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Abstract 
 

Chemical retention plays a central role in the Swiss repository concept for spent fuel/highl-level 
waste (SF/HLW) and intermediate level waste (ILW). Chemical retention is taken into account 
in the safety assessment calculations by applying the concept of solubility limits and Kd values 
for the safety-relevant nuclides. The necessary data were compiled in five geochemical data-
bases, the derivation of which is described in detail in the corresponding reports (Berner 2002a; 
2003; Bradbury & Baeyens 2003a and b; Wieland & Van Loon 2002). 

The elaboration of the geochemical databases (GDBs) was done by a team of scientists from the 
Paul Scherrer Institute and the Safety Assessment Group at Nagra in a two years' effort based on 
many years of extensive scientific investigations. An integrated approach was applied, which 
was based on the principles of chemical thermodynamics, sound experimental sorption and 
diffusion data and expert judgement. A consistent procedure and a number of quality assurance 
measures contributed to obtaining high quality retention data. A strong emphasis was on the 
derivation of transparent and traceable "best estimate" data and associated uncertainties. 

The applied methodology can be separated into three parts. The first part consisted of elabo-
rating the geochemical foundations, which included a detailed update of the Nagra/PSI thermo-
dynamic database, derivation of the geochemical in-situ boundary conditions (e.g. pH and Eh) 
in the different compartments and generation of experimental sorption data in clay and cement 
systems. The second part involved the derivation of scientifically sound retention data, i.e. the 
solubility limits and sorption values for safety-relevant radionuclides under relevant repository 
conditions. The last part in the overall procedure involved the critical evaluation and, where 
necessary, adaptation of the values for their use in safety assessment calculations. This also 
included comparison with recent databases from other countries and evaluation of natural 
analogue data. 

The solubility limit databases for the canister-bentonite and cementitious environments show 
reasonable agreement with other databases from recent safety assessments in spite of the differ-
ences in the underlying thermodynamic data and assumed geochemical conditions.  

Our approach for deriving Kd values and apparent diffusion coefficients in the bentonite and the 
clay host rock differs from those applied in most other assessments. Whereas the latter are 
principally based on diffusion measurements in compacted clays, we systematically derived Kd 
values from well-controlled batch experiments and adapted these to the compacted in-situ 
conditions. Nevertheless, the proposed Kd and Da values agree fairly well with those used in the 
other assessments, except for tetravalent species. This agreement is further supported by com-
parison of sorption values derived in batch systems with those obtained from Japanese diffusion 
measurements on Kunigel bentonite. This result strongly suggests that compaction and swelling 
do not have a strong effect on the retention properties of the clay.  

In general, higher sorption and lower Da values for tetravalent metals are used in our assessment 
for the bentonite near field and clay host rock relative to other assessment studies. This dis-
crepancy is particularly large in the case of the redox-sensitive Tc(IV), U(IV) and Np(IV) 
species. The reasons for this are not clear, but might arise from (i) the more conservative 
treatment of uncertainties in other assessments, (ii) poorly constrained redox conditions in 
diffusion experiments, or (iii) extrapolation of batch sorption data to compacted in-situ condi-
tions. The last point, however, is rather unlikely from the indications pointed out above. In case 
of the cementitious near field the difference in Kd values between our and other assessments is 
less pronounced than for the clay cases. 
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A major identified uncertainty is related to the porewater composition in the clay compartments. 
This was accounted for in the derivation of GDBs by including a large range of pH/pCO2 and 
Eh in the uncertainty treatment of solubility limits and Kd values. Furthermore, important con-
ceptual model uncertainties identified in the present work include the effect of carbonate on sol-
ubility and sorption of tetravalent metals, the redox chemistry of Pu, the nature and crystallinity 
of solubility-controlling phases, kinetics of redox-sensitive radionuclides and physico-chemical 
properties of water in compacted clays. Since the derived databases are based on a reference 
temperature of 25 °C, further uncertainty arises from the slightly higher temperature (≈50 °C) 
predicted for the conditions relevant to safety assessment. From a preliminary assessment we 
expect, however, the temperature uncertainty to be of less relevance relative to those mentioned 
above. 

The conceptual model uncertainties in the retention data were accounted for in the geochemical 
databases by the conservative approach for deriving the uncertainty range and for the estimation 
of the pessimistic values. In addition, the high uncertainty related to the transport behaviour of 
redox-sensitive RN was implicitly considered by analysing the effects of an oxidising near field 
as a "what-if?" case. 
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Zusammenfassung 
 

Chemische Retention ist ein zentraler Aspekt im schweizerischen Lagerkonzept für abgebrannte 
Brennelemente/hochaktive Abfälle (BE/HAA) und langlebige mittelaktive Abfälle (LMA). 
Chemische Retention wird in der Sicherheitsanalyse durch die Anwendung des Konzepts der 
Löslichkeitslimiten und Kd-Werte berücksichtigt. Die hierfür erforderlichen Daten wurden in 
fünf geochemischen Datenbanken kompiliert, deren Herleitung ausführlich in den entspre-
chenden Berichten dargestellt wird (Berner 2002a; 2003; Bradbury & Baeyens 2003a and b; 
Wieland & Van Loon 2002). 

Die Arbeiten für die geochemischen Datenbanken (GDB) wurden von einem Expertenteam des 
Paul Scherrer Instituts und der Nagra in einem Zeitraum von zwei Jahren auf der Grundlage von 
jahrelangen umfassenden Forschungsarbeiten durchgeführt. Dabei wurde ein integrierter Ansatz 
angewendet, der sich auf die Grundsätze der chemischen Thermodynamik, fundierte experimen-
telle Sorptions- und Diffusionsdaten sowie "Expertenwissen" abstützte. Ein folgerichtiges Vor-
gehen und verschiedene Qualitätssicherungsmassnahmen trugen dazu bei, dass Retentionsdaten 
von hoher Qualität gewonnen werden konnten. Ein wichtiges Augenmerk richtete sich auf die 
Herleitung von transparenten und nachvollziehbaren "besten Schätzwerten" und zugehörigen 
Unsicherheiten. 

Eine dreiteilige Methodik wurde verfolgt. Im ersten Teil wurden die geochemischen Funda-
mente aufgebaut, was eine detaillierte Aufdatierung der Nagra/PSI Datenbank für Thermo-
dynamik, die Herleitung der geochemischen In-Situ-Bedingungen (z.B. pH und Eh) in den 
verschiedenen Kompartimenten sowie die Erzeugung von experimentellen Sorptionsdaten für 
die Ton- und Zementsysteme beinhaltete. Der zweite Teil beinhaltete die Herleitung von 
wissenschaftlich fundierten Retentionsdaten, d.h. die Löslichkeitslimiten und Sorptionswerte für 
sicherheitsrelevante Nuklide unter relevanten Lagerbedingungen. Im letzten Teil der Methodik 
wurden diese Retentionsdaten bezüglich ihrer Anwendung in der Sicherheitsanalyse kritisch 
begutachtet und gegebenenfalls angepasst. Diese Arbeit beinhaltete auch einen Vergleich mit 
neulich publizierten Datenbanken von anderen Ländern und die Evaluation von geochemischen 
Daten, die von natürlichen Analoga stammen. 

Die Löslichkeitslimiten-Datenbanken für die Behälter-/Bentonit- und die Zementkompartimente 
zeigen trotz der Unterschiede in den verwendeten thermodynamischen Daten und in den 
angenommenen geochemischen Bedingungen eine vernünftige Übereinstimmung mit anderen 
Datenbanken von kürzlich durchgeführten Sicherheitsanalysen. 

Unser Ansatz für die Herleitung der Kd-Werte und der scheinbaren Diffusionskoeffizienten (Da) 
im Bentonit und dem tonigen Wirtgestein unterscheidet sich von demjenigen anderer Sicher-
heitsanalysen. Während sich die letzteren hauptsächlich auf Diffusionsmessungen in kompak-
tierten Tonen stützen, haben wir systematisch Kd-Werte auf Grund von gut kontrollierten 
Batchexperimenten hergeleitet und auf kompaktierte In-Situ-Bedingungen übertragen. Dennoch 
zeigt der Vergleich mit den anderen Sicherheitsanalysen eine recht gute Übereinstimmung in 
den Kd- und Da-Werten, ausser für vierwertige Nuklide. Diese Übereinstimmung wird ferner 
durch eine Arbeit gestützt, in der von Batchsystemen hergeleitete Sorptionswerte mit denjeni-
gen aus Diffusionsmessungen in Kunigel-Bentonit verglichen wurden. Dieses Ergebnis deutet 
darauf hin, dass Kompaktierung und Quellung keine grosse Auswirkung auf die Retentions-
eigenschaften des Tons haben.  

In unserer Sicherheitsanalyse wurden generell höhere Kd- und tiefere Da-Werte für vierwertige 
Metalle im Bentonit-Nahfeld und im tonigen Wirtgestein gegenüber anderen Sicherheitsstudien 
verwendet. Diese Diskrepanz ist besonders gross im Fall der redoxsensitiven Tc(IV), U(IV) und 
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Np(IV)-Spezies. Die Gründe hierfür sind nicht eindeutig, könnten aber durch (i) die konser-
vativere Betrachtungsweise der Unsicherheiten in den anderen Sicherheitsanalysen, (ii) ungenü-
gend kontrollierte Redoxbedingungen in den Diffusionsexperimenten, oder (iii) die Übertragung 
von Batchsorptionsdaten auf kompaktierte In-Situ-Bedingungen hervorgerufen worden sein. 
Der letzte Punkt erscheint uns jedoch auf Grund der oben erwähnten Hinweise als ziemlich 
unwahrscheinlich. Für das Zement-Nahfeld ist der Unterschied in den Kd-Werten zwischen 
unserer und den anderen Sicherheitsanalysen geringer als für die Tonkompartimente. 

Eine wesentliche Unsicherheit stellt die Zusammensetzung des Porenwassers in den Ton-
kompartimenten dar. Diese wurde durch die Berücksichtigung von grossen Bandbreiten der 
pH/pCO2- und Eh-Bedingungen in der Behandlung der Unsicherheiten für Löslichkeitslimiten 
und Kd-Werte erfasst. Weitere wichtige konzeptionelle Modellunsicherheiten, die im Rahmen 
dieser Arbeit identifiziert wurden, betreffen den Effekt der Carbonatkomplexierung auf die Lös-
lichkeit und die Sorption von vierwertigen Metallen, die Redoxchemie von Pu, die Beschaffen-
heit und die Kristallinität der löslichkeitskontrollierenden Phasen, die Kinetik von Redox-
reaktionen betroffener Nuklide und die physikalisch-chemischen Eigenschaften von Wasser in 
kompaktierten Tonen. Weil die hergeleiteten Datenbanken sich auf eine Referenztemperatur 
von 25 °C abstützen, ergibt sich eine zusätzliche Unsicherheit durch die etwas höheren erwarte-
ten Temperaturen (≈ 50 °C) unter sicherheitrelevanten Bedingungen. Aus einer provisorischen 
Betrachtung dieses Aspekts schliessen wir jedoch, dass die Unsicherheit bedingt durch den 
Temperaturunterschied weniger relevant als die oben erwähnten ist.  

Die konzeptionellen Modellunsicherheiten für die Retentionsdaten wurden in den geoche-
mischen Datenbanken durch den konservativen Ansatz bei der Herleitung des Unsicherheits-
bereichs und bei der Abschätzung der pessimistischen Werte berücksichtigt. Ausserdem wurde 
die grosse Unsicherheit betreffend des Transportverhaltens von redoxsensitiven Nukliden 
implizit dadurch berücksichtigt, dass die Effekte eines oxidierenden Nahfelds in einem "What 
if?"-Fall betrachtet wurden. 
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Résumé 
 

Les phénomènes de rétention chimique jouent un rôle essentiel dans le concept suisse de 
stockage géologique pour éléments combustibles usés, déchets de haute activité et déchets de 
moyenne activité à vie longue. Dans l'analyse de sûreté, ces phénomènes sont pris en compte 
par le biais des limites de solubilité et des valeurs Kd. Les données géochimiques nécessaires 
aux calculs ont été rassemblées dans cinq bases de données distinctes, dont chacune a fait l'objet 
d'un rapport détaillé (Berner 2002a; 2003; Bradbury & Baeyens 2003a and b; Wieland & Van 
Loon 2002). 

Les bases de données géochimiques (Geochemical Databases ou GDB) ont été élaborées sur 
deux ans par une équipe comprenant des chercheurs de l'Institut Paul Scherrer et de la Nagra, en 
se fondant sur de nombreuses années de recherches. L'approche adoptée repose à la fois sur les 
principes de la thermodynamique chimique, sur des ensembles de données fiables provenant 
d'expériences de sorption et de diffusion, ainsi que sur les connaissances scientifiques des 
membres de l'équipe ("expert judgement"). Une procédure cohérente alliée à une série de 
mesures appropriées ont permis d'assurer la qualité des données. On a veillé en particulier à ce 
que les données, et les incertitudes qui leur sont associées, soient obtenues par le biais de 
procédures transparentes et reconstituables et constituent les "meilleures estimations" possibles.  

La méthodologie utilisée peut être décomposée en trois phases. La première correspond aux 
fondements de l'ensemble, avec la mise à jour de la base de données thermodynamique 
Nagra/PSI, la dérivation des conditions géochimiques cadres in-situ (p. ex. pH et Eh) dans les 
différents compartiments et la génération de données de sorption expérimentales pour les 
systèmes à base d'argile et de ciment. La seconde phase a consisté à dériver des données de 
rétention fiables du point de vue scientifique, c'est-à-dire les limites de solubilité et les valeurs 
de sorption pour les radionucléides importants pour la sûreté dans les conditions du dépôt. Au 
cours de la troisième et dernière étape, les valeurs obtenues ont été évaluées, puis adaptées si 
nécessaire, en vue de leur utilisation dans le cadre de l'analyse de sûreté. Parallèlement, on a 
effectué des comparaisons avec des bases de données récentes compilées à l'étranger et des 
données obtenues par l'étude des analogues naturels. 

Les bases de données concernant les limites de solubilité pour les ensembles conteneur-
bentonite d'une part et ciment d'autre part sont pour une large mesure compatibles avec d'autres 
compilations issues d'analyse de sûreté récentes, ceci malgré les différences existant au niveau 
des données thermodynamiques utilisées et des hypothèses concernant les conditions 
géochimiques. 

L'approche employée ici pour dériver les valeurs Kd et les coefficients de diffusion apparents 
dans la bentonite et l'argile en tant que roche d'accueil est différente de celle utilisée par la 
plupart des autres analyses de sûreté. Tandis que ces dernières sont basées en grande partie sur 
des mesures de diffusion effectuées dans des argiles compactées, les valeurs Kd que nous 
utilisons proviennent d'expériences en batch bien contrôlées, et ont ensuite été adaptées aux 
conditions in-situ. Malgré cette approche différente, les valeurs Kd et Da que nous proposons 
sont comparables à celles utilisées dans les autres analyses de sûreté, sauf dans le cas des 
radionucléides tétravalents. Ceci est confirmé par une comparaison entre des valeurs de sorption 
dérivées de systèmes batch et des mesures de diffusion obtenues au Japon sur de la bentonite de 
type Kunigel. Ce résultat suggère que la compaction et le gonflage n'ont probablement qu'un 
effet limité sur les propriétés de rétention de l'argile.  

Par rapport à d'autres analyses de sûreté, nous utilisons d'une façon générale, pour les métaux 
tétravalents, des valeurs Kd plus élevées et des valeurs Da plus basses dans la bentonite du 
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champ proche et l'argile de la géosphère. L'écart est particulièrement important dans le cas des 
éléments sensibles aux conditions redox Tc(IV), U(IV) et Np(IV). Il est difficile d'expliquer ces 
différences, qui peuvent provenir (i) d'un traitement plus conservateur des incertitudes dans les 
autres analyses de sûreté, (ii) de conditions redox mal contrôlées dans les expériences de 
diffusion ou (iii) du processus qui a permis d'adapter les données de sorption batch aux 
conditions in-situ. Cette dernière possibilité est toutefois assez peu probable au vu des 
indications données ci-dessus. On notera que les différences relevées entre nos valeurs Kd et 
celles d'autres analyses sont moins marquées lorsque le ciment, plutôt que l'argile, prédomine 
dans le champ proche. 

L'une des principales incertitudes identifiées concerne la composition de l'eau interstitielle dans 
l'argile. Lors de la compilation des bases de données, nous avons par conséquent travaillé avec 
un large spectre de valeurs de pH/pCO2 et Eh pour le traitement des incertitudes relatives aux 
limites de solubilité et aux valeurs Kd. De plus, la présente étude a permis d'identifier 
d'importantes incertitudes au niveau des modèles conceptuels: l'effet du carbonate sur la 
solubilité et la sorption des métaux tétravalents, la chimie redox du Pu, la nature et la 
cristallinité des phases contrôlant la solubilité, la cinétique des réactions redox pour les 
radionucléides sensibles aux conditions redox du milieu, ainsi que les propriétés physico-
chimiques de l'eau dans les argiles compactées. Du fait que la température de référence pour les 
bases de données est de 25 °C, la température légèrement supérieure (≈50 °C) supposé par 
l'analyse de sûreté crée une incertitude supplémentaire. Sur la base d'observations préliminaires, 
on peut toutefois avancer que son impact sera moindre que celui des incertitudes mentionnées 
plus haut. 

Dans les bases de données géochimiques, afin de tenir compte des incertitudes existant au 
niveau du modèle conceptuel pour les données de rétention, on a adopté une approche prudente 
lors de la dérivation des marges d'incertitude et de l'estimation des values pessimistes. De plus, 
l'importante incertitude relative au transfert des radioéléments sensibles aux conditions redox du 
milieu a été prise en compte implicitement en analysant les effets d'un champ proche oxydant 
dans le cadre d'un cas "what-if?". 
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1 Introduction 
 

The fate of radionuclides (RN) is strongly influenced by their chemical properties once they are 
released into the near field of a nuclear waste repository. In fact, their concentration in the 
porewater will be limited by their solubility and by sorption to solid materials in the engineered 
barrier system and the host rock. These processes, which effectively attenuate RN releases from 
the disposal system, strongly depend on the geochemistry of the different media (backfill 
materials, host rock). Geochemical retention plays a central role in the safety assessment of the 
project Entsorgungsnachweis1. This project comprises an extensive feasibility study of the 
disposal of spent fuel, vitrified high-level waste and intermediate level waste in Opalinus Clay. 

The Swiss concept for the disposal of high-level waste foresees a repository for two different 
waste categories embedded in Opalinus Clay at a depth of about 650 m (Nagra 2002a). This is 
schematically illustrated in Fig. 1.1. The first category includes both spent fuel and vitrified 
high-level waste from reprocessing (SF/HLW) contained in steel canisters and surrounded by 
bentonite backfill. The second waste category, located at least 500 m away from the SF/HLW, 
includes various intermediate-level wastes (ILW) from reprocessing. The ILW is incorporated 
in a predominantly cementitious matrix. Hence, the near fields of the SF/HLW (canister-
bentonite) and ILW (cement) display distinctively different geochemical environments. 

A small part of the ILW contains high concentrations of nitrate, various organics and sulphides. 
Because this waste type may have detrimental effect on RN retention, it is foreseen to dispose of 
it separately from the main part of the ILW (Nagra 2002a; Schwyn et al. 2003). The two waste 
types are termed ILW-1 (main waste type) ILW-2 (high nitrate type).  

The geochemical retention processes in the safety assessment for the SF/HLW and ILW 
repository (Nagra 2002a) were parameterised by using the well-established concepts of 
solubility limits and Kd values. This led to the creation of five geochemical databases (GDBs) 
that were used as input parameters in the safety assessment codes:  

1. Solubility limits in the SF/HLW near field (canister-bentonite environment) 

2. Solubility limits in the ILW near field (cementitious environment) 

3. Sorption/diffusion values in SF/HLW near field (bentonite environment) 

4. Sorption values in the ILW near field (cementitious environment) 

5. Sorption/diffusion values in the Opalinus Clay host rock 

The application of these GDBs in the different compartments considered in safety assessment is 
schematically illustrated in Fig. 1.2. The transport of RN through the near field was performed 
with the program package STMAN which contains the three modules SPENT for SF, STRENG 
for HLW and STALLION for ILW. The conceptualisation and assumed initial and boundary 
conditions for RN transport modelling are described in detail in Nagra (2002b). 

                                                           
1 This German term translates into English as "demonstration of disposal feasibility". 
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Fig. 1.1: Repository concept for SF/HLW and ILW for Project Opalinus Clay (Entsorgungs-
nachweis) 



 3 NAGRA NTB 03-06 

In the case of SF/HLW it is assumed that, upon canister breaching, the RN dissolve at given 
rates in the water-filled pore space of the waste form, where their concentrations are controlled 
by solubility constraints or, in the case of very soluble RN, by the quantity of RN released. 
From this compartment RN diffuse according to Fick's laws through the bentonite backfill. In 
this compartment retention processes include linear reversible sorption and precipitation. The 
migration in the argillaceous host rock is modelled with the PICNIC code with diffusion/ 
advection and linear reversible sorption2 (Nagra 2002b). It is noteworthy that migration and 
sorption in the canister compartment are conservatively neglected. 

The ILW near field is treated as mixing tank in which the released RN are assumed to be 
partitioned between aqueous, sorbed and precipitated phase in the cement matrix. Thus, the 
concentrations are controlled by both solubility and sorption in the cementitious backfill, from 
where they diffuse into the zone of cement-altered clay and unaltered host rock. In the transport 
calculations the same RN sorption was assumed in the altered zone as in the non-altered clay 
formation (Nagra 2002a). This is because the extent of the cement-altered clay will be very 
limited, reaching at maximum a few metres after millions of years (Mäder 2003). Moreover, the 
sorption properties in the altered rock and the higher pH conditions will induce conditions that 
are as least as favourable for RN retention as in the original clay host rock (Bradbury & 
Baeyens 2003c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.2: Schematic illustration showing compartments where geochemical databases are 
applied in the safety assessment of Entsorgungsnachweis 
* The "reservoir" is a concept used exclusively to model RN solubility and consists of the 

instantly accessible pore space near the SF/HLW canister. 

                                                           
2 Solubility constraints are conservatively neglected in the far-field. 
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Information on retention processes, which may involve different precipitation and sorption 
mechanisms, needs to be abstracted and simplified to manageable parameters for safety 
assessment, which are typically solubility limits and Kd values. In order to obtain reliable and 
defendable solubility limits and Kd values, knowledge both on the chemical behaviour of the 
specific RN and of the geochemical boundary conditions (e.g. pH, Eh, ligand concentration) 
needs to be gained. An important aspect is the chemical consistency between the different 
databases (Section 2.2.1). In the past this point has often been overlooked and GDBs from 
different sources and authors without considering overall geochemical consistency have been 
used in safety assessment exercises. 

The GDBs used in our safety assessment were elaborated in close collaboration with the Paul-
Scherrer-Institute, who provided the main scientific basis, such as carefully reviewed thermo-
dynamic data, experimental and modelling work and expert judgement (Hummel et al. 2002; 
Hummel & Berner 2002; Curti & Wersin 2002; Schwyn et al. 2003; Berner 2002a; Berner 
2003; Bradbury & Baeyens 2002b; 2003a and b; Wieland & Van Loon 2002). The major 
objective was to generate a geochemically consistent and coherent set of data, based on the 
principles of chemical thermodynamics. Because for a number of RN the thermodynamic data 
are of rather poor quality, chemical analogues, and in some cases expert judgement were the 
sources of information. The derived solubility limits and sorption/diffusion values were 
critically evaluated before use in the transport codes. This evaluation included internal quality 
assurance measures, reviews and audits with external experts and comparison with other sources 
of information (GDBs from other safety assessments, natural analogue information).  

A large part of the derivation procedure of retention data focussed on the estimation of 
uncertainties, i.e., on the upper and lower limits of the proposed data. The adequate treatment of 
uncertainties for GDBs is one of the most difficult tasks in safety assessment (e.g. Andersson 
1999), and established procedures are still lacking. We attempted to assess uncertainties in a 
traceable and transparent manner, by deriving realistic values (the most likely or expected 
estimates based on current understanding), pessimistic and optimistic values (Section 2.2.3). Of 
particular importance for safety assessment is the elaboration of defensible pessimistic values 
(values not excluded by scientific understanding that result in radiological consequences 
towards the high end of range of the possibilities), which were used in a number of assessment 
calculations (Nagra 2002a and 2002b). The GDBs were also used in probabilistic assessment 
calculations, where best estimates, pessimistic and optimistic values were sampled as discrete 
values (Nagra 2002a and 2002b). 
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2 Methodology 

2.1 General procedure 
 

The GDBs were elaborated by a team consisting of scientists from the Waste Management 
Laboratory of PSI and the Safety Assessment Group of Nagra within a two years' time period, 
based on many years of extensive scientific investigations. It was an iterative process that 
included several preliminary and intermediate GDBs. Due to the time constraints, many steps 
were performed in parallel, but with appropriate project management and quality assurance 
(QA) measures (Section 2.2.1) it was attempted to ensure an integrated traceable and transparent 
approach, to minimise errors and to successively improve the quality of the data. 

The main three parts of the methodology are schematically presented in Fig. 2.1: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.1: Schematic illustration of applied methodology (see text) 

 

a. Geochemical foundations:  

This includes primarily three aspects: (i) Review and update of the Nagra/PSI thermodynamic 
database (Section 2.3.1). This work is presented in detail in the reports NTB 02-16 and 02-12 
(Hummel et al. 2002; Hummel & Berner 2002). (ii) Derivation of porewater chemistry of the 
EBS and host rock, which led to the so-called "reference waters" (Section 2.3.2). This work is 
presented in detail by Curti & Wersin (2002) for bentonite porewater, by Schwyn et al. (2003) 
for cement porewater, by Pearson (2002) for Opalinus Clay porewater and by Wersin et al. 
(2003) for near field redox conditions. (iii) Sorption values for bentonite, Opalinus Clay and 
cement and diffusion data in Opalinus Clay are based to a large extent on the Nagra/PSI 
experimental research programme (Baeyens & Bradbury 1995a and b; Lauber et al. 2000; Glaus 
et al. 2001; Bradbury & Sarott 1995; Wieland & Van Loon 2002; Van Loon & Soler 2003; PSI 
unpubl. data). 

Additionally, the following aspects served as geochemical basis: spent fuel dissolution (Johnson 
& Smith 2000), HLW glass dissolution (Curti 2003), influence of high pH on Opalinus Clay in 
ILW (Mäder 2003) and colloidal transport in the far field (Voegelin & Kretzschmar 2002). 
These aspects are not discussed further in this report. 
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b. Derivation of geochemical retention data:  

This includes the following investigations performed by PSI researchers and documented in 
NTB reports: (i) solubility limits and uncertainties for the SF/HLW case (Berner 2002a) and the 
ILW case (Berner 2003); (ii) sorption values and uncertainties for bentonite (Bradbury & 
Baeyens 2003a), for cement (Wieland & Van Loon 2002) and for Opalinus Clay (Bradbury & 
Baeyens 2003b). The procedures are summarised in Sections 3.1 and 4.1 respectively. 
 

c. Final databases: 

A crucial step in the procedure was the critical evaluation of the geochemical retention data 
obtained under paragraph b with regard to their use as input data for the safety assessment 
calculations. This task was carried out by Nagra's Safety Assessment Group. The final geo-
chemical databases are presented as addenda in the respective solubility and sorption data 
reports (Berner 2002a; 2003; Bradbury & Baeyens 2003a and b, Wieland & Van Loon, 2002). 
Adapted and modified values relative to those derived under paragraph b are presented in the 
Sections 3.2.2 and 4.2.2.  

The evaluation procedure involved critical internal and external reviews of the data and 
underlying procedures, several audits and a workshop with international experts (Nagra 2002c). 
In addition, plausibility tests were done by comparison with other recent safety assessments and 
by considering natural analogue data. These indirect sources of information are presented in 
Chapters 5 and 6. 

2.2 Specific aspects 

2.2.1 Consistency 

There are different levels to consider if consistency and coherence of the geochemical data used 
for safety assessment are to be achieved. At this point we would like to emphasise that obtaining 
complete geochemical consistency is, in our view, not possible because of the simplifications in 
the concepts of solubility limits and Kd values and still existing large conceptual model 
uncertainties of system behaviour. Nevertheless, this general problem can be overcome to some 
extent if it is assured that the generated geochemical data are robust, meaning that they lead to a 
conservative assessment, but are still based on geochemically reasonable assumptions. 

The first level of consistency regards the consistent use of input data. For example, the same 
thermodynamic database3 (TDB) was used for all geochemical calculations. Further, the same 
reference water composition (pH, Eh etc.) for bentonite, cement and Opalinus Clay served as 
basis for the derivation of all GDBs. The second level involves a consistent treatment of RN 
retention data. This was found to be a particularly difficult aspect, because of the strongly 
varying geochemical knowledge basis of the different safety-relevant RN. Thus, in some cases 
consistent data treatment was not possible and crude estimations based on expert judgement 
were done. The third level regards the geochemical consistency between the different RN data 
sets and between the GDBs. For example, the apparent inconsistency of derived actinide 
solubility data led to a review of the thermodynamic data and re-assessment of solubilities under 
more conservative assumptions (Hummel & Berner 2002). A further consistency check was the 
comparison of the two argillaceous GDBs (i.e. bentonite vs. Opalinus Clay).  

                                                           
3 The TDB itself was checked for internal consistency with the aid of the software tool PMATCHC (Hummel et al. 2002). 
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A final level regards the consistency for application in safety assessment calculation. At this 
level expert judgement is required. Independent sources of information, including mainly "soft" 
data, such as comparison with other safety assessments and natural analogue data (Chapters 5 
and 6) were evaluated for selecting the final databases. 

2.2.2 Quality assurance procedure 

The attempt to generate consistent GDBs was an important aspect of the quality assurance (QA) 
procedure. The validity of the assumptions and procedures and the goodness of the generated 
data was checked with a number of QA measures. These included regular discussions and audits 
within the project team, external peer reviews of the corresponding Nagra Technical Reports 
and a workshop with international experts where the geochemical databases and underlying 
approaches were presented (Nagra 2002c). In addition, for a number of cases the correctness of 
the obtained data was checked by additional geochemical calculations. All this information is 
documented in Nagra's project documentation of Entsorgungsnachweis. 

2.2.3 Treatment of uncertainties 

Generally speaking, uncertainty can be described as lack of knowledge, which occurs at various 
levels and depends on the complexity of the assessment. In safety assessments uncertainty 
categories include scenario uncertainty, conceptual model uncertainty and data uncertainty 
(NEA 1997; Andersson 1999). All these categories also apply to the geochemical databases: 

• Scenario uncertainty concerns the uncertainty in the repository evolution. It includes both 
quantitative and qualitative uncertainty of the initial and boundary conditions of a repository 
system. In safety assessment this uncertainty category is handled by performing test 
calculations with pessimistic assumptions and/or pessimistic parameter values. For example, 
although highly unlikely (but not completely impossible), oxidising conditions in the near-
field were assumed as "what if?" case. This required a geochemical database also for 
oxidising conditions (solubility limits and Kd values). 

• Conceptual model uncertainty concerns uncertainty in the modelling of a process, or in 
more general terms, in process understanding. For example, the thermodynamic properties 
of water in compacted clays were found to constitute a significant conceptual model 
uncertainty because of lack of process understanding (Section 2.3.2). A further example is 
the uncertainty in the persistence of metastable solids controlling the solubility of RN in the 
repository system. Conceptual model uncertainty is difficult to treat quantitatively. It is 
generally assessed by conservative assumptions (e.g. assuming solubility control by poorly 
crystalline phases) and by expert judgement. 

• Data uncertainty concerns the uncertainty in the parameter values of a specific model. This 
uncertainty category can be presented as probability density functions (PDFs), either 
continuous or discrete, but this requires sufficient statistical data. For example, PDFs of 
solubility data can be obtained from input uncertainty of sufficient thermodynamic and 
experimental data by using Monte Carlo simulations (Cabaniss 1999)4. In repository 
systems, however, such an approach is of limited value due to large conceptual model 
uncertainties (Ekberg & Emrén 2000; 2001), which usually dominate over data uncertainty. 

For our safety assessment we adopted a pragmatic approach for bounding uncertainties by 
deriving realistic and pessimistic values. Similar approaches were applied in other recent safety 

                                                           
4 This study showed that PDFs of solubility data are generally highly skewed due to non-linearity effects. 
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assessments such as SR 97 (Andersson 1999) and TILA-99 (Vieno & Nordman 1999). In 
addition, optimistic values were estimated and were used for probabilistic safety assessment 
calculations. The concept for deriving these values is schematically illustrated in Fig. 2.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.2: Concept for estimation of uncertainties. Example of asymetric probability distribu-
tion shown 

Realistic value and realistic range:  

The realistic value corresponds to the expected / most likely value that is supported by 
scientifically accepted experimental data or analysis of the property of interest. The uncertainty 
of the realistic value, termed "realistic range", and corresponding PDFs are derived from the 
analysis of a given set of data or, in case of scarce data, also by expert judgement.  

The realistic values and the associated uncertainty ranges for the geochemical retention data 
were derived according to a transparent procedure documented in the respective reports and 
briefly outlined in Chapters 3 and 4. Because of lack of knowledge no PDFs were elaborated at 
this stage of analysis.  

Pessimistic value: 

The pessimistic value corresponds to the upper end of the uncertainty range which cannot be 
excluded based on current scientific understanding and/or other data. It generally involves a 
broader view of the property of interest and may include "hard" and "soft" data from the 
literature and expert judgement.  

The pessimistic values of the GDBs used for safety assessment calculations were based to a 
large extent on evaluation of other sources of information (e.g. other safety assessment studies) 
and expert judgement. In practice, in many cases these values did not differ from the upper 
respectively lower boundary of the realistic range, which may be explained by the cautious 
approach applied to derive that range. 
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Data for probabilistic safety assessment:  

The probabilistic calculations were performed as additional analyses to verify safety assessment 
cases evaluated deterministically (Nagra 2002a). PDFs for solubility limits and sorption values 
were arbitrarily assumed to be discrete with a probability of 0.7 for realistic values and 
probabilities of 0.15 for optimistic and pessimistic values. 

2.3 Geochemical foundations 

2.3.1 Nagra/PSI Chemical Thermodynamic Data Base 

Chemical thermodynamics were the backbone of all geochemical databases elaborated in this 
work. Thus, a central aspect was to ensure reliable state-of the-art thermodynamic data, 
applicable to the chemical conditions of the repository. This was done by updating the existing 
well-established Nagra/PSI Chemical Thermodynamic Data Base (Pearson & Berner 1991, 
Pearson et al. 1992), which is described in detail by Hummel et al. (2002). In short, the update 
was performed by a team of experts and involved extended reviews of thermodynamic data for 
Th, Sn, Eu, Pd, sulphides, and silicates. A less rigorous review was done for the elements Zr, Ni 
and Se, which are currently being reviewed by the NEA-TDB project. In addition, 
thermodynamic data for Am, U, Pu and Tc recommended by NEA were re-evaluated in the 
update. 

The internal consistency of the TDB was ensured by using the database management tool 
PMATCHC (Hummel et al. 2002). Chemical consistency between the different elements was 
not evaluated in the same rigorous manner, but was assessed for subsystems by empirical and 
semi-empirical correlation of selected equilibrium constants. Conflicting, uncertain and missing 
data were identified, discussed and complemented where appropriate.  

The uncertainties of logK values were estimated according to the method proposed by NEA 
(e.g. Grenthe et al. 1992). Thus, in cases of sufficient data, the uncertainty was derived from a 
linear regression of the extrapolation to zero ionic strength, using the SIT extrapolation. In cases 
where only few data were available, the uncertainty was selected in a way that it included all 
(often discrepant) data. This method was also applied for cases where the derived constants 
were directly based on solubility measurements. In cases where only one data point was 
available, error estimations were done by expert judgement. Data that were derived from several 
primary logKs were treated by Gaussian error propagation, as recommended by NEA. 

The Nagra/PSI TDB includes formation constants almost exclusively based on experimental 
findings. Thermochemical data or data obtained from estimation methods were generally not 
included. For some cases this approach revealed inconsistent data sets, such as the solubility 
data for Th and U oxides (see Hummel & Berner, 2002 for details). Here a pragmatic approach 
was applied by recommending solubility data that apply to the chemical conditions expected for 
repository systems, but not to low pH conditions. These thermodynamic data refer to poorly 
crystalline hydroxide phases that are more soluble than the crystalline modification, but appear 
to be stable at low temperature under the applied the experimental conditions. Hence, the use of 
these data leads to conservative estimates for solubility limits. The assumption of solubility 
control by a poorly crystalline oxide phase was also assumed for other safety-relevant nuclides 
(e.g. Np, Pu, Am, Tc). 

The structure of the TDB and its interface to the geochemical data that was used for safety 
assessment is schematically illustrated in Fig. 2.3. The shell of the TDB is built up as experi-
mentally well-founded core and supplemental data. Inevitably, due to incomplete data for many 
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subsystems, there exist "holes" in this TDB which must be considered by problem- specific 
TDB extensions. Thus, applications, such as those discussed in this report, require careful 
evaluation of the relevant equilibria and, if necessary, filling the holes with estimated 
thermodynamic data. 

An example of such an application exercise is provided by Hummel & Berner (2002) for the 
estimation of the effects of carbonate complexation for tetravalent actinides and of silicate 
complexation for trivalent actinides. The thermodynamic data for these subsystems are rather 
poor and estimation of the complexing power of carbonate and silicate was done with the so-
called backdoor approach (Hummel & Berner 2002). This consisted of adjusting thermo-
dynamic constants to maximum feasible values that are not at odds with all available solubility 
data. The outcome was that An(IV) hydroxy carbonate and An(III) silicate complex formation is 
expected to be significant under conditions of the SF/HLW near field, and, therefore needed to 
be considered for derivation of solubility limits and sorption values (Sections 3.1 and 4.1). 

All thermodynamic data used in the TDB refer to 25 °C. A systematic integration of 
temperature correction procedures was not available at this stage of the project, but is being 
currently implemented. The temperature in the repository is expected to be in the range of 40 to 
50 °C for time scales relevant for safety assessment (Johnson et al. 2002), i.e. after canister 
breaching. The effect of higher temperature (T = 50 °C) was evaluated for the solubility of 
actinides and Tc in bentonite porewater with the aid of a problem-specific thermodynamic data 
set (Thoenen et al. 2002). This is briefly presented in Section 3.1.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.3: Structure of Nagra/PSI chemical thermodynamic database 01/01 and its interface to 
geochemical data used in safety assessment (taken from Hummel et al., 2002) 
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2.3.2 Reference mineralogy 

The reference backfill material for SF/HLW emplacement tunnels is compacted MX-80 
bentonite. The mineralogical and ion exchange properties are described in Müller-Vonmoos & 
Kahr (1983) and have been recently confirmed by Bradbury & Baeyens (2002a). Selected 
parameters for the reference bentonite material are given in Table 2.1. This material is expected 
to keep its favourable swelling properties for a very long time and to remain geochemically 
stable (Nagra 2002a). 

The reference mineralogy, cation exchange capacity and other properties of Opalinus Clay 
(Nagra 2002d) are given in Table 2.1. This rock is also dominated by the clay fraction (illite, 
kaolinite and smectite/illite). Note that cation exchange properties are quite similar to those of 
the bentonite backfill. Thus, Na+ is the main exchangeable cation in both clays. The cation 
exchange capacity (CEC) is larger in bentonite due to the higher smectite content. However, 
because of the higher S/L ratio in Opalinus Clay the total amount of exchangeable cations per 
unit volume of porewater is similar in both clays (3.9 eq/L in bentonite vs. 2.1 eq/L in Opalinus 
Clay). 

The reference cementitious backfill is assumed to be "average" Portland cement and quartz sand 
with a ratio of 1:5 (Schwyn et al. 2003). 

Tab. 2.1: Selected properties of reference bentonite and Opalinus Clay 
 
 MX-80 bentonite backfill Opalinus Clay 
main minerals Na-mont-qz ill-kao-ill/smec-qz-cc 
mineral impurities feld-cc-kao-sid-pyr-NaCl chlor-sid-feld-dolom/ank-pyr 
organic carbon 0.4 % 0.6 % 
cation exchange capacity 787 meq/kg 106 meq/kg 
cation fractional occupancies Na 0.85, Ca 0.084,  

K 0.017, Mg 0.051 
Na 0.51, Ca 0.27 
K 0.075, Mg 0.12 

grain density 2760 kg/m3 2720 kg/m3 
porosity 0.36 0.12 
solid/liquid ratio 4.9 kg/L 19.9 kg/L  

 
Na-mont: Na-montmorillonite; qz: quartz; ill: illite; kao: kaolinite, ill/smec: illite/smectite mixed layers; 
cc: calcite, feld: feldspars; sid: siderite; pyr: pyrite, dolom/ank: dolomite/ankerite 

 

2.3.3 Reference water chemistry 

The focus of defining reference waters was to establish the chemical boundary conditions for 
the three different compartments bentonite backfill, cementitious backfill and Opalinus Clay. In 
particular, the pH and Eh conditions and concentrations of main ions should be estimated with 
the aid of geochemical modelling. 

Opalinus Clay reference water: 

The reference water chemistry of Opalinus Clay was derived by Pearson (2002). This 
assessment is based on chemical and mineralogical analyses of cores from the Benken borehole, 
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extensive studies performed at the Mont Terri Rock Laboratory and geochemical modelling. 
The modelling, which is entirely based on chemical thermodynamics, principally includes 
equilibria with carbonates and cation exchange with the clay fraction.  

An important aspect in the modelling was the estimation of chloride and pCO2. Chloride 
concentrations in the host rock were estimated from leaching tests of Benken cores and 
experimental data obtained from Mont Terri. Sulphate concentrations were estimated by 
assuming the current marine SO4/Cl ratio. A major uncertainty was revealed to be the pCO2 of 
the formation water. Pearson (2002) proposed a "nominal" value of 10-2.2 bar, corresponding to 
the most likely value based on extensive modelling results, and two bounding values of 10-1.5 
and 10-3.5 bar. 

The redox potentials were derived assuming equilibrium between sulphate, pyrite and siderite, 
which resulted in Eh values of about -140 to -250 mV. Pyrite and siderite are prominent Fe(II) 
minerals in Opalinus Clay. The assumption of sulphate/pyrite equilibrium is considered 
reasonable, given the very long residence time of porewater, even though the catalytic role of 
sulphate-reducing bacteria in Opalinus Clay is uncertain (Nagra 2002d). 

The resulting reference water, corresponding to the "best estimate" composition, is presented in 
Table 2.2. In addition, the two bounding compositions, under the assumption of limiting pCO2 
values are given. These latter waters were calculated assuming the combination of chloride and 
sulphate concentrations that lead to the highest and lowest possible pH values. 
 

Tab. 2.2: Reference Opalinus Clay porewater and limiting water compositions (Pearson 
2002). Concentrations in mol L-1 

 
 reference 

water 
high pCO2 

high Cl, SO4 
low pCO2 

low Cl, SO4 
log pCO2 [bar] -2.2 -1.5 -3.5 

pH  7.24 6.80 8.17 
ESHE (mV) -167 -140 -240 

K 5.65 × 10-3  7.27 × 10-3 2.61 × 10-3  
Na 1.69 × 10-1  2.14 × 10-1  8.02 × 10-1  
Ca 1.05 × 10-2 1.83 × 10-2  1.86 × 10-2 
Sr 3.04 × 10-4 5.31 × 10-5  5.44 × 10-5 
Mg 7.48 × 10-3 1.30 × 10-2 1.34 × 10-3  
Mn 2.42 × 10-5 4.28 × 10-5 4.81 × 10-6 
Fe 4.33 × 10-5 7.74 × 10-5 8.00 × 10-6  
Al 1.78 × 10-8 1.81 × 10-8 1.28 × 10-7 
Si 1.78 × 10-4 1.77 × 10-4 1.84 × 10-4 

SO4 2.40 × 10-2 4.00 × 10-2 4.00 × 10-3 
CO3(tot) 2.70 × 10-3 5.85 × 10-3 9.80 × 10-4 

Br 2.40 × 10-4 3.00 × 10-4 1.20 × 10-4 
F 1.66 × 10-4 1.48 × 10-4 2.67 × 10-4 
Cl 1.60 × 10-1 2.00 × 10-1 8.00 × 10-2 
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All calculations were performed at standard state conditions (25 °C, 1 bar). Scoping calculations 
performed at the reference temperature of 38 °C of the host rock suggest that deviation in 
composition is small compared to that induced by the uncertainty of CO2 partial pressure 
(Pearson 2002). 

Bentonite reference water: 

The assessment of the bentonite porewater chemistry for the SF/HLW case is documented in 
detail in Curti & Wersin (2002). The approach consisted of the application of well-established 
thermodynamic models for montmorillonite (Wanner et al. 1994; Bradbury & Baeyens 1995) to 
the conditions of the bentonite backfill. The model assumes instantaneous equilibration of the 
bentonite with Opalinus Clay porewater at constant CO2 partial pressure. The main processes in 
this model affecting the chemistry were found to be ion exchange and surface complexation at 
clay surfaces and dissolution of mineral impurities, such as calcite, gypsum and NaCl. The 
modelling approach was tested by applying it to recent experimental data at various solid/liquid 
ratios (Muurinen & Lehikoinen 1999) and by an extended sensitivity analysis. Furthermore, the 
temporal evolution of the porewater was evaluated by two simple alternative models.  

The redox conditions of the bentonite-canister system were assessed separately by considering 
all relevant sources of information (Wersin et al. 2003). This analysis indicated that the oxic 
stage of the near field is rather short (<100 years) and that after this time redox conditions in the 
bentonite will be dominated by anoxic corrosion of the iron canister and diffusion of reduced 
species from the host rock. A thermodynamic redox model, based on magnetite/Fe(II) 
equilibrium, was applied to estimate long-term redox potentials. This analysis indicated redox 
potentials between -130 and -300 mV. 

An oxidising near field was assumed for a so-called "what-if?" case in the safety assessment 
calculations (Nagra 2002a). This is a hypothetical case that was considered to test the robustness 
of the geochemical barrier system. In order to derive solubility and sorption data for such 
conditions, an oxidising bentonite porewater was defined under the arbitrary assumption of 
redox control by magnetite and microcrystalline ferric hydroxide. 

The resulting reference water (Table 2.3) reflects the "best estimate" composition, based on 
geochemical understanding of the bentonite and surrounding Opalinus Clay chemistry. From the 
sensitivity analysis it is inferred that the pCO2 of the host rock is the main uncertainty affecting 
porewater composition and lies between 10-1.5 and 10-3.5 bars. With these bounding CO2 
pressures limiting porewaters in terms of pH, Eh and carbonate concentrations can be defined 
(Curti & Wersin 2002). The oxidising porewater, the major composition of which is the same as 
for the reference water, is also given in Table 2.2.5  

A comparison between the derived Opalinus Clay and bentonite porewater indicates that they 
are similar, which is explained by the similar geochemical properties of both compartments. 
This is also supported by the modelling results (Curti & Wersin 2002). 

                                                           
5 The reference porewater chemistry was defined using a preliminary backfill porosity of 0.38, which is slightly higher than the 

final one (0.36). This has very little influence on the final composition. 
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Tab. 2.3: Reference bentonite porewater and limiting water compositions, as derived from 
Curti & Wersin 2002). Concentrations in mol L-1 
The apparent positive charge of these waters arises from the modelling approach which 
does not differentiate between water that is electrically neutral and bound to negatively 
charged surfaces. 

 
 reference 

water 
low pH 
water 

high pH 
water 

hypothetical 
oxidising water 

log pCO2 [bar] -2.2 -1.5 -3.5 -2.2 
pH  7.25 6.90 7.89 7.25 

ESHE (mV) -193 -131 -283 +635 
K 1.55 × 10-3  1.67 × 10-3 1.38 × 10-3  1.55 × 10-3  
Na 2.74 × 10-1  2.91 × 10-1  2.49 × 10-1  2.74 × 10-1  
Ca 1.32 × 10-2 1.33 × 10-2  1.34 × 10-2 1.32 × 10-2 
Sr 1.90 × 10-5 3.68 × 10-5  2.92 × 10-6 1.90 × 10-5 

Mg 7.64 × 10-3 8.91 × 10-3 6.15 × 10-3  7.64 × 10-3 
Mn 2.34 × 10-5 3.65 × 10-5 4.81 × 10-6 - 
Fe 4.33 × 10-5 7.74 × 10-5 8.00 × 10-6  4.27 × 10-8  
Al 1.92 × 10-8 1.53 × 10-8 7.55 × 10-8 1.92 × 10-8 
Si 1.80 × 10-4 1.80 × 10-4 1.84 × 10-4 1.80 × 10-4 

SO4 6.16 × 10-2 6.39 × 10-2 5.59 × 10-2 6.16 × 10-2 
CO3(tot) 2.83 × 10-3 6.99 × 10-3 5.86 × 10-4 2.83 × 10-3 

Br 2.40 × 10-4 3.00 × 10-4 1.20 × 10-4 2.40 × 10-4 
F 1.67 × 10-4 1.49 × 10-4 1.59 × 10-4 1.67 × 10-4 
Cl 1.66 × 10-1 2.06 × 10-1 8.61 × 10-2 1.66 × 10-1 

 
 

The derivation of porewater compositions and definition of reference water was done for 
T = 25 °C. As noted above the reference temperature for the host rock is 38 °C and the long-
term temperature (> 10'000 years) in the bentonite backfill is expected to be 40 - 50 °C (Johnson 
et al. 2002). Scoping calculations suggest that the effect of temperature on pH is rather small 
(Lützenkirchen 2001). Thus, an increase to 50 °C would lead to a decrease in pH of about 0.2 
units. 

Because of the poorly known thermodynamic properties in compacted swelling clays the 
conceptual uncertainty inherent in the conventional modelling approach is large, as is exten-
sively discussed in Curti & Wersin (2002). However, as suggested by the sensitivity analysis, 
which also included a refined diffuse double layer model, this uncertainty is smaller than that 
imposed by the pCO2 uncertainty of the host rock (Curti & Wersin 2002). Nevertheless, clearly 
further theoretical and experimental investigations are warranted to reduce the conceptual model 
uncertainty of the porewater geochemistry in compacted swelling clays. 
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Cement: 

As noted in the introduction Section, the ILW is physically separated into the two types ILW-1 
and ILW-2, which are chemically quite distinct. The geochemistry of the larger ILW-1 part was 
assessed with a simple thermodynamic approach and a water exchange cycle model (Schwyn et 
al. 2003) on the basis of the models of Berner (1990) and Neall (1994). Three different 
porewater stages (or regions) are distinguished: (i) an initial high-pH stage dominated by alkali 
hydroxide dissolution (region I), (ii) a stage controlled mainly by portlandite equilibrium 
(region II) and (iii) a stage dominated by dissolution of C-S-H phases (region III). Because of 
the very low water exchange rate, region II will persist over very long time periods (many 
hundred thousand to millions of years). This water type has been defined as reference water. 
The time scale for the initial high-pH water is difficult to estimate because it depends on poorly 
understood coupled transport and chemical reaction phenomena. Based on a simple diffusion 
model (Schwyn et al. 2003) it appears that time scales for region I are rather long (i.e. several 
ten thousands of years). 

The porewater composition of ILW-2 was not assessed separately by geochemical modelling. 
Based on its high amount of cementitious materials it is expected to be rather similar to ILW-1, 
except for higher dissolved NaNO3 concentrations and possibly also higher redox potentials 
(Schwyn et al. 2003; Wersin et al. 2003). The compositions of regions I and II waters for ILW-1 
and the reference water for ILW-2 are given in Table 2.4. 

For assessment of redox conditions an approach that considers all relevant sources of informa-
tion, similar to that applied for the high-level waste case, was attempted (Wersin et al. 2003). 
The redox conditions in ILW-1 are expected to become and remain reducing after a rather short 
oxic period. The redox conditions will be dominated by corrosion of the steel components, 
giving rise to magnetite-type corrosion products and hydrogen. Contrary to the conditions in the 
bentonite backfill, the dissolved Fe(II) will be low and redox reactions will principally occur via 
solid phase transformations. The uncertainty in the estimated redox potentials is large, which is 
due in large part to the uncertainty in the nature of the Fe(III) controlling phases. Due to this 
fact, a reference Eh value was selected under conservative assumptions, i.e. magnetite in 
equilibrium with a poorly crystalline ferric hydroxide (Wersin et al. 2003). The resulting values 
for region I and II waters are given in Table 2.4. 

Since ILW-2 contains high amounts of nitrate, this waste has a large oxidising capacity. The 
effect of nitrate on redox conditions depends however on the reaction kinetics. In case of fast 
reduction rates, nitrate would be depleted rather rapidly and not affect redox conditions at 
longer time scales. In case of slow reaction kinetics, conditions might be more oxidising, 
especially if such conditions would develop after iron corrosion is completed. It should be 
pointed out that ILW-2 contains a large amount of reduced carbon, mainly in the form of 
bitumen, which might lead to reducing instead of oxidising conditions. In order to take the high 
redox uncertainty into account, it was conservatively assumed that redox conditions are 
dominated by the microbially mediated denitrification reaction, thus leading to oxidising 
conditions. The resulting Eh value, which is calculated from the corresponding N(V)/N(0) redox 
couple, is +350 mV (Table 2.4). 

The ILW-2 contains also rather high amounts of cyanide compounds (mainly Ni2[Fe(CN)6]) 
which are used as scavenger for cesium in decontamination procedures of liquid wastes. These 
compounds might decompose under alkaline conditions and irradiation and generate free 
cyanide. Cyanide forms strong complexes with "soft" metal ions (Hummel 2001). The effect of 
CN- complexation on the speciation of RN was evaluated by Hummel (2001) and included in 
the assessment of GDBs (Schwyn et al. 2003).  
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Tab. 2.4: Reference waters for ILW-1 and ILW-2 and initial stage water (Schwyn et al. 
2003). Concentrations in mol L-1 

 
 ILW-1 ILW-2 
 initial stage 

water 
reference water reference water 

pH  13.44 12.55 12.55 
ESHE (mV) -430 -230 +350 

K 3.03 × 10-1  5.7 × 10-3  5.7 × 10-3  
Na 1.01 × 10-1  1.69 × 10-1  6.69 × 10-1  
Ca 8.43 × 10-4  2.01 × 10-2  2.01 × 10-2  
Mg <1 × 10-7 1 × 10-7 1 × 10-7 
Fe 1 × 10-7 1 × 10-7 - 

Al 1.00 × 10-5 5 × 10-6 5 × 10-6 
Si 5.00 × 10-5 1.6 × 10-5 1.6 × 10-5 

SO4 7.50 × 10-4 1 × 10-4 1 × 10-4 
CO3(tot) 2.04 × 10-4 1 × 10-5 1 × 10-5 

F 7.6 × 10-4 1 × 10-4 1 × 10-4 
Cl - 1.6 × 10-1 1.6 × 10-1 

NO3 - - 5 × 10-1  
 
 



 17 NAGRA NTB 03-06 

3 Solubility limits 

3.1 SF/HLW 

3.1.1 Procedures for deriving solubilities 

A detailed description for deriving RN solubilities is given in Berner (2002a). This derivation is 
based on geochemically sound principles and includes "best estimates" and upper and lower 
values thereof in a transparent and traceable manner. Depending on the level of information, 
eight different derivation procedures were applied for the different safety-relevant elements: 

a) Thermodynamic calculations using the Nagra/PSI TDB 01/01: Am, Th, Tc, Nb, Se, Pd, Sn, 
Ni, Eu; 

b) Thermodynamic calculations using TDB extension data (cf. Section 2.3.1): Pu, Np, U; 

c) Thermodynamic calculations using other thermodynamic data: Zr, Pb, Sb, Cd, Ag, Mo, Co; 

d) Chemical analogy: Cm, Ac, Hf, Ho, Pm; 

e) Solid solution modelling: Ra; 

f) "Soft" data, expert judgement: Pa; 

g) Not limited by solid or given by composition of reference water: Cs, I, Cl, Cinorg, Sr, Fe, Ca; 

h) No values proposed because of lack of data: Po, Ru, Be. 

The derived solubilities for reference water as well as lower and upper values are presented in 
Table A1 in Appendix A. In addition, solubilities of redox-sensitive RN for hypothetical 
oxidising conditions are given. All these values are taken from Berner (2002a). 

Thermodynamic calculations: 

Owing to the good quality of the TDB, solubilities for a number of key elements were obtained 
directly by thermodynamic calculation (procedure a). Problem-specific extended data (proce-
dure b) were applied for tetravalent and trivalent actinides to account for the uncertainty of 
carbonate and silicate complexation (Section 2.3.1). For some RN of lesser importance the TDB 
did not contain sufficient data, therefore further thermodynamic data, which was generally of 
lesser quality, was used to calculate solubilities (procedure c). 

It is important to note that for the tetra- and trivalent RN solubility control by the poorly 
crystalline hydroxides was assumed, rather than by the more stable crystalline oxide (Section 
2.3.1). This assumption may conservatively over-predict solubilities. However, at least for some 
elements, the derived solubilities are corroborated by natural analogue data (Section 6.2). 

Solid solution formation: 

Co-precipitation and solid solution formation in the near field environment may constitute an 
efficient solubility limiting process for many RN. Since the database for modelling such 
phenomena is generally rather poor, such an approach was not applied, except for radium. For 
this element there exists well-established solid solution and co-precipitation data, in particular 
with Ba, Sr and Ca. 
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By taking into account the inventories of Ra in the waste and of Ba in bentonite the solubility of 
Ra was modelled as an ideal RaSO4-BaSO4 solid solution with aid of the GEMS code (Berner & 
Curti 2002). The results indicate that Ra solubility is decreased by more than three orders of 
magnitude relative to pure RaSO4 solubility. The application of a simple co-precipitation model 
confirmed the obtained results (Berner & Curti 2002). 

Oxidising conditions: 

As noted in Section 2.3.2, solubilities were also derived for hypothetical oxidising conditions. 
Such conditions may affect redox-sensitive RN, such as Sb, Se, Tc, U, Np and Pu. For all these 
elements solubilities were derived with the aid of the Nagra/PSI TDB. In the case of U(VI), two 
different solubilities are recommended, one imposed by uranyl carbonate and the other by 
potassium uranate equilibrium. 

Treatment of uncertainties: 

For most elements two types of uncertainties were evaluated: 

• "thermodynamic" uncertainty 

• "geochemical" uncertainty 

The "thermodynamic" uncertainty was estimated for reference water conditions from the 
uncertainty of the solubility constant and that of the main species in solution using the error 
propagation method proposed by the NEA. In many cases these uncertainties are highly 
correlated, thus a more detailed analysis beyond inspection of the TDB was required. For 
example, for uranium and plutonium this involved evaluation of the uncertainty of the original 
experimental data. 

The "geochemical" uncertainty is related to the uncertainty of the bentonite porewater 
composition, which, in turn, is largely dominated by the pCO2/pH and the redox uncertainty 
(Section 2.3.2). Thus, for all RN, where solubilities were derived from thermodynamic data, 
calculations were also documented for limiting porewater compositions, which are presented in 
Table 2.3. 

The procedure of estimation of upper limits and lower limits of solubility for most RN was to 
select the higher and the lower, respectively, of both uncertainty types. It is acknowledged by 
Berner (2002a) that, in principle, these two uncertainty types are independent and hence, should 
be accumulated using appropriate error propagation methods. For some RN (i.e. Sn, Pd and Ag) 
the upper limit was taken by assuming equilibrium with a more soluble solid. 

Temperature corrections: 

Because of the incomplete data set for higher temperatures in the Nagra/PSI TDB, all 
calculations were carried out at 25 °C. For a number of safety-relevant RN (Tc, Th, U, Np, Pu 
and Am) a set of equilibrium constants was produced at 50 °C (Thoenen et al. 2002). From a 
qualitative evaluation of these data it was concluded that solubilities of these elements would 
most likely remain within the uncertainty range estimated for 25 °C (Berner 2002a). 
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3.1.2 Elaboration of final database for safety assessment 

The evaluation of the suitability of derived solubility data for safety assessment calculations was 
a crucial task in the overall procedure. It included various QA measures, as described in Section 
2.2.2. In addition, the overall plausibility of the solubility data derived by Berner (2002a) was 
evaluated by considering further information, such as solubility databases from recent safety 
assessments, natural analogue data (Chapters 5 and 6), and by expert judgement. 

This analysis of the solubility data presented above revealed that the majority of proposed 
solubility limits and upper and lower uncertainties could be directly used for the final GDB. 
Thus, the "best estimate" values proposed by Berner (2002a) were used without modifications 
for the so-called reference case. Some relatively minor changes and amendments were 
considered necessary, as summarised below. Table 3.1 presents the final solubility database 
with a separate column, in which the rationale for the selection of added or modified values is 
given. This table is also presented as addendum in Berner (2002a). 

Modification of safety-relevant nuclide inventory:  

The list of RN presented in Berner (2002a) is based on a preliminary screening analysis of 
safety-relevant nuclides. The final list of safety-relevant RN (Nagra 2002b, App. 5) includes a 
restricted selection compared to the preliminary one. Thus, the RN of Hf, Eu, Pm, Sb, Cd, Ru, 
Co and Fe were eliminated in the final screening procedure. Sm, on the other hand, was added. 
Also carbon in organic form, not considered in Berner (2002a), was included. 

Amendments of missing values: 

For a few elements (i.e. Be and Po), no values were proposed because of lack of data. 
Furthermore, for the same reason, no uncertainty estimates were given for solubility values of 
Nb, Pb and Pa, or, only upper uncertainties were proposed for Sr, Mo, Pd and Ag. For these 
cases the missing values needed to be added. This was done also for obvious cases, which are 
considered not to be solubility-limited, such as H, I and Cs. Furthermore, values for Sm, which 
was not considered in Berner (2002a) (see above), were added, on the basis of its chemical 
analogy with Eu. 

Slight modifications and simplification of presentation: 

All values in the final TDB were rounded to one significant digit. Concentrations above 10-2 M 
were considered as not limited or "high". Data presented as "insignificantly low" (Ag, Pd) in 
Berner (2002a) are converted to "real" numbers, as shown in Table 3.2. For U under oxidising 
conditions the lower of the two proposed values was selected, on the basis of natural analogue 
information (Chapter 6). 

Radium: 

The upper value of radium was selected based on the more conservative assumption of 
solubility control by pure RaSO4 rather than by RaSO4-BaSO4 solid solution. This is because it 
was felt that the assumption of solid solution with Ba in the bentonite environment was very 
plausible but not completely conclusive. 
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Tab. 3.1: Solubility limits (in mol/l) used for safety assessment of SF/HLW (adapted from 
Addendum in NTB 02-10) 
Bold: modified from or not presented in original data of Berner (2002a) (see Appendix 
Tab. A1) 

 
Element ref. case 

value 
rc-v 

lower 
limit 
ll-v 

upper 
limit 
ul-v 

ox. case 
value 
oc-v 

Rationale for modified or new values 

H high high high high not present in original data (see App. A1) 

Be 1 × 10-6 1 × 10-6 high 1 × 10-6 

not present in original data (see App. A1) 
rc-v: est. from Be(OH)2 sol. (Berner 
2002a) 
ll-v: conservatively set to rc-v; 
ul-v: conservatively set to "high"  

Cinorg 3 × 10-3 6 × 10-4 7 × 10-3 3 × 10-3 taken from reference bentonite water 
(Curti & Wersin 2002) 

Corg high high high high missing in original data (see App. A1) 
conservatively assumed not limited 

Cl high high high high not present in original data (see App. A1) 

Ca 1 × 10-2 1 × 10-2 1 × 10-2 1 × 10-2 taken from reference bentonite water 
(Curti & Wersin 2002) 

Ni 3 × 10-5 1 × 10-5 8 × 10-5 3 × 10-5  
Se 5 × 10-9 2 × 10-11 1 × 10-5 high  

Sr 2 × 10-5 3 × 10-6 1 × 10-4 2 × 10-5 
not present in original data (see App. 
A1), taken from reference water 
uncertainty (Curti & Wersin 2002) 

Zr 2 × 10-9 3 × 10-11 2 × 10-9 2 × 10-9  

Nb 3 × 10-5 1 × 10-8 1 × 10-4 3 × 10-5 

not present in original data (see App. A1)
ll-v: suggested value of Lothenbach et al. 
(1999) (see Berner 2002a) 
ul-v: derived from pH dependence (see 
Berner 2002a) 

Mo 1 × 10-6 1 × 10-6 1 × 10-5 1 × 10-6 not present in original data (see App. A1)
conservatively assumed to be rc-v 

Tc 4 × 10-9 1 × 10-9 1 × 10-8 high  

Pd 5 × 10-8 1 × 10-10 2 × 10-7 5 × 10-8 

rc-v: conservatively Pd(OH)2 solubility 
assumed (see Berner 2002a) 
ll-v: 1 × 10-10 M applied to represent 
"insignificantly low" 

Ag 3 × 10-6 1 × 10-10 3 × 10-6 3 × 10-6 

not present in original data (see App. A1)
rc-v: conservatively AgCl solubility 
assumed (see Berner 2002a) 
ll-v: 1 × 10-10 M applied to represent 
"insignificantly low" 

Sn 1 × 10-8 5 × 10-9 1 × 10-7 1 × 10-8  
I high high high high not present in original data (see App. A1) 

Cs high high high high not present in original data (see App. A1) 
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Tab. 3.1: (Cont.) 
 

Element ref. case 
value 
rc-v 

lower 
limit 
ll-v 

upper 
limit 
ul-v 

ox. case 
value 
oc-v 

Rationale for modified or new values 

Sm 5 × 10-7 3 × 10-7 9 × 10-7 5 × 10-7 missing in original data (see App. A1) 
Eu used as chemical analogue 

Ho 5 × 10-7 3 × 10-7 9 × 10-7 5 × 10-7  

Pb 2 × 10-6 2 × 10-8 8 × 10-5 2 × 10-6 

not present in original data (see App. A1)
ll-v: assumption of PbS precip. (Berner 
2002a) 
ul-v: Ni used as analogue 

Po high high high high 
not present in original data (see App. A1)
"high" selected because of lack of reliable 
data 

Ra 2 × 10-11 4 × 10-12 5 × 10-8 2 × 10-11 assumption of solubility control by pure 
RaSO4 (see text) 

Ac 1 × 10-6 5 × 10-8 3 × 10-5 1 × 10-6  
Th 7 × 10-7 2 × 10-7 3 × 10-6 7 × 10-7  

Pa 1 × 10-8 1 × 10-8 1 × 10-5 1 × 10-5 
not present in original data (see App. A1)
ll-v: conserv. assumed same as rc-v 
ul-v: Np(V) as analogue (Berner 2002a) 

U 3 × 10-9 3 × 10-10 5 × 10-7 3 × 10-4 assumption of solubility control by 
compreignacite 

Np 5 × 10-9 3 × 10-9 1 × 10-8 1 × 10-5  
Pu 5 × 10-8 3 × 10-9 1 × 10-6 3 × 10-8  
Am 1 × 10-6 5 × 10-8 3 × 10-5 1 × 10-6  
Cm 1 × 10-6 5 × 10-8 3 × 10-5 1 × 10-6  

 

3.2 ILW 

3.2.1 Procedures for deriving solubilities 

The procedures for deriving solubilities for the ILW are presented in Berner (2003). They are 
very similar to those applied for the SF/HLW case. Hence, most solubilities are based on 
thermodynamic data. It must be pointed out, however, that the thermodynamic data for high-pH 
systems are generally scarce, which is also true for the updated TDB. As noted by Berner 
(2003) this must be taken into account when appraising the proposed solubility data. Analogous 
to the SF/HLW case the following procedures can be distinguished that were applied for the 
different elements: 

a) Thermodynamic calculations using the Nagra/PSI TDB 01/01: Am, Pu, Np, Ra, Th, Tc, Se, 
Sn, Pd, Zr, Sr, Ni, Eu; 

b) Thermodynamic calculations using other thermodynamic data: Pb, Sb, Cd, Ag, Mo, Co; 

c) Chemical analogy: Cm, Ac, Hf, Ho, Pm; 

d) "Soft" data, expert judgement: U, Pa; 

e) Not limited by solid or given by composition of reference water: Cs, I, Cl, Cinorg, Fe, Ca; 

f) No values proposed because of lack of data: Po, Ru, Be. 
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The derived solubility limits for reference water conditions as well as lower and upper values 
are presented in Appendix A (Table A2). In addition, solubilities of redox-sensitive RN under 
the assumption of oxidising conditions (with Eh = +350 mV) are given. Note that these data cor-
respond to the conditions of the main ILW-1 tunnel. Proposed solubilities for the small ILW-2 
tunnel are presented below. 

Treatment of uncertainties: 

The treatment of uncertainties was done in an analogous way to the SF/HLW case. Thus, the 
"thermodynamic" uncertainty was estimated for reference water conditions from the uncertainty 
of the solubility constant and that of the main species in solution using the error propagation 
method proposed by the NEA. The major "geochemical" uncertainty arises from the poorly 
constrained duration of the high pH-stage (Section 2.3.3). This was accounted for by assessing 
solubilities also for the highest possible pH conditions, i.e. for porewater defined for the initial 
stage with a pH of 13.4. Furthermore, the redox conditions are poorly constrained, leading to a 
large Eh range of -750 to -230 mV. Thus, for redox-sensitive elements this type of uncertainty 
was included in the uncertainty analysis. 

The procedure of estimation of upper limits and lower limits of solubility for most RN was to 
select the higher and the lower, respectively, of both uncertainty types. For some RN (i.e. U, Sn, 
Pd, Ag, Fe) the upper limit was taken by assuming equilibrium with a more soluble solid. For 
Eu and its chemical analogues the lower limit was obtained by assuming equilibrium with a less 
soluble solid. For Sn, Pd and Ag the upper limit was taken by assuming equilibrium with a more 
soluble solid. 

Oxidising conditions: 

As for the SF/HLW repository oxidising conditions in the ILW near field were considered in the 
safety assessment as a "what-if?" case. For this case, Eh conditions were arbitrarily assumed to 
be the same as those for the ILW-2 case for which +350 mV were derived (see Section 2.3.3). 
Based on this Eh value and the ILW-1 referrence water composition solubilities for redox-
sensitive elements were derived (Table 3.3). 

Effect of cyanide complexation in ILW-2 

As noted in Section 2.3.3 cyanide might be formed in a small part of the cementitious waste 
(ILW-2). This compound forms strong complexes with "soft" metals. The effect on solubility 
limits was evaluated by Hummel (2001), who estimated solubility enhancement factors for the 
following elements: Ni, Fe, Co, Pd and Ag. These were taken into account in the final GDBs 
(cf. next section). 

3.2.2 Elaboration of final database for safety assessment 

The evaluation of the adequacy of the data for safety assessment calculations was done in an 
analogue manner as for the SF/HLW case. Hence, complementary information, such as previous 
safety assessments and natural analogue information (Chapter 5 and 6) was considered. It must 
be pointed out, however, that the basis of information for cementitious environments is 
generally rather limited. 

This analysis of the solubility data presented above revealed that the majority of proposed 
solubility limits and upper and lower uncertainties could be directly used for the final GDB. 
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Thus, the "best estimate" values proposed by Berner (2003) were used without modifications 
(exception Cinorg) for the so-called reference case. Some relatively minor changes and amend-
ments were considered necessary, as summarised below. Table 3.2 shows the final solubility 
database with a separate column, in which rationale for the selection of added or modified 
values is given. This table is also presented as an addendum in Berner (2003). 

Solubility data for oxidising conditions, effect of cyanide complexation in ILW-2: 

As noted above, oxidising conditions in the ILW near field were considered as a "what-if?" 
case. For this case the same solubility limits were used as for the special waste type ILW-2, for 
which oxidising were assumed for all assessment cases. The derivation of solubility limits for 
ILW-2 included the consideration of cyanide complexation for Co and Ni by means of solubility 
enhancement factors (Hummel 2001). Note that the other elements (i.e. Fe, Pd, Ag), for which 
cyanide was considered to play a role, were not considered to be safety-relevant in the final 
selection (see below).  

Modification of safety-relevant nuclide inventory:  

The list of RN presented in Berner (2003) is based on a preliminary screening analysis of 
safety-relevant nuclides. The final list of safety-relevant RN (Nagra 2002b, App. 5) includes a 
restricted selection compared to the preliminary one. Thus, the RN of Hf, Pm, Sb, Pd, Ag, Cd, 
Ru, Fe, Ca and Be were eliminated in the final screening procedure. Sm, on the other hand, was 
added. Also carbon in organic form, not considered in Berner (2003), was included. 

Amendments of missing values: 

For Po, no values were proposed because of lack of data. Furthermore, for the same reason, no 
uncertainty estimates were given for solubility limits of Nb, Pb and Pa, or only upper uncer-
tainties were proposed for Sr and Mo. For these cases the missing values needed to be added. 
This was done also for obvious cases, which are considered not to be solubility-limited, such as 
H, I and Cs. Furthermore, limits for Sm, which was not considered in Berner (2003) (see 
above), were added, on the basis of its chemical analogy with Eu. 

Non-availability of final revisions done in Berner (2003): 

Due to time constraints the values for the final GDB were taken from a preliminary compilation 
of Berner (2002b) rather than from the final report (Berner 2003). For a few elements minor 
deviations exist with regard to lower and upper limits (but not for the reference values) between 
these two compilations. In the case of upper limits, this concerns the elements Pb, Ra and Pu. In 
the case of lower limits differences exist for Sr, Eu (and its chemical analogues) and Tc. 

More conservative assumptions: 

For Cinorg it was assumed that reference conditions correspond to the initial high pH-stage, based 
on the expected early release of 14C from the waste. This leads to higher solubility limits for 
CO3

2- relative to the later stages. For Se and Sn the upper limit was also taken from the 
assumption of high-pH conditions6. 

                                                           
6 Following the uncertainty procedures, the same asumption should have been adopted by Berner (2003) for assigning upper 

values. 
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Shared solubilities with stable isotopes in cement 

For Co, Ni and Cinorg, isotopic exchange and shared solubilities with stable isotopes from the 
cement matrix was considered (Wieland & Van Loon 2002). It was conservatively assumed that 
only 1 % of the stable isotopes was available for isotopic exchange. According to Wieland & 
Van Loon (2002) 1 % of the stable inventory per kg of cement is 4 × 10-4 mol for Cinorg, 6 × 10-7 
mol for Co and 3 × 10-6 mol for Ni. 
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Tab. 3.2: Solubility limits (in mol/l) used for safety assessment of ILW (adapted from 
NTB 02-22, Addendum) 
Bold: modified from or not present in original data of Berner (2003) (see Table A2 in 
Appendix). "s": same as for ILW-1 
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Tab. 3.2: (Cont.) 
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4 Sorption and diffusion values 

4.1 Bentonite backfill and Opalinus Clay 

4.1.1 General approach 

The general approach is illustrated in Fig. 4.1. The backbone for the sorption database are data 
from batch sorption experiments performed at low solid/liquid (S/L) ratios under well-
controlled conditions. These data are converted by a transparent procedure to in-situ repository 
conditions (high S/L ratios) in the form of distribution coefficients (Rd values). These values in 
turn are evaluated for their use in safety assessment calculations and applied as Kd values 
assuming reversible linear sorption. Also in this step, effective diffusion coefficients (De) and 
diffusion-accessible porosities (ε) are derived for bentonite backfill and the Opalinus Clay. The 
transport through these media is described by Fick's law, which in the one-dimensional linear 
form is described by: 
 

 2

2

2

2

x
C

K
D

x
CD

t
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dd

e
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+

=
∂
∂

=
∂
∂
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      (4.1) 

 

where Da is the apparent diffusivity and ρd is the solid dry density. 

An important underlying assumption in this approach is that the sorption values obtained from 
batch experiments are compatible with sorption data calculated from diffusion measurements. 
This cannot be taken for granted because of potential differences in porewater and surface 
chemistries  between compacted and dilute systems. Support for our approach is given by a 
comparison study of Bradbury & Baeyens (2002b), which indicated good agreement between 
Kd values derived from batch experiments and from diffusion measurement for a number of 
elements (see next section). However, clearly experimental evidence for a larger number of 
elements is required to soundly link batch sorption and diffusion data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.1: Schematic illustration of approach for deriving sorption/diffusion databases 

The approach used here differs from that used in safety assessments in some other countries, 
where retention of RN was estimated primarily from in-diffusion experiments (JNC 2000; SKB 
1999). This approach appears to be more straightforward since it relies on more realistic 

comparison with

diffusion Kd
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conditions and leads to direct measurement of Da. On the other hand, there are high uncer-
tainties associated with in-diffusion data due to poorly constrained geochemical boundary 
conditions and limited resolution of the experimental profiles (Bradbury & Baeyens 2002b) 

A further difference of our approach with regard to previous safety assessments is that high 
sorption values were not arbitrarily truncated for safety assessment. This led to considerably 
higher Kd values for some elements (e.g. actinides) relative to previous assessments. This, in our 
view, is justified by the support from experimental data, in spite of conceptual model 
uncertainties pointed out above. This aspect is further discussed in Section 5.3. 

4.1.2 Procedures for deriving sorption values 

The procedures for deriving sorption values in the bentonite backfill and Opalinus Clay are 
described in detail by Bradbury & Baeyens (2003a and b). This work relies to a large extent on 
the knowledge gained from the extensive experimental and modelling programme on sorption in 
clay systems (Bradbury & Baeyens, 1998, 1999, 2000, 2002c). Within the derivation procedure 
three aspects can be distinguished: (i) selection and selection hierarchy for data sources, (ii) 
conversion to in-situ conditions and (iii) estimation of uncertainties. The final sorption data, 
presented as distribution coefficients (Rd values) are given in Tables A3 and A4 (Appendix A) 
for bentonite and Opalinus Clay, respectively. 

Selection and selection hierarchy for data sources: 

The first step consisted of the selection of the "best available" sorption data which are most 
appropriate for the reference water conditions. As indicated by Bradbury & Baeyens (2003b) 
expert judgement was an important factor in the selection of adequate sorption data. The 
following hierarchy of selection was adopted: 

1. "In-house" data: Data available from experimental work performed at PSI were given the 
highest priority. This included published as well as unpublished data. 

2. Literature data: For a number of elements literature data were used after careful review. 
These data included, if possible, sorption isotherm measurements on montmorillonite (for 
bentonite) and illite7 (for Opalinus Clay). Also, sorption measurements on argillaceous rock 
systems and in some cases single point measurements were used. 

3. Chemical analogues: When no reliable experimental data were available, chemical analo-
gues were used. 

4. For a few elements neither experimental data nor suitable chemical analogues were avail-
able. In these cases expert judgement was applied for estimation of Rd values. Such choices 
were made under the premise of conservatism. 

Conversion to in-situ conditions: 

A traceable procedure was adopted for converting the source data to the reference conditions. 
This was done by applying conversion factors (CF) for different properties of interest which 
potentially influence the sorption process. These individual CF were multiplied to obtain the 
overall CF. The conversion procedure was applied to the reference water chemistry and to the 

                                                           
7 Sorption work performed at PSI indicates that the sorption behaviour of illite can be used as a basis for deriving sorption values 

for Opalinus Clay. 
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two bounding water chemistries (Section 2.3.3). The following properties were considered for 
this conversion procedure: 

• Mineralogy: The differences in mineralogy in the various experimental data were accounted 
for by assuming that sorption occurred predominately on the clay mineral fraction (and not 
on trace minerals) and that the available sorption sites could be scaled with aid of the cation 
exchange capacity (CEC). This was also done for elements which are known to sorb 
predominantly via surface complexation, since the site capacity of edge surface OH sites 
has been found to be proportional to the CEC (e.g. Bradbury & Baeyens 1998). 

• pH: This correction was made with aid of available sorption edge data (trace RN sorbed vs. 
pH) for elements, which showed a significant pH dependence on sorption. The pH 
conversion factor is obtained from the quotient of the reference pH and the experimental pH 
as read from the appropriate sorption edge graph. 

• Speciation: An inherent model assumption for the sorption database is that only the free 
cations as well as positively charged and neutral hydrolysis species can sorb to the surface. 
As pointed out by Bradbury & Baeyens (2003a), this model has shown to give coherent 
results for some elements (e.g. Ni), but on the other hand may represent an oversimpli-
fication of the sorption process and not be conservative for all cases. The application of the 
speciation conversion factor required speciation calculations for the source and reference 
waters for all elements using the Nagra/PSI TDB. In the course of this exercise it became 
clear that in some cases the obtained speciation conversion factors were strongly affected by 
the uncertainty of the underlying stability constants. This was particularly evident in the 
case of Th, where the negatively charged hydroxy carbonate species is predicted to 
dominate. The application of the simplistic model described above revealed that it was not 
compatible with the extensive "in-house" Th sorption data. Therefore, for this element (and 
for its chemical tetravalent analogues U(IV), Np(IV), Tc(IV)), the speciation conversion 
procedure was not applied, and the in-situ sorption value was taken directly from the 
experimental data.  

• Chemical analogues: In cases where chemical analogues were used a further correction 
factor that accounts for the difference in aqueous speciation between the radionuclide in 
question and the chemical analogue needed to be estimated. 

• Lab  field transfer factor: This factor refers to the transfer from the dilute experimental 
batch system to the dense field system. It was assumed to be unity for all cases. Support for 
this assumption is given by measured BET surface areas on crushed and intact clay minerals 
and clay rock samples, which show the same values (Bradbury & Baeyens 1998). In 
addition, a comparison study for selected elements (Bradbury & Baeyens 2002b) indicated 
that the Kd values obtained from batch sorption data were very similar to those obtained 
from diffusion measurements (Section 4.1.3). Nevertheless, as pointed out by Bradbury & 
Baeyens (2003a and b), there still remains uncertainty with regard to the accessibility of 
surface sites in a diffusive regime. 

Uncertainty estimates: 

Uncertainties in in-situ Rd values are given as overall uncertainty factors (UFtot), where  
Rd

 × UFtot and Rd/UFtot represent the highest and lowest Rd values respectively. UFtot is derived 
from the following individual uncertainty factors: 

• Experimental data: For "in house" data and isotherm data from the literature an uncertainty 
factor (UF) of 1.6 was assigned, which is based on the experience of the sorption research 
team at PSI. For single point measurements, UF values were estimated individually based 
on expert judgement. 
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• Model calculations: For some cations that sorb via cation exchange (i.e. Ca, Sr and Ra) 
sorption values were derived from model calculations. From the obtained model predictions 
an uncertainty factor of 3 was assigned to these cases. 

• Mineralogy: As pointed out above, the difference in mineralogy between the experimental 
data and the in-situ conditions was approximated by scaling over the CEC. An error of 
±20 % was estimated for the CEC values, leading to an UF of 1.3 associated with the CEC 
conversion. 

• pH: Based on the UF of 1.6 for the experimental Rd values, an UF of 2.6 was assigned for 
the pH conversion factor. 

• Speciation: An UF of 1.4 was assigned for the speciation conversion factor, based on the 
study of Hummel & Berner (2002), although it is acknowledged that this uncertainty is very 
case sensitive and often difficult to quantify. 

• Chemical analogues: The same UFtot as for the chemical analogue was assigned, multiplied 
by the speciation uncertainty factor. 

• Lab  field: Based on a comparison exercise between batch and diffusion Kd values (Section 
4.1.3) an uncertainty factor of 2 was assigned to the lab  field transfer factor. In other 
words, the reduction of reactive sorption sites under in situ conditions relative to the lab 
system was considered to be 50 % at maximum. 

The overall uncertainty factor is obtained from the product of all individual uncertainty factors. 
This is a simplistic, but certainly a conservative error propagation treatment. The estimation of 
uncertainty factors was performed for the "reference" values as well as for the two bounding 
water chemistries. The uncertainty factors for bentonite and Opalinus Clay are given in Tables 
A3 and A4. 

Oxidising conditions: 

As noted in Section 2.3.3, sorption values in the bentonite backfill were also derived for the 
redox-sensitive elements Se, Tc, U, Np and Pu under the assumption of oxidising conditions 
(Table A3). The same procedure was used as for reducing conditions. 

4.1.3 Comparison of sorption values from batch and diffusion measurements 

The adequacy of the approach outlined in Section 4.1.1 was tested by performing a comparison 
study between sorption values derived in batch systems with those obtained from diffusion 
measurements (Bradbury & Baeyens 2002b). Thus, diffusion data for Cs(I), Ni(II), Sm(III), 
Am(III), Zr(IV) and Np(V) in Kunigel V1 bentonite (Sato et al. 1992; Sato et al. 1995; Sato & 
Yui 1997; Sato 1998) were used. Kd values at different dry densities ranging from 400-2000 kg 
m-3 were estimated assuming Fickian diffusion and the same effective diffusion coefficient and 
porosity at each dry density as for HTO for all considered radionuclides. Batch sorption values 
were derived by estimating the bentonite porewater chemistry with the modelling approach of 
Bradbury & Baeyens (2002a) and the conversion procedure outlined in the previous section. 

The results indicate remarkable agreement between the "batch" Kd and "diffusion" Kd values, 
especially at high degrees of compaction (Fig. 4.2). This suggests that sorption values derived 
from batch experiments under dilute conditions do not significantly deviate from those obtained 
from diffusion measurements in compacted samples. It also suggests a lab  field transfer factor 
near unity. 
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On the other hand, for redox-sensitive elements, such as U and Tc, the agreement is not 
satisfactory. For these cases sorption values extracted from diffusion data are lower than those 
obtained from batch sorption data. The reasons for this are not yet understood (Bradbury & 
Baeyens 2002b). One reason may be the difficulty to ensure reducing conditions in the 
experimental set up (see Section 5.6), especially in the initial stages of an experimental system 
residual oxygen may be present. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.2: Comparison of Kd values derived from Japanese diffusion measurements of com-
pacted Kunigel bentonite (density = 1800 kg/m3) with batch sorption data extra-
polated from diluted conditions to those representative of diffusion samples (after 
Bradbury & Baeyens 2002b) 

4.1.4 Elaboration of final database for safety assessment 

The sorption data derived for the bentonite backfill and Opalinus Clay according to the pro-
cedure outlined in the previous sections were critically evaluated in terms of their suitability for 
their use in the transport codes. This included various QA measures, as described in Section 
2.2.2. In addition, effective diffusion coefficients and diffusion porosities were derived from 
different sources for both clay departments of information as outlined below. From this data set 
Da values were derived according to eq. 4.1, which, together with the Kd data, were compared 
with databases from other safety assessments (Chapter 5). Also, natural analogue information - 
if available- was used to verify the obtained results (Chapter 6). 

Diffusion data for bentonite: 

For non-anionic species a uniform effective diffusion coefficient De = 2 × 10-10 m2/s was taken 
from the Kristallin-I safety assessment study (Nagra 1994). This value corresponds to the upper 
range of measured De values in compacted bentonite. Compiled diffusion data for HTO at dry 
densities of 1600-1800 kg/m3 indicate values of 4-6 × 10-11 m2/s (Yu & Neretnieks 1997). The 
rather high value was chosen in this study in order to include the potential, but still controversial 
surface diffusion effect for cationic species and that of the relatively elevated in-situ 
temperature, which is expected to be 50 °C at maximum. The full porosity of 0.36 was assumed 
to be accessible for all non-anionic species. This porosity is determined by the compaction 
degree of the bentonite after tunnel convergence, which is assumed to lead to a balance between 
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the external stress field and the swelling pressure of the re-saturated bentonite (Nagra 2002a). 
The dry density of the bentonite is 1760 kg/m3, obtained from a grain density of 2760 kg/m3. 

For anionic species a uniform De value of 3 × 10-12 m2/s and the accessible porosity of 0.05 were 
taken from Yu & Neretnieks (1997). This, however, was only applied to "true" anions. Labile 
anionic complexes, such as for example negatively charged carbonate complexes, were con-
servatively assumed to "see" the full porosity. 

Diffusion data for Opalinus Clay: 

For non-anionic species effective diffusion coefficients were taken from Nagra (2002d) which 
are based on diffusion measurements in Opalinus Clay (Van Loon & Soler 2003). For the De 
value perpendicular to the bedding (De⊥) a value of 1E-11 m2/s was selected and for that parallel 
to bedding (De═) a five times higher value was chosen. The full porosity was taken as 0.12 and 
the grain density as 2720 kg/m3 (Nagra 2002d), which leads to a dry density8 of 2390 kg/m3. 

For "true" anionic species the reference value was taken to be 1 × 10-12 m2/s for De⊥ and  
3 × 10-12 m2/s for De═. The anion accessible porosity was selected to be 0.06.  

The final diffusion data is presented in Table 4.1 for bentonite and Table 4.2 for Opalinus Clay. 

Derivation of final Kd values used as reference case, lower, upper limits and oxidising 
conditions: 

The final Kd values are presented in Table 4.1 for bentonite and Table 4.2 for Opalinus Clay. 
For the reference case the distribution coefficients proposed by Bradbury & Baeyens (2003a and 
b) for in-situ conditions (pH = 7.24, Eh = -167 mV) were used without modification (Tables A3 
and A4, Appendix), after plausibility checks as noted above. 

The lower (pessimistic) Kd values were derived by selecting the minimum of the following three 
values: the reference case values divided by the corresponding overall uncertainty factor, the 
best estimate for low pH (6.9 for bentonite and 6.3 for Opalinus Clay) conditions, the best 
estimate for high pH (7.9 for bentonite and 7.8 for Opalinus Clay) conditions. The original 
sorption values for low and high pH conditions and uncertainty factors (Bradbury & Baeyens 
2003a and b) are presented in Tables A3 and A4, Appendix. The derived pessimistic Kd values 
for bentonite and Opalinus Clay are shown in Tables 4.1 and 4.2. 

The higher (optimistic) Kd values were derived in an analogue fashion. The maximum of the 
following three values was selected: the reference values multiplied by the corresponding 
uncertainty given in Tables 4.1 and 4.2, the best estimate for low pH conditions, the best 
estimate for high pH conditions. 

The Kd values were also derived for bentonite under assumed oxidised conditions (see Section 
2.3.3) by taking the in-situ values derived by Bradbury & Baeyens (2003a and b). 

                                                           
8 This is slightly different than the experimentally obtained dry densities of 2430 ± 60 kg (Nagra 

2002d). This difference arises from the uncertainties in the derived porosities. 
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Tab. 4.1: Kd values, effective diffusion coefficients and porosities for the bentonite backfill 
used in the safety assessment (adapted from Addendum of NTB 02-18) 
Bold: modified or not present in original data given in NTB 02-18 (Table A3 of Appendix) 

 
Reducing conditions Oxidising conditions 1 

Kd De ε Kd De ε 
Ref. 
case 

Lower limit 
(pessimistic) 

Upper limit
(optimistic)

UF      

E
le

m
en

t 

[m3 kg-1] [m3 kg-1] [m3 kg-1]  [m2 s-1] [-] [m3 kg-1] [m2 s-1] [-] 
H 0 0 0  2 × 10-10 0.36    
Be 0.2 0.009 5  2 × 10-10 0.36    
Cinorg 6 × 10-5 2 × 10-5 3 × 10-4  3 × 10-12 0.05    
Corg 0 0 0  2 × 10-10 0.36    
Cl 0 0 0  3 × 10-12 0.05    
Ca 0.003 5 × 10-4 0.02 6 2 × 10-10 0.36    
Ni 0.2 0.009 5 25 2 × 10-10 0.36    
Se 0 0 0  3 × 10-12 0.05 0.06   
Sr 0.003 5 × 10-4 0.02 6 2 × 10-10 0.36    
Zr 80 1 4000 45 2 × 10-10 0.36    
Nb 30 1 900 30 2 × 10-10 0.36    
Mo 0 0 0  3 × 10-12 0.05    
Tc 60 0.5 600 9.6 2 × 10-10 0.36 0 3 × 10-12 0.05 
Pd 5 0.2 100 20 2 × 10-10 0.36    
Ag 0 0 0  2 × 10-10 0.36    
Sn 800 1 10000 15 2 × 10-10 0.36    
I 2 5 × 10-4 5 × 10-5 0.005 10 3 × 10-12 0.05    
Cs 0.1 0.03 0.3 3.2 2 × 10-10 0.36    
Sm 4 0.1 100 25 2 × 10-10 0.36    
Ho 4 0.1 100 25 2 × 10-10 0.36    
Pb 7 0.5 100 14.4 2 × 10-10 0.36    
Po 0.06 0.008 0.5 8.3 3 × 10-12 0.05    
Ra 0.002 3 × 10-4 0.01 6 2 × 10-10 0.36    
Ac 20 1 300 14.4 2 × 10-10 0.36    
Th 60 10 200 3.2 2 × 10-10 0.36    
Pa 5 0.2 100 20 2 × 10-10 0.36    
U 40 2 400 9.6 2 × 10-10 0.36 0.01   

Np 60 6 600 9.6 2 × 10-10 0.36 0.01   
Pu 20 1 300 14.4 2 × 10-10 0.36 10   
Am 20 1 300 14.4 2 × 10-10 0.36    
Cm 20 1 300 14.4 2 × 10-10 0.36    

 
1 Only given when different from reducing conditions 
2 The possibility of Kd(I) = 0 m3 kg-1 is considered in a "what if?" case 
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Tab. 4.2: Kd values, effective diffusion coefficients and porosities for Opalinus Clay used in 
the safety assessment (adapted from Addendum of NTB 02-19, Bradbury & 
Baeyens 2003b) 
Bold: modified or not present in original data given in NTB 02-19 (Table A4 in Appendix) 

 
Kd De┴ De═ ε 

Ref. 
case 

Lower limit 
(pessimistic) 

Upper limit
(optimistic)

UF Ref. case Upper limit
(pessimistic) 

  

E
le

m
en

t 

[m3 kg-1] [m3 kg-1] [m3 kg-1]  [m2 s-1] [m2 s-1] [m2 s-1] [-] 
H 0 0 0  1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Be 0.9 0.03 20  1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Cinorg 0.001 1 × 10-4 0.006  1 × 10-12 3 × 10-12 5 × 10-12 0.06 
Corg 0 0 0  1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Cl 0 0 0  1 × 10-12 3 × 10-12 5 × 10-12 0.06 
Ca 0.001 1 × 10-4 0.007 6 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Co 0.4 0.01 20 37.4 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Ni 0.9 0.03 20 25 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Se 0 0 0  1 × 10-12 3 × 10-12 5 × 10-12 0.06 
Sr 0.001 1 × 10-4 0.007 6 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Zr 10 0.3 300 30 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Nb 4 0.1 100 30 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Mo 0.01 0.001 0.2 12.5 1 × 10-12 3 × 10-12 5 × 10-12 0.06 
Tc 50 0.5 500 9.6 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Pd 5 0.2 100 20 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Ag 0 0 0  1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Sn 100 0.2 1000 10 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
I 1 3 × 10-5 3 × 10-6 4 × 10-4 10 1 × 10-12 3 × 10-12 5 × 10-12 0.06 
Cs 0.5 0.09 3 6 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Sm 50 5 600 9.6 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Eu 50 5 600 9.6 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Ho 50 5 600 9.6 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Pb 2 0.02 300 117 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Po 0.1 0.04 0.7 4 1 × 10-12 3 × 10-12 5 × 10-12 0.06 
Ra 7 × 10-4 1 × 10-4 0.005 6 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Ac 10 1 200 14.4 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Th 50 10 200 3.2 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Pa 5 0.2 100 20 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
U 20 0.5 200 9.6 1 × 10-11 1 × 10-10 5 × 10-11 0.12 

Np 50 5 500 9.6 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Pu 20 1 300 14.4 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Am 10 1 200 14.4 1 × 10-11 1 × 10-10 5 × 10-11 0.12 
Cm 10 1 200 14.4 1 × 10-11 1 × 10-10 5 × 10-11 0.12 

 

1 The possibility of Kd(I) = 0 m3 kg-1 is considered in a "what if?" case. 
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Added or modified values: 

Added or modified values relative to those given in Bradbury & Baeyens (2003a and b) are 
highlighted in bold in Tables 4.1 and 4.2. As mentioned above, the reference values were taken 
without modification from the in-situ values proposed by Bradbury & Baeyens (2003a and b). 
Because of slight modification of the list of safety-relevant nuclides in the course of the assess-
ment, the element Be needed to be included in the final safety assessment. On the other hand, 
the adapted screening analysis for the list of RN led to an elimination of the elements Co, Ru, 
Cd, Sb, Ce, Pm, Eu and Hf for bentonite and of Ru, Cd, Sb, Ce, Pm and Hf for the host rock. 

Kd values for Be were estimated on the basis of its chemical similarity with divalent transition 
metals. From the linear free energy relationship between hydrolysis and surface deprotonation 
constants it was estimated that the sorption value of Be is similar or higher than those of 
divalent transition metals. For both bentonite and Opalinus Clay the Kd value of Ni was used for 
Be. 

For a number of elements the uncertainty factors used for the safety assessment data show 
differences to those applied in Bradbury & Baeyens (2003a and b) because the uncertainty 
treatment applied by these authors was adapted since the freezing of the safety assessment data 
in July 2002. For bentonite this regards the elements Ni, Zr, Nb, Tc, Pd, Sn, I, Cs, Sm, Ho, Pb, 
Po, Ac, Th, Pa, U, Np, Pu, Am and Cm and for Opalinus Clay the elements Co, Ni, Zr, Nb, Mo, 
Tc, Pd, Sn, I, Sm, Eu, Ho, Pb, Po, Ac, Th, Pa, U, Np, Pu, Am and Cm. The changes are not 
large enough to induce a significant effect for the safety assessment calculations. 

For Tc the pessimistic Kd value of 0.5 m3/kg was selected from diffusion experiments in the 
literature which suggest lower values than those obtained from the applied method (see 
discussion in Section 4.1.3). 

For Sn the particularly elevated Kd value of 800 m3/kg based on batch sorption measurements is 
much higher than those used in other assessment studies. No diffusion studies are available to 
verify this high Kd value. To account for the large uncertainty a lower Kd value of 1 m3/kg was 
arbitrarily assigned for the pessimistic value. In order to be consistent with the bentonite 
sorption database a pessimistic value of 0.2 m3/kg was used for Opalinus Clay. 

For iodine a low sorption value was also assumed for the pessimistic value following the 
procedure followed by Bradbury & Baeyens (2003a and b). However, because of the 
uncertainty with regard to the retention properties of iodine (Section 6.3) a Kd value of zero was 
assumed in a special "what if?" case. 

The oxidation state of selenium for the "what-if?" case of an oxidising near-field was assumed 
to be +IV in the sorption database. However, after data freezing in July 2002 a re-evaluation of 
the data revealed that for an assumed redox potential of +635 mV (Table 2.3) the +VI state is 
predicted to dominate. This led Bradbury & Baeyens (2003a) to propose a Kd of zero instead of 
0.06 m3/kg used in the safety assessment calculations. 

All values were truncated (reference case and lower limit) or rounded (upper limit) to one 
significant figure. 
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4.2 Cement 

4.2.1 Procedures for deriving sorption values 

The procedures and data are presented in detail by Wieland & Van Loon (2002). The approach 
used to derive sorption values in the cementitious backfill was similar to that used for the clay 
materials. Thus, the main basis for the sorption values are the experimental data obtained at PSI 
and other laboratories. The presented sorption data build on earlier compilations of sorption 
databases (Bradbury & Sarott 1995; Bradbury & Van Loon 1997) which were revised and 
updated with new data. The compilation of sorption values is given in Tables A5 and A6 
(Appendix A). 

Porewater composition: 

The experimental sorption data were derived with hardened cement paste and artificial cement 
porewater, the composition of which is very similar to the stage I porewater (pH ≈ 13.4), 
defined in Section 2.3.3. The slight differences in ligand concentrations (SO4

2-, Cl-) between the 
experimental values and those expected for the in-situ water were not taken into account for the 
proposed sorption values because of the predominance of the hydroxide ligand. Under the 
premise of conservatism the same sorption values for almost all elements were proposed for the 
lower pH stage II water (pH ≈ 12.5) as for this high pH water. The only exception were 
elements that are expected to sorb via cation exchange, (i.e. Sr, Cs, Ra) where lower sorption 
values were proposed for the stage II water due to competition with Ca. 

Isotopic exchange and precipitation processes: 

Based on experimental indications, Wieland & Van Loon (2002) conclude that the elements Fe, 
Co and Ni are retained via isotopic exchange with stable isotopes and precipitation, rather than 
by adsorption phenomena. An isotopic exchange process with calcite was previously proposed 
for Ca and Cinorg (Bradbury & Sarott 1995). For this reason uptake of the available elements will 
be system dependent, i.e. dependent on stable isotope inventories. The stable inventory of the 
respective elements is given based on the composition of the cementitious backfill (Schwyn et 
al. 2003). 

Sorption reduction factors: 

The impact of organic ligands (coming from bitumen, cellulose degradation and concrete 
admixtures) and cement-derived colloids on sorption values was evaluated based on 
experimental information on these compounds. Further details on the experimental data and 
approaches for estimating the effects of organic ligands on RN sorption in cement can be found 
in Van Loon & Glaus (1998), Wieland et al. (2002) and Glaus & Van Loon (2003). The effects 
of colloids in cements on sorption are largely based on Wieland (2001). The conclusion drawn 
from this evaluation is that only minor effects on sorption are expected. For a number of 
elements (i.e. Zr, Nb, Sn, Pm, Sm, Eu, Ac, Th, U, Am and Cm) low sorption reduction factors 
(≤2) were proposed. 

Uncertainty estimates: 

The experimental uncertainties were shown to dominate sorption value uncertainties. These 
arise largely from the preparation and sampling procedure of cement suspensions and are 
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particularly significant for strongly sorbing elements. The uncertainties on sorption values were 
expressed as uncertainty factors in an analogous manner as was done for the clay cases (Section 
4.1.2). The uncertainties related to the extrapolation from batch to compacted systems are 
expected to be of minor importance, based on surface area studies. 

Oxidising conditions: 

Sorption values for redox-sensitive elements were also derived assuming oxidising conditions 
(Eh = +350 mV, see section below). These were applied to the ILW-2 and to a "what-if?" case 
for ILW-1 (see section below). 

4.2.2 Elaboration of final database for safety assessment 

The sorption values presented in the previous sections for the cementitious backfill (Tables A5, 
A6 and A7) were critically evaluated in terms of their suitability for their use in the transport 
codes. Thus, the Kd data were compared with databases from other safety assessments (Chapter 
5). Also, natural analogue information - if available- was used to verify the obtained results 
(Chapter 6). 

The Kd values for the reference case as well as lower and upper limits are presented in Table 4.3 
for the main waste group ILW-1 and the small waste group ILW-2, which are assumed to differ 
mainly in redox conditions (Section 2.3.3). 

As commented in Section 2.3.3, stage II of cement degradation was selected as reference case. 
As an exception the value of Cs was conservatively taken from stage I, because, due to the low 
Kd value at high pH, this nuclide will probably have diffused out before cement degradation 
stage II will start.  

The reference case Kd values as well as upper and lower limits were taken from Wieland & Van 
Loon (2002) (Table A5) for most of the elements. Differences (highlighted in bold in Table 4.3) 
are commented as follows: 

• Cs: For this element Kd values corresponding to stage I were assumed (see above). 

• Effect of colloids: Colloids may reduce sorption for strongly sorbing elements as pointed 
out in Wieland & Van Loon (2002). This is taken into account by applying sorption 
reduction factors (Wieland 2001). A sorption reduction factor depends on the affinity of a 
radionuclide to colloids. Sorption values for colloids were derived by applying a scaling 
factor to the corresponding cement sorption values. The scaling factor is the ratio of the 
specific surface between the colloids and the bulk cement. Scaling factors of 20 for the 
reference case, 100 for the lower limit and one for the upper limit were used. This led to 
sorption reduction slightly higher than one for the strongly sorbing elements Sm, Eu, Ac, 
Th, Np, Pu, Am and Cm. 

• The list of safety-relevant nuclides considered in the safety assessment calculations is 
smaller than that considered by Wieland & Van Loon (2002) because of the modified 
screening analysis at a later stage of the Project Opalinus Clay. This led to the elimination 
of the elements Be, Ca, Fe, Ru, Pd, Ag, Sb and Pm. 

• Shared solubilities: For the radionuclides 59/63Ni, 60Co and 14Cinorg the retention in cement 
was conservatively assumed to occur solely by shared solubilities with the corresponding 
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stable isotopes present in the cement (Section 3.2.2). Hence, for these RN the Kd value was 
set to zero. 

• All values were truncated (the reference case and lower limit) or rounded (upper limit) to 
one significant figure. 

• For ILW-2 the same sorption values were used as for ILW-1 except for the redox sensitive 
elements Se, Np and Pu. These were taken from Wieland & Van Loon (2002) who also 
derived sorption values for oxidising conditions (cf. Table A7). Note that the other redox 
sensitive elements U and Tc remain unaffected since these are considered to occur in the 
oxidised state under the redox conditions defined for the reference case of ILW-1. 
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Tab. 4.3: Kd values in cement for waste groups ILW-1 and ILW-2. Values expressed as m3 

per kg hardened cement paste (adapted from Appendix II of NTB 02-20, Wieland 
& Van Loon 2002) 
Bold: amended/modified values with regard to original data presented in NTB 02-20 and 
Tables A5andA6 of Appendix. 

 
ILW-1 ILW-21 

Ref. case Lower limit 
(pessimistic) 

Upper limit 
(optimistic) 

Ref. case Lower limit 
(pessimistic) 

Upper limit 
(optimistic) 

E
le

m
en

t 

[m3 kg-1] [m3 kg-1] [m3 kg-1] [m3 kg-1] [m3 kg-1] [m3 kg-1] 
H 1 × 10-4 7 × 10-5 1 × 10-4 s s s 

Cinorg 2 0 0 0 s s s 
Corg 0 0 0 s s s 
Cl 0.005 0.003 0.007 s s s 

Co 2 0 0 0 s s s 
Ni 2 0 0 0 s s s 
Se 0.03 0.02 0.04 0.001 7·10-4 0.001 
Sr 0.001 7 × 10-4 0.001 s s s 
Zr 10 2 30 s s s 
Nb 1 0.7 1 s s s 
Mo 0 0 0 s s s 
Tc 0.001 7 × 10-4 1 s s s 
Sn 10 2 30 s s s 
I 3 0.001 7 × 10-4 0.001 s s s 

Cs 4 5 × 10-4 3 × 10-4 7 × 10-4 s s s 
Sm 5 80 20 300 s s s 
Eu 5 80 20 300 s s s 
Pb 0.5 0.3 0.7 s s s 
Po 0 0 0 s s s 
Ra 0.05 0.03 0.07 s s s 

Ac 5 80 20 300 s s s 
Th 5 80 20 300 s s s 
Pa 0.1 0.07 0.1 s s s 
U 2 1 2 s s s 

Np 5 80 20 300 0.1 0.07 0.1 
Pu 5 80 20 300 0.1 0.07 0.1 
Am 5 80 20 300 s s s 
Cm 5 80 20 300 s s s 

 

1 The derived ILW-2 values may also be used as conservative estimates for a "what if?" case that 
assumes oxidising conditions in ILW-1. 

2 Shared solubility assumed, no independent sorption values available 
3 Also a "what if?" case for Kd = 0 m3 kg-1 
4 Cement degradation phase I 
5 Reduction of sorption assumed due to colloids 
s: same as ILW-1 
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5 Comparison with recent safety assessment studies 

5.1 Solubility limits for the SF/HLW case 
The solubility databases used in project Entsorgungsnachweis (EN) were compared with recent 
compilations from other safety assessment studies. For the SF/HLW case these included SR 97 
(SKB, 1999), H12 (JNC 2000), TILA-99 (Vieno & Nordman 1999) and SAFIR 2 (Ondraf/Niras 
2001). In our view, this comparison is justified because of similar concepts involved and rather 
similar predicted geochemical conditions (reducing, neutral to slightly alkaline). 

SR 97: 

Solubility limits used in SR 97 are based on the study of Bruno et al. (1997) who derived 
solubilities for three reference groundwaters Äspö, Finnsjön and Gideå. The main basis was 
thermodynamic calculations, but fuel leaching tests and natural analogue considerations were 
also included in the assessment. The thermodynamic data were taken from the original Nagra 
thermodynamic database (Pearson & Berner 1991; Pearson et al. 1992) and further selected 
thermodynamic sources. The compilation of the "reasonable" values derived for Aberg (Äspö) 
and pessimistic values for all sites (Table 9.1 in SR 97) are used here for comparison. 

H12: 

In the case of H12 the proposed solubility limits are primarily based on thermodynamic 
calculations (Yui 2001) by application of the JNC thermodynamic database (JNC-TDB), which 
also includes recent actinide solubility data of Rai and co-workers. The compilation of solubility 
limits derived for the reference case (Table 5.3.1-6 in H12) are used here for comparison. 

TILA-99: 

The solubility limits used in TILA-99 are based on the solubility database of Vuorinen et al. 
(1998) which comprises different sources of thermodynamic data (mainly EQ3/6 database and 
data from SR 97), spent fuel measurements and natural analogue data. Solubilities are derived 
for different types of reference waters, namely "non saline reducing", "saline reducing", "non 
saline oxidising" and "saline oxidising". The proposed solubility limits used in the safety 
assessment represent conservative estimates and safety factors have been added to the original 
data of Vuorinen et al. (1998). The compilation of solubility limits derived for the "conservative 
non-saline-reducing" and "very conservative reducing non-saline" cases (Table 11.2 in TILA-
99) are used here for comparison. 

SAFIR 2: 

The derivation of the solubility limits used in SAFIR 2 are described in Marivoet et al. (1999). 
They are based on different data including "in house" experimental data from SCK-CEN, 
literature experimental data, thermodynamic calculations performed by SCK-CEN and literature 
modelling work. From the evaluation of these data by expert judgement best estimate values and 
minimum and maximum values were derived for the Boom Clay environment (pH ∼ 8.2; Eh ∼ 
250 mV). Specific attention was paid to the possible complexing effect of organic matter which 
occurs at rather elevated concentrations in Boom Clay porewater. 
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Table 5.1 shows a comparison of the "best estimate" solubility data for the most relevant 
radioelements (high solubility elements such as Cs and I are not included here). This reveals 
that, in spite of the considerable spread due to the different approaches, the solubility limits 
derived in this work show a general agreement with those derived in other assessments. The 
fairly good agreement also holds for the pessimistic or "very conservative" values as is 
illustrated in Table 5.2. A comparison including all safety-relevant elements is given in 
Appendix B (Table B1). 

The following discussion concentrates on elements where significant differences between the 
assessments are noted.  

Technetium:  

The EN values are slightly lower than those of SR 97, whereas those of H12, TILA-99 and 
SAFIR 2 are considerably higher. In case of TILA-99 this is because of the applied safety 
factors as noted above. The reason for the higher solubility limit used in H12 and SAFIR 2 is 
not clear to us. It might be due to higher solubility constants assumed for hydrous TcO2. 

Radium: 

The assumption of solid solution leads to a low solubility in EN and H12 relative to the other 
assessments where a pure Ra phase was assumed to control solubilities. The difference between 
EN and the other solubility limits for the pessimistic values is significant although in all 
assessments solubility control by a pure phase is assumed. In case of SR 97 (and presumably 
also TILA-99) the higher solubilities are explained by the much lower sulphate concentrations 
encountered in most crystalline groundwaters relative to clay formation waters. The high 
pessimistic value assumed for Boom Clay in SAFIR 2 is based on RaCO3 solubility. 

Thorium: 

The significantly lower value used for SR 97 relative to EN and the other assessments is 
because of the difference in solubility constant of ThO2 and, at least in case of EN and H12, the 
assumed presence of the mixed hydroxy carbonate complex (see Hummel & Berner 2002). 

Uranium: 

The lower values proposed in EN compared to SR 97 (and presumably also TILA-99) arise 
from the lower logK value taken for UO2(am). A high value for this phase is proposed in the 
NEA database (Grenthe et al. 1992), based on an experimental study of Bruno et al. (1987). In 
the meantime it has been recognised by these authors (Casas et al. 1998) that U(IV) oxidation 
led to the high solubilities in that experiment. Taking this aspect into account a revised 
solubility constant was derived in the Nagra/PSI TDB update. A similar solubility constant is 
assumed in H12, based on solubility measurements of Rai et al. (1990) and Yajima et al. (1995). 

Neptunium: 

Solubility limits proposed in EN are somewhat lower than those of the other assessments. The 
higher values in case of SR 97 and H12 are because of the higher assumed carbonate 
complexation effect. Thus, the logK value of the NpCO3(OH)3

- complex assumed by Bruno et 
al. (1997), which is based on experiments of Eriksen et al. (1993), is two orders of magnitude 
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higher than that assumed by Hummel & Berner (2002). On the other hand, the main mixed 
carbonate complex assumed in H12 is Np(CO3)2(OH)2

2-. The effect of carbonate complexation 
with Np(IV) is in fact still highly controversial because of lack of reliable experimental data 
(Hummel & Berner, 2002; NEA review). Due to this uncertainty, no mixed Np(IV) hydroxy 
carbonate species are proposed in the NEA database (Lemire et al. 2001). 
 

Tab. 5.1: Realistic solubility limits (mol/L) used for HLW safety assessments  
 

Nagra 
EN a 

SKB 

SR-97 b 
JNC 

H-12 c 
Posiva 

TILA-99 d 
Ondraf /Niras

SAFIR 2 e 
Element 

reference case best estimate 
Aberg 

reference case conservative 
reducing 

best estimate 

Se 5E-09 3E-09 3E-09 1E-06 6E-08 
solid Se(cr) FeSe2/Se FeSe2   

main species HSe- HSe- HSe-   
Tc 4E-09 7E-09 4E-08 5E-08 3E-08 

solid TcO2 1.6H2O TcO2 TcO2 2H2O   
main species TcO(OH)2 TcO(OH)2 TcO(OH)2   

Ra 2E-11 3E-07 1E-12 1E-07 1E-09 
solid (Ba,Ra)SO4 RaSO4 (Ra,Ca)CO3   

main species RaSO4, Ra2+ Ra2+, RaSO4 Ra2+   
Th 7E-07 1E-09 5E-06 5E-07 5E-07 

solid ThO2(s) Th(OH)4 ThO2(am)   
main species ThCO3(OH)3

- Th(OH)4 ThCO3(OH)3
-   

U 3E-09 1E-07 8E-09 3E-07 3E-08 
solid UO2(s) UO2 UO2(am)   

main species U(OH)4 
UCO3(OH)3

- 
U(OH)4 U(CO3)2(OH)2

2-

U(OH)4 
  

Np 5E-09 6E-08 2E-08 5E-08 1E-06 
solid NpO2(hydr) Np(OH)4 Np(OH)2(am)   

main species Np(OH)4 Np(OH)4 
NpCO3(OH)3

- 
Np(CO3)2(OH)2

2-

Np(OH)4 
  

Pu 5E-08 7E-09 3E-08 5E-07 5E-07 
solid PuO2(s) Pu(OH)4 PuO2(am)   

main species Pu(III)-
silicates 

Pu(OH)4 
PuCO3

+ 
Pu(IV) and (III)-

carbonates 
  

Am 1E-06 7E-07 2E-07 5E-07 2E-06 
solid AmCO3OH AmCO3OH AmCO3OH   

main species Am-sulphates- 
AmSiO(OH)3

2+ 
AmCO3

+ 

Am(OH)2+ 
AmCO2

+ 
AmOH2+ 

Am-carbonates   

 

a Nagra (2002a): Tab. A2.4, reference case, pH = 7.25; Eh = -194 mV 
b SKB (1999): Tab. 9-1, "reasonable" value for Aberg (Äspö), pH = 7.70; Eh = -307 mV 
c JNC (2000): Tab. 5.3.1-6; reference case, pH = 8.4-8.5; Eh = -276 to -281 mV 
d Vieno & Nordman (1999): Tab. 11-2, conserv.-reducing non-saline, pH = 7-10; Eh = -254 to -413 mV 
e Ondraf/Niras (2001): Tab. 11.3.8-3, pH = 8.2; Eh = -250 mV 
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Tab. 5.2: Comparison of pessimistic values (mol/L) for high-level waste cases  
 

Nagra 
EN a 

SKB 
SR-97 b 

JNC 
H12  

Posiva 
TILA-99 c 

Ondraf/Niras
SAFIR 2 d 

Element 

pessimistic 
value 

pessimistic 
value 

no values 
given 

very 
conservative 

max. value 

Se 1E-05 high  1E-04 3E-06 
Tc 1E-08 5E-08  1E-06 5E-08 
Ra 5E-08 2E-04  1E-05 2E-05 
Th 3E-06 2E-09  1E-06 1E-06 
U 5E-07 2E-07  1E-06 1E-05 

Np 1E-08 2E-07  1E-06 1E-05 
Pu 1E-06 3E-06  1E-04 5E-05 
Am 3E-05 7E-06  1E-05 5E-06 

 

a Nagra (2002a): Tab. A2.4, upper limit (pessimistic value)  
b SKB (1999): Tab. 9-1, pessimistic value for all three sites 
c Vieno & Nordman (1999): Tab. 11-2, very conservative non-saline/saline reducing case 
d Ondraf/Niras (2001): Tab. 11.3.8-3, maximum value 
 
 

Plutonium: 

The values show a considerable spread due to the different applied underlying thermodynamic 
data and the resulting different dominant species. The value for the best estimate in EN is very 
similar to that of H12, but a factor of ten lower than those used in TILA-99 and SAFIR 2. On 
the other hand, the best estimate value used in SR 97 is considerably lower than that of EN. 

5.2 Solubility limits for the cementitious ILW case 
Contrary to the high-level waste case there are few compilations of solubility limits in cementi-
tious systems. Here we present a comparison of our data with a recent SKB study termed SFL 
3-5 (Skagius et al. 1999), SAFIR 2 (Ondraf/Niras 2001) and recent data from Nirex' research 
program. In the case of Nirex the solubility data are taken from the original experimental studies 
(Cross et al. 1995; Baston et al. 1996) rather than from the safety assessment Nirex 97 (Nirex 
1997), which gives statistical distributions of solubility limits whose derivation is poorly 
documented. 

The solubilities in the SFL 3-5 studies were derived on the basis of different sources of 
experimental data and on chemical analogy. No systematic thermodynamic calculations were 
performed in that study. In the case of SAFIR 2 solubility limits were derived for medium-level 
waste in a bituminous and cementitious backfill with (pH = 12 and Eh = - 500 mV) (Marivoet et 
al. 1999). The derivation was based on various sources of information, such as solubility 
measurements, thermodynamic calculations and expert judgement. 

A comparison of "best estimate" solubility limits for high priority elements is given in Table 
5.3. The comparison of all safety-relevant elements is given in Appendix B (Table B2). The 
comparison reveals the general good agreement between the different solubility limits. This 
appears surprising given the different approaches and underlying thermodynamic data used. 
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A notable difference, however, between the EN values and those used in the other assessments 
lies in the different assumed oxidation states for Tc and U. In the case of EN these elements 
were conservatively assumed to occur in the oxidised form in view of the high redox uncertainty 
in the cementitious system (Wersin et al. 2003). This leads to unlimited solubility in case of Tc, 
but to rather low U solubility due to the assumed formation of insoluble uranates (Berner, 
2003).  
 

Tab. 5.3: Solubility limits (mol/L) in the cementitious near field  
 

Nagra  
EN a 

SKB 
SFL 3-5b 

Ondraf 
SAFIR 2c 

Nirex 
Cross et ald 

Nirex 
Baston et ale

Elements 

reference case pessimistic  best estimate   
Se 1E-05 7E-04  5E-07 7E-04 1E-07-1E-05

solid CaSeO3    CaSeO3  
main species SeO3

2-    SeO3
2-  

Tc high high 1E-07 3E-07 4E-08  
solid     TcO2  

main species TcO4
-    TcO(OH)2  

Ra 1E-05 2E-05  1E-07 1E-05  
solid RaSO4    RaSO4  

main species Ra2+    Ra2+  
Th 3E-09 1E-08 5E-09 4E-09 5E-09 4E-09 

solid ThO2  ThO2  ThO2  
main species Th(OH)4  Th(OH)4  Th(OH)4  

U 1E-08 5E-07 5E-09 4E-06 3E-06 3E-07 
solid uranate  UO2  UO2(hydr.)  

main species     (UO2)x(OH)y
2x-y  

Np 5E-09 1E-08 5E-09 1E-08 5E-09  
solid NpO2  NpO2    

main species Np(OH)4  Np(OH)4    
Pu 4E-11 1E-10 5E-09 2E-10 7E-11 1E-10 

solid PuO2    PuO2  
main species Pu(OH)4    Pu(OH)4  

Am 2E-09 1E-08 9E-08 4E-10 6E-12 7E-11 
solid Am(OH)3(am)  Pm data used  Am(OH)3  

main species Am(OH)3  Pm data used  Am(OH)3 
Am(OH)2+ 

 

 

a Nagra (2002a): Tab. A2.5, reference case, pH = 12.55; Eh = -230 mV 
b Skagius et al. (1999): Tab. 7-1, pH = 12-13.5, reducing conditions 
c Ondraf/Niras (2001): Tab. 11.3.4-5, pH≥12, Eh = -500 mV 
d Cross et al. (1995): Tab. 2, T = 25 °C, pH = 12.2, Eh = -410 mV, -250 mV or -100 mV 
e Baston et al. (1996): Tab. 17, Nirex Vault Backfill Reference Water, pH = 12.5, Eh not indicated 
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5.3 Sorption/diffusion values in bentonite 
Sorption/diffusion data for the bentonite backfill used in recent safety assessments were com-
pared to our databases derived here. The approach used in the different assessments is briefly 
outlined below: 

SR 97: 

Kd, De and ε values are based on the work of Yu & Neretnieks (1997) who compiled diffusion 
and sorption data in compacted bentonite systems and recommended values for safety assess-
ment. In addition, for some elements proposed Kd data of Ochs (1997) who critically reviewed 
the aforementionned study were considered. The main difference with regard to EN is that most 
of the Kd values were derived from diffusion measurements rather than from batch sorption 
data. Furthermore, De were selected element-specifically, but not in a chemically consistent 
fashion. The full porosity was assumed for all species except for anions, such as Cl- and I-. 

H12: 

Kd and diffusion data are primarily based on diffusion measurements in Kunigel VI bentonite 
performed by JNC (e.g. Sato 1998). Effective diffusivities for all species, except Se and Cs were 
taken to be 3E-10 m2/s. For Cs a De value of 6E-10 m2/s was assumed. For Se a value of  
2E-10 m2/s was assumed. The porosity for all species was assumed to be equal. 

TILA-99: 

Kd, De and ε values are largely based on the compilation of Muurinen (1992). For Kd values a 
mixed approach including both batch sorption and diffusion data was applied. Reduced effective 
diffusivities (5E-12 m2/s) and porosities (0.05) for anions were used. For neutral species a De 
value of 1E-10 m2/s was used. Contrary to EN, increased De values for the cations Sr, Cs and Ra 
were used because of assumed surface diffusion effects. 

Comparison of Kd data: 

A comparison of Kd values used in the reference cases and representing "best estimates" or 
"realistic" values is given for high priority elements in Table 5.4. The comparison of all safety-
relevant elements is given in the Appendix B (Table B3). A comparison of "pessimistic" values 
is given in Table 5.5. The comparison reveals the following: 

• In EN small Kd values are proposed for the anions HCO3
- and I-, which is in contrast to the 

other assessments where no retardation is assumed for these species (except for TILA-99). 

• The Kd values for mono- and divalent cations (e.g. Cs(I), Ra(I), Ni(II)) show quite good 
agreement between the different assessments. 

• The Kd values for trivalent cations (e.g. Sm(III), Am(III)) proposed by EN are somewhat 
higher than those used in SR 97, TILA-99 and H12.  

• The Kd values for tetravalent metal cations (e.g. Tc(IV), U(IV), Np(IV)) in EN are 
considerably higher than those used in the other assessments. 
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Tab. 5.4: Realistic Kd values (m3/kg) for bentonite backfill used for safety assessments of 
high-level waste cases 

 
Nagra 
EN a 

SKB 
SR 97 b 

JNC 
H12 c 

Posiva 
TILA-99 d 

Element 

reference case reasonable reference case realistic non-saline 
Cinorg 6E-05 0  0 

Ni 0.2 0.1  0.5 
Se 0 0.003 0 0.005 
Tc 60 0.1 0.1 0.1 
I 5E-04 0  0.001 

Cs 0.1 0.05 0.01 1 
Sm 4 1 1 1 
Ra 0.002 0.01 0.01 0.5 
Th 60 3 1 3 
U 40 1 1 0.5 

Np 60 3 1 1 
Pu 20 3 10 3 
Am 20 3 10 3 

 

a Nagra (2002a): Tab. A2.6, reference case, pH = 7.25; Eh = -194 mV, dry density = 1760 kg/m3 
b SKB (1999): Tab. 2-6, all sites, dry density = 1590 kg/m3 
c JNC (2000): Tab. 5.3.1-9, reference case, pH = 8.4-8.5; Eh = -276 to -281 mV 
d Vieno & Nordman (1999): Tab. 11-4, realistic non-saline reducing, dry density = 1540 kg/m3 
 

Tab. 5.5: Pessimistic Kd values (m3/kg) for bentonite backfill used for safety assessments of 
HLW waste cases 

 
Nagra 
EN a 

SKB 
SR 97 b 

Posiva 
 TILA-99 c 

Element 

pessimistic pessimistic conservative non-saline 
Cinorg 2E-05 0 0 

Ni 0.009 0.02 0.05 
Se 0 0 0 
Tc 0.5 0.01 0.01 
I 5E-05 0 0 

Cs 0.003 0.005 0.2 
Sm 0.1 0.2 0.2 
Ra 3E-04 0.001 0.1 
Th 10 0.1 0.3 
U 2 0.01 0.05 

Np 6 0.1 0.1 
Pu 1 1 0.3 
Am 1 1 0.3 

 

a Nagra (2002a): Tab. A2.6, lower limit (pessimistic) 
b SKB (1999): Tab. 2-6, pessimistic 
c Vieno & Nordman (1999): Tab. 11-4, conservative non-saline reducing 
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Comparison of diffusion data 

The approaches used for modelling diffusion and retardation are very similar in the different 
safety assessments. Thus, in all assessments ion-specific diffusion is accounted for in some 
fashion as illustrated in the summary Table 5.6. In this table the effective diffusivities and 
porosities for neutral species, cations and anions are given for the different assessments. Anion 
exclusion is taken into account in EN, SR 97, TILA-99 and to some extent in H12. SR 97 and 
TILA-99 used rather high De values for cations (such as Cs, Sr) because of assumed surface 
diffusion effects. In EN, because of the still ongoing controversy on surface diffusion, no 
difference is assumed between neutral species and cations, but the De value is selected 
conservatively (cf. Section 4.1.4). The rather high diffusion values in H12 probably arise from 
the assumed temperature of 60 °C. 
 

Tab. 5.6: Effective diffusivities (m2/s) and porosities used for bentonite backfill 
 

 Nagra 
EN a 

SKB 
SR 97 b 

JNC 
H12 c 

Posiva 
TILA-99 d 

effective diffusivity     
neutral species 2E-10 3E-11 (?) 3E-10 1E-10 

cations 2E-10 7E-11-1E-09 3E-10-6E-10 5E-09 
anions 3E-12 1E-12-3E-12 2E-10 (Se) 5E-12 

porosity (-)     
neutral, cations 0.36 0.41 0.42e 0.43 

anions 0.05 0.05 0.42e 0.05 
dry density kg/m3 1770 1590 1600 1540 

 

a Nagra (2002a): adapted from Tab. A2.6 
b SKB (1999): adapted from Tab. 2.6 
c JNC (2000): adapted from Tab. 5.3.1-8, T = 60 °C 
d Vieno & Nordman (1999): Tab. 11-5 
e porosity calculated from dry density = 1600 kg/m3 and assumed solid density = 2760 kg/m3 
 
 

Table 5.7 shows the comparison for selected elements between the apparent diffusivities, which 
is the parameter that directly affects the flux of radionuclides. Thus, this comparison is perhaps 
the most useful in terms of relevance for safety assessment. It shows a general agreement among 
the bentonite assessments (EN, SR 97, H12 and TILA-99) for non-retarded species as well as 
for mono- to trivalent cations. As already noted for the Kd values, there is, however a 
discrepancy for the tetravalent metal cations, particularly for Tc(IV), U(IV) and Np(IV). Here 
the Da values used in EN are a factor of 60 - 1'500 lower than those used in the other bentonite 
assessments. The comparison for all elements is shown in appendix B (Table B4). 
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Tab. 5.7: Apparent diffusivities (m2/s) used for bentonite backfill 
 

Nagra 
EN a 

SKB 
SR 97 a 

JNC 
H12 a 

Posiva 
TILA-99 b 

Element 

reference case realistic reference case realistic non-saline 
Cinorg 2E-11 7E-11  1E-10 

Ni 6E-13 6E-12  1E-13 
Se 6E-11 1E-11 5E-10 4E-13 
Tc 2E-15 3E-12 2E-12 6E-13 
I 3E-12 6E-11  2E-12 

Cs 1E-12 8E-12 4E-11 3E-12 
Sm 3E-14 1E-13 2E-13 6E-14 
Ra 5E-11 3E-11 2E-11 6E-12 
Th 2E-15 1E-14 2E-13 2E-14 
U 3E-15 3E-13 2E-13 1E-13 

Np 2E-15 2E-13 2E-13 6E-14 
Pu 6E-15 6E-14 2E-14 2E-14 
Am 6E-15 1E-14 2E-14 2E-14 

 

a calculated from Da = De/(ε+Kdρd), see Tabs. 5.4 and 5.6 
b Vieno & Nordman (1999): Tab. 11-6 
 

5.4 Sorption/diffusion values for argillaceous host rock 
So far very few safety assessments have been performed for repositories emplaced in 
argillaceous rocks. The only recent assessment where the necessary data were available to us 
was SAFIR 2, in which the disposal of high-level and intermediate-level waste in Boom Clay is 
assessed. Boom Clay is a plastic clay with a rather large porosity and high amount of reactive 
organic carbon and thus is quite different from stiff clays. Nevertheless, it bears geochemical 
similarities with Opalinus Clay, such cation exchange capacity as well as redox and pH 
conditions. Thus, we consider it useful to compare sorption and migration data used in both 
assessments. 

SAFIR 2: 

Within this assessment solubility limits, retardation factors (R), pore diffusivities (Dp) and 
diffusion porosities are used. In addition, the concept of "operational solubilities" which cannot 
be directly compared to the solubility limit/Kd concept, was applied for one set of data. The 
retardation factor is related to Kd via R = 1 + Kd × ρd/ε, where ρd is the medium dry density 
(kg/m3) and ε the porosity. The sorption and diffusion parameters were primarily derived from 
diffusion measurements. 

Table 5.8 shows the comparison between EN values (realistic and pessimistic) and those of 
SAFIR 2. It noteworthy that in SAFIR 2 a conservative approach was adopted to derive these 
values. Thus, it appears most appropriate to compare the Belgian Kd values with the pessimistic 
EN values. The comparison shows reasonable agreement for anionic as well as mono- and 
divalent cationic species. On the other hand, there is a large discrepancy between the two 
assessments for tri- and tetravalent metal cations. The pessimistic values proposed in EN are 10-
250 larger than those used in SAFIR 2 (see Section 5.6 for discussion). 
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Tab. 5.8: Kd values (m3/kg) used in Opalinus Clay and Boom Clay assessments 
 

Nagra 
EN a 

Ondraf/Niras 
SAFIR 2 b 

Element 

reference case pessimistic value set 2 
Cinorg 0.001 1E-4 0 

Ni 0.9 0.03 0.008 
Se 0 0 0 
Tc 50 0.5 0 
I 3E-5 3E-6 0 

Cs 0.5 0.09 0.6 
Sm 50 5 0.02 
Ra 7E-4 1E-4 0.008 
Th 50 10 0.08 
U 20 0.5 0.05 

Np 50 5 0.2 
Pu 20 1 0.2 
Am 10 1 0.2 

 

a Nagra (2002a): Tab.A2.8, ref. case: pH = 7.25, Eh = -167 mV 
a Ondraf/Niras (2001): Tab. 11.3.8-4, set 2, Kd calc from R where Kd = (R-1)ε/ρd 
 
 

Table 5.9 shows a comparison of the effective diffusion coefficients and porosities. Given the 
different porosities of both rocks their effective diffusivities of tritium are consistent with an 
empirical relationship of De and ε observed for clay formations (Nagra, 2002d, Van Loon & 
Soler, 2003). Thus, non-retarded species are expected to diffuse about six times faster in Boom 
Clay. Anion exclusion is taken into account in this diffusion data in both assessments. Slightly 
increased effective diffusivities are proposed for cations sorbing via cation exchange (e.g. Cs+) 
in SAFIR 2 contrary to EN. The possible effect of surface diffusion is, however largely 
accounted for in EN by applying the pessimistic diffusivity values. 

Tab. 5.9: Effective Diffusivity (m2/s) and porosity for Opalinus Clay and Boom Clay 
 

Nagra 
EN a 

Ondraf/Niras 
SAFIR 2 b 

 

realistic pessimistic set 2 
effective diffusivity    

neutral species 1E-11 1E-10 6E-11 
cations 1E-11 1E-10 6E-11-1E-10 
anions 1E-12 3E-12 1E-11-3E-11 

porosity (-)    
neutral, cations 0.12 0.12 0.30 

anions 0.06 0.06 0.10-0.17  
dry density kg/m3 2390 2390 1890 

 

a Nagra (2002a): adapted from Tab.A2.8  
b Ondraf/Niras (2001): adapted from Tab. 11.3.8-4, De calc. from Dp where De = εDp 
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Tab. 5.10: Apparent diffusivities (m2/s) for Opalinus Clay and Boom Clay used in safety 
assessment 

 

Nagra 
EN a 

Ondraf/Niras 
SAFIR 2 a 

Element 

reference case pessimistic set 2 
Cinorg 4E-13 1E-11 1E-10 

Ni 5E-15 1E-12 4E-12 
Se 2E-11 5E-11 2E-10 
Tc 8E-17 8E-14 2E-10 
I 8E-12 4E-11 2E-10 

Cs 8E-15 5E-13 1E-13 
Sm 8E-17 8E-15 7E-13 
Ra 5E-12 3E-10 4E-12 
Th 8E-17 4E-15 4E-13 
U 2E-16 8E-14 7E-13 

Np 8E-17 8E-15 2E-13 
Pu 2E-16 4E-14 2E-13 
Am 4E-16 4E-14 2E-13 

 

a Calculated from Tab. 5.8 and 5.9 
 

Table 5.10 shows the comparison between Da values. For non-retarded and slightly retarded 
species the compilation illustrates consistent values between the pessimistic data for EN and 
those of SAFIR 2. Thus, generally about five time increased values for Boom Clay are reported. 
However, this is not the case for the strongly sorbing tri- and tetravalent metal cations where for 
most elements significantly lower values are used in EN; e.g., in the case of Th(IV) 100 times 
lower pessimistic Da values are used in EN. 

5.5 Sorption values for cementitious ILW cases 
Sorption data for selected radionuclides of ILW-1 are compared with SKB's assessment of the 
SFL-3-5 repository (Skagius et al. 1999) and the Nirex 97 safety assessment (Nirex 1997) in 
Table 5.11. In the latter safety assessment a probabilistic range of Kd values is presented. These 
values are partly based on experimental work of Bayliss et al. (1996), whose data are also 
illustrated in Table 5.11. It is important to note that Kd values in EN refer to hardened cement 
paste and not to the total material (which includes a lot of quartz-rich sand). In case of SFL 3-5 
the sorption values refer to crushed concrete. The Nirex data refer to the so-called Nirex 
Reference Vault Backfill, which constitutes a mixture of Portland cement, calcium hydroxide 
and calcium carbonate. Although this makes comparison between the data difficult, it should be 
noted that Kd values used in the transport calculations of EN are reduced by a factor of about 5 
because of "dilution" with sand and other materials. The comparison for all elements is given in 
Appendix B (Table B5). 
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Tab. 5.11: Kd values (m3/kg) for cementitious near field 
 

Nagra 
EN a 

SKB 
SFL 3-5 b 

Nirex 
Nirex 97 c 

AEA 
Bayliss et al. d 

Element 

reference case pessimistic pH 13.5 probab. 0-1 non-saline 
Cinorg 0 0 0.2 1E-4 - 0.01  

Ni 0 0 0.04 1E-4 - 1  
Se 0.03 0.02 0.006 1E-6 - 5  
Tc 0.001 7E-04 0.5 0.001 - 50 6 
I 0.001 7E-04 0.003 1E-5 - 0.05 0.001 - 0.01 

Cs 5E-04 3E-04 0.001 1E-5 - 0.1  
Sm 80 20 5   
Ra 0.05 0.03 0.05   
Th 80 20 5 5E-4 - 1000  
U 2 1 5 5E-4 - 1000 6 - 8 

Np 80 20 5 0.001 - 1E4 60 
Pu 80 20 5 0.001 - 1E4 70 
Am 80 20 1 3E-4 - 1000 1 

 

a Nagra (2002a): Tab. A2.7, refers to hardened cement paste, ref. case (pH = 12.55, Eh = -230 mV) 
b Skagius et al. (1999): Tab. 7-4, refers to crushed concrete at pH =13.5 
c Nirex (1997): Tab. 3.7, refers to Nirex Reference Vault Backfill (mixture cement, CaOH, CaCO3) 
d Bayliss et al. (1997): Table 21, Nirex Reference Vault Backfill, non-saline conditions, T = 20 °C 

 

The comparison shows that, in general, the agreement between the values is in fairly good. The 
following specific comments are noteworthy: 

• For Cinorg and Ni the retention processes were assumed in EN to be isotopic exchange and 
precipitation rather than adsorption. Hence, the Kd values are set to zero. 

• Tc is assumed to occur in the oxidised pentavalent state in EN contrary to the other 
assessments. Thus, the proposed sorption value is much lower. 

• For strongly sorbing tri- and tetravalent the values proposed in EN somewhat higher than in 
SFL 3-5. They are however, qualitatively supported by the AEA study (Bayliss et al. 1996) 
except for Am(III), where considerably higher values are proposed in EN. In the case of EN 
Am(III) Kd values were estimated based on the assumed chemical analogy with Eu(III). The 
Am sorption values of Bayliss et al. (1996) represent the lowest limits rather than realistic 
values because of the reported experimental difficulties (most dissolved concentrations were 
below the detection limit). 

5.6 Discussion on high Kd values 

5.6.1 Differences between batch and diffusion approach 

The main difference between the approach used for EN relative to the others is that sorption 
values and apparent diffusion coeffcients were primarily derived from experimental batch 
sorption data rather than from diffusion measurements. The advantages and drawbacks of each 
method are summarised in Table 5.12: 
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• Control of chemical conditions: A rigorous control of pH and major chemistry is far easier 
to achieve in batch systems.  

• Control of anoxic conditions: This one of the most difficult experimental aspects for batch 
sorption and diffusion systems. Measures for avoiding redox disturbance due to oxygen 
contamination are system-specific and require a great deal of experience. In general, the 
control of redox conditions is easier to achieve in batch experiments relative to diffusion 
experiments. 

• Accuracy of data: For weakly sorbing species good quality data can be obtained with both 
methods. However, in the case of strongly sorbing species (Rd values >10 m3/kg) it is 
difficult to obtain reliable retention data with the in-diffusion method due to the slow 
diffusion process and limited resolution of the sample. In the case of batch sorption data 
good quality sorption data can be obtained up to at least 100 m3/kg. For higher Rd values 
very low S/L ratios are required and the accuracy is strongly system specific (Wieland 
personal communication). 

• Representation of compacted conditions: In contrast to diffusion measurements, batch 
sorption experiments are generally restricted to low and intermediate S/L ratios. The 
conversion of the obtained sorption data to compacted systems is not straightforward, as has 
already been pointed out in Chapter 4. The main uncertainty in a compacted clay system 
regards the effect of the diffuse double layer on porewater chemistry and the availability of 
surface sites. 

Tab. 5.12: Comparison between batch sorption and diffusion approach (see text) 
 

 batch Kd diffusion Kd 
control of chemical conditions ++ + 
control of anoxic conditions + ? 
accuracy of sorption data ++ ? 
representation of compacted conditions ? ++ 

 

5.6.2 Evaluation of proposed high Kd values for use in safety assessment 

There are the following three aspects that we would like to address: (1) verification of our 
sorption data for dilute systems, (2) sorption of redox-sensitive species and (3) transferability of 
batch data to in-situ conditions: 

Verification of our sorption data for dilute systems: 

Unfortunately there are very few other systematic batch studies in the literature on the sorption 
of tri- and tetravalent metals in bentonite systems. This is also evident from the compilation of 
Yu & Neretnieks (1997) on sorption and diffusion data in bentonite, which indicates that 
reliable sorption studies with trivalent and tetravalent metals are very scarce. Table 5.13 shows a 
comparison between the sorption data derived by Bradbury & Baeyens (2003a) and a recent 
French sorption study on MX-80 bentonite involving five different research labs (Grambow et 
al. 2002). This study fully confirms the proposed high sorption values of Bradbury & Baeyens 
(2003a). Moreover, it indicates high sorption values for tetravalent Tc and U, contrary to the 
oxidised forms of these elements (Grambow et al. 2002). This is also in accord with the early 
study of Allard et al. (1982), which indicated low sorption values for oxidised U and Np, but 
high ones for Th. 
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Tab. 5.13: Comparison of sorption values (m3/kg) between different batch sorption studies 
with montmorillonite (Bradbury & Baeyens 2002a) and MX-80 (other studies) 

 
safety assessment experimental data Element 

Entsorgungs-
nachweis 

Bradbury & Baeyens 
(2002a) 

Grambow et al.  
(2002) 

Allard et al.  
(1982)i 

Zr(IV) 1 - 4'000  100 - 100'000d  
Tc(IV) 0.5 - 600  10 - 20e  
Tc(VII) 0  0.001f  
Sn(IV) 1 - 10'000 60 - 1'000a   
Th(IV) 10 - 200 50 - 70b  >6.3 
U(IV) 2 - 400  60 - 200g  
U(VI) 0.01   0.093 
Np(V) 0.01   0.05 - 0.12 
Pu(III) 1- 300   3.5j 
Am(III) 1 - 300 20 - 300c 5 - 50h  

 

a derived from Fig. 13 in Bradbury & Baeyens (2002a), pH = 4-10, S/L = 0.54 g/L, equilibration time = 21 days  
b derived from Fig. 11 in Bradbury & Baeyens (2002a), pH = 7.2 -7.7, S/L = 0.15-1.6 g/L, eq. time =120 days 
c derived from Fig. 10 in Bradbury & Baeyens (2002a), original data from Gorgeon (1994), pH = 7-11  
d derived from Fig. 8 in Grambow et al. (2002), pH = 6-9 
e derived from Fig. 8 in Grambow et al. (2002), pH = 6-8.5 
f derived from Fig. 8 in Grambow et al. (2002), one data point at pH ≈ 7.8 
g derived from Fig. 8 in Grambow et al. (2002), pH 6-8.5 
h derived from Fig. 5 in Grambow et al. (2002), pH 6-11 
i taken from Table III in Allard et al. (1982), pH ≈ 8.5 
j oxidation state not specified 
 
 

Sorption of redox-sensitive species:  

As noted above, it is technically challenging to prevent oxidation by O2 contamination in the 
case of tetravalent metals, such as Tc(IV), U(IV) and Np(IV). Thus, the reliability of experi-
mental sorption data is questionable in many cases. Because of this problem, Bradbury & 
Baeyens (2003 a and b) derived sorption data for these tetravalent species on the basis of 
chemical analogy with Th(IV) for which "in house" data was available. It is noteworthy, that the 
experimental results of Grambow et al. (2002) on U(IV), Zr(IV) and Tc(IV) sorption on 
bentonite support the proposed sorption values of Bradbury & Baeyens (2003a). 

Transferability of batch data to in-situ conditions:  

Because of the fundamental uncertainty related to the physico-chemical properties of compacted 
clays, the only way to validate batch Kd values for in-situ conditions is at present to compare 
them with diffusion data. As illustrated in the previous sections, the general agreement in 
bentonite systems between the EN values and those derived from diffusion studies for most of 
the radionuclides (e.g. mono-, divalent and even trivalent cations), supports the validity of our 
approach. This also indicates that the change in chemical conditions in the compacted systems 
(i.e. effect of electric double layer) is not large and that the relative amount of available sorption 
sites does not significantly change. 
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A question mark arises for the tetravalent metal cations where the EN sorption values are 
significantly higher than those in other assessments. As indicated above, it is difficult to obtain 
reliable diffusion data for strongly sorbing tracers and hence very few reliable studies have been 
performed. This may be a reason why in other assessments a more conservative approach has 
been adopted for assessing Kd values. The comparison exercise (Bradbury & Baeyens 2002b) 
for a systematic set of data indicates good agreement between batch and diffusion Kd, also for 
tetravalent Zr, which supports our underlying approach. 

The main discrepancy for the bentonite case regards the redox-sensitive species Tc, U and Np, 
where available diffusion studies suggest more rapid migration than would be predicted from 
our sorption data. From the discussion exposed above, we suspect that this may be due to the 
perturbation of the diffusion experiments by intrusion of molecular oxygen. However, we 
acknowledge that the question remains open and that well-controlled diffusion experiments are 
necessary to resolve this issue. At this point we would also like to emphasise that we have 
accounted for this uncertainty in our safety assessment by assuming a "what-if?"case with an 
oxidising near field (see Section 2.3.3). 

The comparison between the sorption data derived for Opalinus Clay and those derived for 
Boom Clay is of limited value because of the significant differences of these rock matrices. The 
rather low sorption values for tri- and tetravalent RN proposed for the Belgian case might be 
due to the strong complexing effect of reactive organic matter in Boom Clay.  

5.7 Summary of comparison exercise 

Solubility limits 

The SF/HLW and ILW geochemical databases show reasonable agreement with other databases 
from recent safety assessments in spite of the differences in the underlying thermodynamic data 
and assumed geochemical conditions. This adds to confidence building of the derived solubility 
limits. The comparison exercise also confirmed that the main uncertainties regard the effect of 
carbonate complexation for tetravalent metals, the crystallinity of the solubility-limiting oxide 
phase and the long-term redox conditions in the near field environment. 

Sorption/diffusion values 

The approach used in EN for deriving retardation factors and apparent diffusion coefficients 
differs from the approaches applied in the other assessments presented here. In our approach 
these data were consistently derived from batch sorption data rather than from diffusion 
measurements. Nevertheless, the proposed Kd and Da values for most radionuclides agree fairly 
well with those used in the other assessments except for tetravalent metals. This is true for both 
the bentonite and the cement near field. For the Opalinus Clay far field there are too few data 
from other assessments to allow a thorough comparison. 

In general, higher Kd and lower Da values for tetravalent metals are used in our assessment for 
the bentonite near field and clay host rock relative to the others. This discrepancy is particularly 
large in the case of the redox-sensitive Tc(IV), U(IV) and Np(IV). The reasons for this are not 
obvious to us, but may be arise from: 

• A more conservative treatment of data in the other assessments, whereas in our approach 
conservatism was avoided as much as possible for the derivation of "best estimate" data. 
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• Disturbance of redox conditions by oxygen contamination in diffusion experiments may 
have lead to lower retardation in the case of Tc(IV) and U(IV). In our case the retardation 
data for these elements is based on chemical analogy with Th(IV). It is interesting to note 
that the proposed high sorption values for these redox-sensitive species are also confirmed 
by a recent batch sorption study (Grambow et al. 2002). 

• Different chemical conditions in compacted systems: This issue cannot be resolved at this 
point yet, because of fundamental uncertainties regarding thermodynamic properties and 
lack of experimental data. Nevertheless, the surprisingly good agreement in sorption values 
between the two approaches that is noted for the majority of sorbing species, suggests that 
the geochemical conditions of compacted clay porewater can be reasonably well predicted 
with simple thermodynamic models, as e.g. used in our assessment. 
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6 Indications from natural analogues and other natural 
systems 

6.1 General remarks 
The derived geochemical databases are primarily based on short-term experimental data. In 
order to evaluate the applicability of these data for the large timescales, one needs to turn to 
more "soft" data from adequate natural systems. Thus, concentrations of radioelements (or 
chemical analogues) observed in groundwaters from natural analogues have often been 
explained by solubility constraints (Miller et al. 2000). 

In case of sorption data the comparison of lab and in-situ data is for most cases not 
straightforward and care must be taken when attempting such exercises (e.g. McKinley & 
Alexander 1992). Thus, large variations in field distribution coefficients may arise from small 
scale physical and chemical heterogeneity (Payne et al. 2001). Furthermore, over longer time 
periods irreversible "sorption" processes, such as co-precipitation or diffusion into porous 
matrices may dominate, which is not compatible with the Kd concept of reversible and linear 
sorption. Hence, natural analogue data generally yield more qualitative information on the 
radionuclide or trace element retention behaviour. 

In the following sections we present for selected elements natural analogue and groundwater 
data, that are useful in the context of retention data used for our safety assessment. This also 
includes trace element data measured in Opalinus Clay porewaters. We would like to stress that 
it is beyond the scope of this report to give a systematic review of natural analogue data. Instead 
we intend to focus on some of the relevant safety assessment aspects when comparing the 
geochemical databases with data from natural analogue and other natural systems. 

6.2 Selenium 
Selenium in natural waters occurs in the oxidation states -2, 0, +4 and +6. The concentration 
levels strongly depend on the oxidation state. Under oxidising conditions Se(VI) and Se(IV) 
prevail whose solubilities are rather high. The Se concentrations in oxidising groundwaters are 
usually limited by source constraints or sorption processes. Under reducing conditions solu-
bilities are generally low and may be controlled by Se(0) (Early et al. 1984) or by solid solution 
with sulphide (Cutter 1989). In waters with high content of sulphide or organic compounds the 
solubility in reducing waters may be significantly enhanced. Redox reactions are often governed 
by kinetics rather than by thermodynamic constraints. 

Se concentrations measured in oxidising groundwaters at neutral conditions in England ranged 
between 10-9 and 10-8 M (Edmunds et al. 1989). Early et al. (1984) reported Se concentrations of 
10-8 - 5 × 10-7 M for Grande Ronde groundwater at the Hanford site. The Opalinus Clay pore-
water at Mont Terri showed concentrations of <10-8 - 2 × 10-6 M (Table 6.1). Total Se con-
centrations in the Opalinus Clay rock are 0.3 - 0.6 ppm (Pearson et al. 2002). Highly alkaline 
groundwaters at Maqarin indicated Se concentrations of 1.4-17 × 10-6 M. 

Selenium in groundwaters is rather mobile but also strongly dependent on redox conditions. 
Thus, selenite, due to its high affinity to ferric oxides is sorbed much more strongly than 
selenate (Cutter 1989). Information on sorption of selenide is very scarce, due to its chemical 
similarity with sulphide significant uptake via adsorption and co-precpitation to sulphide 
minerals is to be expected (Suter 1991). Se(0) and sulphide-selenide precipitates have a strong 
tendency to form colloids.  
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The high uncertainty assigned to the Se solubility limits and the Kd value of zero for the 
reducing high-level waste near field reflect the high uncertainty in the geochemical behaviour of 
this element.  

6.3 Iodine 
The objective in this section is to evaluate whether the reported literature support the weak 
sorption values used in the geochemical databases for bentonite and Opalinus Clay, which were 
based on batch sorption measurements. Our literature search indicated that relevant data on 
iodine sorption and mobility in systems relevant for repository conditions are scarce and that the 
last comprehensive review on this subject was done by Liu & Von Gunten (1988). 

Natural analogue studies do not give a comprehensive picture on iodine mobility and 
consequently available results should be regarded with caution in terms of extrapolation to 
repository conditions (Liu & Von Gunten 1988). Investigations of marine sediments of Loch 
Lomond in Scotland suggested strong immobilisation of iodine to organic materials (McKinley 
et al. 1984), but due to poorly known boundary conditions (e.g. speciation of I) no comprehen-
sive model for iodine movement was attempted by the authors. Results from studies on the 
Alligator Rivers uranium deposit (Fabryka-Martin et al. 1987) indicated preferential loss of 129I 
relative to uranium during weathering in primary ore zone. However, further away in the 
oxidised zone enrichment in 129I was observed, which was explained by sorption to iron oxide 
minerals. The estimated apparent sorption values were larger than reported from corresponding 
laboratory sorption studies (Liu & Von Gunten 1988). A recent Japanese study on iodine 
profiles in deep groundwaters in a gas field suggests significant retention of iodine relative to 
chloride (Kamei 2002). 

Concentrations of iodine in Opalinus Clay porewaters are in the range of 6 × 10-6 - 2 × 10-5 M 
(Pearson et al. 2002; see Table 6.1). Total concentrations in the rock have not been measured, 
but from data on clay formations and marine sediments (Liu & Von Gunten 1988) are expected 
to be about 1-2 ppm. 

Studies from soil systems are also not conclusive in terms of iodine sorption. A number of 
studies suggest that iodine sorbs preferentially to organic soil materials and that such processes 
are favoured at acidic and neutral conditions (Liu & Von Gunten 1988). Batch sorption 
experiments with crushed rock and sediment materials generally indicate low to negligible 
sorption values, though large differences exist. Non-negligible sorption was found on clay 
materials (Liu & Von Gunten 1988). However, the available diffusion data on clay so far do not 
give conclusive evidence that iodide is notably retarded (Van Loon & Soler 2003). Tracer 
studies in aquifers, indicate delayed breakthrough of iodine relative to chloride and bromide. 

Available studies in cement systems indicate enhanced sorption and retardation relative to clay 
and sand materials (Liu & Von Gunten 1988). 

In summary, literature data on iodine sorption and migration are not conclusive. For 
argillaceous systems slight sorption is suggested from most studies, but clearly more work is 
required for understanding the underlying processes. Furthermore, given the excess of stable 
iodine over 129I, some retardation in the Opalinus Clay is expected by isotopic exchange. In 
cement systems higher iodine sorption relative to argillaceous materials seems justified.  
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6.4 Samarium 
Samarium is a typical REE element occurring almost exclusively in the trivalent state in natural 
systems. Concentrations in groundwater are generally very low, but strongly variable. Michard 
et al. (1987) reported concentrations of about 10-11 - 2 × 10-10 M in CO2-rich groundwaters. The 
higher concentrations were explained by carbonate complexation. Concentrations in highly 
saline groundwater in Texas were found to be in the range of 4 × 10-11 - 5 × 10-9 M (Gosselin et 
al. 1992). The dominant Sm species in these waters were attributed to chloride complexes. Field 
data of deep Finnish groundwaters indicated rather elevated concentrations of 4 × 10-8 - 7 × 10-7 
M (Vuorinen et al. 1998). In the review of Johannesson et. (1995) concentrations of two 
groundwaters are reported to be 5 × 10-12 - 9 × 10-11 M and 1-3 × 10-9 M respectively, the latter 
corresponding to mildly acidic conditions. Concentrations measured in Opalinus Clay pore-
waters at Mont Terri were found to be 9 × 10-10 - 5 × 10-8 M (Pearson et al. 2002, Table 6.1). 

The interpretation of "dissolved" Sm and other REE concentrations should be regarded with 
care, especially with regard to higher levels. A study on alkaline granitic groundwaters in 
southern Europe (Alaux-Negrel et al. 1993) revealed that the major fraction was associated to 
the colloidal fraction and correlated with Th concentrations. Thus, Sm concentrations deter-
mined after ultrafiltration were about 100 times lower (∼5 × 10-12 M) than by conventional 
filtration techniques. 

REE show strong sorption to mineral particles, such as clays and iron oxides in natural systems 
which strongly limits their mobility in the absence of colloidal transport processes (Erel & 
Stopler 1993). From these literature data it can be inferred that Sm (and other REE) con-
centrations in relevant natural systems generally are well below the solubility limits used in our 
assessment. The field observations also qualitatively support high sorption values by indicating 
strong association with clay particles and very limited migration. 

6.5 Radium 
Radium occurs at low concentrations in natural waters and is generally correlated with dissolved 
uranium levels. Dickson (1990) has reported Ra concentrations in groundwaters between  
10-15 and 4 × 10-10 M, but most waters do not exceed 10-12 M (Dickson 1990, Langmuir & 
Melchior 1985). The highest values are encountered in highly saline groundwaters, but Ra in 
these cases was still found to be undersaturated with regard to RaSO4 (Langmuir & Melchior 
1985). Ra concentrations in deep Finnish groundwaters were found to be in the range of 10-15 - 
10-12 M (Vuorinen et al. 1998). Concentrations encountered at the uranium deposit of Cigar 
Lake lie between 10-14 and 5 × 10-13 M (Cramer & Smellie 1994). One measurement of the 
Opalinus Clay porewater at the Mont Terri Rock Laboratory indicated a 226Ra concentration of 
about 2 × 10-14 M (Pearson et al. 2002). 

Significant 226Ra concentrations occur in waters from uranium mine tailings. Sebesta et al. 
(1981) measured concentrations in mining and drilling waters in the range of 10-12 to 10-11 M. 
Treatment of these waters with Ba result in co-precipitation of Ba-Ra-SO4 and strong decrease 
of Ra to about 10-13 M. Solubility control of Ra by solid solution formation with Ba an Sr 
sulphates are indicated in different types of environments such as deep brines (Langmuir & 
Melchior 1985), thermal waters (Sturchio et al. 1993) and flooded uranium mine tailings 
(Martin et al. 2003). 

Radium is significantly retarded during its migration in groundwater systems, as indicated for 
example at Cigar Lake (e.g. Gascoyne & Schwarcz 1986). The extent of Ra retention is site-
specific. Thus, retardation factors in two different aquifers have been estimated, based on 
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isotope analysis, to be 600 and 50'000 respectively (Copenhaver et al. 1993). The same authors 
estimated for Ra a retardation factor of about 10'000 in groundwater at the Nevada Test Site 
(Copenhaver et al. 1992). From isotopic profiles of uranium-rich layers in a clay-rich turbidite 
sediment it was inferred that retention of 226Ra was low compared to the parent nuclide 230Th 

(Colley & Thompson 1991). 

Putting this information into the perspective of this work, the natural analogue and groundwater 
data fully supports the proposed solubility limit values based on an insoluble barite solid 
solution. The rather scarce data on Ra sorption in groundwater systems qualitatively supports 
the sorption values used in EN, which, however, appear to be on the low side relative to 
reported field data.  

6.6 Uranium 
Uranium in natural waters occurs in the insoluble tetravalent form under reducing conditions 
and in the rather soluble hexavalent form under oxidising conditions. The most abundant U 
mineral is uraninite with nominal composition of UO2+x (x ≤ 0.25). Under oxidising conditions 
extensive weathering of the highly insoluble uraninite occurs, leading to mobilisation of U(VI). 
The solute concentrations thereof are, however, limited by sorption to mineral surfaces and 
precipitation to carbonates, hydroxides, phosphates and other mineral compounds. On the other 
hand, U(VI) is reduced and precipitates as UO2 when passing to reducing conditions. 

Reducing conditions 

The concentrations of U observed in reducing groundwaters are fairly low, usually below  
10-7 M. At Cigar Lake concentrations of 10-9 - 10-7 M were determined in the more reduced 
groundwaters (Cramer & Smellie 1994). Michard et al. (1987) reported U concentrations in 
CO2-rich waters ranging from 1-4 × 10-9 M. Concentrations of 2 × 10-8 - 2 × 10-7 M were 
encountered at Poços de Caldas (Bruno et al. 1997). The concentrations in alkaline granitic 
groundwaters in southern Europe were found to be 10-11 to 9 × 10-10 M and explained by 
uraninite solubility (Alaux-Negrel et al. 1993). Concentrations found in highly alkaline waters 
of Maqarin were slightly lower, namely in the range of 8 × 10-12 - 2 × 10-10 M. The concentration 
measured in Opalinus Clay waters at Mont Terri are in the range of 6 × 10-10 - 3 × 10-9 M with an 
average concentration of about 2 × 10-9 M (Pearson et al. 2002, Table 6.1). 

The mobility of reduced U is very low, as indicated from natural analogue studies. For example, 
at Cigar Lake isotope activity ratios in the 238U decay indicate no significant migration of 
radionuclides for at least 1 Ma (Gascoyne & Schwarcz 1986). 

The solubility limits (3 × 10-10 - 5 × 10-7 M) applied for the reducing SF/HLW near field case are 
qualitatively supported by natural analogue and reducing groundwater data. Interestingly, the 
best estimate value of 3 × 10-9 M agrees very well with the average values measured in Opalinus 
Clay. This suggests that U concentrations in Opalinus Clay are controlled by UO2 solubility. 

Oxidising conditions: 

The concentrations encountered in oxidising natural analogue groundwaters show a large 
scatter, but remain generally below 10-5 M. The mildly oxidising waters at Cigar Lake display U 
concentrations of 10-9 - 2 × 10-7 (Cramer & Smellie 1994). Oxidising mine waters at the 
Krunkelbach uranium mine show U levels of 4 × 10-9 - 2 × 10-5 M (Dearlove 1989). Con-
centrations encountered in the groundwater at the Koongarra uranium deposit lie between 10-9 
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and 2 × 10-6 M (Payne et al. 2001). Under the hyperalkaline conditions at Maqarin oxidising 
well water showed low concentrations of 8 × 10-12 - 2 × 10-10 M (Linklater et al. 1996).  

Mobile U(VI) shows strong affinity to ferric oxy-hydroxides and clay minerals which leads to 
significant retardation and elevated distribution coefficients. The field Kd values estimated at the 
Koongarra uranium deposit are in the range of 1 - 20 m3/kg (Payne et al. 2001). The Kd values 
in soil sediments are strongly dependent on pH and carbonate concentrations. In the near-neutral 
region the range (4 × 10-4 - 639 m3/kg) estimated by Krupka et al. (1999) is large, but generally 
lies above 0.01 m3/kg. 

The reported uranium levels for natural analogues are significantly lower than the applied U 
solubility limit (3 × 10-4 M) for the oxidising case of the SF/HLW near field. The Kd value of 
0.01 m3/kg proposed for the geochemical database is qualitatively supported by field data. The 
solubility limit (best estimate of 10-8 M) proposed for the cementitious case is significantly 
higher (at least 50 times) than reported so far for natural analogue data.  

6.7 Thorium 
Thorium geochemistry is intimately linked to that of uranium. Concentrations encountered in 
natural analogue groundwaters are low. Thus, concentrations at Cigar Lake are <9 × 10-11 - 2 × 

10-9 M (Cramer & Smellie 1994). Concentrations in the uranium mining area of Poços de 
Caldas lie in the range of 6 × 10-11 - 3 × 10-10 M (Bruno et al. 1992). Other groundwaters 
generally also display very low Th levels (<10-9 M). The porewaters of Opalinus Clay measured 
at Mont Terri show concentrations of 0.9-2 × 10-9 M (Table 6.1). 

Occasionally, higher values have been determined. Thus, deep groundwater concentrations from 
the Finnish site investigation programme were found to be in the range of 8 × 10-9 - 1 × 10-7 M 
Vuorinen et al. (1998). As pointed out by Langmuir & Herman (1980) high concentrations in 
most cases do not reflect truly dissolved but colloidal Th because of inadequate sampling. In 
fact, this is indicated by the measurements of Alaux-Negrel et al. (1993) from granitic alkaline 
groundwaters, where most of the Th from the conventionally filtered water was associated with 
the colloidal fraction. 

The mobility of Th in groundwaters is very low due to strong sorption to mineral particles 
(Langmuir & Herman 1980). This is supported for example by isotopic data at Cigar Lake 
(Gascoyne & Schwarcz 1986). Copenhaver et al. (1992) estimated the Th retardation factor in 
groundwaters at the Nevada Test site to be about 10'000. 

The proposed solubility limits for Th in the geochemical database for SF/HLW near field are 
considerably higher than would be expected from natural analogue data. This may be due to the 
higher solubility of ThO2(am) in experiments relative to the solubility-controlling phase in 
natural systems. Moreover, the assumed carbonate complexation, the data of which is still quite 
uncertain (Hummel & Berner 2002), may have also contributed to the higher solubility limits. 
The high proposed Kd values are qualitatively supported by field data. 
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Tab. 6.1: Porewater concentrations for Opalinus Clay at Mont Terri (Pearson et al. 2002) 
 

 U Th Ra Sm Eu Se I 
number of 
samples 

7 7 1 7 4 3 25 

 mol/L × 10-9 mol/L × 10-6 
range 0.63 - 3.0 0.86 - 1.6 1.6e-5 0.86 - 52 3.3 - 5.0 0.01 - 2.4 6-19 

average 1.9 1.1 1.6e-5 14 1.8 1.1 14.8 
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7 Summary and outlook 
 

Geochemical retention is an important safety feature in the Swiss repository concept for 
SF/HLW and ILW. Geochemical retention is taken into account in the safety assessment 
calculations by applying solubility limits and Kd values for the safety-relevant nuclides. The 
necessary data were compiled in five geochemical databases, the derivation of which is 
described in detail in the corresponding reports (Berner 2002a; 2003; Bradbury & Baeyens 
2003a and b; Wieland & Van Loon 2002). 

The elaboration of the geochemical databases was done by a team of scientists from PSI and the 
Safety Assessment Group at Nagra over a period of two years based of many years of extensive 
scientific investigations. An integrated approach was applied which was based on the principles 
of chemical thermodynamics, sound experimental sorption and diffusion data and expert 
judgement. A consistent procedure and a number of quality assurance measures contributed to 
obtaining high quality retention data. A strong emphasis was on the derivation of transparent 
and traceable "best estimate" data and associated uncertainties. 

The applied methodology can be separated into three parts. The first part consisted of 
establishing the geochemical foundations, which included an extensive update of the Nagra/PSI 
thermodynamic database (Hummel et al. 2002; Hummel & Berner 2002), derivation of the 
geochemical boundary conditions (e.g. porewater pH and Eh) in the different compartments of 
the disposal system (Curti & Wersin 2002; Schwyn et al. 2003; Pearson 2002) and generation of 
experimental sorption data in clay (e.g. Baeyens & Bradbury 1995a and b; Lauber et al. 2000; 
Glaus et al. 2001) and cement (e.g. Bradbury & Sarott 1995; Wieland & Van Loon 2002) 
systems. The second part involved the derivation of scientifically sound retention data, i.e. the 
solubility limits (Berner 2002a; Berner 2003) and sorption values (Bradbury & Baeyens a and b; 
Wieland & Van Loon 2002) for safety-relevant radionuclides, under relevant repository 
conditions. The last part in the overall procedure involved the critical evaluation and, if 
necessary, adaptation of the values for their use in safety assessment calculations. This included 
external reviews of the data reports, audits and an international workshop in October 2001. In 
addition, as described in this report, the GDBs were checked in terms of their compatibility with 
recent databases from other countries and natural analogue data. 

The solubility limit databases for the canister-bentonite and cementitious environments used in 
the project Entsorgungsnachweis show reasonable agreement with other databases from recent 
safety assessments in spite of the differences in the underlying thermodynamic data and 
assumed geochemical conditions. This considerably adds to confidence building of the derived 
solubility limits. However, the comparison exercise also confirmed important knowledge gaps, 
that had already been identified in the course of this work, as pointed out below. 

Our approach for deriving Kd values and apparent diffusion coefficients in the clay 
compartments differs from those applied in other assessments. Whereas the latter are principally 
based on diffusion measurements in compacted clays, we systematically derived Kd values from 
well-controlled batch experiments and extrapolated these to the compacted in-situ conditions. 
Nevertheless, the proposed Kd and Da values for most radionuclides agree fairly well with those 
used in the other assessments. This agreement value is further supported by a study that 
compared sorption values derived in batch systems with those obtained from Japanese diffusion 
measurements on Kunigel bentonite. This result strongly suggests that compaction and swelling 
do not have a large effect on the retention properties of the clay.  

In general, higher sorption and lower Da values for tetravalent metals are used in our assessment 
for the bentonite near field and clay host rock relative to the others. This discrepancy is 
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particularly large in the case of the redox-sensitive Tc(IV), U(IV) and Np(IV). The reasons for 
this are not obvious to us, but might be arise from (i) the more conservative treatment of 
uncertanties in the other assessments, (ii) poorly constrained redox conditions in diffusion 
experiments, or (iii) different (incorrectly predicted) chemical conditions in compacted clays. 
The last point, however, is rather unlikely from the indications pointed out above. 

A major identified uncertainty is related to the porewater composition in the clay compartments. 
This was accounted for in the derivation of geochemical databases by including a large range of 
pH/pCO2 and Eh in the uncertainty treatment of solubility limits and Kd values. Furthermore, 
important conceptual model uncertainties identified in the present work include the effect of 
carbonate on solubility and sorption of tetravalent metals, the redox chemistry of Pu, the nature 
and crystallinity of solubility-controlling phases, redox kinetics of redox-sensitive radionuclides 
and physico-chemical properties of water in compacted clays. Since the derived databases are 
based on a reference temperature of 25 °C, further uncertainty arises from the slightly higher 
temperature (≈50 °C) expected for the conditions relevant to safety assessment. From a 
preliminary assessment we expect, however, the temperature uncertainty to be of less relevance 
relative to those mentioned above. 

Further work in our research program is ongoing to reduce inherent uncertainties in the 
geochemical databases. This principally includes: 

• Extension of thermodynamic database by including higher temperature and solid solution 
data for selected sub-systems; 

• Study of the retention processes of redox-sensitive elements U, Tc, Se and Np in the 
canister and cement environment under reducing conditions; 

• Study of sorption and diffusion processes in compacted clays with specific focus on the 
thermodynamic properties of interstitial water. 
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APPENDIX A: Solubility and sorption data derived by PSI 
 
 

Tab. A1: Solubilities and maximum concentrations (mol/L) for the SF/HLW case at 
reference conditions derived by Berner (2002a). This Table is adapted from 
Table 1 in NTB 02-10. 

 

E
le

m
en

t maximum 
solubility1 

maximum 
concentr.2 

lower 
limit 

upper 
limit 

oxidising
conditions

Comment / limiting solid 

H - - - -   
Be - - - -   

Cinorg 3 × 10-3  5 × 10-4 3 × 10-3  definition of reference water 
Cl not limited 1.7 × 10-1 - -  definition of reference water 
Ca  1.32 × 10-2 1.2 × 10-2 1.6 × 10-2  definition of reference water 
Fe  4.3 × 10-5 1 × 10-5 4.3 × 10-5  definition of reference water 
Co  3 × 10-5 1 × 10-5 7 × 10-5  control by CoCO3(s) 
Ni 3 × 10-5  1 × 10-5 8 × 10-5  control by NiCO3(cr) 
Se 5 × 10-9  2 × 10-11 1 × 10-5 not limited control by Se(cr) 
Sr 1.9 × 10-5  - 1.2 × 10-4  definition of reference water 
Zr  2 × 10-9 3 × 10-11 2 × 10-9  control by ZrO2(s) 
Nb 3 × 10-5  - -  control by Nb2O5(s) 
Mo - 1 × 10-6 - 1 × 10-5  control by MoO2(s) 
Tc 4 × 10-9  1 × 10-9 1 × 10-8 not limited control by TcO2 × 1.6H2O 
Ru - - - -  no data available 
Pd insignific. 

low 
5 × 10-8 - 2 × 10-7  control by Pd(0) and 

Pd(OH)2 respectively 
Ag - insignific. 

low 
- 3 × 10-6  control by Ag(0) 

Cd   7 × 10-6 4 × 10-5  control by CdCO3(s) 
Sn 1 × 10-8 2 × 10-5 5 × 10-9 1 × 10-7  control by SrO2(cr) 
Sb - 6 × 10-5 - - not limited control by Sb2O3(s) 
I not limited  - -  no limiting solid known 

Cs not limited  - -  no limiting solid known 
Hf - 2 × 10-9 3 × 10-11 2 × 10-9  Zr used as analogue 
Pm - 5 × 10-7 3 × 10-7 9 × 10-7  Eu used as analogue 
Eu 5 × 10-7  3 × 10-7 9 × 10-7  control by EuCO3(OH)(s) 
Ho - 5 × 10-7 3 × 10-7 9 × 10-7  Eu used as analogue 
Pb - 2 × 10-6 - -  control by hydrocerrusite 
Po - - - -  no data available 
Ra - 2 × 10-11 4 × 10-12 1 × 10-10  control by (Ba,Ra)SO4 ss. 
Ac - 1 × 10-6 5 × 10-8 3 × 10-5  Am(III) used as analogue 
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Tab. A1: (Cont.) 
 

E
le

m
en

t maximum 
solubility1 

maximum 
concentr.2 

lower 
limit 

upper 
limit 

oxidising
conditions

Comment / limiting solid 

Th 7 × 10-7  2 × 10-7 3 × 10-6  control by ThO2(am) 
Pa - 1 × 10-8 - -  estimate, no reliable data 

avail. 
U - 3 × 10-9 3 × 10-10 5 × 10-7 3 × 10-4,

2 × 10-2 
control by UO2(am) 
oxidising: cf. text 

Np 5 × 10-9  3 × 10-9 1 × 10-8 1 × 10-5 control by NpO2(am) 
Pu - 5 × 10-8 3 × 10-9 1 × 10-6 3 × 10-8 control by PuO2(hyd) 
Am 1 × 10-6  5 × 10-8 3 × 10-5  control by AmOHCO3(cr) 
Cm - 1 × 10-6 5 × 10-8 3 × 10-5  Am(III) used as analogue 

 

1 Values calculated with Nagra/PSI TDB (Hummel et al. 2002) 
2 Values recommended on the basis of other thermodynamic data or other sources 
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Tab. A2: Solubilities and maximum concentrations (mol/L) for the ILW case at reference 
conditions derived by Berner (2003). This Table is adapted from Table 1 in 
NTB 02-22. 

 

E
le

m
en

t maximum 
solubility1 

maximum 
concentr.2 

lower 
limit 

upper 
limit 

oxidising
conditions

Comment / limiting solid 

H - - - -   
Be - - - high   

Cinorg - 9.7 × 10-6 - 2 × 10-4  definition of reference water  
Cl not limited  - -  definition of reference water 
Ca 2 × 10-2  1.8 × 10-2 2.2 × 10-2  definition of reference water 
Fe - 1 × 10-7 - 1 × 10-6  definition of reference water 
Co - 7 × 10-7 - 8 × 10-6  control by Co(OH)2(s) 
Ni 3 × 10-7  1 × 10-8 8 × 10-6  control by Ni(OH)2(cr) 
Se not limited 1 × 10-5 7 × 10-6 2 × 10-5 not limited control by CaSeO3(s) 
Sr 3 × 10-3  1 × 10-3 6 × 10-3  definition of reference water 
Zr 6 × 10-6  6 × 10-7 6 × 10-5  control by ZrO2(s) 
Nb not limited  - -  very small database 
Mo - 3 × 10-5 - 2 × 10-3  control by MoO2(s) 
Tc not limited  - - not limited Tc(VII) above -350 mV 
Ru - - - high  no data available except for 

upper limit 
Pd insign. low 8 × 10-7 - 8 × 10-6  control by Pd(0) and 

Pd(OH)2 respectively 
Ag insign. low  - 3 × 10-6  control by Ag(0) 
Cd - 4 × 10-6 - 3 × 10-5  control by Cd(OH)2(s) 
Sn 1 × 10-7  1 × 10-7 2 × 10-7  control by SrO2(cr) 
Sb not limited  - - not limited control by Sb2O3(s) 
I not limited  - -  no limiting solid known 

Cs not limited  - -  no limiting solid known 
Hf - 6 × 10-7 6 × 10-6 6 × 10-5  Zr used as analogue 
Pm - 2 × 10-6 4 × 10-9 2 × 10-5  Eu used as analogue 
Eu 2 × 10-6  4 × 10-9 2 × 10-5  control by Eu (OH)3(am) 
Ho - 2 × 10-6 4 × 10-9 2 × 10-5  Eu used as analogue 
Pb - 3 × 10-3 - 2 × 10-2  control by Pb(OH)2(s) 
Po - - - -  no data available 
Ra 1 × 10-5  1 × 10-6 2 × 10-2  control by RaSO4(s) 
Ac - 4 × 10-9 2 × 10-6 2 × 10-5  Am(III) used as analogue 
Th 3 × 10-9  8 × 10-10 1 × 10-8  control by ThO2(am) 
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Tab. A2: (Cont.) 
 

E
le

m
en

t maximum 
solubility1 

maximum 
concentr.2 

lower 
limit 

upper 
limit 

oxidising
conditions

Comment / limiting solid 

Pa  ∼10-8 - -  estimate, no reliable data 
available 

U not limited 1 × 10-8 - 5 × 10-7 - soft data 
Np 5 × 10-9  3 × 10-9 1 × 10-8 not limited control by NpO2(am) 
Pu 4 × 10-11  1 × 10-11 1 × 10-10 6 × 10-11 control by PuO2(hyd) 
Am 2 × 10-9  3 × 10-10 1 × 10-8  control by Am(OH)3(am) 

Cm - 2 × 10-9 3 × 10-10 1 × 10-8  Am(III) used as analogue 
 

1 Values calculated with Nagra/PSI TDB (Hummel et al. 2002) 
2 Values recommended on the basis of other thermodynamic data or other sources 
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Tab. A3: In-situ Rd values [m3 kg-1] for MX-80 bentonite derived by Bradbury & Baeyens 
(2003a). This Table is adapted from Tables 11, A1 and A2 from NTB 02-18. 

 
Element pH=6.9 pH=7.25 

(reference 
conditions) 

pH=7.9 overall 
uncertainty

factor 

pH=7.25 
oxidising 

Element 
oxidising 

C(inorg.) 2.7E-05 6.7E-05 3.2E-04 -   
C(org.) 0 0 0 -   
Cl(-I) 0 0 0 -   
Ca(II) 3.3E-3 3.3E-3 3.3E-3 6   
Co(II) 0.44 0.64 1.8 15.1   
Ni(II) 0.14 0.23 0.58 11.6   
Se(-II) 0 0 0 - 0 Se(VI) 
Sr(II) 0.0033 0.0033 0.0033 6   
Zr(IV) 135 81 33.1 25.5   
Nb(V) 30 30 30 18.2   
Mo(VI) 0 0 0 -   
Tc(IV) 63 63 63 6.3 0 Tc(VII) 

Ru(III/IV) 5 5 5 15   
Pd(II) 5 5 5 15   
Ag(I) 0 0 0 -   
Cd(II) 0.055 0.1 0.23 5.8   
Sn(IV) 810 810 810 18.2   
Sb(III) 29.1 41.6 52 8.2   

I(-I) 5.0E-04 5.0E-04 5.0E-04 14   
Cs(I) 0.12 0.12 0.14 4.5   

Ce(III) 1.9 4.7 14.2 16.3   
Pm(III) 1.9 4.7 14.2 16.3   
Sm(III) 1.9 4.7 14.2 16.3   
Eu(III) 1.9 4.7 14.2 11.6   
Ho(III) 1.9 4.7 14.2 16.3   
Hf(IV) 135 81 33.1 25.5   
Pb(II) 4.7 7.9 62.4 5.8   
Po(IV) 0.1 0.068 0.04 11.6   
Ra(II) 0.0021 0.0021 0.0021 6   
Ac(III) 6.6 26.8 63 8.2   
Th(IV) 63 63 63 4.5   
Pa(V) 5 5 5 10   
U(IV) 2.8 49.1 63 6.3 0.010 U(VI) 

Np(IV) 63 63 63 6.3 0.018 Np(V) 
Pu(III) 6.6 26.8 105 8.2 16.8 Pu(IV/V) 
Am(III) 6.6 26.8 63 5.8   
Cm(III) 6.6 26.8 63 8.2   
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Tab. A4: In-situ Rd values [m3 kg-1] for Opalinus Clay derived by Bradbury & Baeyens 
(2003b). This Table is taken from Table 10 in NTB 02-19. 

 
Element pH = 6.3 pH = 7.24 pH = 7.8 overall 

uncertainty 
factor 

H(HTO) 0 0 0  
C(inorg.) 1.3E-04 0.0016 0.006  
C(org.) 0 0 0  
Cl(-I) 0 0 0  
Ca(II) 9.3E-04 0.0011 0.0011 6 
Co(II) 0.16 0.49 0.95 15.1 
Ni(II) 0.29 0.93 1.9 11.6 
Se(-II) 0 0 0  
Sr(II) 9.3E-04 0.0011 0.0011 6 
Zr(IV) 39.7 10.9 4.7 19.6 
Nb(V) 4 4 4 18.2 

Mo(VI) 0.032 0.017 0.012 15.1 
Tc(IV) 22 55.4 55.4 6.3 

Ru(III/IV) 5 5 5 15 
Pd(II) 5 5 5 15 
Ag(I) 0 0 0  
Cd(II) 0.057 0.18 0.37 16.4 
Sn(IV) 110 110 110 14 
Sb(III) 2.5 5.6 7.0 25.5 

I(-I) 3.5E-05 3.5E-05 3.5E-05 14 
Cs(I) 0.55 0.55 0.55 6 

Ce(III) 5 59.8 50 6.3 
Pm(III) 5 59.8 50 6.3 
Sm(III) 5 59.8 50 6.3 
Eu(III) 5 59.8 50 4.5 
Ho(III) 5 59.8 50 6.3 
Hf(IV) 39.7 10.9 4.7 19.6 
Pb(II) 0.8 2.7 6.7 47.3 
Po(IV) 0.07 0.18 0.28 14 
Ra(II) 6.9E-04 7.6E-04 7.6E-04 6 
Ac(III) 1.2 17 63 8.2 
Th(IV) 22 55.4 55.4 4.5 
Pa(IV) 5 5 5 10 
U(IV) 0.55 20.5 48.2 6.3 

Np(IV) 22 55.4 55.4 6.3 
Pu(III) 1.1 22.6 75.2 8.2 
Am(III) 1.2 17 63 5.8 
Cm(III) 1.2 17 63 8.2 
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Tab. A5: In-situ Rd values [m3 kg-1] for cementitious backfill: stage II of cement degradation 
(Wieland & Van Loon 2002). Table is adapted from Table AI-2 of NTB 02-20. 

 
Rd value (m3kg-1) 

Element recommended estimated lower 
limit 

estimated upper 
limit 

Ref. 

H (HTO) 10-4 7.1×10-5 1.4×10-4 W&VL 02 
Be(II) 0   W&VL 02 

CO3
2-(C-14)1   
Cl(-I) 5×·10-3 3.6×10-3 7×10-3 W&VL 02 

Ca, Fe, Co, Ni1   
Se(IV) 3×10-2 2.1×10-2 4.2×10-2 W&VL 02 
Sr(II) 10-3 7.1×10-4 1.4×10-3 W&VL 02 
Zr(IV) 10 3 33 W&VL 02 
Nb(V) 1 0.7 1.4 B&VL 97 

Mo(VI) 0   B&VL 97 
Tc(VII) 10-3 7.1×10-4 1.4×10-3 B&VL 97 

Ru 0   W&VL 02 
Pd(II) 10-1 7.1×10-2 1.4×10-1 B&VL 97 
Ag(I) 0   B&VL 97 

Sn(IV) 10 3 33 W&VL 02 
Sb(V) 10-3 7.1×10-4 1.4×10-3 W&VL 02 
I(-I) 10-3 7.1×10-4 1.4×10-3 W&VL 02 
Cs(I) 5×10-3 3.6×10-3 7×10-3 W&VL 02 

Pm(III) 100 30 330 W&VL 02 
Sm(III) 100 30 330 W&VL 02 
Eu(III) 100 30 330 W&VL 02 
Pb(II) 5×10-1 3.6×10-1 7×10-1 B&VL 97 

Po 0   B&VL 97 
Ra(II) 5×10-2 3.6×10-2 7×10-2 B&VL 97 
Ac(III) 100 30 330 W&VL 02 
Th(IV) 100 30 330 W&VL 02 
Pa(V) 10-1 7.1×10-2 1.4×10-1 W&VL 02 
U(VI) 2 1.4 2.8 W&VL 02 

Np(IV) 100 30 330 W&VL 02 
Pu(IV) 100 30 330 W&VL 02 
Am(III) 100 30 330 W&VL 02 
Cm(III) 100 30 330 W&VL 02 

 

1 assumed to interact with cement by ion exchange and precipitation processes 
Bold type: Sorption values were selected based on experimental data including estimates for the 

uncertainties. 
Italic type: Sorption values were selected based on chemical analogy including expected 

uncertainty limits. 
References: B&S 95: Bradbury & Sarott (1995) 
 B&VL 97: Bradbury & Van Loon (1997) 
 W&VL 02: main report of Wieland & Van Loon (2002) 
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Tab. A6: In-situ Rd values [m3 kg-1] for cementitious backfill: stage I of cement degradation 
(Wieland & Van Loon 2002). Table is adapted from Table AI-3 of NTB 02-20. 

 
Rd value (m3 kg-1) 

Element recommended Estimated lower 
limit 

Estimated upper 
limit 

Ref. 

H (HTO) 10-4 7.1×10-5 1.4×10-4 W&VL 02 
Be(II) 0   W&VL 02 

CO3
2-(C-14)1  
Cl(-I) 5×10-3 3.6×10-3 7×10-3 W&VL 02 

Ca, Fe, Co, Ni1  
Se(IV) 3×10-2 2.1×10-2 4.2×10-2 W&VL 02 
Sr(II) 10-1 7.1×10-2 1.4×10-1 W&VL 02 
Zr(IV) 10 3 33 W&VL 02 
Nb(V) 1 0.7 1.4 B&VL 97 

Mo(VI) 0   B&VL 97 
Tc(VII) 10-3 7.1×10-4 1.4×10-3 B&VL 97 

Ru 0   W&VL 02 
Pd(II) 10-1 7.1×10-2 1.4×10-1 B&VL 97 
Ag(I) 0   B&VL 97 

Sn(IV) 10 3 33 W&VL 02 
Sb(V) 10-3 7.1×10-4 1.4×10-3 W&VL 02 
I(-I) 10-3 7.1×10-4 1.4×10-3 W&VL 02 
Cs(I) 5×10-4 3.6×10-4 7×10-4 W&VL 02 

Pm(III) 100 30 330 W&VL 02 
Sm(III) 100 30 330 W&VL 02 
Eu(III) 100 30 330 W&VL 02 
Pb(II) 5×10-1 3.6×10-1 7×10-1 B&VL 97 

Po 0   B&VL 97 
Ra(II) 10-1 7.1×10-2 1.4×10-1 B&VL 97 
Ac(III) 100 30 330 W&VL 02 
Th(IV) 100 30 330 W&VL 02 
Pa(V) 10-1 7.1×10-2 1.4×10-1 W&VL 02 
U(VI) 2 1.4 2.8 W&VL 02 

Np(IV) 100 30 330 W&VL 02 
Pu(IV) 100 30 330 W&VL 02 
Am(III) 100 30 330 W&VL 02 
Cm(III) 100 30 330 W&VL 02 

 

1 assumed to interact with cement by ion exchange and precipitation processes  
Bold type: Sorption values were selected based on experimental data sets including estimates for 

the uncertainties 
Italic type: Sorption values were selected based on chemical analogy including suggested 

uncertainty limits. 
References: B&S 95: Bradbury & Sarott (1995) 
 B&VL 97: Bradbury & Van Loon (1997) 
 W&VL 02: main report of Wieland & Van Loon (2002) 
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Tab. A7: In-situ Rd values [m3 kg-1] for cementitious backfill under oxidising conditions: 
selected redox-sensitive elements (Wieland & Van Loon 2002). Table is adapted 
from Table AI-4 of NTB 02-20. 

 
Rd value (m3 kg-1) 

Element recommended Estimated lower 
limit 

Estimated upper 
limit 

Ref. 

Se(IV) 10-3 7.1×10-4 1.4×10-3 B&VL 97 
Np(V) 10-1 7.1×10-2 1.4×10-1 W&VL 02 
Pu(V) 10-1 7.1×·10-2 1.4×10-1 W&VL 02 

 
Italic type: Sorption values were selected based on chemical analogy including suggested uncertainty 

limits. 
References: B&VL 97: Bradbury & Van Loon (1997) 
 W&VL 02: main report of Wieland & Van Loon (2002) 
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APPENDIX B: Comparison of EN data with other safety 
assessments 

 
 

Tab. B1: Solubility limits (mol/L) for high-level waste near field  
 

Nagra SKB JNC Posiva Ondraf/Niras 
EN a SR-97 b H-12 c TILA-99 d SAFIR 2 e 

Element 

reference case best estimate reference case cons.red. non-sal. best estimate 
H high     
Be 1E-06     

Cinorg 3E-03     
Corg high     
Cl high     
Ca 1E-02     
Ni 3E-05 high  1E-04 1E-04 
Se 5E-09 3E-09 3E-09 1E-06 5.5E-08 
Sr 2E-05 7E-03  1E-05  
Zr 2E-09 2E-09 1E-06 5E-08 1E-06 
Nb 3E-05 1E-03 1E-04 1E-03 3.2E-06 
Mo 1E-06     
Tc 4E-09 7E-09 4E-08 5E-08 3E-08 
Pd 5E-08 4E-09 1E-09 1E-08 1E-07 
Ag 3E-06 3E-05    
Sn 1E-08 6E-10 5E-06 5E-06 5.5E-07 
I high  high   

Cs high     
Sm 5E-07 2E-06 2E-07 1E-05 2E-06 
Ho 5E-07 6E-06    
Pb 2E-06  2E-06   
Po high     
Ra 2E-11 3E-07 1E-12 1E-07 1E-09 
Ac 1E-06  2E-07  2E-06 
Th 7E-07 1E-09 5E-06 5E-07 5E-07 
Pa 1E-08 3E-07 2E-08 1E-08 1E-05 
U 3E-09 1E-07 8E-09 3E-07 3.2E-08 

Np 5E-09 6E-08 2E-08 5E-08 1E-06 
Pu 5E-08 7E-09 3E-08 5E-07 5E-07 
Am 1E-06 7E-07 2E-07 5E-07 2E-06 
Cm 1E-06 2E-07 2E-07 5E-08 2E-06 

 

a Nagra (2002a): Tab. A2.4, reference case 
b SKB (1999): Tab. 9-1, "reasonable" values for Aberg 
c JNC (2000): Tab. 5.3.1-6, reference case 
d Vieno & Nordman (1999): Tab. 11-2, conservative reducing non-saline 
e Ondraf/Niras (2001): Tab. 11.3.8-3, best estimate 
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Tab. B2: Solubility limits for cementitious near field (mol/L) 
 

Nagra  SKB  Nirex I Nirex II Ondraf/Niras 
EN (ILW-1) a SFL 3-5 b Cross et al. 95 c Baston et al. 96 d SAFIR 2 e 

Element 

reference case    best estimate 
H high     

Cinorg 1.E-05     
Corg high     
Cl high     
Co 7.E-07 1E-05    
Ni 3.E-07 1E-07 5E-08 3E-08 3E-08 
Se 1.E-05  7E-04 1E-07 - 1E-05 5E-07 
Sr 3.E-03  2E-04   
Zr 6.E-06 1E-04 3E-09 2E-08 1E-07 
Nb high 1E-06 6E-08 2E-08 1E-04 
Mo 3.E-05     
Tc high 1E-07 4E-08  3E-07 
Sn 1.E-07  5E-06 9E-08 3E-05 
I high     

Cs high     
Sm 2.E-06    1E-11 
Eu 2.E-06     
Pb 3.E-03 1E-06 8E-04   
Po high     
Ra 1.E-05  1E-05  1E-07 
Ac 2.E-06  5E-14  4E-11 
Th 3.E-09 5E-09 5E-09 4E-09 4E-09 
Pa 1.E-08 5E-09 3E-07  1E-08 
U 1.E-08 5E-09 3E-06 3E-07 3.6E-06 

Np 5.E-09 5E-09 5E-09  1E-08 
Pu 4.E-11 5E-09 7E-11 1E-10 2E-10 
Am 2.E-09 9E-08 6E-12 7E-11 4E-10 
Cm 2.E-09 9E-08   1E-10 

 

a Nagra (2002a): Tab. A2.5 
b Skagius et al. (1999): Tab. 7-1 
c Cross et al. (1995): Tab. 2 
d Baston et al. (1996): Tab. 17 
e Ondraf/Niras (2001): Tab. 11.3.4.-5 
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Tab. B3: Kd values (m3/kg) for bentonite backfill in high-level waste near field  
 

Nagra  SKB  JNC Posiva  
EN a SR 97 b H12 c TILA-99 d 

Element 

reference case pessimistic reasonable reference case real. non-sal. 
H 0 0    
Be 0.1 0.009    

Cinorg 6E-05 2E-05 0  0 
Corg 0 0    
Cl 0 0 0  0 
Ca 0.003 5E-04    
Co      
Ni 0.2 0.009 0.1  0.5 
Se 0 0 0.003 0 0.005 
Sr 0.003 5E-04 0.01  0.2 
Zr 80 1 2 10 1 
Nb 30 1 0.2 1 1 
Mo 0 0    
Tc 60 0.5 0.1 0.1 0.1 
Pd 5 0.2 0.01 0.1 0.1 
Ag 0 0 0   
Sn 800 50 3 1 0.2 
I 5E-04 5E-05 0  0.001 

Cs 0.1 0.03 0.05 0.01 1 
Sm 4 0.1 1 1 1 
Eu      
Ho 4 0.1 1   
Pb 7 0.5 0.5 0.1  
Po 0.06 0.008    
Ra 0.002 3E-04 0.01 0.01 0.5 
Ac 20 1  1  
Th 60 10 3 1 3 
Pa 5 0.2 0.3 1 0.2 
U 40 2 1 1 0.5 

Np 60 6 3 1 1 
Pu 20 1 3 10 3 
Am 20 1 3 10 3 
Cm 20 1 3 10 3 

 

a Nagra (2002a): Tab. A2.6 
b SKB (1999): Tab. 2-6 
c JNC (2000): Tab. 5.3.1-9 
d Vieno & Nordman (1999): Tab. 11-4 
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Tab. B4: Apparent diffusivities (m2/s) for bentonite backfill in high-level waste near field  
 

Nagra SKB JNC Posiva 
EN a SR 97 a H12 a TILA-99 b 

Element 

reference case pessimistic reasonable reference case real non-sal. 
H 6E-10 6E-10    
Be 1E-12 1E-11    

Cinorg 2E-11 4E-11 7E-11  1E-10 
Corg 6E-10 6E-10    
Cl 6E-11 6E-11 2E-11  1E-10 
Ca 4E-11 2E-10    
Co      
Ni 6E-13 1E-11 6E-12  1E-13 
Se 6E-11 6E-11 1E-11 5E-10 4E-13 
Sr 4E-11 2E-10 3E-11  2E-11 
Zr 1E-15 1E-13 2E-14 2E-14 6E-14 
Nb 4E-15 1E-13 2E-12 2E-13 6E-14 
Mo 6E-11 6E-11    
Tc 2E-15 2E-13 3E-12 2E-12 6E-13 
Pd 2E-14 6E-13 6E-12 2E-12 6E-13 
Ag 6E-10 6E-10 5E-10   
Sn 1E-16 2E-15 1E-14 2E-13 3E-13 
I 3E-12 2E-11 6E-11  2E-12 

Cs 1E-12 4E-12 8E-12 4E-11 3E-12 
Sm 3E-14 1E-12 1E-13 2E-13 6E-14 
Eu      
Ho 3E-14 1E-12 1E-13   
Pb 2E-14 2E-13 1E-12 2E-12  
Po 3E-14 2E-13    
Ra 5E-11 2E-10 3E-11 2E-11 6E-12 
Ac 6E-15 1E-13  2E-13  
Th 2E-15 1E-14 1E-14 2E-13 2E-14 
Pa 2E-14 6E-13 1E-12 2E-13 3E-13 
U 3E-15 6E-14 3E-13 2E-13 1E-13 

Np 2E-15 2E-14 2E-13 2E-13 6E-14 
Pu 6E-15 1E-13 6E-14 2E-14 2E-14 
Am 6E-15 1E-13 1E-14 2E-14 2E-14 
Cm 6E-15 1E-13 1E-14 2E-14 2E-14 

dry dens. 
(kg/m3) 

1770 1600 1590 1540 

 

a calculated from Da = De/(ε+Kdρd), see Tabs. 5.6 and B3 
b Vieno & Nordman (1999): Tab. 11-6 
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Tab. B5: Kd values (m3/kg) and Da values (m2/s) for clay host rocks  
 

Kd (m3/kg) Da (m2/s) 
Nagra Ondraf/Niras Nagra Ondraf/Niras 
EN a SAFIR 2 b EN a SAFIR 2 b 

Element 

reference case pessimistic Set 2 reference case Set 2 
H 0 0  8E-11  
Be 0.9 0.03  5E-15  

Cinorg 0.001 1E-04 0 4E-13 1E-10 
Corg 0 0  8E-11  
Cl 0 0 0 2E-11 2E-10 
Ca 0.001 1E-04 0.003 4E-12 1E-11 
Co 0.4 0.01  1E-14  
Ni 0.9 0.03 0.008 5E-15 4E-12 
Se 0 0 0 2E-11 2E-10 
Sr 0.001 1E-04 0.002 4E-12 1E-11 
Zr 10 0.3 0.06 4E-16 5E-13 
Nb 4 0.1 0.008 1E-15 4E-12 
Mo 0.01 0.001 0.003 4E-14 1E-11 
Tc 50 0.5 0 8E-17 2E-10 
Pd 5 0.2 0.003 8E-16 1E-11 
Ag 0 0 0.05 8E-11 7E-13 
Sn 100 0.2 0.003 4E-17 1E-11 
I 3E-05 3E-06 0 8E-12 2E-10 

Cs 0.5 0.09 0.6 8E-15 1E-13 
Sm 50 5 0.05 8E-17 7E-13 
Eu 50 5  8E-17  
Ho 50 5  8E-17  
Pb 2 0.02  2E-15  
Po 0.1 0.04  4E-15  
Ra 7E-04 1E-04 0.008 5E-12 4E-12 
Ac 10 1 0.2 4E-16 2E-13 
Th 50 10 0.08 8E-17 4E-13 
Pa 5 0.2 0.06 8E-16 5E-13 
U 20 0.5 0.05 2E-16 7E-13 

Np 50 5 0.2 8E-17 2E-13 
Pu 20 1 0.2 2E-16 2E-13 
Am 10 1 0.2 4E-16 2E-13 
Cm 10 1 0.2 4E-16 2E-13 

 

a Nagra (2002a): Tab. A2.6 
b Ondraf/Niras (2001): Tab. 11.3.8-4, Kd calc. from R = 1 + Kd × ρd/ε where ρd was taken as 1890 

m3/kg and ε = 0.3, Da calc. from Dp/ε 
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Tab. B6: Kd values (m3/kg) for cementitious near field  
 

Nagra SKB Nirex AEA 
EN (ILW-1) a SFL 3-5 b Nirex 97 c Bayliss et al. d 

Element 

ref. case pessimistic  probab. 0-1 non-saline 
H 1E-04 7E-05 0 0  
Be      

Cinorg 0 0 0.2 1E-4 - 0.01  
Corg 0 0 0   

Cl 0.005 0.003 0.006 1E-6 - 5E-3 0.001 - 0.03 
Ca      
Co 0 0 0.04   
Ni 0 0 0.04 1E-4 - 1  
Se 0.03 0.02 0.006 1E-6 - 5  
Sr 0.001 7.00E-04 0.001 1E-6 - 0.1  
Zr 10 2 0.5 1E-4 - 10  
Nb 1 0.7 0.5 0.05 - 500  
Mo 0 0 0.006   
Tc 0.001 7.00E-04 0.5 0.001 - 50 6 
Pd      
Ag      
Sn 10 2 0.5 0.01 - 5000 90 - 200 
I 0.001 7.00E-04 0.003 1E-5 - 0.05 0.001 - 0.01 

Cs 5E-04 3.00E-04 0.001 1E-5 - 0.1  
Sm 80 20 5   
Eu 80 20 5   
Ho   5   
Pb 0.5 0.3 0.1 0.001 - 100  
Po 0 0    
Ra 0.05 0.03 0.05   
Ac 80 20 1 0.001 - 3  
Th 80 20 5 5E-4 - 1000  
Pa 0.1 0.07 5 0.001 - 100  
U 2 1 5 5E-4 - 1000 6 - 8 

Np 80 20 5 0.001 - 1E4 60 
Pu 80 20 5 0.001 - 1E4 70 
Am 80 20 1 3E-4 - 1000 1 
Cm 80 20 1   

 

a Nagra (2002a): Tab. A2.7, hardened cement paste 
b Skagius et al. (1999): Tab. 7-4, crushed concrete 
c Nirex (1997): Tab. 3.7, Nirex Reference Vault Backfill (cement grout) 
d Balyiss et al. (1997): Tab. 21, Nirex Reference Vault Backfill 


	Frontpage (Cover)
	Frontpage inside
	Copyright
	Abstract
	Zusammenfassung
	Résumé
	Table of Contents
	List of Tables
	List of Figures
	1 Introduction
	2 Methodology
	2.1 General procedure
	2.2 Specific aspects
	2.2.1 Consistency
	2.2.2 Quality assurance procedure
	2.2.3 Treatment of uncertainties

	2.3 Geochemical foundations
	2.3.1 Nagra/PSI Chemical Thermodynamic Data Base
	2.3.2 Reference mineralogy
	2.3.3 Reference water chemistry


	3 Solubility limits
	3.1 SF/HLW
	3.1.1 Procedures for deriving solubilities
	3.1.2 Elaboration of final database for safety assessment

	3.2 ILW
	3.2.1 Procedures for deriving solubilities
	3.2.2 Elaboration of final database for safety assessment


	4 Sorption and diffusion values
	4.1 Bentonite backfill and Opalinus Clay
	4.1.1 General approach
	4.1.2 Procedures for deriving sorption values
	4.1.3 Comparison of sorption values from batch and diffusion
	4.1.4 Elaboration of final database for safety assessment

	4.2 Cement
	4.2.1 Procedures for deriving sorption values
	4.2.2 Elaboration of final database for safety assessment


	5 Comparison with recent safety assessment studies
	5.1 Solubility limits for the SF/HLW case
	5.2 Solubility limits for the cementitious ILW case
	5.3 Sorption/diffusion values in bentonite
	5.4 Sorption/diffusion values for argillaceous host rock
	5.5 Sorption values for cementitious ILW cases
	5.6 Discussion on high Kd values
	5.6.1 Differences between batch and diffusion approach
	5.6.2 Evaluation of proposed high Kd values for use in safet

	5.7 Summary of comparison exercise

	6 Indications from natural analogues and other natural syste
	6.1 General remarks
	6.2 Selenium
	6.3 Iodine
	6.4 Samarium
	6.5 Radium
	6.6 Uranium
	6.7 Thorium

	7 Summary and outlook
	8 References
	APPENDIX A: Solubility and sorption data derived by PSI
	APPENDIX B: Comparison of EN data with other safety assessme


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 220
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.13636
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 220
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.13636
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.16667
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


