3D volume may be 
rendered, sliced, thresholded and measured directly. For porosity characterization an optimisation 
of the µCT instrument has to be performed to allow the extraction of quantitative data.  

Objectives 

X-ray micro-tomography is applied to provide a 3D geometrical description of the micro fracture 
network of the granite medium. These data will be used in future research as the basic input for 
modelling fluid flow through fractures and fractured systems.  

Also, in the frame of the FUNMIG project additional techniques will be developed as: dual-energy 
cone-beam tomography for direct characterization and visualization of heterogeneities of fluid 
transport in core samples and combined method based on X-ray cone-beam transmission and 
fluorescence emission tomography for improved 3D geometry/composition characterization of 
host rock samples.  
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Method and devices 

The tomographic images have been obtained in the micro-tomography laboratory established at 
NILPRP with European Community support [Tiseanu (2003), Tiseanu, (2005)]. Photography of 
the facility is shown in Figure 1. The main component is an open type microfocus X-ray source 
(focus spot of 3 microns, maximum high voltage of 160 kVp at 20 W maximum power). X-rays 
are detected by means of a large area, high resolution image intensifier or amorphous silicon flat 
panel sensor. The detection system is placed on a precise motorized stage additionally provided 
with vertical and transversal manually adjustable tables. The investigated sample is placed on a 
motorized micrometric manipulator to assure maximum degree of freedom in sample positioning. 
A supplementary manually adjustable positioning device for supporting the X-ray source and the 
X-ray detection system was added in order to enable oblique view of flat samples or components. 
That proved to be very useful in radiographic and advanced limited angle tomographic analysis.  

The scanning time varies between 2 minutes and 20 minutes. Image acquisition, 3D reconstruction 
and reconstructed volume visualization are conducted by two networked Dual CPU (2 GHz, 2GB 
RAM) Windows workstations. The 3D tomographic reconstructions are obtained by a proprietary 
computer code based on a modified Feldkamp algorithm [Feldkamp, (1984)]. The 3D 
reconstruction time varies between 2 minutes for a 256 × 256 × 256 lines volume and 20 minutes 
for a 1024 × 1024 × 512 lines volume.  

 
Figure 1: Cone-beam X-ray micro-tomography facility 

The reconstruction software also incorporates efficient techniques for beam hardening reduction 
and ring artefacts elimination. Beam hardening effects are the main challenge for the application 
of the microtomography technique to the NDT analysis of high density crystalline rock samples. 
Beam hardening artifact consists of an elevated density displayed on the perimeter of a uniform 
density object and a corresponding density depression in the object’s core region. It is caused by 
the polychromatic structure of the energy spectrum of the X-ray generators. In our approach, a 
numerical simulation procedure - time-independent multimaterial and multidimensional-coupled 
electron/photon Monte Carlo transport - was developed. Any important element, such as: target 
material, pre and post-filters and X-ray energy spectra have been studied. The optimisation 
procedure requires pre-filtering the X-ray beam for narrowing the energy spectra, at the same time 
monitoring the spectra evolution into the probe structure for maximum absorption contrast. High 
performance microtomography on high density samples would require, in addition to beam 
parameters optimization, the application of active methods of beam hardening reduction. This 
means the determination of the non-linear dependence between investigated object thickness and 
log ratio of intensities in the radiographic views, followed by the corresponding processing of the 
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radiographic data. Obviously, determination of the non-linearity of the line integrals by accurate 
Monte Carlo simulation instead of laborious experiments is always desirable. Reducing beam 
hardening effects means, consequently, reducing the need for employing highly sophisticated post-
processing methods. 

3D rendering of large reconstructed volumes is carried out in the highly optimized VGStudioMax 
environment (Volume Graphics GmbH, Heidelberg, Germany). This program is exclusively 
designed for the analysis of 3D voxel data. It supports raytracing of volume data (volume 
rendering) that proved to be superior to simple isosurface plotting for the analysis of tomography 
data. The 3D plot is synchronised to 2D slices in 3 planes and support most advanced data 
exchange formats. 

Tuning and benchmarking experiments 

During 2005 we have carried out the optimization of the micro-tomography setup and image post-
processing tools for crystalline and sand rock investigation. In Table 1 one show 3D and 2D cross 
section of a benchmark specimen made of spherical shaped, crystal-like balls. Obviously, this type 
of measurement serves for geometry calibration of the instrument. 

Table 1: Glass balls bulk - balls diameter ≅ 80 μm. Measurement parameters: X-ray: U=60 kV, 
I=40 μA.Detector: a-Si flat panel, 608 × 610 pixels, Magnification: 49.9, Voxel size 4.07 μm 

  

Table 2 illustrates the importance of beam hardening correction. Implementation of our beam 
hardening correction method leads to almost completely reduce the density depression in the 
center of the aluminium body which is the typical signature of this artefact. The density profiles 
along diameters easily prove the usefulness of the correction method. 
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Table 2: Aluminium body 
- strong beam hardening and radiation scattering effects 
Measurement parameters: 
X-ray: U=210 kV, I=700 μA 
Filter: 1 mm Cu 
Detector: a-Si flat panel, 1024 × 1024 pixels 
Magnification: 3.0 
Voxel size 280 μm 

 
Without beam hardening correction 

 
With beam hardening correction 

 

Following, we present examples of 3D reconstructions and relevant cross sections for typical 
samples of: calcite, sand rock and magmata rock. Relevant information for the µCT measurements 
is also enclosed.  

 

 
 

Table 3: Calcite 
sample 
- typical fracture 
width 60 µm 
Measurement 
parameters: 
X-ray: U=79 kV, 
I=55 μA 
Filter: 0.1 mm Cu 
Detector: a-Si flat 
panel, 608x610 
pixels 
Magnification: 9.9 
Voxel size 20.18 
μm 

 

7.95 mm

11.02 mm 
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Table 4: Sand samples 
- minimum detectable feature of 5 µm 
Measurement parameters: 
X-ray: U=80 kV, I=45 μA 
Filter: 0.1 mm Cu 
Detector: a-Si flat panel, 1024x1024 pixels 
Magnification: 99 
Voxel size 2.5 μm 

 

 
Table 5: Magmata rock 
- smaller high density grain ~ 60 µ m, fracture width ~ 40 µm 
Measurement parameters: 
X-ray: U=67 kV, I=60 μA 
Filter: 0.1 mm Cu 
Detector: XII, 576x768 pixels 
Magnification: 15 
Voxel size 14.8 μm 

Using the tomography data, the visualisation of cavities/fractures and the porous network 
connectivity can be obtained in 3-D. Overall and local statistical information about the spatial 
distribution of porosity, fractures can be calculated from the tomographic reconstructions. 
Solid/void distribution can also be evaluated.  

Conclusions 

We can conclude that, technically, our micro-tomographic facility and the associated 
reconstruction and image post-processing software are prepared for the investigation of the 
FUNMIG relevant samples. Space resolution of tens of microns for samples irradiation capsules of 
around 100 mm characteristics dimension was currently obtained. Due to the ability to work with 
maximum magnifications over 1000 it has been demonstrated that for miniaturized samples the 

2.11 mm 

1.93 mm 

8.26 mm 

10.83 mm 



1st Annual Workshop Proceedings 6th EC FP - FUNMIG IP Saclay (France) 28th Nov.- 1st Dec. 2005 
I. Tiseanu and T. Craciunescu 

 - 145 -  

micro-tomography analysis is valid for feature recognition down to few microns. Besides the 
optimization of the inspection parameters we have resolved a series of issues concerning the 
beam-hardening artefacts, specifics to high density samples. Also the post-processing methods 
have been upgraded for better data exchange with fluid flow computation groups. As soon as the 
granite samples will become available we will perform the high resolution tomography inspection 
to provide a 3D geometrical description of the granite medium porosity network in cooperation 
with our FUNMIG partners. 

Contribution to Performance Assessment 

X-ray tomography supplies most accurate 3D geometrical structures description of the granite 
porosity and the micro-fracture networks within fractured drill cores. This provides the basis for 
quantifying groundwater flow and matrix diffusion in crystalline rock media.  
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Abstract 

The set-up of the sample cell - autoclave system for carrying out actinide diffusion experiments on 
Mont Terri and Callovo-Oxfordian claystones as a function of different mineralogical 
compositions, cleavage plane and confining stress is described. As breakthrough of actinide 
elements for 10 mm thick clay samples is not expected, therefore analytical methods are 
investigated which allow us to determine the sorbed actinides onto the solid material. Some µ-
image radiography results are shown. 

The equipment is installed in a glovebox. Presently, handling tests are performed; diffusion 
experiments will be started in the near future. 

Introduction 

Investigation of diffusion of actinides in natural clay samples is prepared by development of 
innovative techniques and associated interpretation methods. In this context, FZK-INE received 
sealed samples of Opalinus clay from Mont Terri. Unfortunately these samples have been 
disturbed by internal stresses. During stress release micro fractures occurred. As a consequence 
the clay samples were not suited for producing samples for diffusion experiments. Two sets of 
samples from the Bure site having different concentrations of smectite and calcite, respectively, 
are available, too. 

Objectives 

Little information is available on the impact 
of the natural variability of samples on the 
diffusion properties [1]. Variations in the 
mineralogical compositions, e.g. 
concentrations of smectite and calcite are 
typical for the samples. To support the 
innovative up-scaling and homogenisation 
strategies for the radionuclide migration 
models, FZK-INE established an autoclave 
system for carrying out actinide diffusion 
experiments on Mont Terri and Callovo-
Oxfordian claystones as a function of 
different mineralogical compositions. First 
diffusion experiments have been started. 

Experimental 

To counteract the swelling of clay in contact with groundwater and to simulate the confining stress 
of the layer, a specifically adapted experimental set-up was development: A thin-walled stainless 
steel sample cell provides for mounting the cylindrical clay sample (∅ 20 mm, thickness 10 mm) 
and the tubing for wetting the clay from both sides as well as for addition of tracer solutions and 
sampling (Figure 1).  

Figure 1: FZK-INE diffusion cell 



1st Annual Workshop Proceedings 6th EC FP - FUNMIG IP Saclay (France) 28th Nov.- 1st Dec. 2005 
B. Kienzler, A. Bauer, and B. Fiehn 

 - 147 -  

The whole cell is placed in an autoclave which charges the confining pressure (Figure 2 and 3). 
Due to the construction of the cell, the confining pressure acts isotropically onto the clay sample. 
The tubing for tracers and sampling are constructed in a way that they are kept under ambient 
pressure and tracer injection and sampling can be performed in closed circulation loops. This 
technique allows exclusion of advective transport processes. Specific attention is paid to avoid 
boundary effects (periphery flow) and to obtain homogeneous diffusion profiles. For diffusion 
experiments with actinides, an inert coating of the whole system will be applied. 

The experimental set-up was tested using an organic dye as tracer. A series of Opalinus clay 
samples in the cells and in the supporting autoclaves (in total four) are installed in a glove box 
(Figure 4). The box is equipped with a pressure control system, pumps for tracer injection and 
sampling, reservoirs for spiked and unspiked groundwater and the liquid sampling systems. 
Presently, the first set of samples is in the process of being hydrated. Tests with HTO tracers and 
actinides will be started, soon.  

 
Figure 2: Diffusion cell in an autoclave equipped with injection and sampling tubes 

Analytical Methods 

As breakthrough of actinide elements for 10 mm thick clay samples is not expected, analytical 
methods are investigated which allow us to determine the sorbed actinides onto the solid material. 
Parallel to the design, construction and testing of the diffusion experiments, analytical techniques 
for the post-mortem investigations of the clay were evaluated. At FZK-INE available methods 
include:  
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Analytical Method Expected Results 
Scanning electron microscope 
(SEM/EDX) 

Images of samples, element maps 

X-ray diffraction Mineralogical compositions  
Secondary Ion Mass Spectrometry 
(SIMS) 

Radionuclide distributions 

ESCA Oxidation states of nuclides 
Atomic force microscopy (AFM) Size and properties of colloids 
Micro image radiography Area dependence of sorbed 

radionuclides and natural decay chain  
Laser ablation coupled to ICP-MS Quantitative element distribution 
EXAFS/XANES Binding state of elements 

Figure 3: Photo of the diffusion cell in 
an autoclave FZK-INE diffusion cell Figure 4: Glovebox showing 3 autoclaves 

containing FZK-INE diffusion cells. 
Foreground: peristaltic pumps for tracer 
injection and liquid sampling. 

Very sensitive and effective for detecting the distribution of radionuclides in solid materials is the 
micro image radiography. Due to the good experiences in actinide migration experiments, µ image 
radiography was applied to natural Opalinus clay samples. Figure 5 shows the distribution of 
natural radioactivity in an Opalinus clay sample (∅ 25 mm) in comparison to a 500 ppm Unat. 
sample. A slight non-uniform distribution can be seen in the Figure. 

This kind of investigations provides information which cannot be obtained from abrasive sampling 
and subsequent analysis of average samples. With a visual method such as micro radiography 
inhomogeneities in the radionuclide distributions can be detected. Inhomogeneities may be an 
indicator of different diffusivity provoked by variations of the mineralogical composition or by 
cleavage planes. 

Results obtained by µ-EXAFS/XANES methods available at FZK-INE/Anka will be presented 
elsewhere.  
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Figure 5: Investigation of the natural radioactivity distribution in an Opalinus clay sample. Left: 
calibration sample (500 ppm Unat.), Right: Clay sample ∅ 25 mm 

Example of µ-image Radiography Investigations 

Figure 6 shows an α-radiography image of a clay sample which was exposed to a U containing 
solution (sorption experiment). The µ image radiography can be compared to the optical image of 
the solid sample. Close to the fracture (see optical image), sorbed U concentration is significantly 
higher than in the undisturbed parts of the sample. The reason for this difference is correlated to a 
disturbance of the surface as a consequence of swelling processes. 
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Figure 6: α-radiography image (left bottom) and visual image (right bottom) of an Opalinus clay 
sample used in a sorption experiment with natural U.  

Application to PA 

This work will support the innovative upscaling and homogenisation strategies for the 
radionuclide migration models to be developed in RTDC 3.2. The FZK-INE design of diffusion 
experiments will provide data for actinides for which data are still lacking. The results will show 
how different mineralogical compositions and cleavage planes will impact on the radionuclide 
diffusion. 

Conclusions 

The experimental set-up is completed. Analytical methods for investigation of the retained 
actinides are available and tested. First results will be shown at the next annual workshop. 
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Abstract 

Leaching through engineered barriers and subsequent transport in the surrounding groundwater 
represents one of the most likely scenarios for the release of radionuclides to the biosphere from 
underground repositories. In the far field, the transport of radionuclides is determined by advection 
in the groundwater flow, local dispersion and chemical reactions. Medium heterogeneites cause 
spatial fluctuations of the physical and chemical system parameters, which lead to effective 
transport behavior that can be dramatically different from the one for a homogeneous medium. In 
order to assess the large scale contaminant spreading and the time scales for the radionuclides to 
reach the biosphere, the combined effect of advective and dispersive/diffusive transport, reaction 
and spatial heterogeneity on radionuclide migration has to be integrated into an effective transport 
model. In this study, we focus on the impact of spatial fluctuations of the equilibrium linear 
adsorption properties on effective radionuclide transport. In a stochastic modeling framework for 
the spatially fluctuating retardation factor, effective transport can be characterized (i) in terms of 
effective transport coefficients and (ii) in terms of an effective transport equation for the average 
large scale radionuclide distribution.  

Introduction 

Transport in a chemically heterogeneous medium is different from transport in a homogeneous 
one. Spatial variability of the local scale adsorption properties can lead to non-Gaussian spatial 
distributions and anomalous breakthrough of the solute (e.g., [10,5]). The correct understanding 
and representation of the interaction of reaction and chemical transport in a heterogeneous 
environment is a precondition for the realistic modeling and prediction of chemical transport in a 
natural heterogeneous medium. Many reactive transport models do not take into account the 
interplay between heterogeneity, transport and reaction and fail to explain observed anomalous 
transport behavior and thus lead to erroneous transport predictions.  

We study the effective transport behavior of radionuclides in a chemically heterogeneous medium 
with spatially varying linear adsorption properties. The instantaneous equilibrium between the 
mobile and adsorbed solute fractions is characterized by a spatially fluctuating retardation factor. 
A stochastic model integrates the medium heterogeneity into an effective transport framework.  

In this modeling framework, we first consider effective retardation coefficients (e.g., [8,9,1]), for 
the description of the effective relative solute mobility, respectively. This ’transport coefficient 
approach’ to effective transport in heterogeneous media is contrasted and compared with the 
’transport dynamics approach’. In the transport dynamics approach, the objective is to come up 
with an effective transport equation for the average large scale solute distribution that integrates 
the impact of spatial heterogeneity on large scale transport.  
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Local Scale Transport 

We consider linear sorption and desorption of a solute to the porous matrix. Solute can be 
immobilzed by sorption and again mobilized by desorption from the medium. Thus, the solute 
concentration c(x,t) is divided into a mobile fraction cm(x,t) and an adsorbed fraction cad(x,t),  

 c(x,t) = cm(x,t) + cad(x,t) (1) 

We focus on linear sorption processes with a typical sorption time scale much smaller than a 
typical transport time scale. Thus, equilibrium between the mobile and immobile phases can be 
considered as instantaneous. The ratio of adsorbed to mobile solute is given by the distribution 
coefficients kd(x), which varies spatially due to chemical medium heterogeneities,  

 cad(x,t) = kd (x)cm (x,t) (2) 

The total and mobile particle distributions are related by  

 c(x,t) = [1+kd(x)]cm(x,t)≡ R(x)cm (x,t) (3) 

where we defined the retardation factor R(x) ≥ 1. The temporal evolution of cm(x,t) in d = 1  spatial 
dimension is given by (e.g., [8,1])  

 R(x) 
∂

∂ t cm(x,t) + 
⎝⎜
⎛

⎠⎟
⎞q 

∂
∂ x – D0 

∂ ²
∂ x² cm(x,t) = 0 (4) 

As boundary conditions we assume a vanishing cm (x,t) at x = ± ∞; the initial condition is cm 
(x,t=0). We assume constant porosity and set it to one for convenience. In principal, a spatially 
varying porosity can be absorbed into the retardation factor R(x) (e.g., [1]).  

Stochastic Model 

The influence of spatial heterogeneity is integrated into an effective large-scale transport picture 
by a stochastic model. In this framework, the spatially fluctuating retardation factor R(x) is 
considered a typical realization of an ensemble of a translation invariant random field. The mean 
value  

 R(x)   = R   (7) 

is constant. The overbar denotes the ensemble average. Thus, we decompose R(x) into its mean 
value and fluctuations about it,  

 R(x) = R̄ (1+ r(x)) (8) 

The normalized fluctuations have the mean zero, ( ) 0r x ≡ , by definition. Because of ( ) 1R x ≥  
we have r(x) ≥ r0 with 1

0 0R
R

r −= < . The random field r(x) can be fully characterized by its n -

point joint probability distribution ( )
1({ ( )} )i n

iP r x = .  

We define the rescaled mobile solute concentration, drift and diffusion coefficients in the mobile 
phase by ( ) ( )mg x t Rc x t, = , , u q R= / , and 0D D R= / , respectively. Inserting these definitions 
into (4) we obtain for g(x,t),  

 
∂ g(x,t)

∂ t   + u 
∂ g(x,t)

∂ x   + D ∂ ² g(x,t)
 ∂ x²   = – r(x) ∂ g(x,t)

 ∂ t   (9). 

Relation (3) between the total and mobile concentrations reads in terms of the rescaled mobile 
concentration as  

 c(x,t) = g(x,t) + r(x) g(x,t) (10) 



1st Annual Workshop Proceedings 6th EC FP - FUNMIG IP Saclay (France) 28th Nov.- 1st Dec. 2005 
M. Dentz 

 - 153 -  

Effective Retardation Factor 

An effective retardation factor is frequently defined by its effect on the center of mass velocity of 
a sorbing solute plume (e.g., [2,8,9]). The effective center of mass velocity of the average total 
concentration distribution ( ) ( )c x t c x t, ≡ ,  is defined by  

 νeff (t) = 
d
dt ⌡⌠dxxc̄(x,t) (11), 

The effective retardation factor has been defined as the effective center of mass velocity of a 
passive solute divided by the effective center of mass velocity of a sorbing solute (e.g., [9]), which 
here gives  

 Reff (t)= 
q

νeff (t)  (12) 

This definition is motivated by the role the local scale retardation factor plays in rescaling the 
transport velocity. The retardation factor retards solute transport. However, in the first place the 
retardation factor relates the mobile solute concentration to the total solute concentration, see (3). 
Thus, here we take a different approach and present in the following a process-oriented approach 
to the effective transport behavior. 

Transport Dynamics 

In the stochastic framework defined in Section 3, effective transport dynamics can be cast into an 
equation for the ensemble averaged mobile concentration distribution ( ) ( )g x t g x t, ≡ , .  

For technical convenience, we perform a Fourier-Laplace transform of our working equation (9). 
In the following, Fourier transformed quantities are marked by a tilde, Laplace transformed 
quantities by an asterisk. Furthermore, we employ the short-hand notation  

 
d

(2 )d
k

k… …
π′

′

≡ .∫∫  (14) 

 

Fourier-Laplace transform of (9) and subsequent ensemble average yields  

 g*
  (k,s) = g*

0 (k,s) – s g*
0 (k,s)⌡

⌠

k'

r~(k')g*(k – k',s)   (16) 

with the ‘bare’ propagator g*
0 (k,s) given by g*

0 (k,s) = [s – iuk + kDk]–1. In order to find a closure, 
we introduce the ’self-energy’ function Σ(k,s) by making the Ansatz  

 g*
  (k,s) ≡ [s – iuk + kDk – Σ(k,s)]–1 (17) 

for g*
 (k,s). The Σ(k,s) can be explicitly defined by comparison of (16) and (17), which gives:  

 Σ(k,s) = 

s ⌡
⌠

k'

r~(k')g*(k – k',s)

 g 
*
0 (k,s) – g 

*
0(k,s) s ⌡

⌠

k'

r~(k')g*(k – k',s)
 (18) 
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Expanding the integral equation (15) into a perturbation series for g*(k,s) and inserting the 

resulting expansion into (18) gives a perturbation expansion for Σ(k,s). Thus, expressing g*
 (k,s) 

in terms of the self-energy gives a formal solution to our upscaling problem of finding an effective 
transport equation and delivers a method of defining a process-oriented effective transport model.  

From relation (17), we obtain a formal effective transport equation for g*
 (k,s) by multiplying 

both sides with the denominator of the right side:  

 s g*
 (k,s) – Σ(k,s) g*

 (k,s) = 1 – {iuk – kDk} g*
 (k,s) (19), 

Note that the self-energy, in general represents an operator valued quantity in real space and time.  

Ensemble averaging the Fourier-Laplace transform of (10), which relates the total and mobile 
concentrations gives  

 ( ) ( ) ( ) ( )
k

k s k s r k k k sg gc
′

∗ ∗∗ ′ ′, = , + − , .∫ %%  (20) 

The integral term on the right side can be expressed in terms of the self-energy function ( )k sΣ , , 
which yields a relation between the average total and mobile concentrations:  

 1( ) 1 ( ) ( )k s s k s k sgc
∗∗ −⎡ ⎤, = − Σ , , .⎣ ⎦%  (21) 

Comparison to (3) suggests to consider the expression in the square brackets on the right side as a 
definition of an ’effective retardation factor’. However, (21) is given in Fourier-Laplace space and 
yields a convolution relation between ( )c x t,  and ( )g x t,  in real space and time where ( )k sΣ ,  is 
related to a memory kernel. Thus, equations (19) and (21) indicate that the effective adsorption 
and transport dynamics are characterized by spatio-temporal non-locality and in general different 
from the local scale dynamics.  

We consider now a transport scenario that is characterized by a short-range correlated random 
retardation factor, i.e., a short range correlated ( )r x . On a macroscopic observation scale L  that is 
very large compared to the correlation scale l , ( )r x  can be considered uncorrelated and its 
distribution is fully characterized by the single variable distribution ( )P r . The n -point joint 
distribution ( )

1({ ( )} )i n
iP r x =  then reads as  

 ( ) ( )
1

1
({ ( )} ) exp[ ln{ ( ( ))}]

n
i n i

i
i

P r x P r x=
=

= ∑  (22) 

For such a disorder scenario and large Peclet numbers Pe ul D= / , [4] derived an explicit non-
perturbative epxression for the self-energy ( )k sΣ , . They obtain  

 ( ) ( ) ( )k s s s sϕ∗Σ , ≡ Σ = −  (23) 

for the self energy, where the memory ( )sϕ∗  is given by  

 
0

( ) d ( )
1 ur

rs rP r
rs

ϕ
τ

∞
∗ ≡

+∫  (24) 

 

with the advection time scale u l uτ = / .  
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The derivation of this result, presented in [4], is based on the summation of the asymptotic series 
for the ( )k sΣ , , which can be obtained from (18). The assumption of large Peclet numbers renders 
an infinite subset of terms of this asymptotic series as subleading. For Peclet numbers of the order 
of one, these terms can become important. Nevertheless, in the case of small Peclet (23) and (24) 
represent a partial summation of the asymptotic series and the memory function (24) renormalizes 
the retardation coefficient. The investigation of the limiting case of small Peclet numbers is the 
subject of future work. In the following, we explore the implications of (23) and (24) for effective 
transport.  

 

Effective Transport 

Inserting (24) into equation (19) for ( )k sg
∗ ,  and transforming the resulting equation back to real 

space and time, yields the effective upscaled transport equation (e.g., [4]  

 
2

2
0

( ) ( ) ( )( ) ( ) 0
tg x t g x t g x tdt t t g x t u D

t t x x
ϕ′ ′ ′∂ , ∂ ∂ , ∂ ,

+ − , + − = .
∂ ∂ ∂ ∂∫  (25) 

The memory function ( )tϕ  is given by the inverse Laplace transform of (24),  

 1

0

( ) ( )exp( )u
u

tt drP r
r

ϕ τ
τ

∞
−= − .∫  (26) 

Inserting (24) into (21) and transformation back to real space and time, we obtain the following 
relation between the average total and mobile concentrations  

 
0

( ) ( ) d ( ) ( )
t

c x t g x t t t t g x tϕ′ ′ ′, = , + − , .∫  (27) 

The non-Markovian effective transport equation (25) can explain non-Fickian effective transport 
behavior as observed in field and laboratory experiments. 

The effective transport velocity eff ( )v t  defined by (11) is given by  

 eff 1( )
1 ( )

qv t L
sR sϕ

−
∗

⎧ ⎫⎪ ⎪= ,⎨ ⎬
⎡ ⎤+⎪ ⎪⎣ ⎦⎩ ⎭

 (33) 

where 1L−  denotes the inverse Laplace transform. For finite times, this expression is not conform 
with the definitions (12) and (13). Thus, the ’traditional’ definitions for an effective retardation 
factor are not compatible with the effective transport dynamics. In the limit of asymptotically large 
time, i.e., larger that a typical adsorption time scale, definitions (12) and (33) are equivalent and 
we obtain:  

 νeff
∞  = 

q
R̄ [1 + ϕ*(0)] = 

q
Reff

∞
  (34) 

The effective retardation factor is given by Reff
∞   = R̄ [1 + ϕ*(0)]. Thus, for transport times that are 

larger than a typical adsorption time scale, effective large scale transport is given by the same 
dynamical equation as on the small scale characterized by the renormalized effective retardation 
coefficient effR∞ . The adsorption time scale that sets the time regime for which this approximation 
is valid depends on the spatial distribution of the random retardation factor.  
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Implications for Performance Assessment 

The presented process-oriented upscaling approach provides a systematic method to integrate 
spatial heterogeneities into effective large scale transport models, which are typically 
characterized by spatio-temporally non-local transport equations. The presented results enhance 
our understanding of the transport processes due to the impact of spatial heterogeneity in the linear 
equilibrium adsorption properties and give a possible explanation for frequently observed 
anomalous transport patterns. The integration of the modified large scale transport mechanisms 
into numerical performance assessment codes allows for a more realistic effective modeling of the 
migration of radionuclides in a natural environment.  
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Abstract 

Preliminary geologic, hydrogeologic and hydrogeochemical studies have been developed in the 
FEBEX tunnel in order to prepare an experiment to provide the basis for understanding the major 
geochemical conditions prevailing in crystalline rock and in bentonite/crystalline rock interface. 

Fracture targets were identified to obtain water samples and two boreholes have already been 
drilled. Instrumentation of these boreholes will allow the measurements of the piezometric levels 
and provide data to implement the actual flow model. 

Introduction 

Crystalline rocks are considered as potential geological formations to storage high-level 
radioactive waste. The host geologic formation must be chosen as a function of its long-term 
stability and its functions of prevention any release of radioactivity. 

The aim of several participants integrated in the workpackages 4.1, 4.2 and 4.3 is to obtain 
information about the real role of the interface far-near field. 

The study will carry out the analysis and interpretation of already existing data on the granite 
structure, flow fields and hydro-geochemistry of the FEBEX site, in particular, a revision of all the 
data concerning previous water geochemical analysis from the already existing radial boreholes. 
New water analyses have been sampled in the 19 radial boreholes of the FEBEX tunnel.  

Special attention will be put on the evolution of some elements that can come from the bentonite 
buffer (included I and Re tracers), to highlight the possible geochemical gradients generated by the 
clay or the existence of clay colloids, and to obtain information on the ions transfer from the near 
to the far field. The study of the geochemical condition in this environment will yield important 
additional information previous to the construction of new boreholes on site for further deeper 
geochemical investigations.  

FEBEX Experiment has been installed 9 years ago. It reproduces the real system with the 
simultaneous occurrence and competence of “all” processes. Is one of the most realistic 
environments to study processes affecting radionuclide migration from the NF-FF interface to the 
Far Field of a repository in a granitic medium? Besides, 19 instrumented boreholes in the granitic 
rock are present and geological, hydrogeological, chemical information is already available. The 
borehole network offers a wide possibility of identifying specific sections with different flow 
conditions, enabling optimisation of selection. 
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Objectives 

The objective of this paper is to study the possible geochemical gradients generated in the near-
field/-far field interface. These studies are performed in the FEBEX tunnel where is possible to 
link all the geochemical processes involved in the NF-FF. 

Experimental System Settings 

The FEBEX experiment was based on the Spanish concept of waste storage, which implies the 
horizontal placement in tunnels of capsules containing the waste. The capsules are surrounded by 
a clay barrier, built with compacted bentonite blocks (Figure 1). The experiment involves the set-
up of two electric heaters, scaled to the dimensions and weights of the capsules in the original 
concept, placed in a 2.28 m diameter tunnel that was excavated in granite. The volume around the 
heaters was filled in with compacted bentonite blocks to complete a length of 17 m in the testing 
zone, which was closed with a concrete plug. The monitoring and control system is close to the 
service area, between the concrete plug and the tunnel entrance [1]. 

 
Figure 1: Placement and design of the test components inside the FEBEX tunnel, showing a detail 
of the heating zone, placement of the heaters, bentonite and concrete plug [1]. The sensors 
positions are ranged in sections perpendiculars to the tunnel, and by slice inside each section 

To carry out the hydrogeological works there are 23 boreholes acting as observation points, at 
different locations and with different lengths (Figure 2): 

Boreholes BOUS 85-001 and BOUS 85-002 (in advance BOUS1 and BOUS2) were drilled in 
1985 to characterise the GTS geology. They are 148 and 150.3 m long, respectively. 

Boreholes FBX 95-001 and FBX 95-002 (in advance Fbx1 and Fbx2), drilled in 1995 to search for 
an adequate location for the experimental FEBEX tunnel, are 76 and 132 m long, respectively. 

19 radial boreholes were drilled around the FEBEX tunnel to monitor the experiment. They 
average 15 m length. 

All boreholes are equipped with a multipacker system, which divides them in sections, except for 
SG and SI boreholes. Measurements consist of hydraulic pressure and temperature (only at the 19 
radial boreholes), packers pressure, and a water recirculation line to carry out hydraulic tests and 
hydrochemical sampling [2].  
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Figure 2: Physical situation of the experiment. The Grimsel Test Site (GTS) is situated in 
Switzerland; the site corresponds to the Northeast tunnel within the experimental network of 
galleries. The radial boreholes are located at the end of the FEBEX tunnel, surrounding the 
experimental site. The cross-hole tests were conducted at these boreholes. 

Geological Settings 

The FEBEX tunnel was excavated in the Aar Granite, a heterogeneous granite containing from 
very leucocratic facies to granodiorites. The geology of the tunnel shows the existence of various 
sets of fractures with different attributes: geometry, kinematics, fracture infilling, etc. For the 
purpose of description, four sets of fractures have been distinguished considering also the time of 
formation, although some of them become reactivated in later fracturing events (Figure 3). 

The first group of fractures have a typical distribution and characteristics of en echelon tension 
fractures and were formed in late magmatic stages, according with the paragenesis of the minerals 
that filled the cracks (in green in Figure 3). These fractures are deformed and displaced by the 
other group of faults. 

The second group corresponds to the lamprophyre dikes, of mantelic origin, with an orientation 
oblique to the tunnel (in yellow in Figure 3). They were formed during an extension event well 
evidenced by their irregular margins and flame structures into the granite. The margins of these 
dikes show several reactivations as strike slip faults. 

The third group corresponds to very few faults located at the end of the tunnel. They are 
subvertical and normal to the tunnel (blue in Figure 3). Their kinematics character is unknown 
since there are not possibilities of direct observations (cover with the heather 2 in the FEBEX 
experiment). 

Longitudinally to the tunnel there are bands with small fractures, at small angles, and cataclastic 
zones that form fragile shear zones with small-accumulated displacement (brown in Figure 3). 
They form the fourth group of fractures and due to their orientation connect all the other fracture 
groups. 

The study of water inflow zones developed during the tunnel construction reveals the flow rate 
measurements in the fractures covered today by FEBEX experiment. From these date, and from 
the requirements to proof migration, several fractures and fracture zones were identified in the 
borehole Fbx- 2. Among them, the small lamprophyre dike placed at 62 m has been considered 
one of the targets to be drilled for water and rock sampling. The FU-1 borehole was designed to 
cut this fracture and other zones of interest.  
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Figure 3: Faults mapping distribution of the FEBEX tunnel. The lower plate shows the four 
different fracture systems identified. 

A geophysical data acquisition experiment to characterize a volume of rocks in the surroundings 
of the FEBEX tunnel by using high-resolution tools. The main objective is to image possible 
cracks, and/or volumes of rocks which feature different physical properties than the granite itself. 
The variation in the physical properties within a volume of rock featuring a single lithology should 
reveal the existence of domains which are more porous, or fractured and/or altered due to the 
circulation of fluids (brines) within the network of fractures. The data acquisition experiment will 
consist on acquiring GPR data using borehole Fbx-2 and the recently drilled boreholes (Figure 4) 
to image the volume of rock in between the boreholes and the main tunnel. The experiment 
includes: 

1) Tomographic GPR experiments using the three boreholes: a) Transmission mode GPR: 
Emission at A and receiving at B, C and the tunnel (Figure 2); b) Transmission mode GPR: 
Emission at B and receiving at A and C; c) Reflexion mode in A; and d) Reflexion mode in B. 

2) Borehole Televiewer in Fbx-2 and B. 

A: FBX-2 (132m length)

B: 3 boreholes (3m length)

C: FU-1 (17.5m length )

A: FBX-2 (132m length)

B: 3 boreholes (3m length)

C: FU-1 (17.5m length )

 
Figure 4: Position of boreholes in the FEBEX area. 

Hydrogeological Settings 

The evolution of groundwater flow in the experimental zone of the FEBEX heating test (last 20 m 
of the FEBEX tunnel) have changed along the different stages of the project (Figure 5). During the 
pre-operational stage, which included drilling of boreholes and the tunnel, the whole area was 
draining towards the tunnel. During the 5-year heating stage by means of the two heaters, 
pressures tended to recover due to the bentonite swelling. In 2002, the first heater was shut down 
(partial dismantling stage), whilst the other one kept on operating. The pressure distribution 
around the experimental setup did change in order to get adapted to the new configuration of the 
test. The tunnel end almost was not affected by this partial dismantling, but the rest of the 
boreholes did. The most affected area can be found in the northern strip of the FEBEX tunnel, 
because it is much more conductive due to existence of open fractures within the lamprophyre 
dyke, together with the new location of the concrete plug just in this zone. This explains why the 
tunnel is not perfectly sealed and it acts as a water outflow point. 

The boreholes FBX-1 and FBX-2 (70 and 150 m long, respectively, and placed at both sides of the 
tunnel) and the radial boreholes (about 15-m long, drilled from the tunnel with a radial 
distribution) are equipped with the closest pressure collection points to the experiment zone. The 
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borehole instrumentation setup causes the minimum distance between the pressure sensors and the 
tunnel wall to be 1.5 m. This is why there are no pressure measurements available in the nearby 
contact between the bentonite and the granite. 

As for the current distribution of groundwater flow in the area, water flows parallel to the FEBEX 
tunnel axis, i.e. it drains to the free trough of the tunnel, which is at atmospheric pressure. In the 
closest vicinity of the tunnel, there is a higher conductivity zone that is parallel to the tunnel axis, 
whilst the transversal direction presents lowest values. This enhances groundwater flow to the void 
volume of the tunnel. The water displacement velocity into the matrix has been estimated in 2 
mm/yr. 

At the present stage, two new boreholes are being drilled just close to the contact between the 
granite and the bentonite in order to assess the pressure distribution and hydraulic parameters in 
this zone. The boreholes are being constructed at distances between 0.2 and 0.6 m from this 
contact. 

 
Figure 5: Piezometric head evolution around the FEBEX experiment, along the different stages of 
the project. The bentonite swelling causes the gradients to the FEBEX tunnel to diminish with 
time, and finally it becomes parallel to the tunnel axis. 

New boreholes 

According to the geologic, hydrogeologic and hydrogeochemical existing data, two new boreholes 
were designed to cover the targets needed to observe the effects of the bentonite on the granite and 
to study if there are colloid generation at this interface (Figure 6). 

Borehole FU-1 is 17.81 m length with 86 mm of diameter. The orientation is parallel to the tunnel axis 
(N258.4) and the inclination +1º. The main objective of this borehole is to intersect fractures connected 
to the tunnel with a certain level of hydraulic conductivity.  

The second borehole named FU-2 has 17.67 m length and the same diameter than FU-1. This borehole 
presents a direction N260.4 an inclination of -1º. The objective was to intersect fractures with less 
hydraulic conductivity at the end of the borehole.  

The instrumentation of both boreholes FU-1 and FU-2 will be probably installed with at least 3 
packers each. Pressure transducer and sampling line in each of the sections will be installed. 
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Figure 6: Projection on the tunnel wall of the position of the boreholes FU-1 and FU-2. The 
lamprophyre fracture considered as one of the target areas is placed in the middle of the yellow 
circle. 

Application to PA 

Since we are at the beginning of the experiment there are no data yet to be transmitted to the 
performance assessment.  

Conclusions 

Preliminary geologic, hydrogeologic and hydrogeochemical studies developed in the FEBEX 
tunnel and a complex experiment is running to provide the basis for understanding the major 
geochemical conditions prevailing in crystalline rock and in bentonite/crystalline rock interface. 
Fracture targets were identified to obtain water samples and two boreholes have already been 
drilled. Instrumentation of these boreholes will allow the measurements of piezometric levels and 
provide data to implement the actual flow model. 
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Abstract 

The physical properties of the granite matrix pores are at the heart of a proper understanding and 
representation of radionuclide migration. The main objective of this paper is to demonstrate the 
advantages that confocal laser scanning microscopy (CLSM) and 14C methylmethacrylate 
autoradiography method (14C-PMMA) offer to visualize the rock structures adjacent to water 
pathways and water bearing fissures from micrometric to decimetre scales in the FUNMIG 
framework. Linking these two rock matrix characterisation methods, the open conductive porosity 
can be determined from cubic centimetre sized rock samples. The gap between macroscopic and 
microscopic methods of investigation is filled and this methodology provides quantitative 
information about nanometre-range porosity from decimeter scale volumes. A few examples are 
presented related to HLW studies in the bentonite/crystalline rock interface.This methodology 
allows an accurate quantification of rock fractography.  

Introduction 

Within the framework of the internationally accepted “geological solution” for the final disposal 
of high level radioactive wastes, the water movements and their path-ways, at any scale, through 
the rock-mass disposal site is one of the key questions to be understood and predicted. At the rock-
matrix scale, that water circulation is basically conditioned by the capacity of water for flowing 
through the connected pores and fissures; that is, through the open conductive porosity. The key 
aspects required for the characterization and understanding of the hydrogeological behaviour of 
the rock-matrix have been summarized in Montoto (2003), as well as the application of different 
microscopical techniques for evaluating the rock-forming components and mapping the water 
path-ways versus rock texture and mineralogy. 

The imaging, mapping and further quantification of the open effective porosity in low permeable 
granitic rocks, have been classically performed under fluorescence microscopy, autoradiography 
and scanning electron microscopy (secondary electrons detector and/or back-scattered electrons 
detector). From the 90’ new techniques and procedures: confocal laser scanning microscopy 
(CLSM), 14C-polymethylmethacrylate (14C-PMMA) impregnation technique and microfocus X-ray 
computer tomography µCT have been developed for those objectives; more specifically, for a 3D 
imaging of the water path-ways that at the rock matrix scale affect the candidate crystalline rocks 
for the final disposal of HLW. 

Objectives 

To contribute with the two mentioned techniques, CLSM and 14C-PMMA, to a better imaging and 
mapping of the water path-ways at the µm-cm scale in low permeable crystalline (fissured) rocks. 
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Experimental 

These two techniques require the impregnation of the rock with a fluoresceine dye penetrant and 
later the preparation of flat rock sections without disturbing its original characteristics; therefore, 
specific procedures for the preparation of artefacts-free rock thin sections have been developed 
since the very beginning of this type of applied studies [6]. The obtained images are processed for 
a better discrimination of the microfractographic network and also for an easier mapping of 
texture, mineralogy and water path-ways. Specific examples of microfractographic studies under 
CLSM and 14C-PMMA related to the disposal of HLW can be found in [2, 7, 8]. 

CLSM offers the ability to collect serial optical sections (or virtual sections) from thick specimens 
by the elimination of image out-of-focus information; that is, the big advantage of confocal 
microscopy is the possibility to collect light exclusively from a single plane of the interior of the 
rock thin section. A pinhole sitting conjugated to the focal plane (i.e. confocal) keeps light from 
the detector that is reflected /emitted from others than the focal plane; the laser scanning 
microscope scans the sample sequentially point by point and line by line and assembles the pixel 
information to one image; that way optical slices of the specimen are imaged with high contrast 
and high resolution in x, y and z. By moving the focus plane single images (optical slices) can be 
put together to build up a three dimensional stack that can be digitally processed afterwards. 

The 14C-PMMA method involves the impregnation of centimetre-scale rock cores with 14C 
labelled methylmethacrylate (14C-MMA) in a vacuum, irradiation polymerisation, autoradiography 
and optical densitometry using digital image-processing techniques [4, 11] Impregnation with 14C-
MMA, a labelled low-molecular-weight and low-viscosity monomer which wets the silicate 
surfaces well and which can be fixed by polymerisation provides information about the accessible 
pore space in crystalline rock that cannot be obtained using other methods. MMA molecule 
intrudes into the nanometric scale pores, but the autoradiography allows the visualisation with 10 
μm resolution.  

The accessible porosity is calculated by using 2D autoradiographs of the sawn rock surfaces. The 
geometry of porous regions is then visualised. The conditions for applying this method are: (i) a 
known local bulk density; (ii) the presence of only two phases, i.e. mineral and PMMA; and (iii) a 
homogeneous distribution of pores and minerals below the lateral resolution limit of 
autoradiography. 

Conclusions 

One of the main advantages of complementing these two techniques is the wide range of scales 
they cover; the results of 14C PMMA at the cm-dm scale are outstanding and the same with CLSM 
at the µm-cm; therefore, as the examples here included related to HLW studies prove, by 
complementing these two techniques a wider range of scale, dm-µm, can be covered; this 
represents a clear advantage for fractographic analysis at the intact rock, or rock matrix, structural 
scale. 

Here are presented some porosity examples of Grimsel granite taken from unplugged section in 
the Febex tunnel at Grimsel test site obtained with the PMMA method [9, 10]. All the studied 
samples were filled with 14C -labelled MMA thoroughly and total porosities varied between 0.6 
and 1.2 %. A clear increased porosity zone caused by excavation was not observed with the 
PMMA method. Visual inspection of the autoradiographs of the sample revealed even porosity 
pattern thorough the samples. A few grain boundaries were highly porous indicating open grain 
boundaries or porous mineral phases around medium grained minerals. The highest porosities 
were congruent with the mafic minerals irrespective of the depth from the disturbed surface. The 
quartz inclusions found in some studied samples showed numerous intra and intergranular micro 
fractures in the samples. Figure 1 shows an example of the autoradiograph and the porosity 
distribution of a sample taken from unplugged section in the FEBEX tunnel. Figure 2 shows an 
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example of Grimsel granite sample and corresponding autoradiograph having a quartz vein in it [9, 
10]; the darker the shade on the autoradiograph the higher the porosity is. 

 

 

Figure 1: Autoradiograph of a rock sample (left) and corresponding porosity distribution (right). 
Total porosity of 0.87% was determined. Sample width is 10 cm. 
 

 
 

Figure 2: Photoimage of Grimsel granite sample 3.1A taken from unplugged section and 
corresponding autoradiograph. Width of sample is 14 cm. 

At a lower scale, µm – mm, under confocal laser scanning microscopy, a very detailed three-
dimensional reconstruction of the microfractographic network and associated structural 
information of the rock matrix, can be easily obtained It requires the processing of individual 
optical (or virtual) sections (Figure 3) or the 3D reconstruction of sequential optical sections 
(Figure 4). 

 
Figure 3: Individual optical –virtual- section obtained under CLSM; details of the geometrical 
complexity of the open microfractographic network -rock water path-ways-, in terms of 
connectivity and tortuosity can be clearly identified and evaluated. 

Microfractographic and structural reading of Figure 4: Two important open fissures (a) and (b) run 
parallel to each other and perpendicularly to the rock slab along N to N15ºE; their apertures are 
more or less uniform, about 20µm (a) and 10µm (b). The fissure (c) is more or less perpendicular 
to the rock slab; it shows a bend path from the upper part (red to yellow) of the scanned rock 
volume up to a depth of about 180µm (dark blue). The fissure (d) shows a uniform dark blue 
colour indicating its uniform depth of about 170µm below the rock slab surface; the fissures (a) 
and (b) connect with (d) at the mentioned depth. The fissure (e) dips about 45º in direction 
N75ºW; it starts about a depth of 80µm (yellow-green zone) and makes connection with the 
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fissure (b) at about 150µm (light blue); its sharp starting at 80µm depth is interpreted as an 
intragranular fissure limited at its E side by another rock-forming mineral into which it does not 
penetrate. 

 
Figure 4: 40 optical sections, 5 µm apart, imaged under CLSM, processed, displayed in false 
colour according to its depth in the rock section specimen and to an arbitrary colour-table code, 
and finally fitted together into a single image. The scanned volume of this geologically oriented 
rock slab is 0.7 × 0.4 × 0.2 mm. The three-dimensional reading in terms of direction, dip, 
tortuosity and connectivity of the main water path-ways (a, b, c, d, e) can be easily performed. In 
addition, all the structural and microfractographic information here obtained, at the µm - mm 
scale, can be related to any other geologic information of the rock-massif. El Berrocal (Spain) 
granite. 

PMMA method provides a good way to characterise cm scale pore network in poorly permeable 
granitic rocks. It fills the cap between macroscopic and microscopic methods of investigation and 
provides information about nanometre range porosity from cm scale areas. However when the 
understanding of the interactions between the rock pore walls and the pore water species is our 
final goal, studies with microscopic techniques as CLSM has to be included for more detailed 
analyses. 

Application to PA 

At the interface between the EDZ and the geosphere is where the migration of radionuclides is 
prone to occur, since this is the area where we will have the largest physical, chemical and 
biological gradients. The proper qualitative and quantitative characterisation of the open pore void 
in this area can be performed from micrometric to decimetric scales using the methods described 
here. The petrographic studies of rock matrix samples provide the basis for quantifying 
groundwater flow and matrix diffusion in crystalline rock media. The integration of the methods at 
different scales will facilitate the transfer of information to PA, revealing the heterogeneous 
geometry obtained by quantitative petrography.  
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Abstract 

A composite material (SiO2-HA) formed by chemically immobilizing humic acid on silica gel has 
been used to model the interaction of Th(IV) with humic-coated minerals which are likely to 
function as interceptors of tetravalent actinide species (Pu, Np, U) in the vicinity of nuclear waste 
repositories. Likely values of Th(IV)-humate conditional interaction constants have been obtained 
by acquiring, at pHs 4, 5 and 6, for SiO2-HA non-linear regression binding isotherms of Th in 0.1 
mol l-1 NaClO4 solutions. The βThHA varies linearly between 108.87 at pH 4 to 1013.51 at pH 6 and 
give a satisfactory agreement with literature data sets. 

Introduction 

Safety assessments of radioactive waste disposal in geologic formations have to draw upon in vitro 
studies as well as by environment-based investigations. As pointed out in the literature [1, 2], 
formation of complexes with humic substances might play an important role in the migration 
behaviour of radionuclides such as those of the transuranic series. Predictably, both sets of 
literature are extensive. Reports by Choppin and his co-workers [3, 4], Moulin and Ouzounian [5] 
Moulin and Moulin [6] and Zhang et al. [7] give accounts of the relevant literature for both 
research topics. Satisfactory data on tetravalent actinides are scarce due to experimental 
difficulties, namely, the low solubility of their oxide-hydroxide [8, 9] and their high affinity for 
vessel walls [10]. In order to study the interaction between humic acid, especially when adsorbed 
on to the surface of minerals, and dissolved tetravalent actinides, it is advantageous to reduce the 
number of uncertain experimental parameters. This can be achieved by using chemical analogues 
(eg Th(IV)) of transuranic tetravalent actinides [11,12]. In previous studies the composite material 
SiO2-HA has been used to evaluate conditional stability constants for complexes formed by Am3+ 
and Eu3+ with humic acid [13]. 

Objectives 

Migration of species such as Pu(IV) in groundwaters away from nuclear waste repositories is 
likely to be mediated by complexation with humic acid in solution and also on the surfaces of 
minerals. Data to aid in such modelling scenarios have been obtained as conditional stability 
constants (β) of humate complexes of Th(IV), a species similar to Pu(IV), by using as a model 
substrate a silica-humic acid composite (SiO2-HA ) prepared by chemical immobilization of humic 
acid on silica gel.  
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Experimental 

Materials and methods 

The composite material SiO2-HA was prepared and characterized as described elsewhere [13]. 
Stock solutions of Th(IV) were prepared by dissolving thorium nitrate pentahydrate in 0.1 mol l-1 
NaClO4 at different pHs to obtain the concentrations 10-7 mol l-1. The IR spectra (Figure 1) of 
SiO2-HA was recorded using a NICOLET 5PC FT-IR Spectrometer. The KBr pellet technique was 
applied. The Th(IV) concentrations in solutions were determined by ICP-MS (HP-4500, Hewlet-
Packard, USA). 

Determination of maximal complexing capacity (Bmax) and conditional interaction constants (β) 
for Thtotal of the prepared solid phase 

The complexing capacity (Bmax) of SiO2-HA was determined for Th(IV). Accurately weighed 
quantities of the gels, typically about 1 mg, were added to 10 ml of 0.1 mol l-1 NaClO4 solutions 
(pH 4-6) containing different concentrations (10-8 - 10-7 mol l-1) of Th(IV). The resulting 
suspensions were shaken at room temperature for 48 h. 

Total concentrations of Th(IV) in a clarified aliquot, which was collected by centrifugation, were 
measured by ICP-MS. After sorption, the Th(IV) sorption on to vial walls was investigated. The 
vials were washed with distilled water and dried, then 10 ml aliquots of 2 mol l-1 HClO4 were 
added and the vials shaken for 48 h. The Th(IV) concentration in the washing solutions was 
determined by ICP-MS. The amount of Th(IV) bound by SiO2-HA was calculated as the 
difference between the initial Th(IV) concentration (10-8 -10-7 mol l-1) and the sum of the amounts 
of Th(IV) remaining in solution and Th(IV) sorbed on to the vial walls. Isotherms were then 
plotted. 

Calculation of maximal binding capacity (Bmax) and conditional interaction constants (β)  

The conditional interaction constant (β) is relative to the following equilibrium: 

         Mz+ + HA ⇄ MHA   (Eq. 1) 
 

with β = 
[MHA]

 [Mz+]f [HA]f
   (Eq. 2) 

 

where:  

 Mz+: the metal cations 
 HA: the total concentration of humic acid 
 [MHA]: the concentration of the metal humate complex 
 [Mz+]f: the concentration of the free thorium ion 
 [HA]f: the concentration of the free humic acid 
 

The assumption is made that the macromolecule is the central group and the complexation can be 
described in terms of a Langmuir-type adsorption equation. The free ligand concentration can be 
calculated in Eq. 2 by introducing Bmax  

 
 [HA]f = [Bmax] - [MHA]   (Eq. 3) 

where: 

Bmax: maximal complexing capacity of humic acid 

A combination of Eqs. 2 and 3 gives the relationship that could be used for calculation of 
conditional interaction constants: 
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  β = 
[MHA]

 [Mz+]f ([Bmax]- [MHA])      (Eq. 4) 

    

or after alteration 

   

  [MHA] = 
β [Mz+]f Bmax

 1 + β [Mz+]f
    (Eq. 5) 

   

After plotting the bound Th(IV) [MHA] versus (Thtotal)free [Mz+]f and using the binding isotherms, 
the maximal binding capacity and the conditional interaction constants (β) of Thtotal could be 
determined. 

Calculation of conditional interaction constants (β) of ThHA 

The reaction between Th4+ and HA can be written 

  Th4+ + HA ⇄ ThHA  (Eq. 6) 
 
      

  with β = 
[ThHA]

 [Th4+]f [HA]f
          (Eq. 7) 

     
 

Th4+ is readily hydrolysed and it is not expected that only Th4+ ions exist in solution at pH 4-6. 
From the Th(IV)total the [Th4+] can be calculated by using the stability constants of the hydroxo 
complexes Th(OH)3+, Th(OH)2

2+, Th(OH)3
+ and Th(OH)4 (8, 12): 

 
[Th(IV)]total = [Th4+] + [Th(OH)3+] + [Th(OH)2

2+] + [Th(OH)3
+] + [Th(OH)4] (Eq. 8) 

                      [Th(IV)]total = [Th4+] αTh                (Eq. 9) 

where α is the Ringböm coefficient (14) concerning inorganic complexation: 

If we assume that the hydrolysed species is not involved in the interaction with humic acid and 
measure the total Th(IV) concentration in the liquid phase, it becomes possible to calculate the 
conditional interaction constants (log β) of ThHA using the following equation: 

                      log βtotal + log αTh = log βThHA                 (Eq. 10) 

Results and Discussion 

FT-IR spectra of the parent humic acid and SiO2-HA are shown in Figure 1 and the characteristics 
of SiO2-HA are reported in Table 1. 

[ ]∑ ++=
i

i
iH

1
*βα
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Figure 1: IR spectra of SiO2-HA (A) and 
parent humic acid (B) 

Figure 2: Binding isotherm of SiO2-HA for 
Th(IV) in 0.1 mol l-1 NaClO4. 

Table 1: Characteristics of SiO2-HA 
Substrate content (mg g-1 ) 19.9 ± 1.2 
Proton exchange capacity (μeq g-1 solid matter) 67.3 
BET surface area a (m2 g-1) 74 ± 8 

a The surface area of the parent silica gel is 100 m2 g-1 

 

Determination of maximal binding capacity (Bmax) of SiO2-HA and conditional interaction 
constants (β) of Thtotal from binding isotherm 

Typical binding isotherms (solid phase concentration vs. liquid phase concentration in 
equilibrium) of Th(IV) on SiO2-HA at different pH values in 0.1 mol l-1 NaClO4 are presented in 
Figure 2. As seen from Table 2, the complexing capacity of SiO2-HA increases with increasing 
pH. This increase with pH is likely to result from an increase in the number of ionized carboxylic 
binding sites. Other research groups [15, 16] have reported a similar phenomenon. By using the 
nonlinear regression on the binding isotherms (Eq. 5), the conditional interaction constants (β) of 
Thtotal with humic acid can be calculated (see Table 2). From Table 2, it is apparent that the 
conditional interaction constants appear insensitive to pH. It proves that this calculation is related 
to the Thtotal and not to Th4+. 

 
Table 2: (log β) of Thtotal with humic acid as a function of pH in 0.1 mol l-1 NaClO4 

 pH 
 4.09 5.07 6.19 
Bmax (μmol g-1) 1.04 ± 0.24 1.22 ± 0.36 1.48 ± 0.40 
Log β (l mol-1) 7.49 ± 0.33 7.53 ± 0.31 7.64 ± 0.27 

 

Calculation of the conditional interaction constants of ThHA (log βThHA) 

The log β values for Thtotal with humic acid are presented in Table 2. From this Table the 
conditional interaction constants of Th4+ with humic acid (βThHA) can be calculated by using Eq. 10 
and hydrolysis constants from Neck and Kim (8). Figure 3 shows the pH dependency of log βThHA. 
The βThHA varies linearly between 108.87 at pH 4 to 1013.51 at pH 6. The regression line has the 
following equation:  

log βThHA = 2.12 pH + 0.31 with r2 = 0.995. 

The observation that the β value linearly increases with pH is expected since this behaviour is 
observed on complexation of metal ions by humic substances [17, 18]. 
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Figure 3: Variation of the stability 
constants log βThHA for Th4+ humic 
complexes as a function of pH. 

Figure 4: Comparison of the log βThHA 
values obtained in this study with other 
reported values. 

 
Table 3: Conditional interaction constants (log β) of Thtotal, side reaction coefficient (log αTh ) and 
log βThHA, as a function of pH in 0.1 mol l-1 NaClO4, according to the hydrolysis constants from 
Neck and Kim [8] 

 pH 
 4.09 5.07 6.19 
Log βtotal (l mol-1) 7.49 ± 0.33 7.53 ± 0.31 7.64 ± 0.27 
Log αTh   1.38 3.17 5.87 
Log βThHA (l mol-1) 8.87 ± 0.33 10.70 ± 0.31 13.51 ± 0.27 

 
It is interesting to compare our results with other values from the literature (18, 19), providing that 
the hydrolysis constants are the same. The log βThHA values, calculated from the procedure of Baes 
and Mesmer (20), are reported in Figure 4. It can be seen that there is a satisfactory agreement 
between the three independent data sets. 

Conclusions 

The ready synthesis of SiO2-HA has been established. The potential of such materials to complex 
cations such as Th4+ has been demonstrated. From an examination of the sorption isotherms of 
Th(IV) at different pHs it is apparent that conditional stability constants of Th4+ (log βThHA) can be 
easily calculated. This investigation indicates that humic acid materials such as SiO2-HA are likely 
to be of value for modelling the role of humates in interacting with complexes of transuranic 
entities, such as Pu(IV) and Am(III), in groundwaters.  
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Abstract 

To facilitate understanding the chemistry of the interactions of radionuclides with humic acid 
(HA) in microscopic scale, we have immobilized humic acid on silicon wafers. Such immobilized 
humic acids enable the use of surface specific methods for characterization of complexes and 
furthermore, allow for easy phase separation between complexed and non-complexed metal ions. 
In this communication, we present a simple protocol to immobilise humic acid on silicon wafer 
surface. A trifunctional silane reagent 3-aminopropyltrimethoxysilane (APTES) was used to 
modify the surface of silicon wafers, which appeared to be able to strongly attached soluble humic 
acid to solid support. The wafers were characterised by atomic force microscopy (AFM), ATR-
FTIR, time-of-flight secondary ion mass spectrometer (TOF-SIMS) and Am-Nd binding isotherm. 
Humic acid immobilised on Si-wafers were proved to be able to bind trivalent lanthanides and 
actinides. The present work builds on an established procedure for generating silica surface bound 
humic acid and includes a series of novel characterization methods applied to the “humic wafer” 
including the impact of Eu(III) complexation. 

Introduction 

Humic substances are among the most widely occurring natural organic substances on the earth's 
surface. Humic substances have a major role in the transport and sorption of metal ions in the 
environment [1]. Despite several decades of studies, our understanding of the structure and the 
nature of metal-ion binding sites of humate are still limited. If the migration of radionuclides are to 
be predicted by geochemical modeling, not only interaction data, but associated process 
understanding is desirable. To achieve this goal at microscopic scale, several detective techniques, 
such as atomic force microscopy (AFM), chemical force microscopy (CFM), nuclear microprobe 
analysis (NMA) and X-ray photoelectron spectroscopy (XPS) is used to measure intermolecular 
forces and to visualize the surface morphology. This work also contributes to understanding the 
complexation function of surface sorbed humic substances found on basically all natural mineral 
surfaces. 

Objectives 

The main aim of this work is to produce humic material with specific properties in order to study 
with different spectroscopic techniques, the complexation behaviour of surface bound humic acid 
on a microscopic scale.  
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Experimental 

Materials 

Aldrich humic acid was purified by the method of Kim et al. [2]. 241Am was obtained from AEA 
Technology. Silicon wafer polished on one side was purchased from Plano GmbH. The silicon 
wafers were cut into pieces of approximately 1 cm by 2 cm before cleaning and modifying. The 
remaining chemicals were obtained from commercial sources and were used without purification. 

Apparatus 

Atomic force microscope (NanoScope III, Digital Instrument, USA) was used in contact mode for 
imaging silicon wafer samples with and without modification. In the image processing only auto-
flattening was used. A Shimadzu 8900 CE FTIR spectrometer, equipped with an ATR attachment 
(HATR Technology Trough Plate ZnSe 45 degree) was used for the infrared spectroscopic 
measurements of Si-wafer and humic Si-wafer. The radioactivity of 241Am bound on the silicon 
wafers was determined by gamma-ray spectrometer NK-350 with a NaI(Tl) scintillator and NZ-
138 well-type detector shield (GAMMA, Hungary). The time-of-flight secondary ion mass 
spectrometer used in this work was developed at the GSF, Munnich, Germany and has been 
described elsewhere [3]. The area of ion bombardment was ∼ 0.3 × 0.4 mm2.  

Humic acid immobilization  

The chemical procedure for preparation of immobilized humic acid on silicon wafer was based on 
well established work [4-7].  

Determination of maximal binding capacity (Bmax) of the prepared humic Si-wafer 

The binding of Am-Nd by the immobilized humic acid was examined at pH 6 in 0.1 M NaClO4 
containing 0.5-50 × 10-7 mol l-1 concentration of Am-Nd by batch method. The solutions 
containing wafers were shaken at room temperature for 48 h after then the wafers were rinsed with 
distilled water. The activity of Am(III) bound on wafers was determined by gamma-ray 
spectrometer. The amount of nuclides bound by the solid phases was calculated and the isotherm 
was plotted. The maximal binding capacity of humic Si-wafer was calculated from the one site 
binding isotherms using GraphPad PRISM™ software: 

 
q = BmaxK’[Mz+]free / (1 + K’[Mz+]free),      

where q is the amount of Mz+ bound and Bmax is the maximum binding capacity. The free 
concentration of Mz+ is presented as [Mz+]free. The symbol K’ is an association constant often 
referred to as the binding strength. 

 

Calculation of quantity of HA immobilized on wafer 

The quantity of HA immobilized on wafer was determined thorough Am-Nd(III) sorption 
investigation. The quantity of immobilized HA on wafers was calculated by using Kim and 
Czerwinski’s idea [8]. Namely, loading capacity (LC) of HA for metal ion can be expressed as: 

LC = 
z(Mz+)

PEC×(HA)  

where: 

z is the charge of the complexing metal ion 

(Mz+) is the maximal amount of metal ion complexed (Bmax) by HA (mol/wafer) 

(PEC) is the proton exchange capacity of HA (mmol/g HA) 

(HA) is the quantity of HA (g/wafer). 
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After rearranging that equation, the quantity of HA bound on the surface is given by: 

)LC)(PEC(
)M(z)HA(

z+

=  

Results and discussions 

Wafer samples with identical reaction history were examined by AFM in contact mode. 2D and 
3D images of the activated, amino-silylated and HA immobilized wafer surfaces taken in height 
mode (xy= 2 × 2 μm; z= 6 nm) are shown elsewhere [9]. The results showed that: (i) activated 
wafer surface was clean with a surface roughness (RMS) of 0.274 nm, (ii) the RMS value of the 
amino Si-wafer sample was about twice as high (0.520 nm), and (iii) the modification by of humic 
acid resulted in a smoother surface (RMS: 0.371 nm). 

The ATR-FTIR spectra of the activated Si-wafer and its derivative (humic Si-wafer) are shown in 
Figure 1. The activated and the humic Si-wafers show two peaks at 2920 cm-1 and 2850 cm-1 
assigned to the asymmetric and symmetric stretch vibration of CH2 and CH3. More specific are the 
peaks at 1732 cm-1 and 1256 cm-1 assigned to the C=O stretch vibration of the carboxyl groups, C-
O stretching and O-H bending deformation of carboxyl groups of humic acid immobilised on Si-
wafer. The FTIR spectra revealed that: (i) the immobilisation of humic acid has been successful, 
(ii) the activated Si-wafer has been contaminated some organics (shoulders at 2924 cm-1 and 2875 
cm-1). 

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) in combination with oblique 30 keV 
SF5

+ ion bombardment produces highly reproducible mass spectra of humic substances which 
cover up to five orders of magnitude in dynamic range without background subtraction [10, 11]. 
The recorded spectra were highly reproducible, not just with respect to characteristic spectral 
features but also in absolute terms. Usually the measured yields were the same to within 10% or 
better. Spectra in the negative ionization mode are less affected by fragmentation than in the 
positive mode. Therefore, spectra are presented in the negative mode (Figure 3.).  

The activated Si-wafer shows a clear pattern of SiO2 in the mass range up to 450 mass unit. With 
the amino Si-wafer this (SiO2)n-pattern is clearly reduced in intensity. On the other side a new 
pattern comes out with a clear dM = 14 unit (CH2 or N) distance of the peak group center-line. 
After binding humic acid on the surface, the features of the former amino Si-wafer was smoothed 
out. This smoothing out is characteristic of humic or fulvic samples. Because of the low intensity 
of the SiO2-based signals the humic sample seems to have a closed coverage of humic acid on the 
amino Si-wafer. The Eu treatment of the humic surface disrupts the humic coverage, the SiO2-base 
signals are becoming stronger. It seems that the Eu-loading is smeared out over a wide mass range. 
On the other side, the positive spectrum of the Eu-loaded sample (not shown) clearly shows the 
presence of Eu as EuOH and (EuO)2H, possible the result of EuO cleavage form the humic 
backbone. 
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Figure 1: FTIR spectra obtained from 
Si-wafer carrying surface anchored 
humic acid (humic Si-wafer) and from 
the activated Si-wafer. 

Figure 2: Binding isotherm of humic Si-
wafer in 0.1 mol.l-1 NaClO4 at pH 6. 

Typical binding isotherms (solid phase concentration vs. liquid phase concentration in 
equilibrium) of Am-Nd(III) by humic Si-wafer at pH 6 in 0.1 mol l-1 NaClO4 are presented on 
Figure 2. The complexation of Am-Nd(III) by humic acid immobilized on wafers leads to an 
increase of metal binding on the surface until the saturation of the complexing sites occurs under 
the experimental conditions. From this binding isotherm it has been possible to calculate the 
maximal binding capacity Bmax (15.83 ±1.42 × 10-11 mol/wafer). Evaluation this data, one can 
conclude that the prepared humic Si-wafer can bind 0.24 Am/nm2. 

 

Figure 3: Negative TOF-SIMS spectra of the wafers after different process steps 

The quantity of HA immobilized on wafer was determined through Am-Nd(III) sorption 
investigation at pH 6 (Figure 6.). To calculate the amount of HA immobilized on the silicon wafer, 
loading capacity equations were used with an assumption that LC is 0.8 for HA at pH 6. 
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Substituting the PEC (5.4 mmol/g) and the measured Bmax (15.83 × 10-11 mol/wafer into the 
equation we have got that the amount of immobilized HA on the surface is 1.09 10-7 g/wafer (2.72 
10-8 g/cm2). 

Conclusions 

The ready synthesis of Si-wafer bearing humic acid has been shown. The potential of this material 
to bind trivalent lanthanides and actinides has been demonstrated. This investigation indicates that 
this novel humic acid material could be of value for investigating the chemistry of the interactions 
of radionuclides with humic acid in microscopic scale.  

Application to PA 

The present work contributes to providing the scientific basis required for trustworthy application 
of geochemical modeling to radionuclide migration under the influence of humic substances. 
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Abstract 

Secondary phases can sequester escaped actinides in the event of repository failure, but currently, 
data to define maximum uptake capacity are lacking. To estimate a maximum limit for solid 
solution in calcite, we took advantage of the similarities of behaviour for the 4f- and 5f-orbital 
elements and used total lanthanide concentration as an analogue for possible f-orbital element 
uptake capacity. We collected a suite of 65 pure, single crystal calcite samples from a range of 
geological settings and analysed them by MC-ICP-MS (multiple-collector inductively-coupled 
plasma mass spectroscopy).  

We found significant lanthanide concentrations in all samples. The highest were in calcite formed 
from hydrothermal solutions and from carbonatite magma. Maximum total mole fraction of REE 
was 4.72 × 10-4, which represents one substituted atom for about 2000 Ca sites. In comparison, 
synthetic calcite, precipitated at growth rates slow enough to insure solid solution formation, 
incorporated 7.5 × 10-4 mole fraction Eu(III). 

From the work reported in this paper, it is unlikely that substitution could incorporate more than 
7.5 mmole of lanthanide plus actinide ions per kilogram of calcite. Thus we recommend that this 
be used as a maximum upper limit for secondary phase calcite until more certain numbers can be 
obtained. The largest source of uncertainty in the estimate comes from extrapolating incorporation 
behaviour from lanthanides to actinides. However, the data offer confidence that if conditions 
favour calcite formation, actinides such as Am3+ and Cm3+, whose behaviour is similar to the 
trivalent lanthanides, will be incorporated. Based on natural calcite REE abundance and its 
stability over hundreds of millions of years, one can be confident that incorporated actinides will 
remain immobilised as long as solution conditions do not favour complete calcite dissolution. As 
long as some calcite remains in the system, partitioning preferences will insure that f-orbital 
elements released by partial calcite dissolution will be taken up again. 

Introduction 

Reliable modelling of actinide mobility in the event of spent fuel repository failure requires data to 
describe the uptake capacity of the minerals likely to form in the transport pathway. Calcite, 
CaCO3, is a common secondary mineral in fractures and pore fillings, especially down-gradient 
from degrading concrete structures. Because calcite is able to immobilise actinides [7, 9], 
parameters describing its behaviour are essential for reliable prediction of actinide migration. 

For transport modelling, retardation factors are used to describe adsorption/desorption where the 
upper limit of adsorption is defined by the number of available surface sites. For description of 
uptake as a result of solid solution formation, the distribution coefficient, Kd, is a useful parameter 
but the upper limit of incorporation must also be defined. We cannot predict maximum actinide 
substitution limits by studying their presence in natural samples and there are still too few studies 
of calcite-actinide solid solution to make a reasonable estimate. However, the lanthanides, or rare 
Earth elements (REE), behave similarly to some of the actinides as a result of their f-orbital 
character, so their behaviour in calcite can be used as a model for actinide behaviour. The 
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lanthanides are not scarce in nature. The average bulk REE concentration of the Earth’s crust is 
about 150 ppm [8]. Their name comes from the scarcity of minerals that are composed 
predominantly of lanthanides. REE are non-toxic and ubiquitous in rocks, sediments and soils, 
water and the food we consume. They substitute in trace quantities for other elements in the 
crystal structure of most minerals and they are present to some extent in all natural calcites. Thus, 
we can use them as a natural analogue for actinide substitution. 

Several studies of f-orbital element substitution have been made on synthetic calcite. Although the 
lanthanides are trivalent and charge imbalance must be compensated, trace quantities of actinides 
and lanthanides have been shown to produce calcite solid-solution. Stumpf and Fanghänel [7] 
found two distinct Cm(III) coordination environments. One, where Cm was completely 
dehydrated, was interpreted to represent substitution in Ca sites. Lanthanide substitution has also 
been demonstrated. Zhong and Mucci [10] reported significant REE incorporation into bulk 
calcite. Lakshtanov and Stipp [5] presented a distribution coefficient for Eu and Curti et al. [2] 
tested a model for Eu solid-solution with three independent data sets. Elzinga et al. [3] confirmed 
REE substitution for Ca using EXAFS. Many of these studies examined uptake over a range of 
solution compositions, but a maximum total f-orbital element incorporation limit, that can be used 
for waste repository performance assessment, has not yet been proposed. 

Substitution of trivalent, f-orbital elements into a divalent, s-orbital site is far from ideal but 
currently, there is no reliable method for estimating the number of sites that bulk calcite might 
provide for substitution. There are two possibilities for defining an upper limit: slow precipitation 
of synthetic calcite in the presence of a cocktail of actinides in various proportions, or 
extrapolation from measured concentrations of natural calcite samples. We took the second 
approach. 

Objectives 

The purpose of this project was to propose an upper limit for the number of sites available for 
actinide substitution in calcite, that can be used for performance assessment. Full details were 
presented at Migration 2005 and have been submitted as an article for Radiochimica Acta. 

Experimental Methods 

Natural calcite Samples were chosen to represent the major geological environments typical for 
calcite: marine limestone, marble, skarn, pegmatite, hydrothermal material and magmatic 
carbonatite. Formation temperature and pressure are not known precisely but were probably at or 
above the groundwater conditions expected near and down-stream from a radioactive waste 
facility.  

Samples were dissolved in 6 M HCl and then spiked with a solution containing known 
concentrations of selected, isotopically enriched lanthanides. The REE were separated from matrix 
elements (e.g. Ca2+) using conventional cation exchange columns to avoid interferences from other 
elements. Samples were analysed by isotope dilution on an Axiom MC-ICP-MS (multi-collector 
inductively coupled plasma mass spectrometer. Detection is < 0.001 ppm and analytical 
uncertainties on concentration are typically ± 1% (more details [1]). 

The isotope dilution method only allows determination of the poly-isotopic REE. For a proper 
estimate of the total number of sites that can be occupied by lanthanides, concentrations for the 
mono-isotopic elements (i.e. for Pr, Tb, Ho, Tm) are also necessary. Using procedures accepted by 
REE geologists, the data were adjusted for the Oddo-Harkins effect and the missing concentrations 
were determined from relative abundances of neighbouring elements [6]. 

Uncertainty Most uncertainty is from extrapolating lanthanide behaviour to the actinides. In view 
of the large potential error, uncertainty in analyses and the estimation procedure are negligible. 
These last two sources are likely to introduce error of about a factor of two, whereas one could 
imagine that extrapolation of 4f behaviour to 5f elements would introduce error at the order-of-
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magnitude scale. Still, the information gained from the survey of natural calcites is worthwhile 
because currently, no better data are available, and behaviour of lanthanides in a natural system 
may actually be more representative than behaviour of an actinide cocktail in a synthetic system. 
In natural groundwater, other elements are present, organisms and their exopolymers might play a 
role and there is a host of unknown parameters in nature that cannot be reproduced in the 
laboratory. 

Lanthanide uptake by synthetic samples We chose Eu(III) to represent the lanthanides because it 
is in the middle of the series. By the constant addition method [5], we coprecipitated Eu in calcite 
at rates low enough to insure solid solution and exclude the possibility of a separate Eu-hydroxide 
or -hydroxycarbonate phase. Briefly, solutions of Na2CO3 and Ca(ClO4)2 with Eu(NO3)3 were 
transferred by a peristaltic pump and mixed in reaction vessels bubbled with pure CO2 under 
constant 25°C temperature.  

Results and Discussion 

Data for the 65 samples are plotted in Figure 1, grouped by the six main geological environments 
where CaCO3 is likely found. The concentration patterns reflect the source of the fluids from 
which the calcite formed. More information about REE distribution in geological settings is 
available in standard textbooks (such as [4, 6]). A brief summary, to provide the framework for 
interpretation from the perspective of geochemical conditions and fluids relevant to radioactive 
waste repository risk scenarios, follows. 

 
 

 

 

 

 

 

 

 

 

Limestone forms from sea water, where REE concentrations are typically low. Marble 
recrystallises from limestone under increased temperature and pressure and though migrating pore 
waters may exchange mass, flux is usually minimal, so low REE composition reflects the source 
rock. Skarns result from metasomatism, the introduction of hydrothermal fluids to limestone or 
marble adjacent to magmatic intrusions. This fluid may increase REE concentrations locally. 
Pegmatite is coarse-grained material that forms from the fluid-rich, residual magma, where REE 
content is high, but fluid composition does not favour calcite formation. Hydrothermal calcite 
forms directly from deep, saline waters generally associated with magmatic activity. REE 
concentration varies, depending on the composition of the rocks that the fluid contacted. 
Carbonatites are relatively rare magmatic rocks with very high volatile content, particularly CO2 
and are characterised by high REE concentrations.  

REE were present in significant quantities in all of the natural calcite samples. There is no 
evidence to contradict the hypothesis, derived from synthetic studies (for example [10]) that 
lanthanides are structurally incorporated into Ca sites in a solid solution, rather than as in a 
separate REE-rich phase. This is a logical assumption, based on REE behaviour. They are present 
in low to very low concentrations in most natural solutions but are below saturation for any REE 
mineral. They are readily incorporated in trace concentrations, as substitutes for other elements, 
while calcite and other minerals precipitate. Thus, it is unlikely in a natural system, that REE 

Figure 1: All data, grouped by 
formation environment. The 
highest REE totals were found in 
calcite precipitated from 
carbonatite magma and 
hydrothermal fluid. The line at y = 
7.5 mmole/kg (7.5 × 10-4 mole 
fraction) represents highest 
concentrations of Eu3+ that could 
be coprecipitated in synthetic 
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concentration ever reaches saturation levels for such phases as lanthanide-hydroxide or -
hydroxycarbonate. 

Overall, the lowest concentrations were found in marble and limestone formed from sea water. 
Total concentration of 0.01 mmole REE/kg calcite represents a mole fraction of 10-6, or 1 
substitute atom per million Ca sites. The maximum total lanthanide concentration, found in the 
carbonatite sample, was 4.72 mmole REE/kg calcite, a mole fraction of 4.72 × 10-4. This 
represents 472 substitutions per 106 moles Ca sites or roughly 1 in 2000. 

We can compare the maximum concentrations from natural calcite with those determined in the 
laboratory. Slow precipitation insures solid solution formation rather than simple physical 
trapping. The average mole fraction of Eu incorporated was 6 × 10-5. Maximum incorporation was 
7.5 × 10-4 or roughly 1.5 substitutions for 2000 Ca sites, which is within the same range as the 
natural sample with highest concentration. The difference between the laboratory and natural 
samples suggests (but does not prove) that REE concentration in natural calcite may be limited by 
the amount available, rather than by the amount the crystal structure will allow; proof is beyond 
the reach of the data available. 

Conclusions and Implications for Performance Assessment 

The extent and distribution of REE in minerals depends on fluid composition, geochemical 
conditions of formation and the ability of the mineral to incorporate substituting ions. In natural 
calcite, the whole lanthanide series is incorporated, at significant concentrations. The highest total 
REE concentration found was 4.72 mmoles/kg calcite or 4.72 × 10-4 mole fraction. Highest 
concentrations occur in calcite samples formed where high source concentrations are assured and 
where temperatures range from groundwater conditions or higher. This is consistent with likely 
scenarios for accidental release from a radioactive waste disposal site: a source of actinide-bearing 
fluids at ambient or elevated temperatures. 

In room-temperature studies of Eu(III) as a single, representative lanthanide, synthetic calcite 
incorporated Eu within a factor of two of natural samples. Thus, we recommend that a mole 
fraction of about 7.5 × 10-4 (7.5 mmoles/kg calcite) be adopted as an upper limit for f-orbital 
element substitution in migration modelling. Substituting ions would include lanthanides naturally 
present, as well as all actinides that behave as lanthanides, in particular, the trivalent species, Am 
and Cm. 

Finally, these results give confidence that in waters ranging in temperature from the hydrothermal 
range, such as the near-field, to that of groundwater, such as the far-field, if calcite formation is 
favoured and actinides are present, those that behave as the lanthanides will be incorporated. 
Based on REE abundance in natural calcite and their stability over millions of years, one can be 
sure that incorporated actinides will remain immobilised in the secondary calcite expected to form 
in fractures and pore spaces, as long as solution conditions do not favour dissolution. 
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Abstract 

Within the framework of the FUNMIG programme, Loughborough University is performing work 
to increase understanding of the sorption behaviour of selected radionuclides with various 
minerals in the absence and presence of competing complexing ligands, such as humic acid (HA).  

The determination of the distribution ratios (Rd) of binary (metal- and humic-solid), and ternary 
(metal-solid-humic) systems using a batch adsorption technique is reported. Four radionuclides 
have been used; 137Cs, 63Ni, 152Eu and 109Cd, to facilitate modelling. Montmorillonite, kaolinite and 
α-goethite have been used as solids. 

Humic acid concentrations (2 - 300 ppm (w/v)) were determined using UV spectrophotometry. 
Radiometric analysis was used for radionuclide measurement. 

Construction of sorption isotherms using the Langmuir and Freundlich Equations has allowed 
characterisation of sorption types, and has provided maximum sorption capacities of the solid 
surfaces for each of the metals in the binary systems. Distribution relationships between metal and 
humic acid for each ternary system have been established and correlated. 

Introduction 

Several attempts have been made to predict the speciation of radionuclides in the presence of 
humic substances. Reliable predictions are dependent on accurate models. It is well documented 
that humic substances can significantly affect the sorption of radionuclides on natural solids. 
Murphy et al. postulated that mineral bound humic substances modify inorganic surfaces, 
changing the nature and number of complexation sites for contaminants [1], therefore providing a 
natural sink for the removal of contaminants from aquifers. In general, the suppression of 
radionuclide and heavy metal sorption by humic and fulvic substances at low pH and enhancement 
of sorption at high pH has been observed.  

It has been proposed that the formation of a surface mineral-humate complex with a high affinity 
for metals occurs [2]. The work reported here examines the effect of increasing humic acid 
concentration on the distribution of four metals on three mineral surfaces. 

Objectives 

To measure the distribution ratios of metal-ligand, metal-solid, ligand-solid and metal-ligand-solid 
interactions using the batch experiment method. 

To fit the distribution data of binary and ternary systems to a sorption model. 

Experimental 

Materials Unless otherwise stated, all chemicals used were reagent grade. Water was supplied 
from a Barnstead/Nanopure system. Kaolin (~Al2Si2O6(OH)4, Aldrich), Montmorillonite (K-10 
Grade, Aldrich) and α-Goethite (Fe(OH)O, Fluka) were all used as supplied. 4-
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Morpholineethanesulfonic acid (MES, Fisher, 0.1 mol dm-3) was used to stabilise the pH at 6 and 
control ionic strength. Unless otherwise stated, all experiments were conducted on the bench at 
ambient temperature. During equilibration, samples were shaken on a rotary shaker at 300 rpm. 

Solutions All HA solution dilutions were typically made by weight from a 1000 ppm (weight 
volume) stock solution containing purified Aldrich humic acid. Metal stock solutions were 
prepared from analytical grade chloride and nitrate salts. 

Ternary Batch Experiments HA / MES buffer 0.1 mol dm-3 solutions (2, 5, 10, 15, 20, 25, 35, 
50, 60, 75, 90, 100, 115, 130, 150, 200, 250 and 300 mg dm-3 HA; 20 cm3) were contacted with 
0.1 g of either montmorillonite, kaolin or goethite (solid:solution ratio 1:20). Control HA samples 
were prepared containing no solid. The samples were prepared in quadruplicate, mixed and 
equilibrated for 7 days. After the first equilibration period, two samples were removed, filtered 
and the absorbance measured at 254 nm. The pH was also measured. A radioactive spike (≈1600 
Bq; 0.1 cm3) was added to the two remaining samples. These were then re-mixed and equilibrated 
for a further 7 days. After the second equilibration period, the samples were filtered, absorbance 
and pH measured and the activity of a 1 cm3 aliquot measured by gamma or liquid scintillation 
counting. 

Metal Solid Binary Batch Experiments Metal salt / MES buffer 0.1 mol dm-3 solutions (1.0 × 
10-4, 5.0 × 10-4, 1.0 × 10-3, 5.0 × 10-3, 1.0 × 10-2, 5.0 × 10-2, 0.1, and 0.2 mol dm-3 metal salt; 20 
cm3) were contacted with 0.1 g of either montmorillonite, kaolin or goethite (solid:solution ratio 
1:20). An active metal spike (≈1600 Bq; 0.1 cm3) was added to each sample. The samples were 
prepared in duplicate and mixed and equilibrated for 7 days. After equilibration, the pH was 
measured and a radiometric measurement taken as described above. 

Stability Constant Determination Experiments The Schubert ion exchange method was used to 
determine the conditional stability constant for each metal humate system using the procedure as 
described by Warwick and Evans [1]. The stoichiometry of the metal humate complex was 
assumed to be 1:1. 

UV Spectrophotometry The buffer solution (MES) was used as a baseline for all absorbance 
measurements. The UV peak absorbance at 254 nm was measured for all the humic acid solutions. 
Using the absorbance values at 254 nm, calibration graphs were used for determining the amount 
of bound and solution phase humic acid for all the binary and ternary experiments using a Varian 
Cary Series 50 Bio Model UV/Vis Scanning Spectrophotometer. 

Activity Measurements. Where the metal was a beta emitter liquid scintillation counting was 
used on a Canberra Packard TRI-Carb 2750TR/LL and where the metal is a gamma emitter, 
gamma counting was used on a Packard Cobra II Auto Gamma Counter. For liquid scintillation 
counting quench correction curves were determined for both the humic acid solutes and coloured 
chloride solutions. 

Results & Discussion 

Metal-Solid Binary System Data from these experiments were fitted to sorption isotherms. All 
systems demonstrated Langmuir type relationships. From these the maximum adsorption capacity 
of each solid for each metal was found to be: 

[Mz+]saturation of solid = montmorillonite > goethite > kaolinite 

and   [Mz+]saturation of solid = cadmium > caesium > nickel > europium 

The mineral’s capacity to be saturated with metal is in general in agreement with their respective 
cation exchange capacities of 80-150, 4 and 2-15 for montmorillonite, goethite and kaolinite 
respectively [1], and the affinity of most cations for an adsorbing surface is greater (i) for divalent 
rather than monovalent ions, and (ii) for large rather than small cations of equivalent charge. 
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Humic-Solid Binary System The humic acid showed greater sorption to goethite, probably due to 
its slight negative charge and relatively large available surface area (BET surface area of 58 m2 g-1, 
267 m2 g-1, and 12.6 m2 g-1 for goethite, montmorillonite and kaolinite respectively) [1] compared 
with montmorillonite and kaolinite. The isotherms for humic acid in the absence of metal are 
shown in Figure 1, and are in line with the results reported by other research groups. Table 1 
provides Rd values for each humic concentration from 2 mg dm-3 to 300 mg dm-3 (units of 
mol/mol). 

Metal-Humic Binary System The conditional stability constants are shown in Table 2 below. 

Metal-Humic-Solid Ternary System The humic acid distributions in the presence of metal can 
be seen in Figure 1. The humic acid distribution in all ternary systems was comparable to its 
respective 7 day binary distribution with no metal present, excluding goethite whose humic acid 
sorption generally increased with the presence of trace metal. A plateau region was observed in all 
the Cd and Cs systems suggesting single layer sorption, however for Ni and Eu many of the 
systems did not reach a plateau or the plateau was hard to define, which indicated multilayer 
sorption.  

The metal distribution in the presence of HA gave a maximum metal sorption trend of 
goethite>montmorillonite>kaolinite. For each system the amount of metal in solution increased as 
the concentration of humic acid in solution increased, as shown in Figure 2. 

Table 1: Average Humic-Solid Distribution Ratio’s (Rd2) 

 
Table 2: Metal-Humic Stability Constants (Rd3) 
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Figure 2: Sorption isotherms of humic acid to the minerals montmorillonite, kaolinite, and 
goethite in the absence and presence of trace metal 

Solid squares symbols indicate 152Eu ; open squares indicate 63Ni; solid circles indicate 109Cd; open 
circles indicate 137Cs; and crossed vertical bars indicate the absence of trace metal. 

To examine the distribution of the metal relative to the HA concentration, graphs of HA bound to 
free ratio against the metal bound to free ratio were plotted to fully understand the extent of HA 
influence over metal sorption. For all the systems a line of best fit through the data yielded slopes 
close or equal to 1, suggesting the metal distribution follows that of the humic acid. 
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Figure 1: Percentage Metal Sorption Isotherms for Ternary Systems 

Performance Assessment 

Humic substances are the largest fraction of natural organic matter in ground waters and are 
known to sorb at mineral surface sites to form organic coatings that may significantly alter the 
sorptive capacity at the mineral phase. The importance of this work is to better understand the 
effect of humic acid on the sorption of radionuclides on mineral surfaces, organic coated mineral 
surfaces and the formation of ternary metal-humic-surface complexes in a far field environment so 
as to be considered as part of radionuclide migration modelling for performance assessment of an 
intermediate to low level waste repository. 

Conclusions 

Increased metal sorption in the presence of humic acid has been observed in this study. There is a 
significant increase in percentage sorption for the same level of trace metal added to each of the 
ternary systems compared to the appropriate binary systems. 

From data provided by the investigations it is clear that the metal distribution is correlated with the 
distribution of the humic acid, i.e. lower metal sorption onto the solid when there is higher humic 
concentration in solution. This is attributed to simple mass action and diffusion laws, whereby in a 
steady state system the metal distribution follows distribution of the bulk solutes. It is also clear 
that this relationship is somewhat different for each metal studied due to the different affinity of 
each metal for the humic acid and different minerals. 

The extent of correlation between the metal and humic in solution is considerable for all metals 
studied. The correlation is observed to a lesser degree for cadmium and caesium when compared 
with europium and nickel. This difference can be explained by the influence of electrostatics 
interactions of the relative surface and metal charges. 
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Abstract 

DFT based methods for calculations of NMR and EPR parameters were developed and 
implemented. These methods allow one to calculate paramagnetic NMR (PNMR) shifts, zero field 
splittings (ZFS), g-tensors using different relativistic approaches. Whereas a few pilot applications 
of the approaches show a very good agreement with experimental results, more sophisticated 
benchmark studies including lanthanide and actinide complexes are needed.  

Experimental work was devoted to paramagnetic NMR study of lanthanide complexes with 5-
Sulfosalicylic acid. The lanthanide induced shifts (LIS), as obtained in PNMR study, were 
surprisingly small. Therefore it was suggested to apply our new theoretical approaches for study of 
Ln(III)-complexes with (HO-CH2-COOH): they are well studied experimentally and thus can 
serve as very attractive systems for theoretical benchmark studies.  

We have also studied influence of dynamics of the [Gd(DOTA)(H2O)]- complex in water solution 
on calculated NMR/EPPR parameters. It gave us important information on the accuracy of the 
point-dipole approximation widely used in estimation of the lanthanide-ligand atoms distance 
from PNMR/EPR spectra. We have shown that this approximation underestimates Gd-O distance, 
whereas it works very well for Gd-H distances.  

Introduction and objectives 

Paramagnetic NMR (PNMR) is widely used for 3D-structure determination of complex organic 
and bio-molecules and complexes in solution. Thus, this method can be potentially very useful for 
structure determination of actinide/lanthanide complexes with humic acids and other organic 
molecules in water solution. However, there is only a very limited amount of the experimental 
data related to the topic. Two major reasons are as follows: a) NMR studies on radioactive 
complexes are very complicated and expensive; b) often the resulting spectra are not very 
informative without involvement of information from additional sources (fluorescence 
spectroscopy, theoretical methods, and so on). From the other side, theoretical calculations of 
PNMR spectra are only in their infancy and serious efforts are required to develop quantum 
chemical methods up to an adequate level. Therefore, our major goals were as follows: 
development of relativistic quantum-chemical methods for theoretical prediction and interpretation 
of PNMR and EPR spectra, applications of the developed methods for study of actinide/lanthanide 



1st Annual Workshop Proceedings 6th EC FP - FUNMIG IP Saclay (France) 28th Nov.- 1st Dec. 2005 
P. Hrobarik, S. Komorovsky, O.L. Malkina, V.G. Malkin, R. Reviakine, M. Kaupp, O.V. Yazyev, L. Helm, and B. Schimmelpfennig 

 - 191 -  

complexes in solution and, by comparison of theoretical and available experimental results, to 
access information about structure (and, if possible, dynamics) of the complexes.  

Method development  

We have implemented a method for quantum-chemical calculations of NMR spectra in our code 
ReSpect, using an approach described in [1] and tested it for transition metal complexes [2]. This 
method involves one-component DFT (density function theory) calculations of g-tensor, hyperfine 
structure tensor (HFS), spin-orbit corrections to HFS and diamagnetic shift which are then used to 
calculate different contributions to PNMR shift [1, 2]. The results for isotropic 1H and 13C PNMR 
shifts are in very good agreement with experimental data [2]. Benchmark calculations on 
lanthanide compounds are under way. Also, significant progress in the development of a more 
advanced approach which treats spin-orbit relativistic effects variationally (two-component non-
collinear unrestricted DFT approach) has been achieved. The first results of g-tensor calculations 
with that approach are very promising [3]. This method should be more adequate to study 
elements as heavy as actinides and lanthanides.  

Another development includes implementation of two different approaches for calculation of zero 
field splitting (ZFS) parameters [4], which are of key interest for PNMR and EPR studies. The 
first approach employs a second order perturbation theory based on one-component DFT scheme. 
It allows one to include scalar relativistic effects by means of all-electron Douglas-Kroll-Hess 
(DKH) method [5] or by relativistic effective core potentials (ECP). In the first case, the spin-orbit 
integrals are evaluated using the AMFI method [6] whereas in the second case appropriate two-
component pseudopotentials are employed. The second approach is based on our unrestricted two-
component non-collinear DFT implementation. Within this framework, we calculate ZFS via the 
energy differences between different relativistic states. In this way, one can treat even systems 
with very large spin-orbit effects (since these effects are included variationally). All those methods 
are implemented in the ReSpect code [7].  

Experimental 

Our experimental work was devoted to PNMR study of lanthanide complexes with 5-
Sulfosalicylic acid. The study of complexation of lanthanides with salicylato ions in water solution 
is important because the bonding in such complexes can serve as a simple model for the 
interaction of these elements with humic materials in the natural environment. The results of this 
study for a series of different lanthanides are presented in Table 1. The numbering of hydrogen 
and carbon nuclei is shown on Figure 1.  
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Table 1: Lanthanide induced paramagnetic shifts (the difference between chemical shifts 
measured in bounded and free ligands; in ppm) on 1H and 13C nuclei of Ln(SSA)3

3- complexes 
(D2O, 25°C, pH=5.5) with selected lanthanides. 

Lanthanide Dy Ho Er Tm Yb 

Nucleus      

H(3) 4.9 2.3 -0.7 -2.3 -1.0 

H(4) 2.3 1.0 -0.3 -0.6 -0.4 

H(6) 8.0 2.9 -0.3 -2.8 -1.1 

C(1) -7.5 -9.8 -14.4 -11.3 -4.2 

C(2) 18.4 8.3 -3.4 -7.2 -3.8 

C(3) 5.2 1.8 -2.1 -2.7 -1.2 

C(4) 4.5 1.9 -0.7 -1.5 -0.8 

C(5) 3.7 1.5 -0.9 -1.5 -0.8 

C(6) 10.4 4.7 -1.0 -2.4 -1.5 

C(7) 59.0 28.5 1.8 -7.7 -5.9 
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Figure 1: Structure of 5-Sulfosalicylic acid (SSA) and numbering of the carbon nuclei. The 
hydrogens are numbered according to the corresponding carbon nuclei. 

The lanthanide induced shifts (LIS), as obtained in PNMR study, are surprisingly small. That 
makes theoretical study of these systems rather problematic: we need better benchmark systems to 
test our methods (i.e. to access the reliability of our theoretical approaches and used models). 
Thus, we conclude that Ln-SSA complexes are not a good starting point for theoretical 
investigations and that the obtained spectra contain insufficient amount of structural information. 
As an alternative solution one can try to a) decrease the temperature of experiments, b) to measure 
17O spectra (which is expected to have more pronounced shifts) or c) to measure 139La chemical 
shifts (sensitivity of 139La chemical shifts to complexation is expected to be rather prominent).  

An appealing alternative class of compounds to test our theoretical approaches would be Ln(III)-
complexes with (HO-CH2-COOH): they are well studied experimentally and thus can serve as 
very attractive systems for theoretical benchmark studies. Advantages of such study can be 
summarized as follows: a) glycolic acid contains both functional groups occurred in humic acids – 
i.e. hydroxyl and carboxyl group; b) glycolic acid is a relatively small molecule (even smaller than 
SA) and therefore suitable for detailed theoretical investigation; c) experimentally observed LIS 
are relatively large; d) experimental values of 1H, 13C, and 17O chemical shifts are known [8]. It 
would allow us to know the accuracy of the approaches developed for lanthanide complexes and 
thus we will be in position (after performing calculations on the actinide/lanthanide complexes 
with humic acids) to plan further experiments.  
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Table 2: Calculated 17O and 1H hyperfine tensors for the first coordination sphere water 
molecules of the [Gd(H2O)8]3+ model system. Two different values for 1H correspond to two types 
of protons a in the model system . reff obtained using the point-dipole approximation. 

Method Aiso, MHz 

Txx, 

MHz 

Tyy, 

MHz 

Tzz, 

MHz 
reff, Å 

17O 

BPW91/ZORA/TZ2P 0.61 0.802 0.560 -1.362 2.50 

BPW91/DKH2/Hirao 0.78 0.761 0.583 -1.344 2.51 

B3PW91/DKH2/Hirao 1.02 0.716 0.633 -1.349 2.51 

Exp./point-dipole 0.84 0.775 0.775 -1.551 2.40 

1H 

BPW91/ZORA/TZ2P 
0.022 

0.028 

-2.652 

-2.651 

-2.625 

-2.626 

5.277 

5.277 

3.105 

3.106 

BPW91/DKH2/Hirao 
-0.001 

0.009 

-2.655 

-2.653 

-2.623 

-2.623 

5.278 

5.275 

3.105 

3.106 

B3PW91/DKH2/Hirao 
-0.031 

-0.023 

-2.666 

-2.663 

-2.618 

-2.618 

5.283; 

5.281 

3.104 

3.105 

Exp./point-dipole ± (0.03±0.02) -2.643 -2.643 5.287 3.1037 

Quantum molecular dynamic simulation  

The influence of dynamics of the complexes in water solution on calculated NMR/EPPR 
parameters have been studied. As the first step, we have carried out a series of benchmark 
quantum-chemical calculations of the hyperfine interactions on the nuclei of the first coordination 
sphere water molecules in a model [Gd(H2O)8]3+ aqua complex. Relativistic DFT calculations 
showed a strong spin-polarization of the first coordination sphere water molecules. In the second 
part, we have performed classical molecular dynamics (MD) simulation of [Gd(DOTA)(H2O)]- 
complex in water solution, accompanied by quantum-chemical calculations of HFS tensor on 
ligand nuclei [9]. By a combination of MD simulation and calculations of hyperfine structure 
tensor for a series of snapshots selected from MD trajectory, we were able to provide a theoretical 
interpretation of PNMR experimental data. This theoretical study gave us, in particular, an 
opportunity to judge about the accuracy of the point dipole approximation, used routinely in 
interpretation of PNMR/EPR data for obtaining the distance between a lanthanide (or TM metal) 
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with an NMR/EPR active ligand nuclear. It was shown that this approximation underestimates Gd-
O distance, whereas it works very well for Gd-H distances. Some selected data from this study are 
presented in Table 2.   

Application to PA  

Knowledge of the structure of the humic/radionuclei complexes is of central importance for 
understanding and prediction of physicochemical behavior of those complexes in water solution. 
Spectroscopic methods, including magnetic resonance methods, play a crucial role in getting 
access to the structural information. However, the interpretation of the spectra (i.e. founding 
structure-property relations) is often extremely difficult without involvement of theoretical 
considerations. That in turn requires development of adequate quantum-chemical methods for 
calculation of the nuclear magnetic resonance (NMR) parameters. We developed and implemented 
relativistic quantum-chemical methods which allow one to calculate paramagnetic shifts and zero-
field-splittings (ZFS), which are key parameters in NMR studies of humic/radionuclei complexes. 
We expect that a joint theoretical/experimental study using developed techniques would provide 
important structural information on model humic/radionuclei complexes.  

Conclusions 

DFT based methods for calculations of NMR and EPR parameters were developed and 
implemented into ReSpect quantum chemical code [7]. These methods allow one to calculate 
paramagnetic NMR shifts, zero field splittings (ZFS), g-tensors using different relativistic 
approaches. Whereas a few pilot applications of the approaches show a very good agreement with 
experimental results, more sophisticated benchmark studies including lanthanide and actinide 
complexes are needed.  

Our experimental work was devoted to PNMR study of lanthanide complexes with 5-
Sulfosalicylic acid. The lanthanide induced shifts (LIS), as obtained in PNMR study, are 
surprisingly small. Therefore we are going to apply our theoretical approaches for study of 
Ln(III)-complexes with (HO-CH2-COOH): they are well studied experimentally and thus can 
serve as very attractive systems for theoretical benchmark studies. After performing this study we 
will know the accuracy our approaches for lanthanide complexes and thus we will be in position 
(after performing calculations on the actinide/lanthanide complexes with humic acids) to plan 
further experiments.  

The influence of dynamics of the [Gd(DOTA)(H2O)]- complex in water solution on calculated 
NMR/EPPR parameters have been studied. It gave us important information on the accuracy of the 
point-dipole approximation widely used in estimation of the lanthanide-ligand atoms distance 
from PNMR/EPR spectra. It was shown that this approximation underestimates Gd-O distance, 
whereas it works very well for Gd-H distances.  
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Abstract 

Green rust and magnetite are mixed valence iron oxides and their potential to act as efficient 
reductants for redox sensitive heavy metals and radionuclides has been demonstrated in various 
studies. However, the role of mixed valence iron oxides for the mobility of radionuclides in 
complex systems involving competing processes is still unclear. In addition, the mechanism of 
radionuclide immobilization and the risk of release from the solid formed as the reaction product 
are not well documented. In this study the phase distribution of uranium in an incubation 
experiment with bacteria and hematite was investigated and the products of the reaction of 
synthetic green rust and magnetite with Cr(VI), Np(V), and Se(VI) were characterized. In the 
incubation experiments, microbial iron reduction induced the formation of magnetite from a 
hematite suspension, which was separated from the bacteria by a dialysis membrane. The change 
in dissolved uranium over time in this experiment, compared to control experiments without 
hematite, indicate that the presence of hematite inhibits the sorption and possible reduction of 
uranium by the bacteria. However, preliminary results suggest that once magnetite formation is 
induced, it creates the most efficient sink for dissolved uranium in these experiments. The 
different effect of Cr(VI) addition to suspensions of synthetic green rust and magnetite 
demonstrates that green rust is the more efficient reductant. The morphology of green rust changed 
significantly as Cr(VI) was added while magnetite remained essentially unaltered and only the 
surface composition changed. Similar effects on green rust morphology were observed in 
preliminary experiments with Np(V) and Se(VI). The characteristics of the dominantly responsible 
phase for metal immobilization might have important implications for the risk of remobilisation of 
the metal but further research is required for defining and evaluating the effects. 

Introduction 

Many radionuclides undergo redox transformation under conditions found in natural 
environments. Reduction or oxidation is typically accompanied by changes in solubility, sorption 
behaviour, and tendency to form soluble complexes. Hence, redox processes control radioactive 
element mobility in subsurface environments.  

Under iron-reducing conditions, there are two principal pathways for radionuclide reduction; 
radionuclides serve as an electron acceptor either for metal reducing microorganisms or for ferrous 
iron. The ability of microorganisms to reduce Pu(IV), U(VI), Np(V), and Tc(VII) has been 
demonstrated for a wide variety of bacteria including dissimilatory iron reducers [1-3]. Evidence 
suggests that homogeneous reduction of most redox active radionuclides by dissolved Fe(II) is 
kinetically hindered at environmentally relevant pH [4,5], but they are reduced in a heterogeneous 
reaction when Fe(II) is present in a solid phase. Liger et al. [4] found that reduction of U(VI) by 
Fe(II) is surface-catalyzed in the presence of hematite. Cui and Eriksen [5] reported that Tc(VII) 
was reduced to Tc(IV) when Fe(II) was sorbed to the wall of a glass reaction vessel or precipitated 
as Fe(OH)2(s) or FeCO3(s).  
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A special family of solid-bound Fe(II) compounds is the mixed-valent iron oxides, green rust and 
magnetite. Both can be formed by microbial reduction of ferric iron oxides [6,7], but they also 
form by corrosion of steel, and precipitation from Fe(II)-rich, slightly alkaline solutions. Nakata et 
al. [8] observed that heterogeneous reduction of Np(V) to Np(IV) by magnetite was about 1000 
times faster than homogeneous reduction by dissolved Fe(II). Reduction of Tc(VII) by biogenic 
magnetite has been demonstrated by Lloyd et al. [1], who concluded that a magnetite-mediated 
reaction dominated over direct enzymatic reduction of Tc(VII) in incubation experiments with iron 
oxides and bacteria. A similar conclusion was drawn by Behrends and Van Cappellen [9], who 
proposed that uranium reduction by biogenic magnetite was the dominating pathway for uranium 
immobilization in experiments where magnetite formation was observed.  

Green rust is an effective reductant for radionuclides. It readily reduces U(VI) to U(IV), while 
transforming to magnetite [10-12] and producing UO2 nanoparticles [12]. Pepper et al. [13] 
showed very fast reduction of Tc(VII) to Tc(IV) even in the presence of a competing oxidizer, 
namely nitrate (NaNO3), the solution in which 99Tc is often stored. Selenium is reduced from 
valence state VI to IV and 0 in the presence of green rust [14-16]. The end product was not 
thoroughly characterised but magnetite and lepidocrocite were observed. Preliminary studies show 
green rust removal of Np(V) from solution, most probably through reduction to Np(IV) 
(Christiansen et al., in prep.) 

The interest in green rust and magnetite, as reactive natural reductants, goes beyond redox 
transformations of radionuclides. Green rust has been identified as a powerful reactant for the 
reductive dehalogination of chlorinated hydrocarbons [17-18], denitrification of nitrate and nitrite 
[19, 20] and it plays an important role in the reduction of environmentally relevant heavy metals 
such as Cr(VI) [18, 21-24] Depending on experimental conditions and green rust type, end-
products are magnetite, lepidocrocite, goethite, ferrihydrite or a ferric oxyhydroxycarbonate. 

Objectives 

The coincidence of biogenic formation of magnetite and uranium immobilization in the incubation 
experiments reported by Behrends and Van Cappellen [9] strongly suggests a link between the 
processes. However, direct evidence for the predominant association of uranium with the biogenic 
magnetite is still lacking. In a complex system containing iron oxides, dissolved Fe(II), bacteria, 
and biogenic magnetite, several mechanisms for uranium immobilization are possible. One of the 
objectives is to evaluate whether binding of uranium to biogenic magnetite dominates 
immobilization in those systems. In particular, the competition between sorption and potential 
reduction of U(VI) at the bacterial surface and the reaction with magnetite are of major interest for 
understanding the fate of uranium under iron-reducing conditions. 

From experiments it is clear that green rust reduces oxidised species quickly and in turn, 
transforms to an oxidised solid, while the role of magnetite is less dramatic. However, the reaction 
mechanism, the extent of contaminant immobilisation in the new solids, and the risk of 
radionuclide release are not well-documented, either for actinides or for other redox active 
elements.  

Experimental Procedures 

The role of biogenic magnetite formation on uranium phase distribution and redox transformation 
was investigated in incubation experiments with nanoparticulate hematite and the facultative 
anaerobic bacterium Shewanella putrefaciens 200R. The bacteria density was between 3 and 7 × 
108 cells/ml and the hematite concentration was about 2.2 g/L. The background electrolyte was 50 
mM NaHCO3 with pH adjusted to 7.5. In some experiments, about half of the hematite suspension 
was put into a dialysis tube, to which bacteria were also added. The dialysis tube was closed at 
both ends before being immersed into bacteria-free hematite suspension. Green rust with trace 
magnetite was synthesised on a magnetic stirrer by slowly bubbling air through a FeSO4 solution 
and titrating with NaOH to keep a constant pH of 7 . Further details are presented in Skovbjerg et 
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al. [24]. Products were characterised under anoxic conditions, using X-ray diffraction (XRD), 
atomic force microscopy (AFM) and transmission electron microscopy (TEM) equipped with 
selected area electron diffraction (SAED), and energy dispersive X-ray spectroscopy (EDS).  

Results 

X-ray diffractograms of solid phases retrieved from incubation experiments in which some of the 
initially added hematite suspension was kept separate from the bacteria by a dialysis membrane 
indicated that in the part containing bacteria, no magnetite formed. Some of the bacterially 
produced Fe(II) diffused through the dialysis membrane and entered the sterile part of the hematite 
suspension. In the bacteria-free hematite suspension, inflow of Fe(II) induced magnetite 
formation.  

Bacteria and hematite both have a high affinity for U(VI). In the absence of dissolved inorganic 
carbon, virtually all added U(VI) was bound to the solid phase in less than an hour (data not 
shown). However, when 50 mM bicarbonate was present, the formation of soluble uranyl-
carbonate complexes interfered with sorption onto bacteria and hematite. At the beginning of the 
incubation experiments, about 90% of the added U(VI) remained in solution, in experiments with 
bacteria but no hematite (Fig 1a), but when hematite was present, the fraction of adsorbed U(VI) at 
the beginning of the experiment was about 40%. In both experiments, the concentration of 
dissolved uranium decreased with time (Figure 1a). When only bacteria were added, dissolved 
uranium concentrations decreased significantly within the first sampling period (1 - 48 h) and after 
about 96 h, more than 95% of the added uranium had been removed from solution. The decrease 
in dissolved uranium concentration occurred in the incubation experiments with hematite and 
bacteria after a lag time of about 48 h. This period is required for the bacteria to build Fe(II) 
concentrations sufficiently high to reach magnetite saturation. After 96 h, only 7% of the added 
uranium remained in solution and the onset of magnetite formation was observed as a color 
change in the suspension and the tendency of solid particles to stick at a magnetic stir bar.  
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Figure 1: a) left side, fraction of dissolved uranium as a function of time in incubation 
experiments with bacteria and hematite (circles) and without hematite (crosses). b) right side, 
ratio between uranium and iron as a function of time in incubation experiments with bacteria and 
hematite. The total concentrations of uranium were 6 and 20 �M in the experiments with and 
without bacteria, respectively. The data represent measurements in the part of the suspension that 
has been separated from the bacteria by a dialysis membrane.  

Figure 1b shows the U/Fe ratios measured in the bacteria free suspension separated from the 
suspension with ongoing microbial iron reduction by a dialysis membrane. Initially the U/Fe ratio 
decreased, possibly due to the uptake of U by bacteria on the other side of the dialysis membrane. 
However, after 48 h U/Fe ratios increased continuously. These preliminary results support the 
hypothesis that magnetite, formed in the bacteria-free suspension, accumulates the uranium added 
to the system and that microbially induced magnetite formation has a strong effect on uranium 
partitioning. In addition, the results further suggest that the presence of hematite decreases the 
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capability of bacteria to bind uranium in the initial stages, possibly by out-competing U(VI) as an 
electron acceptor. 

Oxidation in systems without bacteria, but where synthetic green rust and magnetite were both 
present, showed that green rust has a significantly higher reactivity. Slow oxidation produces 
goethite while green rust is completely consumed. Magnetite that is present from the beginning 
however, remains unchanged by oxidation 

 
Figure 2: Green rust and its oxidation by Cr(VI) to Cr(III)-goethite in the absence of bacteria a) 
AFM image of fresh green rust. Crystals are a 10-35 nanometers high. Small spots (arrow) are 
probably magnetite. b) After reaction for 10 minutes. CrO4

2- has replaced SO4
2- in rims about 100 

nm wide around the circumference and oxidised the green rust to goethite. The boundary phase 
between goethite and the remaining green rust has begun to dissolve. Ferrihydrite is visible 
(arrow). c) After 20 hours. Green rust cores have almost completely dissolved and Cr(III)-goethite 
crystallites have nucleated on the goethite rims and grown in crystallographic continuity, toward 
the inside of the green rust ghosts [24]. 
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Figure 3: TEM image with EDS elemental maps of a euhedral magnetite crystal (outlined). The 
map represents Cr distribution over the magnetite crystal. The highest counts for Fe are found in 
the middle of the crystal, whereas the highest counts for Cr are found at the circumference. This 
demonstrates that Cr is concentrated mainly at the surface of magnetite, not homogeneously 
incorporated within the magnetite structure. [24]. 

When Cr(VI) was used as the oxidant and no bacteria were present, green rust suspensions reacted 
rapidly. At Cr(VI) concentrations where 66% of the Fe2+ present in green rust was oxidised, the 
reduction of Cr(VI) to Cr(III) was complete within 10 minutes. Green rust morphology evolved 
during oxidation (Fig, 2), and eventually Cr(III)-substituted goethite formed. Preliminary 
experiments with Np(V) and Se(VI) suggest a similar reduction mechanism, but reaction rates are 
slower. The final products of these reactions have not yet been characterised but preliminary 
experiments suggest that goethite might be one of them. We could find no evidence to suggest that 
the original magnetite dissolved, and observed it to be only slightly reacted. After exposure to 
Cr(VI) solutions, only the surface of the magnetite crystals had been affected as we see in Figure 
3.  
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Application to Performance Assessment 

Preliminary results from incubation experiments demonstrate the inherent complexity of 
implementing microbial processes in performance assessment. It appears that metal reducing 
bacteria have the potential to immobilize uranium by enzymatic reduction, but this reaction might 
be inhibited by competition with other electron acceptors or by changes in uranium speciation. 

The reductive capability of green rust, and to a lesser extent of magnetite, has been demonstrated 
and emphasizes their potential relevance for radionuclide migration in the far field. Incorporation 
of the reduced metal in the end-product, as found for the Cr-substitution in goethite after reduction 
by green rust, guarantees immobilization over very long time scales. Hence, not only the rates and 
extent of immobilization of radionuclides by mixed-valent iron oxides are important for 
performance assessment, but also the characteristics of the end-product and factors controlling 
their formation should be considered.  
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Abstract 

In first experiments the reduction sequence of Pu starting with Pu(VI) was studied in presence of 
hydroquinone as reducing compound at various pH values between pH 1 and 7. We observed that 
the rate of the Pu(VI) reduction is in the time scale of seconds, where two PuO2

2+ molecules are 
reduced by one hydroquinone molecule at pH 3. In the next reducing step - the reduction of Pu(V) 
- it depends on the pH value what kind of Pu species is formed. At pH values below 3 Pu(III) is 
the prevailing oxidation state, whereas at pH values above 3 the colloidal Pu(IV) dominates. 
Generally, the rate of this reduction is much slower than the Pu(VI) reduction and proceeds in the 
time scale of days to months. Similar observations were made in experiments for the reaction of 
Pu(VI) in a solution with fulvic acid from the Gorleben site (GoHy-573-FA). The reduction of 
Pu(VI) is fast, whereas the reduction of Pu(V) is slow. Similar to the results with model 
compounds the Pu(III) is the final prevailing oxidation state at pH values below 3 whereas the 
Pu(IV) dominates at pH above 3.  

Introduction 

The interaction of humic substances with radionuclides in aqueous solutions are manifold, e.g. 
complexation of free metal ions, sorption of metal colloids and redox reactions. For complexation 
of metal ions many studies have been performed the last decades. In contrast, the redox reactions 
between redox sensitive actinide ions and humic substances have been investigated more seldom 
than the complexation reactions. This circumstance is all the more inapprehensible because the 
redox state of the actinide governs the behaviour of the species in solution, and hence, the 
migration behaviour. Therefore, the redox stability of actinide species is one of the key questions. 
One of the most interesting redox sensitive actinide element is plutonium because up to four 
oxidation states of plutonium ions can coexist in aqueous solutions under certain conditions. The 
distribution of Pu oxidation states is a function of Pu concentration [Pu]t, concentration of 
reducing components, oxygen partial pressure (pO2) and colloid formation. The questions arise, 
what is the dominant species in the presence of humic substances, a ubiquitous compound in 
natural aquifers, under anaerobic conditions and can this redox behaviour be described with a 
thermodynamic approach? For that we have made studies on the interaction of plutonium with 
GoHy-573 fulvic and humic acid. Because the exact composition of reducing entities of humic 
substances are not known and this makes the interpretation of experiments difficult. Therefore it is 
conveniently to use simultaneously more simple reducing compounds as model substances in the 
experiments. As one model substance hydroquinone has been chosen, because it is assumed that a 
hydroquinone entity is the main reducing group of humic substances. The experiments have been 
performed between pH 1 and 7. Although the relevant pH range of the far-field aquifer system is 
mainly between 5 and 9, we started the studies at more acidic conditions to minimise colloid 
formation of Pu(IV) and to ease the interpretation of the results. We´ve forborne to cover the 
whole pH range, because significant changes of the redox reaction between pH 7 and 9 are not 
expected. In the near neutral pH range all reactions rates and mechanisms are governed by Pu(IV) 
colloids, Pu(OH)4(am), or both. 
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Objectives 

Objective of these studies is to get insight into the redox interaction between humic substances and 
plutonium. Thermodynamic calculations are used for the description of the experimental results 
considering latest results of thermodynamic studies on plutonium redox chemistry including solid 
phases and colloids of tetravalent plutonium [1]. The output of the investigations will be 
thermodynamic parameters usable for PA. 

Results and discussion 

To hydroquinone (H2Q) solution hexavalent plutonium (PuO2
2+) was added at various pH values 

and 0.1 M NaClO4 as background electrolyte. The final Pu and H2Q concentration were typically 
1-2·10-4 M and 2-3·10-3 eq/L, respectively, at seven pH values between pH 1 and 7. The process of 
the reduction has been followed by absorption spectroscopy and solvent extraction with BMBP [3] 
as chelating agent. In a first step the reduction of PuO2

2+ to pentavalent Pu (PuO2
+) was studied. 

We have observed that the reduction is fast and complete within less than one minute. The 
reaction is so fast that it is impossible to follow the kinetic of the reaction with the used 
experimental set-up. To get the stoichiometry of the reaction 1-2·10-4 M Pu(VI) was titrated with 
1·10-3 M H2Q until all Pu(VI) is reduced. At pH 3 for each mol of hydroquinone 2 mol of Pu(VI) 
are reduced that confirms the following redox reaction, where H2Q stands for C6H4(OH)2 
(Hydroquinone), and Q stands for C6H4O2 (Benzoquinone): 

2 PuO2
2+  +  H2Q  ⇄  2 PuO2

+  +  Q  +  2 H+ 

This result coincides with observations from [2], which have done the experiment in 1 M HClO4. 
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Figure 1: Conversion of Pu(VI) into Pu(V) by hydroquinone at pH 3 monitored by absorption 
spectroscopy 

The next step in the reaction sequence is the reduction of Pu(V) to the lower oxidation states 
Pu(III) and (IV). Assuming that first Pu(IV) is formed, the solubility of Pu(IV) is reached at 
concentrations and pH values we used in the experiments. Hence, precipitation of Pu(IV)-oxy-
hydrate with a complex stoichiometry of the reaction is expected. Therefore we have focused first 
on the rates and on the Pu oxidation state distribution. For that excess of H2Q was added to the 
Pu(V) solutions obtained from the titration experiment and the evolution of the lower oxidation 
states were observed with time. The rate of this step is much slower due to break of the oxygen 
bond. Here the reduction is completed after about two months. Depending on the pH value Pu(III) 
or Pu(IV) is the prevailing Pu oxidation state. At pH below 3 mainly Pu(III) is formed, but Pu(IV) 
is dominating at pH values above 3. The Pu(IV) occurs in colloidal form and reacts with 
hydroquinone forming a brownish precipitate. The results are illustrated in Figure 2. In the Figure 
the absorption spectra of Pu are shown for both pH ranges. In the left Figure the absorption 
spectrum of the Pu3+ are observed at pH 1. At pH 3 a tilted background spectrum evolves coming 
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from colloidal Pu(IV) and superposes the Pu(III) spectra. At higher pH values, that is shown in the 
right hand Figure, only the background spectra of colloidal Pu(IV) is observed. 
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Figure 2: Absorption spectra of Pu, added as Pu(V), in hydroquinone solutions after a reaction 
time of 2 months. On the left-hand side at pH 1 and 3; on the right-hand side pH 4, 5, 7. 

Similar experiments are being done with Pu and purified GoHy-532 fulvic acid. From the results 
so far the prevailing Pu species is Pu(III) or Pu(IV) depending on the pH range. Again below pH 3 
Pu(III) is dominating, whereas at pH higher than 3 Pu(IV) is the most stable oxidation state. These 
experiments are still running and more quantitative results are expected in the next project period. 

Application to PA 

Pu(III) and Pu(IV) are the dominant redox states of plutonium under natural groundwater 
conditions in deep geological formations. Basic thermodynamic data are becoming available for 
plutonium in both of these redox states. In natural groundwater, however, formation of 
polynuclear species/colloids as well as complexation with natural organics/humic substances will 
govern the chemical behaviour. In this work, studies are presented dealing with the distribution of 
plutonium between the two redox states, strongly influenced by humic substances, moving 
towards the neutral pH range relevant for natural groundwater. In the past plutonium chemistry in 
the neutral pH range has been regarded as a more kinetically governed and rather unpredictable 
chemistry that makes modelling and hence PA difficult. At the end of the project period this work 
is going to show, that plutonium redox chemistry in presence of humic substances can be 
described on basis of equilibrium reactions including only equilibrium constants and redox 
potentials. Thus, it contributes to moving the description of the geochemical behaviour of 
plutonium away from phenomenological retention factors towards geochemical modelling with its 
higher predictive capability for long-term safety assessment.  

Conclusions 

Under reducing conditions and particularly in aqueous solutions containing organic substances 
with hydroquinone entities hexavalent Pu is not stable and is reduced instantaneously to 
pentavalent Pu. Hence, Pu(VI) has no relevance in the far field and has not to be considered in PA 
of the far field. The Pu(V) is reduced also in presence of hydroquinone substances, but the rate is 
much slower and is in the range of days to months. In comparison to the time horizons involved in 
the safety assessment the Pu(V) has no relevance under oxygen free conditions. The result of the 
total reduction process, Pu(III) or Pu(IV) as dominating species, depends on the pH value. We 
conclude from the experiments that at pH values relevant for the far field between 5 and 9, only 
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the tetravalent Pu will be the main species in solution when humic substances (HS) like the GoHy-
573-FA are present as reducing compounds. It must be also emphasised that this conclusion 
applies only for homogeneous solutions without iron(II) species. In presence of iron(II) species 
and particularly in heterogeneous solutions containing mineral surfaces, the Pu(III)/(IV) ratio 
might be totally different. Furthermore, in aquifers containing stronger reducing organic 
compounds than the GoHy-573-FA used the Pu(III) might be more stable. This will be the focus 
of future studies. 
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Abstract 

The role of colloids on actinide migration in oxic groundwater conditions of “Mayak” site 
(Western Ural, Russia) is systematically studied by variety of methods. The site under 
investigation is one of “the most contaminated site” with Pu activity up to 0.16 Bq/l at the distance 
of more than 3.0 km away from contamination source that is “Lake Karachay” – the pond used for 
discharge of low-level liquid nuclear wastes since end of 50’s. Colloidal matter was separated by 
successive micro- and ultrafiltrations (3kD – 200 nm) and characterized by transmission electron 
microscopy (TEM), major elements and radionuclides were determined in each fraction. In was 
found that main fraction of Pu and Am is bound to nanocolloids. Actinide redox speciation was 
done using liquid supported membrane extraction that indicates Pu is present as a mixture of redox 
states. Ion nano-probe mapping revealed that U and Pu were bound to amorphous hydrous ferric 
oxide (HFO) and to MnO2 and hematite, forming pseudocolloids, while clays, calcite, barite, 
rutile, monazite and other phases, did not sorb actinides.  

Introduction 

Several field studies have been reported that actinide migration is facilitated by colloids at nuclear 
waste sites [1-4]. Plutonium was transported approximately three orders of magnitude farther than 
the predictions based on laboratory experiments and the calculation, bound to the colloid sized 
<500 nm3,4. Although the role of colloids on actinide migration has been evidenced in the previous 
studies, the phase and the occurrence of the colloid that bound Pu in the natural system are still in 
debate.  

"Mayak" site is located near town of Kyshtym, about 70 km north - west of the Chelyabinsk city, 
the Southern Urals, Russia. Since November 1951, the main part of LNW was dumped to V-9 
pond also known as Lake Karachay. Contaminated waters in Lake Karachay are represented by 
highly oxic NO3

– brine solutions that penetrated into the groundwater system due of their 
relatively high density (up to 1.095 g/cm3). The objective of this work is to study the role that 
colloids play in actinide fate in oxic conditions of groundwater around Lake Karachay. 

Experimental 

Sampling was done from different wells located south to Lake Karachay at the distances 1.1 to 3.9 
km. Groundwater samples were collected anaerobically from wells by in-situ pump at the rate of 
0.2-0.25 m3/hour. This pumping rate is about 10 times lower than those used by Kersting et al. [4]. 
The shear stresses that may be responsible for increase in the concentration of colloids could not 
be excluded. However Pu isotope ratios in different wells were the same as in Lake Karachay. 
This also indicates that the only source of radionuclides in groundwater is Lake Karachay. 
Conductivity, pH and Eh were measured upon sampling and samples were taken after the 
measured values became constant. Immediately after sampling solutions were transported to the 
laboratory for colloids separation and further measurements. The aliquots of solutions were taken 
from each sample to determine major and trace elements as well as radionuclides. Successive 
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micro- and ultrafiltrations were performed in nitrogen atmosphere to avoid changes in Eh and 
carbonate concentration. The samples were filtered through 200 nm, 50 nm (nucleopore filters, 
Dubna, Russia), 15 nm (Vladipor, Russia), 10 kD (about 1.5 nm) and 3 kD (about 1 nm) 
(Millipore) micro- and ultrafilters.  

The radionuclide concentration was determined using gamma-spectrometry with HPGe-detector, 
liquid scintillation spectrometry, alpha spectrometry and ICP-MS after appropriate chemical 
separation procedures. The total concentration of actinides in the groundwater samples was too 
low to use spectroscopic methods like X-ray absorption spectroscopy for actinide redox 
speciation. Therefore extraction with supported liquid membrane with di-2-ethylhehyl phosphoric 
acid (HDEHP) as described by Myasoedov and Novikov [5] were used. In order to achieve the 
complete separation of actinides and to desorb them from colloids, the samples were acidified to 
pH=1 prior to extraction.  

The TEM and ion nano-probe mapping was done for colloids separated from groundwater from 
well located 3.2 away from Lake Karachay. For this purpose pieces of filters were placed in high 
pure acetone and ultasonicated (2.64 MHz) for ~1 minute to take off the colloidal matter from the 
filter. For TEM the colloid suspension was placed onto holey-carbon films supported by copper 
grids. The TEM analysis was conducted using JEOL JEM2010F field emission gun TEM. High 
resolution (HR) TEM, selected area electron diffraction (SAED), HAADF-STEM (high-angle 
annular dark-field scanning TEM) and nano-beam energy dispersive X-ray analysis (EDX) were 
conducted using 200 keV electron beam to characterize the sample. Beam diameter of 0.5 nm was 
used for EDX. The composition can be determined semi-quantitatively.  

For ion nano-probe mapping aliquot of suspension with colloidal particles were deposited on 
silicon chips and air-dried. All analyses were performed by nano-SIMS50 (Cameca, France) using 
16keV O- primary ions, and detecting positive secondary ions. Mass resolution was set at M/dM 
=2000 for all data. The images were acquired by scanning the primary beam on the samples and 
detecting the emitted secondary ions in parallel. Uranium and plutonium were detected under the 
form of UO+ and PuO+ ions correspondingly to get relatively intense signal without any isobaric 
interferences. Iron was followed through 54Fe+ as 56Fe+ was too intense. For same reason, 44Ca+ 
was measured instead of 40Ca+. Manganese and Aluminum were measured through 55Mn+ and 
27Al+. 

Results 

The samples collected for this study were oxidized groundwaters with high carbonate and nitrate 
concentrations with pH varying between 6 and 7.8 as presented in Figure 1. The trend of 
decreasing of Eh values from +400 mV down to +50 mV and slight increase of pH from 5.9 to 7.8 
upon distance from Lake Karachay were established. The dramatic decrease of NO3

2– 
concentration (and to less extent CO3

2–) was observed that possibly due to the dilution of 
contaminated groundwaters by fresh waters.  
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Figure 1: Values of Eh, pH, inorganic carbon and nitrate concentrations in groundwater samples 
studied. The distances from Lake Karachay are presented. 

According to successive micro- and ultrafiltrations (Figure 2) Pu was preferentially bound to 
nano-colloids that were filtered by 3 kD and 10 kD membranes. However from 10% to about 30% 
of Pu was found in soluble fraction that is not typical to this element. This effect could be 
explained by the presence of low molecular weight organic compounds in the contaminated waters 
(acetate, citrate, EDTA, etc.) that form stable complexes with Pu(IV). Another explanation is the 
partial oxidation of Pu to Pu(V) and Pu(VI) that was supported by Pu redox speciation (Table 1). 
For Am the fraction of true soluble form was rather high that was not expected as well and could 
be explained only by complexation with low molecular weight organics. However more that 50% 
of Am was bound to nano-colloids as in the case of Pu. Uranium in contrast to Pu and Am shows 
non-colloidal behaviour with UO2(CO)3

4- as the dominant species. Only few percent of this 
element was bound to colloids and this value slightly increased with distance from Lake Karachay.  

The relative concentration of different colloidal phases as determined by TEM decrease in the 
following row: amorphous hydrous ferric oxide >> clays ≈ calcite > rutile ≈ hematite ≈ barite ≈ 
rancieite (mixed valence Mn oxide) > monazite >> other phases. Despite the attempt to use 
HAADF to distinguish colloidal phases that were responsible for actinide binding was done, the 
sensitivity of this technique was not sufficient for this task. However this was achieved using ion 
nano-probe mapping. Typical elemental maps of major colloid-borne elements (Mn, Fe, Al, Ti, Si, 
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etc.) and actinides are presented in Figure 3. Due to the lack of standard reference materials of 
colloid particles containing actinides, the obtained results are semi-quantitative. However the 
relative intensity of the signals could be compared to distinguish preferential sorption of actinides 
by different colloidal phases. More than 50 measurements were done for the sample collected 
from well 1/69 that is 3.2 km away from Lake Karachay. According to the obtained mappings the 
sequence of actinide binding to different colloidal phases varied in the following manner: 
amorphous hydrous ferric oxide ≈ rancieite > α-Fe2O3 while other phases did not sorb actinides. 

Table 1: Pu redox speciation in groundwater samples as determined by liquid membrane 
extraction 

Well Pu(IV) Pu(V) Pu(VI) 
63/68 100 - - 
65/68 54 37 9 
9/68 90 10 - 

176/94 100 - - 
1/69 79 21 - 

14/68 72 28 - 

Application to performance assessment 

This study indicates that colloid facilitated transport of actinides is an important factor of their 
subsurface migration even in oxic conditions where they are partly present in high valence states. 
The ion nano-probe mapping indicates the dominating role of Fe and Mn oxides in actinide 
binding that indicate the necessity to provide surface complexation data for these phases.  

Conclusions 

The presence of natural aquatic colloids should be considered as one of the main factors that effect 
the mobility of actinides in the environment. It was shown in this study that in oxic conditions of 
groundwater from “Mayak” actinides were transported at the distances of several km away from 
contamination source during few decades. According to ion nano-probe mapping U and Pu were 
preferentially bound to nano-colloids of hydrous ferric oxide, Mn oxide and hematite. It should be 
noted also that minor colloid phases (e.g. α-Fe2O3 and MnO2 in this study) could be carriers of 
actinides and should be taken into account in performance assessment. 
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Figure 2: The distribution of Pu, Am and U through different fractions of colloidal matter and 
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Figure 3: The ion nano-probe mapping of major elements, U and Pu for colloidal matter 
separated by 10 kD membrane from well 1/69. 
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Abstract 

The main focus of this subject is the characterisation of granite fractures und pore network 
connectivity with different methods und experimental approaches. The study objects are drill cores 
from Hard Rock Laboratory (HRL) Äspö test side. One of these cores was used in an X-ray 
computed tomography experiment. This procedure provides for a non-destructive characterisation 
of granite pore network and fracture geometry. After compiling and processing the raw CT data 
the results supply data about porosity distribution, fracture surface und roughness. These data can 
be used for forward modelling of fluid and tracer migration. With these investigations tracer 
migration experiments [3] and positron emission tomography [7] can additionally used to verify 
the modelling data [2].  

Introduction and objectives 

The objective of this project part is the non-destructive characterization of porosity distribution, 
fracture geometry and associated parameters. The XCT (X-Ray Computed Tomography) 
technique delivers the geometrical structure of pore space to model fluid- and tracer transport in a 
micrometer scale.  

The Figure 1 shows a scheme which connects the different investigation methods and their 
resulting parameters.  

 
Figure 1: Connections and workflow between different experimental and computational methods 
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Experimental 

With cores from HRL Äspö test site it was performed an X-ray computed tomography (XCT) 
experiment. For one core of 5 cm diameter (Figure 2 - 6), encased in a 5 mm stainless steel tube, a 
320 kV microfocus X-ray source was used. The core was rotated over 360° in 900 steps. The mass 
density distribution was detected with a 1024 × 1024 pixel CCD detector. During the 
reconstruction of the CT images the intensity of the raw data has been converted to CT numbers 
which were normalized to an 8 bit scale. The CT number is a function of averaged density and 
composition of the material, pictured in numbers of voxels. For each phase component in the 
voxel system (mineral distribution, resin and air) a gaussian-like distribution of CT numbers was 
found. The dimension of the full 3D raw dataset is 631 × 631 × 1650 voxel. 

First Results from µXTM 

The resulting spatial resolution of the CT data is 80 × 80 × 80 µm³ per voxel in comparison with 
the former XCT investigations performed on Äspö cores with only 250 µm³ [3]. For first 
characterizations (solid/void distribution) a histogram segmentation of the data is necessary. 
Figure 3 and Figure 4 show slices through the 3D raw CT data set with gray scaled representation 
of CT numbers. This type of segmentation delivers the overall spatial porosity distribution of this 
granite drill core (Figure 4 and Figure 5).  

 

Figure 2: Vertical slice through 
3D raw CT data with gray 
scaled representation of CT 
numbers number representation 

 

Figure 3: Horizontal slice through 3D raw 
CT data with gray scaled representation of 
CT numbers 
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Figure 4: Reconstruction of 
geometrical porosity as 
vertex texture (blue: low 
permeability, yellow: high 
permeability) 

Figure 5: Reconstruction of geometrical 
porosity as vertex texture (blue: low 
permeability, yellow: high permeability).  

 

 

The geometrical overall porosity determined on the 
basis of histogram voxel segmentation is 2 % of this 
core, but the connected porosity between bottom 
and top of the cylindrical core, however, is only 
0.68 % (Figure 6). Lower permeability regions are 
shown in blue color (Figure 4 and Figure 5). 

Given a digital image or tomogram of a porous 
material, it is simple to access the connectivity 
within every phase component using the so-called 
“burning algorithm” [8]. This algorithm enables to 
identify all cluster members of connected phase 
voxel with equal or quasi-equal CT numbers in a 
tomogram (Figure 6). 

 

Figure 6: Connected porosity 
between bottom and top of the 
cylindric sample 

 

The connected porosity is required for the development of potential pathways of fluid migration. 
These correlations show that such a data basis is not only important for calculation of interacting 
parameters like fracture aperture distributions, but also useful for forward fluid migration 
simulations [6].  
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For simulation the fluid flow, the lattice Boltzmann method has been used, because it matchs 
favourable with the real pore space structure as a boundary condition input [5]. Calculations on 
samples results in an inhomogeneous flow field in the connected pore structure with a high 
variability in local fluid velocity and direction. This leads to a dispersive transport of conservative 
tracer particles [2]. 

Conclusions 

The XCT technique is one method for non-destructive characterization of pore network structures 
in a micrometer scale. The results deliver the geometrical structures for forward computer 
simulations of fluid- and tracer transport. Thus the so elaborated open pore structure data can be 
used for direct validation of the averaged hydrodynamical parameters. Porosity and inner surface 
can be calculated directly from the structure. The permeability can be determined by using a 
geometrical relationship between porosity and specific surface [1] and as a result of lattice 
Boltzmann simulations [5]. 

Contribution to PA 

As we can see matrix diffusion is a complex mixture of different processes which finally shows 
that the porous medium is the important structure giving element. Tracer experiments leads with 
help of XCT experiments to an advanced understanding of diffusion processes in an existing pore- 
and fracture network. By numerical simulations we are able to investigate the relation between 
flow velocity depending from pore- and fracture geometry and matrix diffusion.  

The contribution to PA is to obtain experimental und simulated data to constrain the 
implementation of matrix diffusion and to identify process-based simplifications for upscaling 
parameters and processes.  
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Abstract 

The sorption of various metal ions, including Cd2+, UO2
2+ and NpO2

+, to oxide surfaces has been 
studied. Data are presented for the binding of Cd2+ by SiO2 colloids. It is found that the binding 
strength for a 100nm diameter colloid is higher than for one of 20 nm. A Poisson-Boltzmann 
electrostatic model predicts the variation in the electrostatic contribution to binding with colloid 
size. This suggests that the origin of the difference in binding strength could be due to the 
difference in the surface potentials of the two colloids. Experiment shows that the binding is 
driven by a large positive entropy change. The model suggests that the main driving force for 
these reactions is the loss of water from the hydrated metal ion upon binding. 

Data are also presented for the interaction of UO2
2+ and NpO2

+ with magnetite in the presence and 
absence of carbonate/CO2. Without carbonate (100% Ar atmosphere), UO2

2+ is bound more 
strongly. In the presence of carbonate (99% Ar + 1% CO2 atmosphere) UO2

2+ sorption decreases, 
whereas NpO2

+ sorption increases. Surface complexation modelling (Diffuse Double Layer model) 
has been used to simulate the results. For both UO2

2+ and NpO2
+ in the absence of carbonate, two 

surface complexes have been used to simulate the results, corresponding to the sorption of the 
actinide ion and its hydroxide complex. To explain the behaviour in the UO2

2+/carbonate system it 
was necessary to invoke the direct sorption of carbonate on to the surface. In addition, ternary 
carbonate complexes were also required for both the UO2

2+ and NpO2
+/carbonate systems.  

Introduction 

The sorption of a range of metal ions, Cd2+, Ag+, Pb2+, Cu2+, UO2
2+ and NpO2

+, have been studied 
with a range of inorganic oxide surfaces, bulk and and/or colloidal, including calcite, magnetite, 
silica and hematite. As examples, the interactions of UO2

2+ and NpO2
+ with bulk magnetite and 

Cd2+ with colloidal silica are presented here, along with the associated modelling. 

Objectives 

The objective of this work is to develop models of sorption at oxide surfaces to predict the extent 
of sorption and also to study the mechanisms and processes underlying the surface reactions. 

Experimental 

All reagents used were of analytical grade. Samples of silica colloids were obtained from Eka 
chemicals as solutions. The experiments described here measured the uptake of Cd2+ ions by 
colloids of 20 and 100 nm diameter, although other colloid samples and Ag+ and Cu2+ were also 
studied (data not shown). Mixtures of silica colloids, electrolyte (NaNO3) and Cd(NO3)2 were 
prepared, such that the concentrations of all three were known. For the data reported here, the 
ionic strength of the solutions was I = 0.1 M, although other values were investigated (I = 0.01 → 
1 M; data not shown). The concentration of the silica was 33 g.dm-3. The pH of these solutions 
was adjusted (pH = 6 ± 0.1) using NaOH and HNO3, and they were equilibrated for several hours, 
although equilibrium was achieved within minutes. A Cd-ion-selective-electrode (ISE) and a 
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double junction (KNO3) reference were immersed in the solution, and the potential between them 
measured. Reaction ΔH was measured by microcalorimetry and temperature difference methods. 
ΔS values were obtained from the binding strength and ΔH. 
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Figure 1: Data for Cd2+/ SiO2 colloid systems (20 and 100 nm diameter): experimental data 
(points, error bars are ± 2σ) and model fits (lines). 

A bulk sample of magnetite was synthesised using standard methods [1]. The specific surface area 
of the sample was determined by B.E.T. (16.5 m2.g-1). Two different sub-oxic regimes were 
studied: the first used a constant blanket of Ar (CO2 free), and the second a mixture of 99% Ar and 
1% CO2. Solutions (I = 0.01 M, NaClO4) were prepared using Ar degassed water. UO2(NO3)2 or 
NpO2Cl were added to the solutions ([UO2

2+] or [NpO2
+] = 1 × 10-6 mol.dm-3). 20 ml aliquots were 

added to 0.2 g samples of magnetite, under either pure Ar or Ar + 1%CO2. The pH was adjusted (4 
- 9) using NaOH or HClO4. The mixtures were equilibrated for a period of two hours, before 
solution phase samples were taken and analysed. The uranium concentrations were measured by 
ICP-MS, whilst neptunium was determined by liquid scintillation counting. 

Modelling 

Surface complexation models vary in their precise formulation, but do have some similarities. 
They assume that there are two components: an intrinsic, chemical component and an electrostatic, 
physical contribution, which depends upon the surface charge. The chemical component, which 
depends upon the formation of the bond between the aquated metal ion and the surface, should be 
the independent of particle size, provided that surface structure is constant. However, the physical 
component, which depends upon the potential generated by the surface, could vary with size. 
There are various conventional approaches to electrostatic effects, e.g., the Constant Capacitance, 
Diffuse Double Layer and Triple Layer models. However, none of these approaches take account 
of particle size, and assume an infinite particle radius (flat surface). In reality, the potential, ψ, and 
the concentration of small ions around a colloid is described by the Poisson-Boltzmann (PB) 
equation: 
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where NA is Avogadro's constant, NIONS is the number of small ion types, i, in the solution, 
[Xi

zi+]BULK is the concentration of ion i in the bulk, zi is the charge number of ion i and ε is the 
permitivity. Unfortunately, this equation may only be solved numerically, and so approximations 
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are routinely used. The effect of the simplification is that particle size is neglected. Therefore, a 
model has been developed that uses the full PB equation to account for particle size. It calculates 
the total electrostatic contribution to binding, and the enthalpic and entropic components. By 
summing over all ions, the electrical free energy of the double layer, HEl,DL, can be calculated: 
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and the electrical free energy of the colloid, HEl,COLLOID, will be given by, 

RCOLLOIDCOLLOID,El eZH ψ=  

where ZCOLLOID is the colloid charge, and ψR is the potential at the surface. The total electrical free 
energy of the system, HEl, will be given by the sum, HEl,DL + HEl,COLLOID. Assuming an ideal 
solution, the change in entropy, δSi,r, on bringing a single ion from the bulk to a point r in the 
double layer will be given by, 
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where [Xi
zi+] is the concentration of that component Summing over all ion types, gives SDL, the 

entropy associated with the formation of the double layer, 
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Assuming that cation binding reduces the charge of the colloid, the individual electrostatic 
contributions to ion binding, ΔHEl and ΔSDL, may be calculated by performing calculations using 
initial and final values of ZCOLLOID. The total physical /electrostatic free energy contribution to 
binding, ΔGEl, and associated equilibrium constant, KEl, may then be calculated, 

ElDLElEl KlnRTSTHG −=Δ−Δ=Δ  

Model isotherms were obtained by combining KEl with a single intrinsic (chemical) equilibrium 
constant, Kint, for a simple sorption reaction, 

S + M ⇄ SM  Kint = [SM]/([S].[M]) 

where S and SM are surface binding site and complex, respectively. 

Figure 1 shows Cd data for 100 nm and 20nm silica colloids: the 100nm colloid is a stronger 
sorber. For the silica systems, the 100nm colloid was consistently more strongly binding. 
However, the situation is complex. For Ag+, there is very little effect of particle size (or I), 
probably because of its smaller charge, which makes electrostatic effects less significant. The 
effects appear very small for Cu2+ also. Cu2+ has a much higher intrinsic affinity for the silica (a 
very large Kint), and so the much smaller electrostatic effects are less important. Also, the model 
fits in Figure 1 are only possible if it is assumed that effective colloid charge is proportional to 
volume (Z100nm = -6800; Z20nm = -54). Relative errors are used in deciding the goodness of fit. If 
charge is determined by spherical surface area, then the difference in the isotherms may not be 
simulated. The model explains the surprisingly high binding strength of the 100nm system: 
although this colloid has a lower specific surface area, because it is bigger, it has a higher surface 
potential (for the same surface charge density) and hence a larger physical contribution to binding. 

The experimental enthalpy changes were very small, and mostly endothermic, for example, the 
enthalpy changes for Cd2+ binding to 100 and 20nm silica colloids were +11 and +14 kJ.mol-1, 
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respectively. The model enthalpy changes associated with the discharge of the double layer 
were -8 and -6 kJ.mol-1. A mismatch is expected between the experimental and model values, 
because the model does not take into account the heat associated with the formation of the bond 
between the metal ion and the surface. The important result is that the model predicts very little 
difference in ΔH, despite predicting large differences in binding strength. The experimental ΔS 
values are large and positive, e.g. 105 J.K-1.mol-1 (Cu2+/100nm SiO2), larger than those predicted 
by the electrostatic model, in this case 36 J K-1 mol-1. Given the observed variation in binding 
strengths (Cu2+>Cd2+>Ag+), it seems probable that the balance originates in the loss of water from 
the hydration shells of the metal ion. 

The experimental and modelling data for the magnetite systems are shown in Figure 2. The data 
were modelled with a conventional surface complexation approach, using the Diffuse Double 
Layer model [2]. Background inorganic speciation was calculated using the Chemval VI database. 
A single surface binding site was used for all reactions, master species = SOH. Acid/base 
constants (SOH2

+, log K = 5.1; SO-, log K = -9.1) and surface site density (3.54 sites.nm-2) were 
taken from [3], which is also a study of actinyl binding to magnetite, and so should be applicable 
here.3 The data in the absence of carbonate were fitted first. In both cases, it was found that two 
surface complexes were required, i.e. the sorption of the actinyl and its hydroxy complex: 
SOUO2

+, log K = -1.29; SOUO2OH, log K = -5.66; SONpO2, log K = -3.05; SONpO2OH-, log K = 
-11.1. Uranyl clearly binds more strongly than neptunyl, as would be expected. When CO2 is 
introduced, the degree of sorption of uranyl is reduced. Clearly one contribution to this behaviour 
will be strong competition from solution phase carbonate species. However, although this could 
explain the binding behaviour in the high pH region (pH > 7), it could not explain the suppression 
at lower pH. To explain this behaviour it was necessary to invoke a carbonate surface complex 
that was competing for surface sites (SOH2CO3

-, log K = 24.3). Such carbonate surface complexes 
have been suggested previously [4]. The data of this and a previous study [4] suggest that these 
surface complexes exist, although there is as yet no spectroscopic evidence. These carbonate 
complexes will tend to suppress metal ion sorption at lower pH, since in this region there will be 
the greatest affinity between the surface and CO3

2-/HCO3
-. At higher pH, carbonate will reduce 

sorption by forming complexes in solution. It was also necessary to define two surface ternary 
complexes (SOUO2OHCO3

2-, log K = 14.0; SOUO2(CO3)2
3-, log K = 32.5). In the neptunyl 

system, the carbonate surface complex, SOH2CO3
-, was included again for consistency. Again, 

surface ternary neptunium complexes were also required (SONpO2CO3
2-, log K = 10.8; 

SONpO2(CO3)2
3-, log K = 32.4).  

In general, the fit between the model and experiment is less good for the neptunium data. This 
may be due to the reduction of NpO2

+ to Np(IV) at the surface, which was not included in the 
model. As for all such modelling, it is possible to define other sets of surface complexes that are 
able to give reasonable fits to the data, although those given above were the best fit that we were 
able to find, whilst being physically realistic. Direct spectroscopic characterisation of the surface 
complexes would be required to confirm the assignment. However, several things are clear. The 
neptunium sorption increases in the presence of carbonate. Therefore, carbonate must be involved 
in the sorption process to some extent, i.e., there must be neptunyl/carbonate surface species 
present. In both cases, simple competition between magnetite and solution phase carbonate cannot 
explain or predict the results. Therefore, sorption must be studied under the precise conditions of 
interest, since ternary complex formation or surface competition may significantly affect the 
results. 

Application to PA 

Sorption to oxide surfaces is crucial in the partition of radionuclides between the solid and 
solution phase, which in turn controls their mobility. Therefore, for radiological performance 
assessment, it is necessary to be able to predict the extent of sorption. Therefore, mathematical 
models of sorption processes, such as those presented here, are required. Beyond the ability to 
predict the amount of radionuclide bound to the surface, it is also important to understand the 
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underlying mechanisms, since this helps to build confidence in the predictions made by the 
models.  

 
Figure 2: Results for uranium (left) and neptunium (right) sorption to a magnetite surface: 
experimental data (diamonds = Ar atmosphere; squares = Ar + 1% CO2, error bars are ± 2σ) and 
model fits (full line = Ar atmosphere; dotted line = Ar + 1% CO2). 

Conclusions 

A Poisson-Boltzmann model has been developed that can describe the difference in binding 
strength between 20 and 100 nm SiO2 colloids. In addition, a surface complexation model has 
been developed that describes the binding of UO2

2+ and NpO2
+ to magnetite in the presence and 

absence of carbonate. This work shows that sorption to inorganic oxide surfaces can be very 
complex. However, the combination of experiment and modelling can provide insight, and allow 
the prediction of observed behaviour, although clearly much further work is required before these 
processes will be very well understood. 
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Abstract 

Metal ion and humic acid binding in a ternary system of humic acid, quartz-sand and europium 
(III) ions have been studied. A mathematical model for this ternary system has been developed 
that is able to describe both binary and ternary systems. The interaction of the humic acid with the 
sand requires two parallel kinetic components, one faster and one slower, but in both cases the 
capacity is small, 60 and 100 µg humic.g-1, respectively. The interaction between metal ion and 
humic is also described using two components: initial uptake to an ‘exchangeable fraction’ is 
instantaneous and described using an equilibrium constant, with subsequent first order kinetic 
(slow) transfer to a ‘non-exchangeable’ fraction. The interaction of the metal ion with the surface 
can be described with a single equilibrium constant. The data can be modelled only if ternary 
complexes are included, i.e., surface sorbed species consisting of metal ion and humic together. 
The same parameters that describe the metal/humic interaction in solution can also be used for 
sorbed humic. Although the majority of the sorbed metal is in the form of the simple metal ion 
binary complex, the contribution of ternary complexes is still significant. 

Introduction 

Models of the interactions of humic substances with metal ions and of metal ions with inorganic 
oxide surfaces are available [1. 2]. However, “ternary” systems of humic acid, metal ions and 
inorganic surfaces are less well understood. Nonetheless, such ternary systems are ubiquitous in 
the environment. Hence, it is important to be able to predict their behaviour. 

Objectives 

The object of this work is to develop a model of the ternary humic acid/Eu3+/quartz sand system, 
which is able to reproduce the experimental data. 

Experimental 

Aldrich humic acid and chromatographic grade, -50+70 mesh, white quartz sand were obtained 
from the Aldrich chemical company. The humic/metal ion binary system had been studied 
previously [2], and so no experiments were required. In all experiments (binary and ternary), the 
same solid:solution composition (1g sand:2ml solution), pH (6.0 ± 0.15) and background 
electrolyte concentration (NaClO4, 0.1 mol dm-3) were used. All experiments were conducted in 
polypropylene containers. For the binary metal ion/sand system, electrolyte solution containing 
7.91 × 10-10 mol.dm-3 Eu3+ as EuCl3, including radiotracer 152Eu (1.0 kBq.ml-1) was added to the 
sand. At regular intervals over a period of 28 days samples of the supernatant (1.5 ml) were taken, 
filtered (0.2µm), and the 152Eu content determined with a semi-conductor HPGe gamma ray 
detector. After measurement, the samples were returned to the experiment. For the humic/sand 
binary system the solutions contained concentrations of humic acid (10 – 200 ppm), but no Eu. 
Again, samples were taken over a period of 28 days, but this time the humic acid concentration 
was determined by U.V./vis spectrometry (400 – 500 nm). For the ternary system experiments, 
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containing all three components, the Eu ([Eu3+] = 7.91 × 10-10 mol.dm-3; [152Eu] = 1.0 kBq.ml-1) 
and humic (5 – 100 ppm) were pre-equilibrated for a period of 1 day before addition to the sand. 
Samples were taken over a period of 28 days, using the same procedure as for the metal ion/sand 
binary system. 

In the binary Eu/sand system, it was found that all sorption took place rapidly, within one day, 
with no further reduction over the next 27 days. The resulting solution phase Eu concentration was 
1.1 (±0.5) × 10-11 mol.dm-3. 

The results for the humic/sand binary system are shown in Figure 1. The data are plotted as C/Co 
versus time, where C is the concentration of humic acid in solution at time, t, and Co is the initial 
solution phase humic concentration prior to addition to the sand. Therefore, C/Co is the fraction of 
the humic remaining in solution. The data show an initial fast decrease in concentration within the 
first day (86400 s), followed by a slower decline. The relative magnitude of the initial drop falls as 
humic concentration increases. There is clear evidence for the existence of two processes, one fast 
that dominantes at short times (<1 day), and another slower that operates over longer times. This 
slower process appears much more significant for the intermediate humic concentrations. 

The results of the ternary system experiments are shown in Figure 2. Again, the data show a 
significant drop over the first day for all systems (note loge scale), followed by a smaller, slower 
decrease for the 50 and 100 ppm data. In the case of the 5 ppm data, there is no statistically 
significant decrease beyond the initial sharp drop. The 5 ppm data appear to show a slight 
minimum at t = 432,000 s, probably an artefact (note the size of the error bars, due to the low Eu 
concentrations). 
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Figure 1: Results for binary humic acid/sand system, [HA] = 10, 50, 100, 200 ppm: experimental 
data (points, error bars are ± 2σ) and model fits (lines). 

Modelling 

The Eu/sand system shows no evidence of slow sorption kinetics, and so the interaction of free 
metal ion (Maq) with the sand surface (MS) is described with a single equilibrium constant, KS. The 
humic/sand system is much more complex: two separate kinetic equations, each with a pair of 
forward and backward rate constants are defined, kHAS1f and kHAS1b, for the fast component (HAS1), 
and kHAS2f and kHAS2b for the slower component (HAS2). The capacity of the surface for humic 
sorption is limited: 60 and 100 µg of humic per gram of sand for the fast and slow reactions, 
respectively. A kinetic model for the interaction of metal ions with humic substances has been 
available for some time [2], and this is used here: the initial uptake of metal ion by the humic to 
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the exchangeable fraction (Mexch) is described with an equilibrium constant, Keq; subsequent 
transfer to the non-exchangeable (Mnon-exch) is described with a rate equation and two rate 
constants, kf and kb, for the forward and backward directions, respectively. 

For the full ternary system a simple additive approach could not fit the data, i.e. if the humic acid 
is just treated as a competing ligand, and the solution/solid phase partition is calculated purely on 
the basis of the relative binding strengths of the surface and the humic acid for metal ions. It is 
clear that ternary complexes are important in this system. Therefore, a series of calculations were 
performed, which were based on the assumption, that, in addition to all the processes that take 
place in the binary systems (described above), humic material bound to the sand surface is able to 
bind metal ions in the same way as solution phase humic, and that those reactions may be 
described with the same constants as for the solution phase interaction. 
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Figure 2: results for ternary (Eu/humic acid/sand) system: data plotted are Eu solution 
concentration ratios (C/Co) vs time, [HA] = 5, 50, 100 ppm: experimental data (points, error bars 
are ± 2σ) and model fits (lines). 
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Figure 3: Processes included in the modelling of the binary and ternary experiments; terms are 
defined in the text: ↔  represents equilibria, and  kinetic (slow) reactions. 

Figure 3 shows the system of processes that are included in the model, and Table 1 shows the 
chemical and mathematical equations and parameter values. For both the humic exchangeable 
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interaction and the sorption of metal ion on to the sand surface an arbitrary value of binding site 
concentration is currently being used (1.0 mol.dm-3), because in no experiment has saturation even 
been approached in either case. Therefore, an arbitrary value is being used. However, this will not 
affect the goodness of fit, since these binding site concentrations are acting as scaling constants: 
for example, if the true value of [SM]T is lower, then KS would increase proportionately, but the fit 
would not change. In other words, the experimental data provide us with only the two products, 
KS.[SM]T = 70 and KEq.[Eq]T = 100, but not the absolute, separate values of equilibrium constants 
and surface site concentrations [3].  

Table 1: Binary and ternary model: Eq represents the humic exchangeable binding site, and SM, 
SHA1 and SHA2 are the metal ion, and fast and slow humic sand surface binding sites, respectively; 
square brackets, [*], represent concentrations, and [*]T total binding site concentrations. 

Chemical reaction Mathematical equation Parameter values 
Maq + Eq ↔ Mexch 

]][[
][

EqM
M

K
aq

exch
Eq =  

KEq = 1 × 102 
dm3.mol-1 

[Eq]T = 1.0 
mol.dm-3 

Mexch → Mnon-exch [][
][

excnonbEqf
exchnon MkMk

dt
Md

−
− −=

 

kf = 1.11 × 10-8 s-1 

kb = 1.0 × 10-7 s-1 

Maq + SM ↔ MS 
]][[

][

Maq

S
S SM

M
K =  

KS = 70 dm3.mol-1 
[SM]T = 1.0 
mol.dm-3 

HAfree + SHA1 → 
HAS1 

]][[
][

11
1

freeHAfHAS
S HASk

dt
HAd

=  

][ 11 SbHAS HAk−  

kHAS1f = 4.0 × 10-7 
dm3.mol-1.s-1 ; 
kHAS1b = 2.0 × 10-6 
s-1; [SHA1]T = 60 μg 
HA per g sand 

HAfree + SHA2 → 
HAS2 

]][[
][

22
2

freeHAfHAS
S HASk

dt
HAd

=  

][ 22 SbHAS HAk−  

kHAS2f = 1.0 × 10-8 
dm3.mol-1.s-1; 
kHAS2b = 1.0 × 10-7 

s-1; [SHA2]T = 100 
μg HA per g sand 

The model fits to the experimental data are shown in Figures 1 and 2. The model fits the 
experimental data to an acceptable degree, and fits the general trends observed in the experiments. 
The plots in Figures 1 and 2 show the total model predicted solution phase concentrations. 
However, there are a number of components in the model. Figure 3 shows the distribution of metal 
ion between the different model fractions for one example system. The Figure shows that the 
concentration of metal ion bound directly to the surface is effectively constant throughout the 
period of the experiment. The variation in the solution metal concentration with time is due to the 
slower reactions between the humic and the surface: as the humic binds to the surface, it carries 
the metal ion with it. There is a small shift from the humic non-exchangeable fraction to the 
exchangeable with time. 

Application to PA 

The mobility of species in the environment is controlled by the partition between the solution and 
solid phases: radionuclides in the solution phase may migrate, whilst those sorbed on the solid will 
not. Therefore, the ability to predict this partition is important in the calculation of migration in 
radiological performance assessment. Therefore, any model that could allow this prediction would 
be very useful. That said, it is important to note that this is a provisional model only. It is able to 
predict all of the existing data. However, it must be tested with further data, and if necessary 
redefined, before it may be considered for use beyond the laboratory. Also, in its present form, it is 
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too complex to be used on the field scale. An investigation of the importance of the various 
parameters in coupled chemical transport calculations will be required. 
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Figure 4: variation in model metal fractions with time, [HA] = 50 ppm, [Eu] = 7.91 × 10-10 mol 
dm-3 

Conclusions 

A provisional model of the humic acid/Eu3+/quartz sand ternary system has been produced that is 
able to explain the existing experimental data. It will be updated and refined as more data become 
available. In the environment, ternary systems will be more complex. In particular, natural solid 
phases will contain immobile organic matter in addition to any solution phase humic that sorbs, as 
in these experiments. Once these relatively simple systems are understood, more complex and 
realistic ones must be studied. 
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Abstract 

Experimental sorption edge and isotherm data for Ni(II), U(VI) and Eu(III) on Na-illite have been 
modelled using the two site protolysis non electrostatic surface complexation and cation exchange 
(2SPNE SC/CE) model. In order to obtain a first estimate of the potential influence of carbonate, 
scoping calculations were carried out for the sorption of all three metals on illite in simulated 
Opalinus Clay groundwaters compositions in the pH range 6.3 to 7.8. Sorption was calculated 
assuming that only metal cations and positively charged and neutral hydroxy complexes sorb. 
Little influence was calculated in Ni(II) systems but the effects for Eu(III) and especially U(VI) 
were significant. Experimental conditions for Ni(II) were selected, with the aid of modelling, to 
yield unambiguous results enabling clear conclusions to be drawn concerning the influence of 
carbonate complexation in the pH range 6 to 9. This was an essential and important step since the 
“experimental windows” for such studies are not large (The same methodologies will be applied to 
the planning of the Eu(III) and U(VI) experiments). Eventually, and where appropriate, surface 
complexation constants for carbonate species could be deduced. The experimental data indicate 
that Ni(II) sorption onto illite is rather insensitive to the presence of inorganic carbon at levels up 
to 20 mM and pH values below 9 within the experimental uncertainties associated with the 
measurements. Only at very high inorganic carbon concentrations (~100 mM) is a significant 
effect on sorption observable. In a next phase of the work, the modelling of these data sets will be 
performed. 

Introduction 

The aim of the work is to investigate and quantify the influence of inorganic carbonate 
complexation on the uptake characteristics of Ni(II), U(VI) and Eu(III) on Na-illite. Illite is one of 
the principal sorbing mineral phases in argillaceous rocks considered as potential host formations 
for a repository e.g. Opalinus clay [4]. Where there is evidence that carbonate/hydroxycarbonate 
complexes are sorbing, the intention is to derive surface binding constants. The two site protolysis 
non electrostatic surface complexation and cation exchange (2SPNE SC/CE) sorption model 
(Bradbury and Baeyens, 1997) will be applied. 

Once these studies have been completed a further aim is to try to model the sorption of the above 
three radionuclides on illite in equilibrium with complex water chemistries corresponding to those 
in an Opalinus clay. Finally, similar work will be carried out using Opalinus clay itself. 

The above follows the “bottom up” approach in which a step-by-step procedure will help to 
identify any unforeseen processes/factors, which have an important influence on the sorption. 

First calculations 

Sorption edges/isotherm data for Ni(II), U(VI) and Eu(III) on Na-illite were modelled using the 
2SPNE SC/CE model to obtain the corresponding surface complexation constants and selectivity 
coefficients [2]. 

In a first attempt to scope the problem a modelling study was carried out in which the uptake of 
the three metals was calculated for trace concentrations for an illite in equilibrium with the range 
of Opalinus clay porewater compositions given in [1] and Table 1. 
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Table 1: Reference Opalinus clay groundwater composition at pH 7.24 and groundwater 
compositions calculated at pH 6.3 and 7.8 at 25 °C. 

pH 
P-CO2 (bar) 
Eh (V) 
I.S. (M) 

7.24 
10-2.20 
-0.167 
0.23 

6.3 
10-0.37 
-0.104 
0.24 

7.8 
10-3.31 
-0.205 
0.23 

Dissolved constituents (M)    

Na 1.69 × 10-1 1.79 × 10-1 1.67 × 10-1 

K 5.65 × 10-3 5.98 × 10-3 5.61 × 10-3 

Mg 7.48 × 10-3 8.67 × 10-3 7.36 × 10-3 

Ca 1.05 × 10-2 1.23 × 10-2 1.03 × 10-2 

Sr 3.04 × 10-4 3.59 × 10-4 2.98 × 10-4 

Cinorg. 2.70 × 10-3 3.41 × 10-2 7.18 × 10-4 

SO4
2- 2.40 × 10-2 2.40 × 10-2 2.40 × 10-2 

F 1.67 × 10-4 1.63 × 10-4 1.67 × 10-4 

Cl 1.60 × 10-1 1.60 × 10-1 1.60 × 10-1 

Si 1.78 × 10-4 1.77 × 10-4 1.80 × 10-4 

The calculations were carried out under the assumption that only metal cations and positively 
charged and neutral hydroxy complexes sorb, all other aqueous species are non-sorbing. This is a 
conservative approach, with relevance to performance assessment, and yields first estimates of the 
possible influences of complexation in “realistic” groundwater chemistries on sorption. The results 
of the calculations are illustrated in Figure 1. 
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Figure 1: Results of model calculations on the (a) Ni(II), (b) Eu(III) and (c) U(VI) on Na-illite in 
0.1 M NaClO4 (solid lines) and in the presence of the Opalinus clay groundwater compositions 
given in Table 1, dotted lines. 

Procedure 

The next step is to design experiments in which the chosen conditions will yield unambiguous 
results enabling clear conclusions to be drawn concerning the influence of carbonate 
complexation, and, to eventually allow, where appropriate, complexation constants for carbonate 
species to be deduced. Factors which need to be taken into consideration are: 

 

i. the range of CO2 partial pressure readily achievable in our laboratory,  

ii. effects outside the range of sorption data uncertainties need to be achieved (no carbonate 
complex sorption) which means sorption reduction factors of at least 5, 
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iii. solubilities under the chosen experimental conditions, 

iv. the desirability of being able to carry out experiments over a range of pH values at trace 
concentrations and as a function of concentration. 

As will be shown, the experimental “windows” are not large. 

The range of p-CO2 which can be used in practice in our glovebox lies between < 1 bar and 10-5.5 
bar (N2 controlled atmosphere). The same practical limits apply for experiments carried out in 
closed reaction vessels. (At CO2 pressures approaching 1 bar rapid degassing effects upon opening 
the reaction vessels could influence the results and we wished to avoid this.) 

The preferred method chosen to achieve different total inorganic carbon concentrations in the 
sorption experiments was to add different amounts of NaHCO3 and work in sealed systems. This 
method also allowed us to vary the pH at the same added NaHCO3 concentration, though the pH 
range was restricted to ~6 to ~9. (Changing the p-CO2 in a glove box is possible, and could be 
done if necessary, but is time consuming and does not have the flexibility of the NaHCO3 
method.) Inactive simulations of the sorption measurement procedures in closed systems showed 
that the NaHCO3 concentrations added, and measured after opening the reaction vessels and then 
sampling, were, within experimental error, the same for p-CO2 values up to 0.5 bar. 

The pH range which can be reasonably accessed is from ~6 to ~10. At pH values < 6 there is 
hardly any free carbonate present in the system and cation exchange is starting to be an important 
component in the uptake process. At pH >10 clay mineral dissolution effects start to become 
significant, hydroxy complexes become increasingly competitive and, for some metals, solubility 
considerations become important. 

Figure 2 illustrates the pH – p-CO2 equilibrium diagram for different added concentrations of 
NaHCO3. Figure 3 shows the calculated solubility for Ni(II) as a function of pH for (i) Ni(OH)2 in 
the absence of NaHCO3 and (ii) NiCO3 in the presence of various concentrations of NaHCO3. The 
calculations were performed using the Nagra/PSI thermodynamic data base [3]. 

10-5

10-4

10-3

10-2

10-1

100

5.5 6 6.5 7 7.5 8 8.5 9 9.5

p-
C

O
2 (b

ar
)

pH

air  p-CO2

0.5 bar CO2

1 mM  NaHCO3

100 mM  NaHCO310 mM  NaHCO3

 
Figure 2: Experimental window for the investigations of the influence of NaHCO3 on sorption. 
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function of pH and in the presence of various total NaHCO3 concentrations. 
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Figure 3 illustrates that for Ni at trace concentrations (< 10-8 M) there are no solubility restrictions. 
However, for isotherm measurements there will be solubility restrictions on the accessible 
concentration range. The initial Ni concentrations should not exceed 10-5 M, Figure 3.  

Thus 3 basic types of experiments are generally envisaged. 

Sorption experiments at trace concentrations: 

• Constant concentrations of NaHCO3 and varying the pH in the range ~6 to ~9. 

• Constant pH (chosen within the range 6 – 9) and variable NaHCO3 concentrations, likely 
ranges are 1 to 100 mM. 

On isotherms: 

• Constant pH (chosen within the range 6 – 9), variable NaHCO3 concentrations, function of 
sorbate concentration, but restrictions on the accessible concentration range may be 
determined by solubility constraints, see Figure 3. 

The carbonate concentrations envisaged for the above experiments are often way in excess of 
those likely to be encountered in real systems. However, the aim here is to provide conclusive 
evidence as to whether carbonate and hydroxycarbonate species do or do not sorb, and, if they 
sorb, to try to determine the surface binding constants. To achieve this, a wide range of 
experimental conditions are required. A similar procedure to the one illustrated here for Ni(II), 
will be used to investigate the U(VI) and Eu(III) systems. 

Results 

In a first series of tests, batch sorption measurements were measured at trace Ni concentrations in 
the absence and the presence of NaHCO3. An isotherm was also measured. The experimental 
conditions are summarised in Table 2, and the results shown in Figs. 4 and 5. 

Table 2: Summary of experimental conditions 
Expt. Ni conc.  

(M) 
NaHCO3  
conc. (M) 

pH S :L  
(g L-1) 

Time 
(days) 

Figure 

Edge ~10-8  10-3 8.2 2.5 7 4a 
Edge ~10-8 2 × 10-2 7 – 8.5 1.9 21 4b 
Edge ~10-8 10-1 9.1 2.3 7 4c 
Isother
m 

10-9 – 2 × 10-6 10-3 7.5 2.5 14 5 
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Figure 4: Effect of NaHCO3 on Ni sorption edges on Na-illite in the absence (O, ) and presence 
( ) of (a) 1 mM NaHCO3, (b) 20 mM NaHCO3 and (c) 100 mM NaHCO3. Figure 5 shows the 
results of Ni sorption isotherm measurements on Na-illite in the absence and presence of 1 mM 
NaHCO3 at pH 7.5. 
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Figure 5: Effect of NaHCO3 on a Ni sorption isotherm measured on Na-illite (0.1 M NaClO4, pH 
7.5). Open symbols: absence of NaHCO3; closed blue symbols: 1 mM NaHCO3. 

Conclusions 

The experimental data indicate that Ni sorption onto illite is rather insensitive to the presence of 
inorganic carbon at levels up to 20 mM and pH values below 9 within the experimental 
uncertainties associated with the measurements. Only at very high inorganic carbon concentrations 
(~100 mM) is a significant effect on sorption observable. 

In a next phase of the work, the modelling of these data sets will be performed. 

Application to PA 

Dissolve inorganic carbon is ubiquitous in all natural waters and it is essential to be able to 
quantify the effects of aqueous carbonate speciation on sorption and include this in models for 
predicting radionuclide uptake in natural systems and for the development of SDBs based on 
thermodynamic principles for Performance Assessment. 
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Abstract 

A combination of different methodologies leads to vizualize the microstructure and the 3D 
distribution of minerals and porosity at a micrometric scale with access to the quantification of 
each of these elements.  

A methodology was developed to consolidate, maintain mechanically and prepare the samples 
before the impregnation of their porosity by a resin. This technique of impregnation with a 
radioactive resin, the polymethyl methacrylate doped with carbon-14 (14C-PMMA) gives the 
possibility to integrate the results obtained on the same sample with autoradiography, SEM-EDS 
and high resolution X-Ray tomography. 

Processing of images obtained with microtomography allows visualizing or quantifying features of 
the internal structure. 

The specific techniques of imagery developed and used are complementary. It allows a qualitative 
and quantitative description of the petrography of the going sample of micrometric size of pixel 
and with the section of the sample itself. 

Introduction 

The microstructural characterization by imagery, of argillaceous materials studied within the 
framework of FUNMIG, requires taking into account the reactivity of the argillaceous medium 
(swelling, withdrawal) with respect to water contained in the ambient air and the "relative" 
mechanical brittleness of the sample related on the presence of argillaceous minerals and the 
stratification. 

A combination of different methodologies improved or developed in this work leads to vizualize 
the microstructure and the 3D distribution of minerals and porosity at a micrometric scale with 
access to the quantification of each of these elements.  

Objectives 

The objectives of this work are to develop adapted sample preparation methodologies in order to 
obtain suitable images leading to a proper characterization of microstructure. So that, a 
methodology was developed to consolidate, maintain mechanically and prepare the samples before 
the impregnation of their porosity by a resin. This first step gives the possibility to integrate the 
results obtained on the same sample with autoradiograph, SEM-EDS and high resolution X-Ray 
tomography. 
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Experimental 

Impregnation of samples 

The samples are impregnated under vacuum with a radioactive resin, the polymethyl methacrylate 
doped with carbon-14 (14C-PMMA) which is polymerized in the bulk with a sufficient dose of 
gamma radiation. This resin is able to penetrate in interlayer spaces of swelling clay minerals [1]. 
This is the main way by which the resin enters in rocks like argillite and joins isolated micropores. 
The counterpart is the creation of mechanical constraints and potential cracks related to the 
variations of volumes at small scale if samples are not previously controlled. Methodology 
consists in coating the sample, cut out beforehand, by a viscous resin. According to its 
mineralogical composition, a steel hooping is added or not to the resin of consolidation, which 
establishes the link with the sample to transmit the mechanical efforts.  

 
2D cartography of the porosity by autoradiography 
 
Autoradiography acquisition and calibration  

The blocks or the thick sections are exposed on Kodak Biomax MR films during sufficient time in 
order to acquire autoradiograph with the best possible porosity contrast. Autoradiograph images 
correspond to the beta irradiation of the film which is proportional to the tracer density in the thin 
flat analysed section. The thickness of the section is a function of the range of beta in the 
impregnated rock sample. 

The autoradiographs are then digitised in 8 bit grey level images with a spatial resolution of 2400 
dpi (10.4 µm pixel width). This resolution allows revealing all the details of the film as its own 
resolution is close to 20 µm [1, 2]. A set of calibration sources of known activity is simultaneously 
exposed on the autoradiograph film to obtain the relationship between the local activities and 
optical densities of the film.  

Porosity calculations 

Using a calibration function [3], the grain density of the sample and the tracer activity, a local 
porosity is calculated for each pixel (10.4 µm per 10.4 µm) of the digitised sample autoradiograph 
thanks to the relationship provided by [4] and the AUTORADIO software [1]. 

Results 

For each sample a combination of analysis methods is applied using the AUTORADIO software to 
reveal the spatial heterogeneities of porosity distribution [1] (Figure 1). Firstly the mean sample 
porosity is calculated from the arithmetic mean of local porosities for all the sample surface area. 
Secondly a porosity frequency histogram is computed on the same analysed area. 

Thirdly a porosity profile parallel to the drilling direction and the expected sedimentary plane was 
acquired in an area excluding the largest fissures, the main objective being to reveal a possible 
clay matrix porosity evolution through each sample. 
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Figure 1: Autoradiograph obtained on a thick section (11 days exposure) of opalinus clay sample: 
the darkest areas correspond to the highest porosities; blue arrow indicates an increasing 
distance from the gallery; scale bar corresponds to 5 mm; red and blue rectangles represent the 
chosen areas for the mean measurement and frequency distribution of porosity performed for the 
clay matrix (Figure 2) and the whole sample (Figure 3), respectively. The highly porous border 
(darker) of the sample was excluded of the analysed areas as it corresponds to sawing artefacts 
before impregnation (look at the porosity profile). 
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 Figure 2: Porosity frequency histogram 
and mean value of the clay matrix (red 
rectangle on the autoradiograph) 
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Figure 3: Porosity frequency histogram 
and mean value of the whole sample (blue 
rectangle on the autoradiograph) 

2D mapping of the mineralogy with the SEM – EDS system  

The scanning electron microscope allows different modes of imagery of surfaces and to get charts 
of elementary distribution of chemical elements chosen "to rebuild" the distribution of minerals of 
the analyzed section (Figure 4). 
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Porosity profile along the yellow line on 
autoradiograph: each porosity value represents the 
mean porosity calculated for a 1 mm thickness on 
both sides of the central yellow line; the porosity 
increase on the left part of the yellow line outside 
the blue box is probably an artefact due to sawing 
during the preparation of the sample. 
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Figure 4: Example of map of minerals rebuild from elementary distribution obtained with SEM–
EDS analyses; COX Sample HTM 01147, enlargement of the argillaceous matrix, RVB image is 
obtained by X-ray mapping elementary. Caption: red = quartz, magenta = feldspars, green = 
carbonates, dark green = dolomite, purple = argillaceous matrix, black = porous zone. 
 
High resolution 3D imagery by microtomography 

The microtomography is a non destructive and three-dimensional technique of visualization and 
characterization of the internal structure of materials. The realization of a volume in 
microtomography comprises a stage of acquisition of a great number of radiographies (1000-1500) 
for a step by step rotation of the sample trough an angle of 180º and a stage of numerical 
rebuilding to obtain the three-dimensional image of the structure of the sample (Figure 5). The 
images express the variations of absorption of the X-radiation in the sample, i.e. the volumetric 
distribution of the linear attenuation coefficients. Absorption is a function of the incidental energy 
of x-rays and the local apparent density of material, i.e. of the mineralogical composition and 
porosity on the level of the voxel. The microtomography makes it possible to study the 
microstructure of various materials with a micrometric resolution, even sub-micrometric using 
millimetric sample size. 

We used the radiation provided by the European Source of Synchrotron radiation and the 
techniques of the ID 19 line dedicated to microtomography. The use of a powerful camera CCD 
specifically developed and suitable optics makes it possible to obtain sizes of pixels from 40 to 0.4 
µm.  
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Figure 5: Visualisation of a volume of COX 
by microtomography Sample 07123, Est205 
drilling, pixel 0.7 µm (Volume dimensions 
are X = 596.4 µm, Y = 413.7 µm, Z = 210.7 
µm). Acquisition carried out on the line 
ID19, Grenoble Synchrotron.  

Figure 6: Same sample than on Figure 5. 
Processed image showing porosity 
(white) and heavy minerals (yellow). 
 

Modelling 

Processing of images obtained with microtomography allows visualizing or quantifying features of 
the internal structure. This can be performed using for example the software Amira 3.1 (Mercury 
Computer Systems Inc.) . 

The observation of the internal structure of the sample by microphotography incontestably 
highlights the presence of the macropores, of several tens of micrometers large (Figure 6). These 
pores cannot result from artefacts. They are generally localised in the argillaceous matrix and are 
sometimes associated to the porosity of certain fossils. The whole of these micrometric pores, are 
connected between them by the argillaceous matrix but does not constitute a network at this scale 
of observation (size of pixel of 0.7 µm). 

Application to PA 

This work contributes to provide more accurate information on the microstructure of argillite for 
input in transport models. This makes possible the combination at small scale of the transport 
phenomena and the surface interactions within the microstructure.  

The visualization of internal structure and mainly the evidence of non connected macroporosity 
can help to give confidence to general public on the capacity of such rocks to be an efficient 
barrier.  

Conclusions 

The work completed by ERM makes it possible to establish a “single” link between the physical 
measurements taken in laboratory on samples of big sizes and the studies carried out, on smaller 
scales, on the arrangement of the argillaceous matrices comprising of inflating and their evolution 
according to the properties of pore water. The specific techniques of imagery developed and used 

Macroporosity 

Heavy  mineral 
(pyrite) 
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are complementary. It allows a qualitative and quantitative description of the petrography of the 
going sample of micrometric size of pixel and with the section of the sample itself. 
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Abstract 

The redox transformations of Callovian-Oxfordian (COX) claystone samples under oxidizing 
perturbation have been studied using Mössbauer spectrometry. The samples had different 
oxidation histories ranging from no oxidation (transport from field to laboratory under liquid N2, 
experiments carried out in a glove box) to massive air oxidation. Pyrite and Fe(II) carbonates are 
found to oxidise very slowly or not at all when the samples are brought into contact with the 
atmosphere. In contrast, iron associated with clay minerals exhibits very fast oxidation kinetics, 
which is in full agreement with the high redox reactivity of Fe(II) sorbed on smectite. An 
important consequence of the present results concerns sorption and diffusion experiments 
involving redox-sensitive species. Given the reactivity of part of the Fe(II) associated with clay 
minerals, special care must be taken during the transport and preparation of COX samples to 
ensure that the full redox reactivity of the formation is taken into account during subsequent 
experiments. 

Introduction 

The Agence Nationale pour la Gestion des Déchets Radioactifs (ANDRA––French Radioactive 
Waste Management Agency) has built an underground research laboratory (URL) near the 
community of Bure in northeastern France to investigate the disposal of high-level radioactive 
waste in a deep clayey formation. The main gallery of the laboratory is located in the Callovian–
Oxfordian host rock (COX) at an approximate depth of 490 m. Underground laboratories are 
essential for characterising host-rock properties (geology, geomechanics, mineralogy and 
geochemistry) on a large scale and for performing in-situ experiments to assess disposal concepts. 
A synthesis of previous investigations on the mineralogy and geochemistry of the Callovian-
Oxfordian, including porewater, has been already published [1, 2]. The aim of the present paper is 
to complete the description of the Callovian-Oxfordian formation by presenting the redox 
reactivity of its various mineral components. This must be taken into account, e.g. in order to 
obtain reliable models of the porewater’s chemical composition.  

Redox is one of the main factors affecting the migration of redox-sensitive radionuclides. The 
mobility of critical chemical species differs greatly depending on their redox state (e.g. TcO2

0 vs. 
TcO4

-, I- vs. IO3
-). It is thus of great interest to investigate the redox reactivity of the formation, 

particularly when exposed to redox perturbations such as plumes of redox-influencing substances 
(i.e. nitrates) or O2 diffusion in the claystone formation following the construction and ventilation 
of tunnels and galleries. The formation is known to be an anoxic and reducing system containing 
pyrite, iron carbonate, iron(II)-bearing clay minerals, and organic matter. These four components 
account almost entirely for the total reduced capacity (TRC) of the rock [1]. Using a 
thermodynamic equilibrium approach, one can consider that the totality of these components could 
oxidise in response to a redox perturbation. However, redox reactions are complex phenomena 
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that are dominated by kinetics rather than thermodynamics. As an example, pyrite can exist as a 
metastable mineral due to a surface coating of oxidation products such as iron oxy-hydroxides. 
Redox systems thus have to be considered both in terms of redox potential (thermodynamics) and 
redox reactivity or kinetics. 

Objectives 

This paper deals with redox transformations of Callovian-Oxfordian claystone samples under O2 
perturbation from air. The results are discussed in terms of sample reactivity and sample 
preservation strategy. 

Experimental method 

Solid samples 

The solid samples, hereafter named PAC-1, were taken directly from the drill-core performed for 
the PAC experiments in the ANDRA URL in January 2005 (borehole PAC-2002, sample EST 
21400). The core was obtained by nitrogen drilling instead of oil-based mud drilling, thus reducing 
contact with atmospheric O2. As soon as the core was brought to the surface (~1 hr after drilling), 
a hammer was used to sample rock fragments, which were immediately introduced in a Dewar 
containing liquid N2 (77 K) to avoid any further oxidation with atmospheric O2. The samples were 
then stored in a Dewar flask for one month. The claystone sample used in this study was taken 
from the centre of the core and is consequently assumed to have undergone the least possible 
contact with atmospheric O2. 

Mössbauer sample preparation 

The Mössbauer sample was prepared the night before analysis. The material, stored in liquid N2, 
was transferred to the purge chamber of an N2-atmosphere glove box before being introduced into 
the main chamber with a O2 content below 30 ppm during sample preparation, according to the O2 
sensor. Preparation lasted approximately one hour and involved scraping off the potentially 
oxidised surface of the rock fragment with a steel spatula. The powder necessary for the 
experiment (300 mg) was then taken from the inner part of the sample by scraping the fresh 
surface. The Mössbauer sample holder was filled with powder, capped and sealed with an 
araldite© epoxy resin. The remaining sample was stored in a plastic recipient placed inside a 
hermetically sealed glass container for future use. The Mössbauer sample was kept overnight in 
the glove box so that the epoxy resin could dry, and was then taken out and immediately 
reintroduced into the liquid-N2-filled Dewar for transport. The Mössbauer spectra were measured 
the same day and afterwards the sample remained in liquid N2. This sample is named "fresh PAC-
1". In addition, another fragment of the sample was removed from the glove box and stored in 
contact with atmospheric oxygen for three months before preparation for Mössbauer spectroscopy. 
This sample is named "oxidised PAC-1". 

Mössbauer spectra records 

The Mössbauer spectra of the samples were recorded at 4.2 K, 77 K and 300 K using a constant 
acceleration spectrometer and a 57Co source diffused into a rhodium matrix. Velocity calibrations 
were made using an α-Fe foil at 300 K. The hyperfine parameters were refined using a least-
squares fitting procedure (MOSFIT, Teillet and Varret, Université du Maine, Le Mans, France). 

Results and discussion 

Figure 4 shows the Mössbauer spectra recorded at 4.2 K, 77 K and 300 K for a fresh sample (fresh 
PAC-1) and a sample exposed to air (oxidised PAC-1). The samples exhibit roughly three main 
features corresponding to the principal iron-bearing components of the COX claystone samples: 
pyrite, iron carbonates, and iron-bearing clay minerals (Figure 4 and Table 2; [4]).  



1st Annual Workshop Proceedings 6th EC FP - FUNMIG IP Saclay (France) 28th Nov.- 1st Dec. 2005 
Mössbauer evidence for Fe(II) high redox reactivity in clay phases of Callovian-Oxfordian claystones. Methodological 
implications. 

 - 238 -  

As the pyrite Fe2+ doublet, the clay Fe3+ doublets and the Fe3+ amorphous oxide doublets are 
superimposed at 77 K (Figure 4B), it is necessary to adopt a multi-temperature approach in order 
to differentiate them. The spectrum at 4.2 K (liquid helium; Figure 4A) was recorded prior to that 
at 300 K (room temperature Figure 1C). No magnetic sextet is clearly observed in the 4.2-K 
spectrum, meaning that a significant contribution of amorphous iron oxides to the iron pool of the 
sample can be ruled out. Unfortunately, the 4.2-K spectrum does not allow differentiation between 
the signals originating from clay-structural Fe3+ and pyrite-structural Fe2+, thus preventing the 
Mössbauer technique from giving a reliable Fe2+/Fe3+ balance in this particular case. 

 
 

Figure 4: Comparison between 4.2 K, 77 K and 300 K Mössbauer spectra of the fresh and 
oxidised PAC-1 samples. A: Mössbauer spectra obtained at 4.2 K on fresh PAC-1. B: Mössbauer 
spectra obtained at 77 K on fresh PAC-1. C: Mössbauer spectra obtained at 300 K on fresh PAC-
1. D: Mössbauer spectra obtained at 77 K on fresh PAC-1 after recording at 300 K. E: Mössbauer 
spectra obtained at 77 K on oxidised PAC-1. Red, white and blue curves refer to Mössbauer fitting 
components given in Table 2. 

 The 300 K Mössbauer spectrum on the fresh PAC-1 sample (Figure 4C) shows the proportion of 
the quadrupolar doublet corresponding to the iron-bearing clay contribution to be significantly 
lower than that in the 77 K spectrum. It is important to emphasise that the two hyperfine structure 
Fe2+ components must be attributed to some Fe nuclei, the environment of which can be found in 
various mineral species, e.g. smectite, illite, mixed-layer smectite/illite, glauconite and chlorite. 
Indeed, the temperature-dependence of the crystal field that in turn depends on spin-lattice 
coupling might thus cause a shift towards the carbonate peak position, because the lattice varies 
from one species to another. In addition, one cannot exclude that part of the Fe2+ associated with 
clay minerals can be oxidised during the recording of the spectrum at 300 K. These two 
hypotheses were tested by recording the same sample (fresh PAC-1) again at 77 K (Figure 4D). It 
was found that more than 40% of the contribution of Fe2+ associated with clay had disappeared 
(from 23% to 13%, Table 2), thus supporting the second hypothesis and favouring an oxidation 
process.  
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Table 2: Mössbauer parameters of the fresh and oxidised PAC-1 samples at 77 K and 300 K. I.S. 
= Isomer shift value relative to that of the α-Fe at 300 K; Γ = line width; Q.S. = quadrupolar 
splitting value; % = ratio of each component. 

  I.S. 
mm 
s-1 

Γ 
mm 
s-1 

Q.S. 
mm 
s-1 

% 

Doublet 1 0.41  0.42 0.59   50% 
Doublet 2 1.38 0.39 1.97 27% Fresh PAC-1  

77 K Doublet 3 1.26 0.41 3.00 23% 
Doublet 1 0.22 0.41 0.59 58% 
Doublet 2 1.26 0.37 1.55 30% Fresh PAC-1 

300 K Doublet 3 1.13 0.35 2.76 12% 
Doublet 1 0.41 0.36 0.60 53% 
Doublet 2 1.39 0.39 1.99 33% 

Fresh PAC-1 
77 K after 
300 K Doublet 3 1.26 0.41 3.03 13% 

Doublet 1 0.41 0.34 0.61 59% 
Doublet 2 1.40 0.37 2.00 28% 

Oxidised 
PAC-1 77 K, 
3 months Doublet 3 1.26 0.30 3.05 13% 

Doublet 1 0.40 0.36 0.62 62% 
Doublet 2 1.39 0.36 2.00 25% 

Oxidised 
PAC-1 77 K, 
6 months Doublet 3 1.24 0.33 3.04 13% 

Based on analytical chemistry data (not shown) it is known that the PAC-1 sample contains ≈ 0.25 
mol Fetotal/kg. The reaction thus corresponds to the oxidation of approximately 0.25 × 300 × 10-6 × 
10% = 7.5 × 10-6 mol Fe in less than 24 hours. Considering that this oxidation is caused by 
molecular O2, ~2 µmol of atmospheric O2 would have been consumed, corresponding to a volume 
of 0.8 cm3. This volume is far greater than that of the sample holder, meaning that this oxidation is 
probably due to atmospheric O2 that diffused into the sample during the recording at 300 K, 
despite all the precautions taken, rather than to O2 trapped in the porosity during the preparation 
and storage stage. Finally, the Mössbauer spectrum obtained on the sample oxidised for three 
months (Figure 4E) is very similar to that obtained on the fresh sample after oxidation due to O2 
diffusion during recording at 300 K (Figure 1D).  

Conclusions 

The present Mössbauer experiments show clearly that the kinetics of iron phase oxidation play a 
major role in the control of the redox system. Pyrite and Fe(II) carbonates are found to oxidise 
very slowly or not at all in contact with the atmosphere, whereas iron associated with clay 
minerals exhibits very fast oxidation kinetics. This is in full agreement with the high redox 
reactivity of Fe(II) sorbed to smectite [3] & [5]. Future studies will focus on the reaction pathways 
implicated in these redox transformations and on the redox potential of Fe(II) associated with clay 
minerals.  

An important consequence of the present results concerns sorption experiments involving redox-
sensitive species. Given the reactivity of part of the Fe(II) associated with clay minerals, special 
care must be taken during solid sample transport and preparation in order to ensure that the full 
redox reactivity of the formation is taken into account in subsequent experiments.  

Application to Performance Assessments 

The present work shows that particular care must be taken concerning oxidation of COX samples 
intended for future sorption or migration studies of redox-sensitive radionuclides. Without a well-
designed procedure, the reduced capacity of argillite would be underestimated both in quantity and 
efficiency, with the most reactive part having disappeared before the start of the experiment. The 
Callovian-Oxfordian formation is thus likely to be more reduced than currently modeled. The 
consequences for Performance Assessments are an overestimation of the redox potential used in 
radionuclides speciation studies.  



1st Annual Workshop Proceedings 6th EC FP - FUNMIG IP Saclay (France) 28th Nov.- 1st Dec. 2005 
Mössbauer evidence for Fe(II) high redox reactivity in clay phases of Callovian-Oxfordian claystones. Methodological 
implications. 

 - 240 -  

References 

[1] Gaucher, E., Robelin, C., Matray, J.M., Negrel, G., Gros, Y., Heitz, J.F., Vinsot, A., Rebours, H., 
Cassabagnere, A., and Bouchet, A. (2004) ANDRA underground research laboratory: Interpretation of the 
mineralogical and geochemical data acquired in the Callovian-Oxfordian Formation by investigative drilling. 
Physics and chemistry of the earth, 29/1 (Special issue: Water Geochemistry and Hydrogeology), 55-77. 
[2]Gaucher, E.C., Altmann, S., Blanc, P., Bardot, F., Jacquot, E., Lassin, A., Negrel, G., Braibant, G., Breeze, D., 
Crouzet, C., and Gautier, A. (Submitted) Porewater chemistry simulation of the Callovian-Oxfordian Formation. 
C.R. Geoscience. 
[3] Gehin, A., Greneche, J.M., Tournassat, C., and Charlet, L. (2004) Specific sorption of Fe(II) on synthetic 
montmorillonite in anoxic conditions. Mössbauer evidences for iron surface oxidation in absence of clay structural 
oxidant. Goldschmidt Geochemistry, 68/11S, p. A164. Geochimica et Cosmochimica Acta, Copenhagen - 
Denmark. 
[4] Stevens, J.G., Khasanov, A.M., Miller, J.W., Pollak, H., and Li, Z. (2005) Mössbauer Mineral Handbook. 
MEDC. 
[5] Tournassat, C. (2003). Thesis: Interactions cations - argiles : le cas du Fe(II). Application au contexte de 
stockage profond des déchets radioactifs. 200 p. University Grenoble-I. 



1st Annual Workshop Proceedings 6th EC FP - FUNMIG IP Saclay (France) 28th Nov.- 1st Dec. 2005 

 - 241 -  

SCIENTIFIC KNOWLEDGE BASE OF PROCESSES/TOPICS 
AND ITS IMPLEMENTATION IN PERFORMANCE 

ASSESSMENT FROM THE POINT OF VIEW OF WASTE 
MANAGEMENT ORGANISATIONS 

 
B. Schwyn, J. Schneider and P. Zuidema 

 
NAGRA, National Cooperative for the Disposal of Radioactive Waste. 

Hardstrasse 73, 5430 Wettingen - Switzerland 

Overview 

The first part of the Topical Session was focused on RTDC 6. The intention was to promote 
communication between performance assessors and the research oriented partners in FUNMIG. 
For that purpose, representatives of both groups, researchers and performance assessors, were 
asked to participate in the Topical Session. The present contribution focuses on the point of view 
of the waste management organisations (Section 2.) and on external projects relevant to FUNMIG 
(Section 3.). Section 4 deals with the interaction between Science and Performance Assessment 
(PA) from a performance assessor’s / manager’s perspective and is based on a presentation given 
by J. Schneider at the Topical Session. 

2. European repository concepts and implementation of far field processes in performance 
assessment 

Representatives of several European waste management organisations, namely L. Knight 
(NIREX), F. Plas (ANDRA), B. Schwyn (NAGRA), J.L. Cormenzana (ENRESA), A. Dierckx 
(ONDRAF/NIRAS) and J. Mönig (GRS) presented the repository concepts in different host rocks 
emphasising the treatment in PA of processes related to radionuclide transport in the far field. 
Repository layouts, applied modelling tools, approaches (deterministic or probabilistic) and recent 
PA exercises were discussed. 

Processes such as sorption and organic complexants (natural or stemming from the waste) are 
equally important for all host rocks. In contrast, radionuclide migration processes are host rock 
specific. Table 1 lists the waste management organisations participating in FUNMIG and their 
most recent PAs / safety case presentations arranged with respect to the different host rocks. 

2.1 Clay-rich host rocks 

For clay-rich rocks investigated in FUNMIG, diffusion is the dominating transport mechanism. 
The main challenge is to get a consistent view of how dilute systems (in which important 
parameters like radionuclide sorption are often measured) are related to compact (in-situ) systems. 
Some processes (e.g. diffusion, sorption, ion exclusion) are similar to the ones occurring in the 
matrix and infill of fractured systems. 
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Table 1: Available experience on performance assessment / safety cases in FUNMIG 
Waste management 
Organisation 

Host rock    

 Generic Clay-rich Crystalline Salt 
NIREX (UK) GPA03 [1]    
ANDRA (FR)  Dossier 2005 

Argile [2] 
  

NAGRA (CH)  Project Opalinus 
Clay [3] 

  

ENRESA (ES)  ENRESA 2003 
(clay) [4] 

ENRESA 2000 
(granite) [5] 

 

ONDRAF / SCK (BE)  Safir 2 (2001) [6]   
POSIVA (FI)   TILA-99 [7]  
SKB (SE)   SR-97 [8]  
GRS (DE)    ERAM 2004 [9] 

2.2 Crystalline host rocks 

Processes considered important, i.e. sorption, matrix diffusion and distribution of groundwater 
flow are discussed in Section 3.2. The advective flow in fractures not only determines solute 
transport but may be accompanied by colloid-facilitated radionuclide migration. This is in contrast 
to diffusion dominated systems where the mobility of larger particles is highly restricted by small 
pores or the poor connectivity of larger pores. In common with other host rocks, transport through 
the geosphere also mitigates peak releases of non-sorbing, or weakly-sorbing radionuclides, due to 
hydrodynamic dispersion. 

2.3 Salt 

The safety concept for a repository in a salt formation is different in comparison to the clay-rich 
and crystalline host rocks. For a repository in a salt formation the near field includes the 
engineered barrier system and the salt formation. The overburden above a salt dome is referred to 
as the far field. 

The normal evolution scenario (reference scenario) for a repository in a salt formation is 
characterised by a steady reduction of the void spaces in the repository mine due to the creep 
behaviour of rock salt. This convergence process leads to a complete enclosure of the radioactive 
waste within a few hundred years. Consequently no radionuclide transport occurs in this reference 
scenario. Long-term safety assessments therefore refer to altered evolution scenarios where 
radionuclide transport in the overburden takes place. Such a scenario may consist of an early 
inflow of water from the overburden or from brine pockets in the salt formation. 

Far field processes considered in PA for a repository in a salt formation resemble the processes 
considered in PA for repositories in clay-rich or crystalline host rocks. A peculiarity, however, is 
the highly saline porewater (brine). 

3. External projects relevant to FUNMIG 

3.1 The NEA Sorption Project 

Radionuclide sorption is one of the most important retardation mechanisms in the host rock of a 
repository. It is therefore subject of investigation within the FUNMIG project. One of the issues in 
the 1st Topical Session was to inform (Michael Ochs) about the outcome of the recently 
completed phase II of the NEA Sorption Project [10]. In PA sorption is generally characterised by 
equilibrium distribution coefficients Kd. The objective of the sorption project was to test the 
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applicability of thermodynamic sorption models (TSMs) to support the selection of sorption 
parameter for PA (Kd values) and to strengthen the scientific understanding of sorption processes. 

The project consisted of a benchmark exercise in which 20 modelling teams participated. Test 
cases included the sorption of radionuclides on single minerals such as iron oxides, quartz, 
alumina and montmorillonite, on clays such as bentonite and on complex mineral assemblages 
such as soils and weathered rock. 

The project demonstrated the capability of TSMs to predict Kd values as a function of chemical 
conditions, e.g. pH, pCO2, radionuclide concentration and ionic strength, at least, when the model 
application is done under chemical conditions similar to those used for model calibration. 
Extrapolation to significantly different chemical conditions, however, is still questionable and 
depends on the model used (general composite or component additivity approach). At present, the 
available experimental and thermodynamic databases are a limiting factor for the further 
development of TSMs. 

3.2 RETROCK 

The main task in RTDC 6 is to link the investigations within the FUNMIG project to PA. This 
includes the current treatment of investigated processes in PA, the evaluation of the project results 
with respect to PA and feedback from performance assessors. As an instrument for this link, the 
processes investigated in FUNMIG are mapped to existing FEP lists such as the NEA FEP 
evaluation catalogue for argillaceous media [11]. For fractured host rocks the results of the 
recently completed Euratom project RETROCK [12] is used. A. Hautojärvi therefore informed on 
the outcome of the project. 

A conclusion of RETROCK is that sorption, matrix diffusion, the distribution of groundwater 
flow, and radionuclide decay continue to be the main processes that need to be dealt with in future 
PAs. Colloid-facilitated transport, influence of microbes, gas-mediated transport, precipitation and 
dissolution, off-diagonal Onsager processes, effects originating in the near-field and the impacts of 
climate change were also judged to be of certain relevance for PA. The currently applied priorities 
to develop the treatment of the processes, mentioned above, are concluded to be well-reasoned. 
PAs carried out up to now have been considered fit-for-purpose at the time they were produced. 
However, as a repository programme moves towards implementation there will be a greater need 
for completeness and adequacy of the models and data as well as for supporting arguments. 

4. The interaction between Science and Performance Assessment in the context of the 
development of deep geological repositories 

4.1 Introduction 

This Section presents some thoughts, from the point of view of a manager / PA specialist, on the 
interaction between Science and PA in the context of the development of deep geological 
repositories. 

The Section is organised as follows. Subsection 4.2 discusses the framework for repository 
development and the role of the safety case in the step-wise repository implementation process. 
Subsection 4.3 looks at the typical steps involved in a PA exercise undertaken to support a safety 
case for a given milestone. Subsection 4.4 considers the roles and interactions of different groups 
of personnel involved in compiling a safety case, with emphasis on the interactions between 
Science and PA. Subsection 4.5 explains how such interactions are formally established within 
FUNMIG, and subsection 4.6 presents the conclusions.  
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4.2 Framework for repository development and the role of the safety case 

Figure 1 shows the key elements for decision-making in the context of developing a repository. 
The implementation strategy determines on one hand the system to be considered and includes the 
definition of a site and the system design. The implementation strategy, on the other hand, also 
determines what R+D projects are needed for the chosen system. Both of these elements provide 
essential input to the safety case. Societal confidence in the concept chosen for the long-term 
management of radioactive waste is also crucial for a successful repository implementation. 
Finally, a decision-making process that ensures participation of all stakeholders and that is 
perceived as fair and balanced, with the possibility to influence the programme, is also of key 
importance.  

The role of the safety case in the stepwise repository implementation process is a fundamental 
one: at each milestone, compiling a safety case forces the implementing organisation to reassess 
the implementation strategy; i.e. to ask the questions “is the quality of the system and the quality 
of the scientific and technical understanding adequate to support a decision to move on to the next 
milestone?”. The iterative nature of the process allows us to make use of the experience gained in 
the previous steps in order to improve both the quality of the system and the quality of the 
scientific and technical understanding in a focussed manner. The iterative nature of the process 
also implies that not everything needs to be known at a given step in order to make a decision to 
move to the next step. 

 
Figure 1: Important elements of decision-making for the step-wise and iterative repository 
implementation process. Taken from [3]. 

4.3 Performance assessment: Typical steps  

For further discussion, it is useful to consider the typical steps involved in a PA study undertaken 
to support a safety case for a given milestone (see, e.g., the recently published safety reports [2], 
[3], [6]). These may be summarised under the following headings (assuming that issues such as 
the aims and framework for developing the safety case, the methodology for making the safety 
case and the design of the disposal system have been defined in previous steps): 

• Phenomenological analysis: Get the “full picture”, identify the issues relevant for safety: 
i.e. their contribution to safety and / or their potential to undermine safety. 
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• Identify uncertainties: Based on the phenomenological analysis, identify and describe 
uncertainties, including natural variability and lack of data and / or understanding. 

• Derive framework for quantitative analysis: Explore system sensitivity to uncertainties; 
identify key uncertainties (not all uncertainties are equally important for safety). Set up a 
range of deterministic and / or probabilistic assessment cases that address the key 
uncertainties.  

• Quantification of performance: Evaluate the assessment cases.  

• Completeness check: Derive and apply a methodology that ensures all relevant 
phenomena and their associated uncertainties are appropriately addressed.  

• Synthesis: Summarise the main findings (quality of the system, quality of the scientific and 
technical understanding, confidence in the results). 

4.4 Roles and interactions of different groups of personnel involved in compiling a safety 
case  

The personnel who develop a safety case according to the lines indicated above have a number of 
distinct roles. In developing Project Opalinus Clay [3], it was found useful to distinguish four 
groups, each with well-defined roles: 

• The management group, responsible for overall management of repository planning. 

• The science and technology group, responsible for the scientific and technical basis of 
the safety case. 

• The performance assessment group, responsible for the development of a system 
concept, the safety concept and the approach to safety assessment, as well as the carrying 
out of the safety assessment and the compilation of the safety case. 

• The bias audit group, responsible for ensuring that the scientific basis for safety 
assessment is complete, fully documented and exploited in an unbiased manner in safety 
assessment. 

Interaction between these groups must take place, to keep work focused on project goals, to ensure 
that the knowledge and expertise of available personnel are fully exploited, and to ensure that all 
personnel understand and support the safety case arguments. At the same time, a degree of 
independence must be maintained, to avoid unduly biasing the work of one group by the expecta-
tions of another. The science and technology group, for example, should not feel restricted to 
consider new phenomena, even though these may not fit conveniently into existing methods or 
models used by the safety assessment group. We now focus on the interactions between “Science” 
(which can be taken to be a sub-group of the science and technology group) and “PA” (which is 
identical to the safety assessment group). 

Science 

The primary role of the science group in developing a safety case is to develop and evaluate the 
scientific basis for safety assessment. The main responsibility of Science towards PA is to provide 
PA with the scientific understanding required to develop the system concept and the analysis tools 
and to critically review key assumptions made by PA. More specifically, Science has to 

• provide process understanding (incl. quantification), 

• provide expert judgement when data is scarce or unavailable, 

• characterise and quantify uncertainties (i.e. provide alternative concepts and 
interpretations, data uncertainty, variability), 
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• accept that simplifications are needed in PA, 

• review the assumptions and simplifications as proposed by PA and as present in 
assessment models and data for consistency, 

• accept that limitations in understanding need to be bounded by pessimistic or conservative 
assumptions, and 

• ensure that conservative assumptions are justified and explicit. 

Performance assessment 

The primary role of PA in developing a safety case is to formulate and analyse safety assessment 
cases, assess independent evidence and use this and complementary information to compile the 
safety case. PA’s main responsibility towards Science is to ensure that Science is aware of PA’s 
activities and information needs and that Science provides the required information on time. In 
addition, PA has to 

• be open minded for the input provided by science, 

• ensure that best use is made of the available scientific understanding, and 

• acknowledge in the synthesis the limitations of the analyses (i.e. results are not exact 
predictions, but a sufficiently reliable illustration of safety). 

Science and PA both have to acknowledge that at a given step in the stepwise repository 
implementation process, there may be a number of issues that are not fully resolved. Nevertheless, 
the results of PAs can be, and have been, used successfully as a basis for a decision to go forward 
with repository implementation. In order to do so, the uncertainties associated with these open 
issues need to be (i) bounded and (ii) their consequences analysed. While PA is generally well 
equipped to address the second of these tasks, in order to accomplish the first in a meaningful way, 
PA needs expert judgement by qualified scientists. In summary, only a joint effort of science and 
PA can make an overall judgement on the meaning of these open issues for the system at hand. 

Once this has been achieved, PA should provide, as part of the safety case, a discussion of the 
important but poorly understood issues in order to put them into perspective and indicate 
possibilities to reduce the associated uncertainties in the next steps. 

4.5 Establishment of interaction between Science and Performance Assessment within 
FUNMIG 

Within the FUNMIG project, an adequate level of interaction between Science and PA is ensured 
by the following organisational arrangements: 

• The FUNMIG project consists of contributions by the participating countries taking into 
account the PA needs of the individual national programmes. 

• The presentations given by representatives of several European waste management 
organisations during the first part of the Topical Session (see Section 2) were intended to 
familiarise the scientists with the different national repository concepts and the 
corresponding treatment of processes related to radionuclide migration in PA. 

• The strong host rock dependence of the questions to be answered by Science is reflected 
in the structure of FUNMIG, which consists of three RTDCs dealing with clay-rich, 
crystalline and salt rocks, respectively, and two none host rock specific RTDCs. In co-
work with the latter on one hand and PA specialists on the other hand, each host rock 
specific RTDC formulates the above mentioned questions and will compile the answers 
worked out by the project. 
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• In this latter endeavour the five “Science” RTDCs are supported by RTDC 6, the 
participants of which include representatives of the European waste management 
organisations usually bearing the responsibility for PA. RTDC 6 will issue a 
comprehensive summary of the FUNMIG results from a PA perspective including all host 
rocks dealt with in FUNMIG. 

4.6 Conclusions 

This Section has looked at some aspects of the interactions between Science and PA in the context 
of the development of deep geological repositories in general terms, and at how such interactions 
are established within FUNMIG. The main points can be summarised as follows:  

• Science provides the basis for an evaluation of system performance; i.e. it 

– provides concepts and data relevant to the system (including uncertainty ranges), 

– employs a systematic approach to dealing with uncertainties (involved scientists 
should provide the full spectrum of possibilities; i.e. they should present their own 
view, but also the views of other scientists working in their field), 

– complements sparse or missing data with expert judgement (sometimes this may 
involve the use of  conservative assumptions; typically these will be developed 
together with the PA specialists), 

– provides justifications for the assumptions and simplifications that must be made 
by PA (incl. independent evidence); i.e. it contributes to the development of a 
broad and balanced view, and 

– realises that not everything can, and needs to, be known in all details. 

• The exact type of questions that should be investigated by Science and the necessary level 
of accuracy that should be aimed at depend on  

– the safety concept (which, in turn, depends on the host rock, the waste to be 
emplaced, and the system of engineered barriers), 

– the phase and the maturity of the programme (in early phases, more 
simplifications are acceptable than in later phases), 

– and should be determined jointly by Science, PA specialists and informed 
managers. 

• Establishment of interaction between Science and PA within FUNMIG is ensured by a 
number of organisational arrangements. 
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