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FOREWORD

The present document is the proceedings of the Final Workshop of the EURATOM FP7 Collaborative Project
CROCK (Crystalline Rock Retention Processes). The electronic version of these proceedings is also available
on the webpage of the project (www.crockproject.eu) and on the KIT Scientific Publishing homepage. The
Workshop was hosted by KIT-INE and held in Karlsruhe (Germany) 14th — 16th May 2013. The project started
January 2011 and has two and a half years duration. It is composed by 10 beneficiaries including 5 research
organizations, 2 universities and 3 Small and Medium Enterprises (SME’s).

The key purpose of the proceedings is to document and make available to the broad scientific community
the outcome of the CROCK project. For this reason, a considerable part of the project activity reporting is
done through the proceedings, together with the outcome of a large number of scientific-technical
contributions and Topical Sessions on different topics, which could be important for the development of the
project. In the Final CP CROCK Workshop this topic focused on In situ URL experiments. Additional
purposes of the proceedings are to ensure ongoing documentation of the project outcome, promote
systematic scientific-technical development throughout the project, and to allow thorough review of the

project progress.
All Scientific and Technical papers submitted for the proceedings have been reviewed by the EUG (End-User-

Group). The EUG is a group specifically set up within the project in order to represent the interests of the end
users to the project and its desired outcome. To this aim, the composition of the EUG includes organizations
representing national waste management (SKB, POSIVA, SURAO) and national regulators (SSM, STUK).

Thanks to all those who submitted Scientific and Technical contributions for review and, especially, the
Workpackage leaders who provided the summary of the different workpackages for publication in these
proceedings. We also want to give a special thanks to the reviewers, members of the EUG, whose effort and
hard work reflect their commitment and dedication to the project.
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THE PROJECT

The EURATOM 7th EC Framework Program Collaborative Project Crystalline ROCK retention processes
(CROCK) started in January 2011 and extends over 2 and a half years. The key driver for initiation the CP
CROCK, identified by national Waste Management Organizations, is the undesired high uncertainty and the
associated conservatism with respect to the radionuclide transport in the crystalline host-rock far-field around
geological disposal of high-level radioactive wastes. In response to this, the CROCK project has been
established with the overall objective to develop a methodology for decreasing the uncertainty in the long-term
prediction of the radionuclide migration in the crystalline rock repository far-field and to show how the outcome
of the project can be used in the Safety Assessment and in the forthcoming site investigations programs. From a
more scientific point of view, the CROCK project is increasing the process understanding in the transport
simulations used to support Performance Assessment (PA) exercises with the purpose of increasing confidence
in the safety of nuclear waste disposal.

The project is implemented by a consortium of 10 beneficiaries consisting on 5 large European Research
Institutions, 2 Universities and 3 small and medium enterprises from six different countries with dedicated
crystalline host-rock disposal programs and particular competence in this field. The Coordination Team is based
on two organizations, namely the Coordinator (KIT) and the Coordination Secretariat (AMPHQOS). National
Waste Management organizations and Regulators also participate in the project contributing with co-funding to
beneficiaries, infrastructures, knowledge and information. The scientific-technical work program of the project
is structured along six RTD (Research and Technological Development) workpackages (WP1-6). Workpackage
1 started at the very beginning of the project providing new drill core fracture samples and characterizing the
experimental materials. Workpackage 2 focuses on radionuclide transport and sorption studies. Workpackage 3
deals with matrix diffusion and natural chemical homologue analysis. The general objective of workpackage 4
is to conceptualize and model radionuclide transport processes on systems at different scales. In workpackage 5
is described how the outcome of the other WPs can contribute to decrease the uncertainty in PA related with
transport treatment. Workpackage 6 is a cornerstone of the project, since its first objective is to establish a state-
of-the-art of the current knowledge on retention processes in crystalline rocks, then to continuously collect the
results obtained in the other workpackages, and finally to deliver a report summarizing the major advances
which will have been accomplished at the end of the project. There is also one workpackage on knowledge
management, dissemination and training (WP7). The last workpackage is on administrative and financial project
management (WP8).

The present proceedings document the outcome of the Final Project Workshop and give an overview of the
outcome of the 2nd project reporting.






THE FINAL WORKSHOP

The Final Project Workshop was held in Karlsruhe (Germany) 14th — 16th May 2013. The Workshop was
hosted by KIT-INE. There were 34 attendees at the workshop, representing all the beneficiaries, the End-User
Group, and five project external organizations (NAGRA, FZ Jilich, Helsinki University, Bfs and Fortum). The
workshop was organized in two and a half days organized in oral presentations on results obtained within
the project, a poster session, and a topical session on “In situ URL experiments”.

Objectives

The Workshop combines different activities and meetings with the following objectives:
¢ Informing about the scientific progress. For this purpose, plenary sessions and the poster session are
used for communicating results from the different technical workpackages.
e Informing about the administrative status.
¢ Informing/agreeing upon forthcoming final reporting.
o Discussing various topics of interest for the consortium.

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

RTD sessions

The workshop included plenary sessions where the results from the different workpackages were presented.
Next to an overview of the achievements within the respective WP, scientific highlights were explained. The
following presentations were given within the project.

WP1 session:
e S. Holgersson. Characterisation of rock samples from Asp6

e V.G. Petrov, LE.Vlasova, N.V.Kuzmenkova, V.A.Petrov, V.V.Poluektov and S.N. Kalmykov.
Characterization of rock samples from areas of the proposed Russian HLW and SNF repository
(Nizhnekansky massive).

WP2 session:

e S. Holgersson. Cs, Ra and U Sorption on rock samples from Aspo.

e Y. Totskiy, Th. Schafer, F. Huber, D. Schild, H. Geckeis and S. Kalmykov. Tc(VII) sorption on natural
granitic rocks and synthetic magnetite.

o K. Schmeide, S. Girtler, F. Bok and V. Brendler. Interaction of Uranium(VI) and Neptunium(V) with
Aspo diorite under anoxic conditions.

e T. Missana. CIEMAT activity in the project (WP2).

e V.G. Petrov, I.E. Vlasova, N.V. Kuzmenkova, V.A. Petrov, V.V. Poluektov and S. N. Kalmykov. U, Cs
and Eu sorption onto rock samples from areas of the proposed Russian HLW and SNF repository
(Nizhnekansky massive).

e V. Havlova, K. Videnska, J. Vejsadi and P. Vecernik. UJV experimental studies on Aspd derived
material.
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e K. Videnska, V. Havlov4, J. Vejsadi, M.G. Vasinova and P. Sajdl. Study of selenium sorption on Aspé
diorite.

WQP3 session

e J. Molinero J. Bruno, P. Trinchero and L.M. de Vries. On the relevance of matrix diffusion for
understanding hydrogeological behaviour in crystalline rocks.

WP4 session

e J. Crawford. Approaches to modelling surface complexation sorption on complex geological materials
with limited data.

e D. Garcia, M. Pekala and C. Domenech. Decreasing Kd uncertainty through the application of
mechanistic retention models.

e A Itél4, E. Puhakka, M. Olin, and M. Tanhua-Tyrkko. Biotite sorption by molecular level and surface
complexation modelling.

. F Huber, P. Trinchero, J. Molinero and Th. Schéfer. Radionuclide migration in a single fracture from
Aspd, Sweden: Experiments and reactive transport modelling.

WP5 session

e P. Trinchero, J. Molinero and L.M. de Vries. Modelling radionuclide migration in crystalline media:
From effective Kd distributions to reactive transport.

e V.-M. Pulkkanen, A. Seppéld and M. Olin. Reactive transport modelling support to PA analysis in
fractured bedrock.

e J. Crawford. A simplified approach for reactive transport modelling involving strongly non-linear
sorption and remobilisation.

WP6 session
e A ldiart, M. P¢kala and D. Garcia. Documentation - State of the art.

Poster presentations

The following posters were presented during the Final Workshop:

e J. Crawford. A simplified PA model for reactive transport featuring non-linear sorption processes.

e J. Crawford. What might Kd ratios be able to tell us about surface complexation sorption mechanism?
e V. Havlova and P. Vegernik. Diffusion of species through Aspo diorite.

e S. Holgersson. CROCK at Chalmers - Experimental program and results.

e F. Huber, S. Heck and Th. Schafer. RN sorption experiments using Aspé diorite, fined granite and Aspo
granite
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e K. Schmeide, S. Gurtler, K. Miiller, R. Steudtner, C. Joseph, F. Bok and V. Brendler. Interaction of
uranium(V1) and neptunium(V) with Aspo diorite under anoxic conditions.

e L.M. de Vries, P. Trinchero and J. Molinero. MCPHREEQC: Automatic stochastic simulations for
geochemical modelling.

Topical session

The Topical Sessions aim at covering the key areas of knowledge along with the project. The Topical Session of
the Final CP CROCK Workshop was organized by Th. Schéfer (KIT-INE) and focuses on “In situ URL
experiments”.

Presentations within this topic were:

e A. Winberg. The history of RN migration studies at the Aspé HRL: Experiences of the TRUE sites

e B. Kienzler. The CHEMLAB 2 experimental program at Aspd: Results of the actinide migration
experiments.

o E. Krawczyk-Bdrsch. Microbial experiments at URL sites: Influence on radionuclide,

e A. Martin and I. Blechschmidt. Almost 30 years of tracer testing @ Grimsel Test Site.

e V. Havlova, A. Martin, J. Rueedi, M. Siitari-Kauppi, J. Ikonen, P. Soler and Y. Tachi. LTD Phase | and
I experiments: Study of radionuclide diffusion into crystalline rock matrix.

e M. Bouby, S. Biichner, J. Brendlé, G. Darbha, H. Geckeis, T. Kupcik, R. Gétz, W. Hauser, S. Heck, F.
Huber, P. Hoss, M. Lagos and Th. Schafer. The CRR & CFM project: Colloid enhanced radionuclide
migration.

e L. Koskinen. URL migration studies within the Finnish nuclear Waste repository Research program.

e V. Petrov. URL research within the Russian Nuclear Waste repository Research program.
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Structure of the proceedings
The proceedings are divided into the following sections:
e WP activity overviews, with summaries of the Research, Technology and Development Components

o Atopical session summary compiling the whole set of information presented by the different authors

e Individual Scientific and Technical Contributions, containing reviewed scientific and technical
manuscripts

e A compilation of posters presented at the Final Workshop

All the Scientific-technical contributions submitted were reviewed by the EUG members (End-User Group).



SUMMARY OF WP ACTIVITIES






WORKPACKAGE 1
EXPERIMENTAL MATERIAL AND CHARACTERIZATION

Thomas Rabung™*

YInstitute of Nuclear Waste Disposal, Karlsruhe Institute of Technology,
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen

* Corresponding author: thomas.rabung@Kit.edu

Introduction

The organization and detailed characterization of new crystalline rock samples from Aspé (fractured and intact
drill cores), sampled and handled under anoxic conditions, as well as ensuring the access to experimental
samples from previous studies, were the main objectives within this WorkPackage (WP). The usage — for the
first time — of un-oxidized material in subsequent sorption studies is of special importance for redox-sensitive
radionuclides and reflects the conditions in a repository after closure. Besides bore core sections also disks and
crushed material of different size fractions have been provided to the beneficiaries. All the handling and storage
of the sampled material was done under argon atmosphere (glove boxes) to keep the material as much unaltered
as possible.

Five organizations are involved in this WP: KIT-INE (Germany), CIEMAT (Spain), HZDR (Germany), CTH
(Sweden) and MSU (Russia).

In this workpackage two deliverables, namely D1.1 and D1.2 (available on the webpage www.crockproject.eu)
have been generated containing very detailed information on sampling and characterization.

The experimental work of this workpackage started in January 2011 and was finished after 24 months. Most of
the work was performed in the first part of the project (first 18 months) and the outcome is well documented in
the 1st Workshop proceedings. In the following only the remaining achievements and results within the second
reporting period are mentioned.

Description of the work performed

The remaining work of KIT within this workpackage covers the characterization of fractured drill cores. This
includes their hydraulic properties as permeability, conductivity and porosity. Besides migration experiments
with conservative tracers, especially the p-computed tomography (u-CT) is a very useful tool to obtain
geometrical information on the fracture (Fig. 1). The data gathered by this technique can be used directly in
numerical codes to carry out computational fluid dynamics (CFD) simulations, conservative solute transport as
well as reactive transport calculations for radionuclide migration for comparison to experimentally measured
data.

More detailed information is given in deliverable D1.2 and in the S&T contribution within the Final Workshop
Proceedings: Tc(VII) sorption on natural granitic rocks and synthetic magnetite by Y. Totskiy et al.
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Figure 1: Fractured Aspé diorite core (above) and corresponding p-CT of the fracture (below.

An update of sorption data for three different tracers (HTO, ¢Cl-, ¥'Cs*) on “block-scale” material was
obtained by CIEMAT within this WP. The evolution of the activity of the conservative Cl and HTO has been
periodically measured in 11 different boreholes placed in granite at different distances from the source. The
experimental data are available for modellers in [Garcia-Gutiérrez, in preparation].

In addition a comparison of sorption properties of granites from different origin (Spain, Switzerland, Finland
and Sweden) was performed and the documentation of the characterization is summarized in the S&T
contribution: Analysis of sorption onto granites and granite minerals: the case of caesium by T. Missana and M.
Garcia-Gutiérrez.

10
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The objective of HZDR for the second reporting period of WP 1 was related to sampling and characterization of
site-specific biofilms from Asp6 HRL (Fig. 2) for subsequent U(VI) and Np(V) sorption studies. The
characterization covers the analysis of the ultrastructure and elemental composition of the organic matter by EF-
TEM (Energy-filtered Transmission Electron Microscopy), electron energy loss spectroscopy (EELS) as well as
ICP-MS (Inductively coupled plasma mass spectrometry) and Powder X-ray diffraction of the cryo-dried BIOS
(bacteriogenic iron oxides) biofilms. Mdssbauer investigations have also been performed to study the bacterial
ferrihydrite in BIOS biofilms. Details are given in the S&T contribution: Retention of U(VI) and Np(V) in
Bacteriogenic iron oxide-producing biofilms from Aspé HRL (Sweden) by E. Krawczyk-Barsch et al.

Figure 2: Rusty orange to brown Gallionella ferruginea dominated biofilms, attached to the fractured bedrock of the Asp6
HRL tunnel.

The work of CTH in WPL1 for the second reporting period covers the BET surface area determination of crushed
material of different size fractions as well as the specific pore volume determination of crushed material and
intact disks. The measured porosity of the intact material is found to be much larger than predicted by a model.
This is interpreted as a macroporosity which contributes very much to the porosity of the intact samples but
contributes very little to their BET areas. Details can be found in the S&T contribution: Characterization of
rock samples from Aspé using gas adsorption by S. Holgersson.

Providing and characterizing sample material from disposal sites in Russia, including rock samples from the
proposed international repository of spent nuclear fuel in Nizhnekansky rock massive is the objective of MSU
in WP1.

Core materials from two of the supposed areas (area Kamenny, drilling depth down to 700 m, and area Itatsky,
drilling depth down to 500 m) have been studied in terms of petrographic and mineralogical characterization;
definition of filtration, elastic, petro-physical and strength properties; estimation of hydrothermal-metasomatic
transformation of rocks. It was established that the most part of the core material from the area Kamenny is
presented by granites and leucogranites, while the core material from the area Itatsky is mostly diorites and
quartz diorites (Fig.3). More details are given by Kuzmenkova et al. in the S&T contribution included in the

11
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Final Annual Workshop Proceedings: Uranium (VI) sorption onto rock samples from areas of the proposed
HLW and SNF repository in Russia (Nizhnekansky massive).

Figure 3: Rock samples from Kamenny area (above) and from Itatsky area (below).

References

Garcia-Gutiérrez, M., Mingarro, M., Missana, M. (in preparation). Experimental results from the block-scale
diffusion test at CIEMAT. CIEMAT Technical Report.
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WORKPACKAGE 2
RADIONUCLIDE TRANSPORT AND SORPTION STUDIES

Tiziana Missanal*

ICIEMAT (ES), Avenida Complutense 40, 28040 Madrid

*Corresponding author e-mail: tiziana.missana@ciemat.es

Introduction

The main objective of the work carried out in Work Package 2 (Radionuclide Transport and Sorption Studies) of
the CROCK Project was to decrease the uncertainties related to radionuclide retention in the performance
assessment of geologic disposals of high-level radioactive waste in crystalline rocks and to understand from
where the main uncertainties come from. This is fundamental for the prediction of radionuclide migration in the
host rock at a long-term.

Retention data obtained from different literature sources showed large discrepancies, not always easily
explicable. It is recognized that some conceptual aspects, that are not completely understood, still exist. To cite
some of them: crystalline rock heterogeneity, Kinetic aspects, sorption versus retention triggered by reduction,
up-scaling effects and dependence of retention parameters on the hydrodynamic conditions of the system. All
these may affect the determination of retention parameters. On the other hand, other problems related to
experimental measurements might be relevant too. Retention parameters obtained under conditions not
completely representative of the repository environment, or the use of not well preserved rock and agueous
samples might lead to a biased prediction of radionuclide behaviour.

Amongst the main aspects analysed in this WP we can find: the analysis of the effects on retention caused by
the not correct preservation of the rock samples, especially on redox-sensitive elements; the importance of
reduction processes on radionuclide retention; the procedures to derive realistic parameters, applicable to in-situ
conditions starting from batch experiments; the importance of specific surface area determination; the relevance
of measurements of retention parameters in conditions as similar as possible to the real ones over different
spatial scale; the need of reproducible experimental procedures, and the use of complementary techniques.

The studies were focused on these radionuclides: an ion-exchangeable dominated (Cs), a strongly sorbing
surface complexation dominated (Eu), redox sensitive elements (U, Tc, Se) and conservative non-sorbing
tracers (HTO, ClI), as agreed by all the partners at the CROCK kick-off meeting.

Radionuclide sorption was studied in different crystalline rocks from Aspo (Sweden) diorite to Grimsel
(Switzerland) granodiorite or Nizhnekansky (Russia) granite. Some groups studied sorption on different rocks
using the same experimental methodology and chemical conditions, to analyse the variability of distribution
coefficients; different groups determined sorption parameters for different radionuclides on the same material
(Aspo diorite, AD), to establish the possible range of experimental uncertainties.

13
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Crystalline rock material was delivered to the interested participants from CROCK drilling site of Aspo HRL
(Sweden). Details on the sampling procedure and material characterization were presented as S&T contribution
in the First Annual Meeting (Schéfer et al., 2012). Preparation and handling of Aspd rock samples was also
described in a previous contribution (Totskiy et al., 2012).

The sampling was carried out providing that the contact with atmospheric O2 was as short as possible, to
prevent as much as possible the material from oxidation. The samples were moved at KIT-INE, in and anaerobic
glove box, where they were crushed and sieved into two fractions with different grain size: 0.5 -1 mmand 1 -
2 mm. The material was then distributed to each project partner for sorption tests. For all the experiments with
this AD, a synthetic Aspé groundwater (AGW) was produced following the indications obtained by KIT-INE
(Heck and Schéfer, 2012).

The comparative sorption results obtained with uranium, selenium, technetium and caesium by the different
partners with AD in AGW will be summarized at the end of this paper.

The studies performed in the CROCK project, also pointed out that the mechanistic understanding of retention
processes needs a precise determination of the chemical and mineralogical properties of the system and a
validation of models on the widest possible range of experimental conditions. Additionally, the specific surface
area is identified as a key parameter to obtain surface area normalized Ka (m), to allow comparison of data from
different materials and different experimental sources and for extrapolating the results from laboratory
experiments to the field-scale.

The following organizations participated to WP 2: KIT-INE and HZDR (Germany); CIEMAT (Spain); CTH
(Sweden); UJV-Rez (Czech Republic); MSU (Russia).

Description of the work performed

KIT-INE

KIT-INE analysed Tc(VII) adsorption onto natural granitic rock and also onto Fe-bearing minerals, to
understand the role of Fe on its retention. The results are detailed in the Final Workshop proceedings (Totskiy et
al., 2013). One of the objectives of KIT-INE was to compare sorption data obtained with well-preserved rock
samples, with those obtained with oxidized samples. Previous to sorption experiments, the solid phases were
characterized by different techniques.

Sorption experiments were carried out with crystalline rock materials from the Aspé Hard Rock Laboratory
(Sweden), from Nizhnekansky massif (Russia) and with the mineral magnetite.

The aqueous phase used for sorption experiments with AD, was the synthetic Aspé groundwater (AGW), which
composition was provided by (Schafer et al., 2012) at the beginning of the project. Water representative of
Nizhnekansky site was used for the tests with the Russian granite (Petrov et al., 2012). Background electrolyte
for the Tc sorption on magnetite was 0.2 M NaCl.

KIT-INE also performed migration experiments with unoxidized Aspé diorite core #2.2 (0.53-0.97 m, borehole
KA2370A-01) with a natural fracture and previously characterized by 3D computer tomography (UCT).
Transport experiments were carried out with HTO, CI (as conservative tracers) and Tc(VII).

14
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For batch sorption experiment, **Tc at different initial concentrations, was used; for XPS surface analysis diorite
slices were used and [Tc(V11)] was 1-10° M. Results showed that significant differences in Tc retention between
oxidized and well preserved samples exist. Oxidised materials were shown to adsorb Tc(VII) very weakly,
whereas relatively high sorption could be observed under anaerobic conditions and unoxidized materials.

The high Tc(VIl) immobilization was explained considering its reduction to insoluble Tc(IV): XPS
measurements showed that only Tc(IV) is found on the rock surface, probably being Tc(VI1) absent or under the
detection limit. Furthermore, it was mainly located on dark Fe(Il) minerals.

Therefore, the concentration of Fe(ll) in the solids, higher in the well preserved samples, might be the main
responsible of Tc retention. The quantity of Fe(ll) in the Russian granite (0.1 — 1 pg of Fe(ll) per g) is lower
than that observed in AD ( 1 — 3 ng/g for oxidized Aspé diorite), thus Russian granite has a lower overall redox
buffer capacity and less retention capability.

According this experimental work, Tc sorption behaviour on both AD and Nizhnekansky oxidized materials was
quite similar, but it was dramatically different from that of non-oxidized Aspd samples.

In AD, distribution coefficients, Kd, values of 103 mL/g were observed for [Tc]= 1:10-9 M and [Tc]= 1.10-8 M;
whereas only 3 mg/L were measured for [Tc]= 1-10-5 M, in agreement with literature data.

The limited redox capacity of the granitic rock is most probably the reason why Tc sorption seems to be not
linear. The lowest the Tc(VII) concentration, the higher of the importance of Fe(ll) on Tc reduction and thus on
its retention. Due to low Fe(ll) concentration found in granite materials, reduction process is much slower and
less effective than in case of sorption on synthetic magnetite that was investigated in parallel. Sorption on this
iron oxide was in fact, very high and rapid. Upon sorption, at the magnetite surface only Tc(IV) was found. To
strengthen the hypothesis on the role of Fe(ll) on Tc(VII) retention, new experiments were also planned with
maghemite.

Desorption experiments under reducing conditions showed that desorption was almost negligible and
independent of contact time, whereas after atmospheric oxidation Tc desorption significantly increased.

HZDR

HZDR performed batch sorption experiments to determine the sorption capacity of Aspd diorite, respect to
neptunium (V) and uranium (V1). Preliminary results were presented at the First Annual CROCK workshop
(Schmeide et al., 2012) and new tests are summarised in Schmeide et al., 2013, in this volume.

In the second part of the Project, HZDR carried out batch sorption experiments with U(V1) and Np(V) onto AD,
under anoxic conditions (N2 atmosphere). Sorption kinetic experiments (5 to 108 d) and isotherms were carried
out. Kinetic tests were performed with a concentration of actinides of 1-10-6 M and sorption isotherms with a
concentration from 3:10-9 to 2:10-5 M.

Previous to sorption experiments, the solid was conditioned to the Aspo synthetic water (pH 7.8). The 1 -2 mm
grain size fraction of diorite was used for new sorption experiments and the solid-to-liquid ratio was always
200 g/L. ATR FT-IR spectroscopy was used for the characterization of the adsorbed species. For redox
speciation of actinides in sample solution or desorbed from the diorite, solvent extraction has been applied.
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Previous experiments showed that U(VI1) sorption onto diorite was strongly influenced by the groundwater
composition and, in agreement with the speciation calculation, Ca2U02(C03)3(aq) was found to be the
dominating species in Aspd groundwater at pH 7.8 (Schmeide et al., 2012). Then, U(VI) is stabilized in solution
in this redox state and it did not show very high sorption onto the diorite. Kinetic experiments showed that
U(VI) sorption equilibrium is reached within few weeks (10-20 days) and an average Kd value of 1.4 +0.2
(L/Kg) is measured (1 — 2 mm fraction).

The sorption isotherm for U(VI) sorption showed linear adsorption with a Kd value, determined from the
Freundlich isotherm, amounts to 3.8 + 0.6 L/kg, confirming the weak U(VI) sorption under Aspd conditions.
Desorption tests showed that adsorbed uranium can be easily removed: 45 to 50% of the sorbed uranium can be
desorbed with Aspo groundwater. Desorbed uranium is mainly in the form of U(VI), confirming that under
Aspo conditions uranium is stabilized against reduction.

On the other hand, in AGW, the speciation of Np is dominated by NpO2+ (Schmeide et al., 2012). Sorption
kinetic experiments showed that Np needs longer sorption time to reach the equilibrium (40 days) than U(VI)
and stronger sorption is observed. This different behaviour can be induced by the reduction of Np(V) to Np(1V)
induced by the presence of Fe(ll) at the diorite surface (2.5 %).

Desorption experiments showed that only 5 to 6% of the sorbed neptunium can be desorbed with AGW. The
small amount of neptunium, that can be desorbed, was identified as Np(V) by TTA solvent extraction. The part
of neptunium, that cannot be desorbed under these conditions but remains immaobilized, is probably Np(I1V).

Due to the different speciation (aqueous and at the diorite surface) sorption and mobility of the two actinides
under Asp6 conditions are not comparable. The retention capacity of anoxic diorite towards Np is much higher
than towards U.

CIEMAT

The objectives of the work proposed by CIEMAT were to provide a better insight on retention processes in
crystalline rocks, gathering a very large set of data under the widest as possible range of experimental
conditions and to describe them by quasi-mechanistic models.

Possible experimental (and conceptual) uncertainties were evaluated by the comparison of data in different
materials (granite and granite minerals) under similar chemical conditions.

Amongst the rock properties it is very interesting to analyse the different mineral content, the BET surface area
and competitive ions in solution.

Radionuclide sorption was analysed by means of different techniques in crushed/entire granite obtaining
complementing information. The largest set of experimental data was obtained for Cs, whose sorption was
studied on different granites from Sweden, Switzerland and Spain and various minerals (biotite, K-feldspar,
muscovite, quartz) interpreted by simple thermodynamic sorption models (Missana and Garcia-Gutiérrez 2012a,
2012b; Missana and Garcia-Gutiérrez, 2013). All the materials investigated by CIEMAT are included in
Table 1.
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Batch sorption studies with U(VI) and Eu in different granites and granite minerals were also carried out;
adsorption of Tc(VII) and Se(I1V) was studied only on AD. In the case of AD, a synthetic groundwater (AGW)
was used. For all the material two simplified waters were used (low and high saline water, LSW and HSW).

Kinetic tests, tests as a function of the pH, salinity of the water, radionuclide concentrations were carried out.

Apart from batch sorption experiments, CIEMAT made the analysis of U and Se sorption on not crushed AD,
comparing aerobic and anaerobic conditions, complementing sorption studies by microanalysis with particle
induced X-ray emission (PIXE).

Sorption of Cs, showed a kinetic dependent on the grain size of the material. In the finest fractions, sorption was
rapid (hours) whereas the larger the fraction, the longer the time needed to reach sorption equilibrium. Spread in
experimental data also tended to increase. However, similar Kd values than those obtained in the powdered
material, were obtained also on intact rocks after 1.5 years.

Caesium showed in all granite and minerals non-linear sorption; sorption was independent of pH and dependent
on water salinity suggesting ionic exchange as the main sorption mechanism. Comparing Cs adsorption in all
the analysed granites, it could be observed that, at a fixed Cs concentration, the BET normalized distribution
coefficients, were comparable within one order of magnitude. The largest source of variability for Kd values
was Cs concentration (non-linear sorption): depending on Cs concentration, distribution coefficients could vary
within up to 3 orders of magnitude. The non-linearity of Cs sorption indicated the existence of multiple
adsorption sites. One sorption site with very low capacity but high affinity for Cs, other possible site(s) show
lower affinity. Analysing the water in contact with the different solids, it was observed that the concentration of
potassium is very relevant on Cs sorption, especially at low Cs loadings and low salinity.

Analysing Cs adsorption in minerals, it could be observed that, again, normalized Kd values showed a similar
quantitative behaviour, with main differences observed at low Cs loading related to the presence of potassium.
At medium-high loadings the normalized sorption values were similar for all the solids, with slightly higher
values for those containing potassium feldspar. Additionally, the density of the high affinity sites seems to be
slightly higher in the presence of this mineral.

U(VI) sorption equilibrium was reached within 10-30 days, in all the granites and the BET normalized
distribution coefficients were within one order of magnitude larger differences were observed when adsorbing in
minerals (lowest adsorption observed in potassic feldspar). Significant variations in Kd are observed with pH, as
expected, and the main experimental difficulty encountered was to maintain the desired pH.

In AGW U(VI) sorption isotherms were carried out, sorption was lineal (up to saturation of sorption sites) and
the determined Kd was approximately 62 mg/L.

The analyses by PIXE of U(VI) sorption onto AD, under anaerobic conditions, showed that U is not
homogeneously distributed: the highest surface distribution coefficient, Ka, was measured on biotite, titanite
and zircon; an average Ka of 4.4-10" m was estimated. Under oxic conditions, the measured value was lower
(3.5:10"° m). The recalculated Kd, considering the BET area, were comparable with those obtained by batch
experiments.

Europium sorption was very rapid in all the crushed materials, with significant adsorption in most cases,
especially in low saline water, LSW. The main experimental uncertainty is related to its almost quantitative
sorption that increases the error in Kd determinations. In AD, Eu sorption was found to be relatively high too, in
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spite of the salinity of the water, probably due to the high biotite content of this rock. Biotite was in fact shown
to be the mineral that most adsorbs Eu under saline conditions.

The adsorption of Se(IV) in AGW was analysed by PIXE, bot under anaerobic and aerobic conditions. PIXE
analyses shows that selenium was not heterogeneously distributed over the surface with maximum Ka of
7.10° m onto Fe bearing mineral and null in other minerals like quartz. Kd values recalculated from Ka
comparable to those obtained in batch experiments.

Table 1. Solids used by CIEMAT for sorption experiments

Sample Description Size fraction (mm) BET (m%g)
GFEB FEBEX Granite, fraction 1, F1 <0.5 0.089+0.02
b-GMIG MIGRATION Granite (black)  <0.064 4.097 +0.005
GMIG MIGRATION Granite <0.064 2.871+0.005
RAT RATONES Granite <1 0.488+0.005
BER BERROCAL Granite <0.5 2.780+0.005
Aspd G Aspb gross 1<x<2 0.079+0.005
Aspd F Aspo fine 0.5<x<1 0.094+0.005
Aspo VF Aspo very fine <0.5 1.28+0.01
Sample Description Size fraction BET

Name (mm) (m2/g)
Biotite (RAT) RATONES Biotite <1 1.148+0.005
Biotite 3h Biotite from BER granite 0.125<x<0.250 3.261+0.005
Biotite 2¢ Biotite from BER granite 0.064<x<0.125 4.,813+0.005
Biotite 3F Biotite from BER granite <0.064 5.548+0.005
Biotite (Geost) Standard ND ND
Muscovite (B)  Muscovite from BER granite  <0.5 0.402+0.005
Muscovite F Muscovite from BER granite 0.125<x<0.250 0.730+0.005
Muscovite 2b  Muscovite from BER granite ~ <0.064 3.977+0.005
Muscovite 3¢ 0.064<x<0.125 2.867+0.005
FdK Potassium feldspar 0.125<x<0.250 8.001+0.005
Q2 Quartz+plagioclase 0.125<x<0.250 1.290+0.005
Q3 Quartz+plagioclase+FdK 0.125<x<0.250 1.089+0.005

Finally, Tc(VIl) sorption was studied in Aspd diorite, using well-preserved and oxidized material. Under
oxidized conditions or using oxidized materials, Kd values were null. With well-preserved AD, under anoxic
conditions, sorption isotherms were carried out. Tc sorption was not linear and the maximum Kd (25 ml/g) was
obtained at the lowest Tc concentration used (6:10”" m), reduction processes at the surface are most probably the
responsible of the retention.

In conclusion, results showed that data normalisation by BET is the first step needed for comparison of Kd data
from different sources. This procedure however, does not take into account the sorption kinetic, longer for larger
fractions. This point can be of importance above all when different experimental methodologies are used. This
first comparison, helps evaluating the role of other factors, like mineralogy of the solid or competing ion in
solution. Therefore, a procedure for batch tests should be defined, to help comparing data from different
sources.
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The rocks that presented the highest sorption capacity for Cs, U and Eu were GFEB (Table 1) and Aspd diorite.
The use of “well-preserved” materials increased Kd values of redox-sensitive elements, most probably due to
reduction at the surface.

CTH

CTH studied radionuclide diffusion and sorption by batch experiments. A preliminary characterization of the
crystalline rocks in terms of surface area and porosity is necessary to: 1) normalize the sorption data obtained
from batch sorption tests in crushed and sieved material 2) normalize and interpret sorption and diffusion data
obtained from diffusion experiments. CTH presented the characterization of rock samples from Asp6 (BET and
porosity). Four different fractions were analysed using the BET method: 0.125-0.063mm; 0.25-0.125mm; 0.5-
0.25mm and 1-0.5mm and the respective average BET surface areas were: 0.3105+0.0468, 0.2029+0.0280,
0.1368+0.0158, 0.0874+0.0107 (m?/g). Surface area measurements were carried out also on intact section of the
material and the average BET value was: 0.0066+0.0013 m%g.

Results for specific spore volume (SPV) measurements of crushed and sieved fractions of Aspd diorite, utilizing
about 90 points N, gas adsorption isotherm were: 1.20+0.19-10, 7.89+0.82:10*, 5.63+0.76-10, 5.49+1.43.10"
mL/g, for the four previously mentioned fractions. The porosity for intact material was not measurable with gas
adsorption, dry/wet weighing method instead gave 2.54+0.47-10° mL/g for the intact material (see S&T
contribution Holgersson, S.: Characterization of rock samples from Asp6 using gas adsorption).

The specific surface area (SSA) increases from the intact sections to the finest fraction in accordance with the
expected effect of crushing the material. The crushing creates new surfaces and may also give access to
previously closed porosity. The specific pore volume (SPV) was found to also increase with decreasing particle
size of the crushed fractions, apparently in a linear dependency of SSA. The measured SPV for intact sections
(SPV=2.54+0.47-10-3mL/qg) is about 10 times larger than what can be expected from an extrapolation of the size
series of crushed material (SPV=1.20+0.19-10°mL/g for the 0.063-0.125mm fraction to SPV=5.49+1.43.10"*
mL/g for the 0.5-1.0mm fraction), and using measured average SSA for intact sections. This may be explained
by that intact rock contains macro-porosity, with pore size above the upper detection limit (>0.5um) of the gas
adsorption method. It is possible that this macro-porosity disappear upon crushing. This macroporosity in intact
material will contribute to a relatively fast diffusion through rock, compared to the slow diffusion in individual
pure minerals. However, due to the very small surface area, the contribution from the macroporosity to sorption
capacity will be low. Instead the mesoporosity will likely dominate sorption. The presence of two diffusion
paths in drill core sections of granitic rock from Aspé has previously been shown (Johansson et al., 1998).

CTH also made sorption and diffusion experiments on the Aspd rocks (HTO, Cs, Ra and U). Sorption
experiments were carried out in the four fractions (0.125-0.063 mm, 0.25-0.125 mm, 0.5-0.25mm, and 1-
0.5mm), under N2 atmosphere, using synthetic Aspd groundwater, and lasted up to 3 months. Radionuclide
used were *3Cs, ??°Ra and %*U, with a concentration of: 1-:107M, 1.10®M and1.10°M, respectively.

The main sorption distribution coefficients obtained after 1 month sorption (in the four different fractions,
average values for 8 samples, expressed in m3/Kg) are: Cs) 0.0894+0.0108, 0.0478+0.0079, 0.0257+0.0026,
0.015740.0024; Ra) 0.034+0.0084, 0.0213+0.0085, 0.0112+0.0055, 0.0054+0.0019. For U only preliminary
results for one sample are available: 0.0050£0.0010, 0.0031+0.0015, 0.0019+0.0008, 0.00096+0.00052.
Diffusion experiments with HTO, Cs and Ra were made in intact drill-core samples, sampled perpendicular to a
fracture, to analyse the difference of Rd and effective diffusivity De depending on the distance from the fracture
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surface and a detailed description of the samples collected for Chalmers has been reported (Holgersson, 2013).
The average De of HTO for 8 samples was 1.28+0.26:10"°m?/s and the average SPV was measured to
7.54%2.21-10* mL/g. The average De of Cs for 8 samples was 1.98+0.85-10" m?s and average Kd was
1.1620.62:10°m%kg. The average De of Ra for 8 samples was 1.05+0.27-10""m%s and average Kd was
1.8240.28-10°m%kg. The relative errors of 10-30% in these average values show that any significant or
systematic effect of the distance of the material from the fracture surfaces is probably not measured, at least not
with the method used here. (see S&T contribution Holgersson, S.: HTO, Cs and Ra sorption on and diffusion in
rock samples from Aspo).

ulv

UJV-REZ studied selenium sorption behaviour onto AD, combining batch sorption experiments and
spectroscopic techniques (Electron Spectroscopy for Chemical Analysis, ESCA, and Laser Ablation Inductively
Coupled Plasma Mass Spectrometry, LA-ICP-MS) to obtain information on the selenium sorption and
distribution on rock surface. The results obtained by of UJV-Rez, in the second reporting period, are
summarized in Videnska et al., 2013a and Videnska et al., 2013b.

Batch sorption experiments on crushed rock were performed under aerobic and anaerobic conditions, focusing
the attention on the potential role of iron on Se retention. They used the material provided by KIT-INE at the
start of the project; part of the material was maintained under anoxic conditions, another fraction was exposed to
air. Batch sorption experiments were carried out in triplicate with both the “well preserved” and oxidized
diorite in two size fractions.

The experiments under aerobic conditions lasted 112 days. Kg-values showed similar behaviour of selenite for
both studied fractions, therefore clear influence of grain size on sorption was not observed. Results showed only
very limited selenite sorption: after 112 days, Kqreached 1.3 mL/g in case of finer fraction and 1.6 mL/g in case
of the larger one. Only 12-14 % of selenite was sorbed on diorite. Results of sorption experiments with selenate
indicate Ky values approaching zero. pH and Eh values were measured throughout the experiment and slightly
increasing trend in pH values was observed in case of both selenite and selenate. After 112 days of experiment
the pH values increased from 7.2 to 7.4.

The experiments under anaerobic conditions led to Ky values only slightly higher than those performed under
aerobic conditions. After 112 days of experiment the pH values decreased from 8.4 to 8.

The analysis of the surface with spectroscopic techniques (ESCA and LA-ICM-MS) was focused to iron as
potential reducing agent, therefore in the analysis of iron bearing minerals like biotite, epidote, titanite and
magnetite. These experiments were performed using rock cubes (dimension 1x1x0.2 cm) that were immersed
into 10 mL AGW with 2:10°° mol/L selenium, during 7 days.

Results partially confirmed the initial assumption that Se retention was in correlation to the presence of Fe
minerals. However, the methods did not confirm presence of reduced Se species. The possibility of selenium
complexation with other elements, e.g. with Ca, was discussed as possible cause of Se surface retention.
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SU

MSU studied sorption of U(VI) onto rock samples from areas of the proposed HLW and SNF repository in
Russia (Nizhnekansky massive), accompanied by various spectroscopic investigations with micro- to nano-
resolution and bulk scale.

A summary of the results obtained in the second period of the project can be found in Kuzmenkova et al., 2013.
Rock samples were previously analysed to determine their mineralogical composition; they were crushed and
sieved with size 1-2 mm.

Batch sorption experiments, as a function of time and pH, were performed in glove box with inert atmosphere
(N2) to exclude possible influence of carbonate complexes formation of U(VI). Sodium perchlorate was used as
a background electrolyte (0.01 M). Initial concentration of uranium was 1:10-7 mol/L and isotope **U
(T1, = 1.59-10° years) was used for liquid-scintillation counting. The solid to liquid ratio was 1:4. Rock samples
were crushed and sieved with size 1-2 mm.

Sorption equilibrium for U(VI) was obtained in 10-15 days, similar for all the all the samples.

Sorption increased with time in the whole investigated pH range. Shape of the observed sorption pH-
dependence is typical for U(VI): increase of sorption from acidic to near neutral pH region (pH >4), plateau
from pH ~5 to ~8, further decrease of sorption due to hydrolysis of uranyl-cation. The average pH value of pore
water for used rock samples is about 8 which is close to the decreasing edge of U(VI) sorption pH-dependence.

Comparison of distribution coefficients obtained on Aspd diorite by different beneficiaries

In the next Tables, the comparison between the experimental sorption data obtained for uranium (V1) (Table 2),
selenium (Table 3) technetium (Table 5) and caesium (Table 4), will be shown. The tables summarize some
experimental details, and the distribution coefficients, as determined by the participant. The Tables provide also
the sorption values normalized to the BET area of the material (measured by each participant, when specifically
indicated). In the case that the BET area was not measured the values used were the following: for the 0.5 mm
fraction 0.0912 m?/g (provided by CTH):; for the 1-2 fraction 0.125 m?g (provided by HZDR) and for not
crushed materials 0.0066+0.0013 m%g (provided by CTH).
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