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PREFACE
 
The Laboratory for Waste Management of the Nuclear Energy and Safety Research 

Department at the Paul Scherrer Institut is performing work to develop and test 

models as well as to acquire specific data relevant to performance assessments of 

planned Swiss nuclear waste repositories. These investigations are undertaken in 

close co-operation with, and with the financial support of, the National Cooperative for 

the Disposal of Radioactive Waste (Nagra). The present report is issued simulta-

neously as a PSI-Bericht and a Nagra Technical Report. 

NOTE:  This report contains an addendum written by Nagra. 

In this addendum solubility limits are presented that were used in the safety assessment

of Project Opalinus Clay. The majority of these solubility limits corresponds to the ones 

derived in this report. In a few cases modified values or values not given in the report were 

used in the safety assessment. The rationale for these cases is given in the addendum. 
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ABSTRACT 

The disposal feasibility study currently performed by Nagra includes a succession of 
quantitative models, aiming at describing the fate of radionuclides potentially escaping 
from the repository system. In this chain of models the present report provides the so 
called "solubility limits" (maximum expected concentrations) for safety relevant 
radionuclides from SF/HLW wastes, disposed of in a reducing clay (Opalinus Clay, 
bentonite) environment. 
Solubility and speciation calculations in bentonite pore waters were performed using 
the very recently updated NagralPSI Chemical Thermodynamic Data Base (TDB) for 
the majority of the 37 elements addressed as potentially relevant. Particularly for the 
most relevant actinides, the straightforward applications with this updated TDB yielded 
results in contradiction to chemical analogy considerations. This was a consequence of 
incomplete data and called for problem specific TDB extensions, which were evaluated 
in a separate study. However, a summary of these problem specific extensions is 
provided in section 4.1. 
The results presented in this report solely depend on geochemical model calculations. 
Thus, it is of utmost importance that the underlying data and assumptions are made 
clear to the reader. In order to ensure traceability, all thermodynamic data not included 
in the NagralPSI TDB are explicitly specified in the report, in order to provide complete 
documentation for quality assurance and for comprehensibility. 
In order to clearly distinguish between results derived from data carefully reviewed in 
the NagralPSI TDB and those calculated from "other" data, the summary of expected 
maximum concentrations provided in Table 1 includes two columns. The heading 
CALCULATED provides maximum concentrations based on data fully documented in 
the updated TDB, whereas maximum concentrations, which include additional problem 
specific data and/or data from other sources, are given under the heading 
RECOMMENDED. 
The present study also pays specific attention to the uncertainties of evaluated 
maximum concentrations and represents them as lower- and upper limits. The 
conceptual steps for deriving uncertainties are briefly outlined in section 3. Mainly due 
to lack of datalknowledge, it was not always possible to assess uncertainties in a 
manner consistent with that used to assess maximum concentrations. In a number of 
cases it was necessary to rely on less well traceable information or even on estimates 
and/or "expert judgement" to provide uncertainties. This less rigorous approach is 
justified by the fact that uncertainties (particularly the upper limits) are deemed as 
important as the maximum concentrations themselves. Although (upper) limits are 
specified wherever adequate information was available, no uncertainties at all could be 
derived for a few elements. 
A specific class of variabilities arises from major uncertainties in the underlying 
chemical system, particularly from lack of knowledge of the partial pressure of CO2. 

This class of uncertainties is visualised as "solubility" vs. "pC02" diagrams when 
appropriate. Limits were derived either from maximum values of thermodynamic 
uncertainties or from chemical system variabilities. 
Another major uncertainty concerns the definition of redox conditions in the underlying 
chemical system. Although not really expected to occur, an oxidising environment 
instead of reducing conditions could establish in the vicinity of the disposed of wastes. 
In the sense of a "what-if" study, section 5 provides model calculations for the redox 
sensitive elements Pu, Np, U, Tc, Se and Sb, performed under oxidising conditions. 
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ZUSAMMENFASSUNG 

Die Abfolge von Modellen zum "Entsorgungsnachweis 2002" der Nagra hat zum Ziel, 
das Verhalten der aus einem Endlager austretenden Radionuklide quantitativ zu be
schreiben. Als ein Glied dieser Modellkette beschreibt die vorliegende Arbeit soge
nannte "Lõslichkeitslimiten", d.h. die maximalen, in den Porenwãssern der Einschluss
materialien gelõsten Mengen an sicherheitsrelevanten Nukliden. Das betrachtete 
chemische System enthãlt abgebrannte Brennelemente und verglaste hochaktive 
Abfãlle, welche in Tongesteinen (Opalinuston, Bentonit) unter reduzierenden 
Bedingungen der geologischen Langzeitlagerung unterworfen werden. 
Für die meisten der potentiell wichtigen 37 Elemente wurden Lõslichkeit und Spezia
tion im Porenwasser des Barrierenmaterials Bentonit mit Hilfe der neu überarbeiteten 
Nagra/PSI chemisch thermodynamischen Datenbank (TDB) evaluiert. Für die ver
schiedenen Aktiniden-Elemente zeigten erste Anwendungen zunãchst aber nicht das 
aus Analogiegründen erwartete ãhnliche chemische Verhalten, da offensichtlich teil
weise unvollstãndige Datensãtze vorlagen. In einer separaten Arbeit wurden deshalb 
die noch fehlenden Daten für das betrachtete chemische System erarbeitet. Eine Zu
sammenstellung dieser problemspezifischen Ergãnzungen zur Datenbank wird in Ab
schnitt 4.1 vorgestellt. 
Die erarbeiteten Maximalkonzentrationen sind ausschliesslich Resultate geochemi
scher Modellrechnungen. Um die Nachvollziehbarkeit dieser Berechnungen zu ge
wãhrleisten, sind alle thermodynamischen Grunddaten welche nicht in der überarbei
teten TDB enthalten sind, an entsprechender Stelle im Dokument aufgeführt. Solche 
Auflistungen mõgen stellenweise etwas pedantisch anmuten, sie werden aber im 
Sinne der Qualitãtssicherung und Nachvollziehbarkeit einer manchmal schwierigen 
und oft gar unmõglichen Referenzierung vorgezogen. Aus ãhnlichen Gründen unter
scheidet die Zusammenstellung der Resultate in Tabelle 1 kiar zwischen Rechnungen 
mit ausschliesslich überarbeiteten Daten (Kolonne "CALCULATED") und Evaluationen 
die auch "andere" Daten mit einschliessen (Kolonne "RECOMMENDED"). 
Den Unsicherheiten der berechneten Maximalkonzentrationen, ausgedrückt als obere
und untere Limite, wird spezielle Aufmerksamkeit gewidmet. Die konzeptuellen Schritte 
zur Bestimmung dieser Unsicherheiten sind im Abschnitt 3 dargelegt. Aus Mangel an 
Information war es nicht für alle Nuklide mõglich, die Unsicherheiten in einer ãhnlich 
strikt nachvollziehbaren Art und Weise zu erarbeiten wie die Maximalkonzentrationen. 
Für einige Elemente mussten die Unsicherheiten aus weniger scharf definierten Daten 
abgeleitet, oder sogar mit Schãtzungen und/oder mit Hilfe von "Expertenwissen" fest
gelegt werden. Dies wird damit gerechtfertigt, dass den Unsicherheiten in der konkre
ten Anwendung zur Sicherheitsanalyse eine ãhnlich wichtige Bedeutung zukommt wie 
den Maximalkonzentrationen selbst. Für fast alle relevanten Nuklide standen für die 
Festlegung des oberen Grenzwertes angemessene Informationen zur Verfügung. 
Eine eigene Klasse von Variabilitãten entspringt dem zugrundeliegenden chemischen 
System, insbesondere der Unsicherheit in Bezug auf den CO2-Partialdruck. Solche 
"Unsicherheiten" wurden mit entsprechenden Diagrammen visualisiert. Die Limiten 
wurden aus den Maximalwerten (entweder aus den thermodynamischen Unsicher
heiten oder aus den System-Variabilitãten) abgeleitet. 
Obwohl oxidierende Bedingungen als ãusserst unwahrscheinlich eingestuft worden 
sind (erwartet wird ein reduzierendes Umfeld), sind entsprechende Modellrechnungen 
durchgeführt worden. Abschnitt 5 zeigt auf, welche Maximalkonzentrationen für die re
dox-sensitiven Elemente Pu, Np, U, Tc, Se und Sb in einem oxidierenden Umfeld er
wartet würden. 
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RESUME 

L'étude de faisabilité d'entreposage de la Nagra (Cedra), actuellement en cours, inclut 
une chaîne de modèles quantitatifs visant à décrire le comportement des radionuclides 
pouvant s'échapper du dépôt. Dans cette chaîne de modèles, le présent rapport fournit 
les ainsi nommées "solubilités limites" (les concentration maximales attendues) des 
radionuclides importants pour la sûreté des dépôts de SF/HLW disposés dans un envi
ronnement réducteur d'argile (bentonite, argiles à Opalinus). 

Les calculs de solubilité et de spéciation dans les eaux interstitielles de la bentonite ont 
été exécutés pour la majorité des 37 éléments réputés potentiellement importants en 
utilisant la base de données thermodynamique chimique (TDB) de la Nagra et du PSI 
très récemment mise à jour. Cependant, dû à des données incomplètes, les premières 
applications directes de celle-ci n'ont pas toujours démontré l'analogie chimique atten
due, en particulier pour la série des actinides la plus relevante. Ceci nécessitait une 
extension de la TDB, ce qui a été évalué dans une étude séparée. Un résumé de cette 
extension spécifique est fourni dans la section 4.1. 

Les résultats présentés dans ce rapport dépendent seulement des modèles de calculs 
géochimiques. Ainsi, il est de la plus grande importance que les données et les hypo
thèses fondamentales soient clairement formulées au lecteur. Parce que la mise en 
référence est souvent difficile, ou n'est dans certains cas pas possible, toutes les don
nées thermodynamiques non inclues dans la TDB (Nagra/PSI) sont explicitement indi
quées dans le rapport afin de fournir une documentation complète garantissant la 
qualité et la bonne compréhension. 

Afin de pouvoir faire une distinction nette entre les résultats dérivés des données soi
gneusement passées en revue dans la TDB (Nagra/PSI) et celles qui ont été calculées 
à l'aide "d'autres" données, le résumé des concentrations maximum attendues four
nies dans le tableau 1 inclut deux colonnes. Sous le titre "CALCULATED" sont pré
sentées les concentrations maximales basées sur des données entièrement docu
mentées dans la TDB remise à jour, tandis que les concentrations maximales, incluant 
des données additionnelles spécifiques au problème et/ou des données d'autres sour
ces, sont reprises sous la rubrique "RECOMMENDED". 

La présente étude prête également une attention spécifique aux incertitudes des 
concentrations maximales évaluées et les présente en tant que limites inférieures et 
supérieures. Les étapes conceptuelles suivies pour déterminer des incertitudes sont 
brièvement décrites dans la section 3. En raison d'un manque de données et de con
naissances, il n'a pas toujours été possible d'évaluer les incertitudes d'une manière 
consistante avec celles utilisées pour évaluer les concentrations maximales. Dans 
nombre de cas il a été nécessaire d'utiliser des informations d'origine moins fiable ou 
même de se baser sur des évaluations et/ou des "jugement d'experts" pour fournir 
des incertitudes. Cette approche moins rigoureuse est justifiée par le fait que des in
certitudes (en particulier les limites supérieures) sont considérées aussi importantes 
que les concentrations maximales elles-mêmes. Bien que les limites (supérieures) 
soient indiquées là où l'information adéquate était disponible, aucune incertitude n'a 
pu être estimée pour quelques éléments. 

Une classe spécifique concernant les variabilités résulte des incertitudes majeures 
dans le système chimique fondamental, en particulier du manque de connaissances 
relatives à la pression partielle en CO2 . Cette classe d'incertitude est visualisée sous la 
forme de diagrammes "solubilité / p(C02)", si approprié. Des limites ont été dérivées 
des valeurs maximales soit des incertitudes thermodynamiques ou soit des variabilités 
chimiques du système. Une autre incertitude majeure concerne la définition des condi-
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tions redox dans le système chimique fondamental. Bien que peu vraisemblable, un 
environnement oxidant au lieu de conditions réductrices pourrait s'établir à proximité 
des dépôts de déchets. Dans le sens d'une étude "que se passe-t-il si" la section 5 
fournit des résultats de calcul pour les éléments sensibles aux conditions rédox, tels 
que: Pu, Np, U, Tc, Se et Sb sous conditions oxidantes. 
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1 INTRODUCTION AND SUMMARY OF RESULTS 

The aim of the present work is to provide the so called "solubility limits" 
(maximum expected concentrations) for safety relevant radionuclides present in 
SF/HLW wastes, which will be disposed of in a reducing clay environment 
(Opalinus Clay, bentonite; for hypothetical oxidising conditions, see section 5). 
The report defines the actual numerical parameters that are needed as input 
parameters in the ongoing disposal feasibility study (Entsorgungsnachweis). 

The disposal feasibility study (also termed "Project Opalinus Clay") includes a 
succession of quantitative models. The present report is just one link in the 
whole model chain. The most important "input" conditions to this work, i.e. the 
chemical environment for which solubility limits have to be derived, were 
defined elsewhere (CURTI & WERSIN 2002). These conditions are briefly 
described and partly discussed in section 2, but detailed comments on the 
validity of the basic assumptions were not subject of the present report. 

Solubility and speciation calculations were performed using the updated 
NagralPSI Chemical Thermodynamic Data Base 01/01 (HUMMEL et al. 2002) for 
the majority of the 371 elements. Since the reference case of the disposal 
feasibility study rests upon a reference temperature of 25 QC, all model 
calculations performed in this work refer to this reference temperature. 

Due to incomplete data, initial applications with this updated database did not 
always show behaviour as expected from chemical analogy, particularly for the 
most relevant actinide series (BERNER 2001 b, HUMMEL & BERNER 2002). It was 
recognised that the TDB had to be extended with problem specific data. An 
iterative procedure for deriving problem specific data base extensions was 
proposed and thermodynamic data for mixed hydroxide carbonate complexes 
of An(lV} elements were estimated in a separate study (HUMMEL & BERNER 
2002) on the basis of available experimental data. A summary of these problem 
specific database extensions is compiled in section 4.1 . 

Maximum concentrations presented in this report solely depend on 
geochemical calculations, and it is of utmost importance that the underlying 
data and assumptions are made clear to the reader. Therefore, all 
thermodynamic data not included in the Nagra/PSI Chemical Thermodynamic 
Data Base 01/01 are explicitly specified in the report. This is done because 
referencing is often complicated or, in some cases, not possible. It may 

1 Based on scoping calculations with very rough system parameters, Nagra identified 37 
elements as potentially relevant nuclides. Using refined system parameters will screen 
several of them out. 
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sometimes give a painstaking impression, but complete documentation is 
important for quality assurance and also for comprehensibility. 

In order to clearly distinguish between results derived from data carefully 
reviewed in the Nagra/PSI Chemical Thermodynamic Data Base 01/01 and 
results calculated from other data, the summary of expected maximum 
concentrations provided in Table 1 includes two columns. The column headed 
"CALCULATED" provides maximum concentrations based on data fully 
documented in the Nagra/PSI Chemical Thermodynamic Data Base 01/01 
(HUMMEL et al. 2002). Modelled maximum concentrations which include 
additional problem specific data and/or data from other sources are given under 
the heading "RECOMMENDED". 

The present study also pays specific attention to the uncertainties in the 
evaluated maximum concentrations and represents them as lower- and upper 
limits. The conceptual steps for deriving uncertainties are outlined in section 3. 
Mainly due to lack of data/knowledge it was not always possible to assess 
uncertainties in strictly the same manner as used in assessing the maximum 
concentrations. In a number of cases, it was necessary to rely on less well 
traceable information or even on estimates and/or "expert judgement" to 
provide uncertainties. This (less rigorous) approach is justified by the fact that 
uncertainties (particularly the upper limits) are deemed as important as the 
maximum concentrations themselves. Although (upper) limits are specified 
wherever adequate information was available, no uncertainties at all could be 
derived for a few elements. 

A specific class of variabilities arises from major uncertainties in the underlying 
chemical system. Here, the partial pressure of CO2 was identified to be a major 
source of uncertainty. Such variabilities are visualised as "solubility" vs. "pC02" 

diagrams when appropriate. 

Another major uncertainty in the underlying chemical system concerns the 
definition of redox conditions. Although not expected to occur, oxidising 
conditions instead of reducing conditions are conceivable in the repository. In 
the sense of a "what-if" study, section 5 therefore addresses the potential 
impact of oxidising conditions for the maximum concentrations of the redox 
sensitive elements Pu, Np, U, Tc, Se and Sb. 

Temperature variations are not addressed in this report. Uncertainties arising 
from model calculations performed at temperatures different from 25 QC will be 
the subject of a separate study. 



3 NAG RA NTB 02-10 

Table 1: Expected maximum radionuclide concentrations in bentonite pore waters at the reference conditions log1O(pC02) = 
-2.2, pH = 7.25, Eh = -193.6 mV, T = 25 QC as calculated with the Nagra/PSI Chemical Thermodynamic Data Base 
01/01. Recommended maximum concentrations are provided when "other" and/or additional problem specific data 
were used. Concentrations are given as [mol/I], rounded to 1 digit (except for Cl, Sr, Ca and Fe). 

CALCULATED RECOMMENDED 

Element Lower limit Maximum Upper limit Lower limit Maximum Upper limit Limiting solid/Comments 
solubility concentration 

Cm - - - 5·10-8 1.10-6 3.10-5 No data; Am used as analogue 

Am 5·10-8 1·10---{3 3.10-5 - - - AmC030H(cr); formal uncertainties 

Pu - - - 3.10-9 5.10-8 1.10-6 Pu02(hyd, aged); Pu(III)-silicate complex 
dominant 

Np 3.10-9 5.10-9 1.10-8 - - - Np02(hyd., am); Np(OHMaq) dominant 

U - - - 3.10-10 3.10-9 5.10-7 U02(s); UOrcarbonates dominate at 
IOglO(pC02) > -2.3 

Pa - - - - _10-8 - Estimate; no reliable data; see text 

Th 2.10-7 7.10-7 3.10-6 - - - Th02(s); Th(OHhC03- dominant 

Ra - - - 4.10-12 2.10-11 1.10-10 (8a/Ra)804 solid solution 

Cs - not limited - - - - No limiting solid known 

I - not limited - - - - No limiting solid known 

Tc 1.10-9 4.10-9 1.10-8 - - - TC02·1.6H20(s); TcO(OHMaq) dom. 

Nb - 3.10-5 - - - - Nb20 5(s); very small database only 

8e 2.10-11 5.10-9 1.10-5 - - - 8e(cr); equilibrium 8e(0)/8e(-II) 
very uncertain 

Cl - not limited - - 1.7.10-1 - No limiting solid / system definition 
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CALCULATED RECOMMENDED 

Element Lower limit Maximum Upper limit Lower limit Maximum Upper limit Limiting solid/Comments 
solubility concentration 

Cinorg - 3.10-3 - 5·10-4 - 7.10-3 pC02 selection & CaC03(s) saturation; 
CH4(g) and organic forms of C not 
considered 

Ac - - - 5·10-8 1·10-8 3.10-5 No thermodynamic data; Am(lIl) used as 
analogue 

Sn 5.10-9 1·10-8 - - - 1.10-7 Sn02(cr, cassiterite); Sn2+ not stable; upper 
limit based on Sn02(precip.) 

Pd - i nsig n ificantly - - 5·10-8 2.10-7 Calculated value: Pd(O); recommended 
low value: Pd(OHh(precip.) 

Zr 3.10-11 - - - 2.10-9 2.10-9 Zr02(S); very large uncertainty; data for 
carbonate complexes missing 

Sr - 1.9.10-5 - - - 1.2·10-4 System definition; sorption on bentonite 
included 

Ni - 3.10-5 - 1.10-5 - 8.10-5 NiC03(cr); Ni(OHh(cr) at log1Q(pC02) < 
-3.5; Ni2+ and SO/- complexes dominate. 

Po - - - - - - No data at all available 

Pb - - - - 2·10-8 - PbC03(s)/2PbC03.Pb(OHh(s); formation of 
sparingly soluble PbS(s) open 

Hf 3.10-11 - - - 2.10-9 2.10-9 No data; Zr used as analogue 

Ho - - - 3.10-7 5.10-7 9.10-7 No data; Eu used as analogue 

Eu - 5.10-7 - 3.10-7 - 9.10-7 Eu(OH)C03(s) 

Pm - - - 3.10-7 5.10-7 9.10-7 No data; Eu used as analogue 
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CALCULATED RECOMMENDED 

Element Lower limit Maximum Upper limit Lower limit Maximum Upper limit Limiting solid/Comments 
solubility concentration 

Sb - - - 6.10-5 - Sb20 3(s); Sb(OH)s(aq) dominant; Sb(V) not 
formed. No uncertainties available. 

Cd - - - 7· 10-B 2.10-5 4.10-5 CdC03(s); formation of insoluble CdS(s) 
open 

Ag - - - - insignificantly 3·10-B Ag(O); upper limit from AgCI(s) solubility; 
low formation of Ag2S(s) open 

Ru - - - - - - No data available 

Mo - - - - 1·10-B 1.10-5 Mo02(s); data very sparse; interference 
with iron system 

Co - - - 1.10-5 3.10-5 7.10-5 CoC03(s); uncertainty similar to Ni-
system. 

Fe - - - 1.10-5 4.3.10-5 4.3.10-5 System definition 

Ca - 1.32.10-2 - 1.2.10-2 - 1.6.10-2 CaC03(s)/CaS04(s); system definition 

Be - - - - - - Below 10-6 mol/I in the pH range 7 ... 10 

H - - - - - - "Solubility calculation" not sensible 
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2 BASIC ASSUMPTIONS AND REFERENCE CONDITIONS 

2.1 Pore water 

The reference bentonite pore water used for calculating solubility and 
speciation is described in detail in CURTI & WERSIN (2002). Major uncertainties 
in the definition of this bentonite pore water arise from the system partial 
pressure of CO2. In order to quantify how this major uncertainty influences 
calculated maximum concentrations, model calculations were performed for a 
loglO(partial pressures of CO2) range from -3.6 to -1.42. Table 2 provides the 
bentonite pore water composition at the reference value IOglO(pC02) = -2.2. 

Table 2: Reference bentonite pore water as used in the present work. Values 
correspond to IOglO(pC02) = -2.2 and T = 25 cC. Total concentra
tions are given in [mol/l]. 

Component Total concentration [mol/l] 
Na+ 
K+ 

Mg2+ 
Ca2+ 

Sr+ 
Fe2+ 

Mn2+ 

A13+ 

CI
F
Br-

C032-

SO/
H2Si042-

Charge balance* 
pH 
Eh 

Ionic strength 
Saturated Phases 

*Compensated by charged clay surfaces 

2 The unit of pressure throughout the report is bar. 

2.738e-1 
1.56e-3 

7.642e-3 
13.22e-3 

1.90e-5 
4.33e-5 

2.425e-5 
1.91 e-8 

1.6608e-1 
1.67e-4 
2.4e-4 

2.833e-3 
6.163e-2 

1.80e-4 
2.152ge-2 

7.25 
-193.6 mV 

0.323 

kaolinite 
magnetite 

calcite 
quartz 

Gypsum 
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Figure 1: Key parameters of bentonite pore water as a function of IOglO(pC02). 

Changes of the stable solid phase assembly as a function of CO2 

partial pressure are indicated with vertical bars. 

Figure 1 visualises the changes of the major system parameters pH and Eh as 
a function of CO2 partial pressure, together with the calculated solid phase 
assembly. The model calculations reveal that the stable solid phase assembly 
also changes with the system pC02 . In addition to gypsum, which is stable in 
the entire range, fluorite, graphite and/or pyrite may become potentially stable 
phases. The vertical bars indicate changes of the calculated solid phase 
assembly due to changing pH/Eh. 

Parts of the calculated solid phase assembly depend on the assumptions made 
for defining the redox state of sulphur, which in turn may depend on the 
assumed availability of catalysts (e.g. microbial activity), capable of promoting 
extremely slow equilibrium reactions. However, based on the presupposition 
that microbes cannot survive in compacted bentonite (e.g. PEDERSEN 2000), the 
present system definition assumes that there is no equilibrium among the 
different redox states of sulphur. This means that, whatever redox potential 
prevails, sulphate is never reduced to sulphide and sulphide is never oxidised 
to sulphate. Consequently, potential benefits from sparingly soluble RN
sulphides may be disregarded. Note that the present study ignores the trace 
concentrations of sulphides (far below IJ-molar levels) present in the 
groundwater and consequently in the bentonite pore water. 
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2.2 Redox conditions 

The decisions taken to define redox conditions in bentonite pore waters are 
outlined in WERSIN et al. (2002) and are further described in CURTI & WERSIN 
(2002). Basic assumptions are 

i) Redox conditions are defined through the Fe3+/Fe2+ couple, 

ii) Magnetite (Fe304) is the major corrosion product. It is in equilibrium with the 
pore water and its solubility properties form a key part of Eh definition, 

iii) The total concentration of Fe2+ in the bentonite pore water is fixed at a level 
of 4.33.10-5 molll at reference conditions. This immediately follows from the 
definition of the reference groundwater. 

It is not the task of the present work to justify assumptions and decisions made 
elsewhere on redox conditions for the ongoing performance assessment, but it 
seems worth to offer a few more comments to elucidate the above 
assumptions. 

The procedure for defining system Eh is a rather pragmatic approach, reflecting 
the present understanding of iron corrosion in terms of "what is most probably 
formed". There is no proof that the "solubility thermodynamics" of magnetite will 
actually control Eh, but the huge amounts of magnetite produced from 
anaerobic corrosion of elemental iron need to be taken into account in some 
way. The literature reveals ample evidence that various surface reactions could 
play a key role in defining redox conditions. Unfortunately, not much is known 
about the kinetics of such processes. The potential impact of other (minor) iron 
bearing phases like "green rust", siderite, pyrite and so called "ill-defined 
precipitates" is also unclear. Up to date, also the question of whether dissolved 
hydrogen has to be considered as inert or not, remains open. There is no 
straightforward solution to quantify Eh and one has to avow the still ongoing 
scientific debate on "which processes will actually be responsible for low redox 
potentials". 

2.3 Calculation procedures and how to interpret solubility limits 

Setting up the solubility limits strongly relies on the updated Nagra/PSI 
Chemical Thermodynamic Data Base 01/01 (HUMMEL et al. 2002). A clear 
differentiation is made between "calculated" maximum concentrations and 
"recommended" maximum concentrations. Results provided in Table 1 belong 
to either of these categories. If no updated thermodynamic data are available 
for a particular element, no "calculated" maximum solubility is given. However, 
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in these cases a maximum concentration in solution is recommended based on 
other criteria and/or thermodynamic data specified in the body of the text. 

Several of the safety relevant elements belong to the class of "system defining 
elements" (e.g. Cl, Fe). Their maximum concentration is consequently taken 
from the corresponding system definition. 

Calculated maximum concentrations (solubility limits) were derived at a nominal 
system CO2 partial pressure of 10-2.2 bar. They were obtained as follows: The 
geochemical code (MINEQUPSI) was fed with 1 litre of the reference solution 
as shown in Table 2 and was then "spiked" with increasing amounts of the 
element in question (using Na+ or CI- as counter-ions). The maximum 
concentration is obtained when, according to the present contents of the 
database, saturation with the most stable solid appears. If the reference 
solution itself is not changed to any significant degree this procedure works fine 
in most cases, and particularly when the limit is low. In some cases, redox 
sensitive elements may deserve closer attention, since the interference with the 
redox buffer system of the reference groundwater (see section 2.2) may 
become significant (e.g. uranium in carbonate-rich solutions). 

This procedure delivers the maximum expected concentration for a given 
element, provided that full thermodynamic equilibrium is achieved and if the 
thermodynamic database includes sufficiently relevant solids and complexes. 
Hence, the primary objective of the calculation is to apply the contents of the 
database to the particular scenario. 

Calculations were performed with the geochemical code MINEQUPSI, using 
the Davies equation for ionic strength corrections. 

2.4 Database 

The basic source of data is the updated NagralPSI Chemical Thermodynamic 
Data Base 01/01 (HUMMEL et al. 2002), further on abbreviated as Nagra/PSI 
TDB. Operational database files are provided in THOENEN (2001 a) 
(comprehensive data collections and PHREEQC files) and in BERNER (2001 a) 
(MINEQL files). For elements where no thermodynamic data are included in the 
database update, older compilations or specifically selected values were used. 
For certain elements, additional system specific thermodynamic data are 
provided. In all these cases, the relevant equilibria used to perform the 
calculations are explicitly given in the text body (for T = 25°C). 
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Temperature corrections: The Nagra/PSI TDB does not include temperature 
dependencies of reaction data for all species, minerals and gases. The "official" 
use of the TDB is therefore restricted to 25°C. Model calculations performed at 
temperatures other than 25 cC, although practicable for specific and well 
selected systems, could introduce into the results significant inconsistencies 
that are difficult to control. THOENEN et al. (2002), based on literature data and 
relying on extrapolations using isocoulombic reactions, produced a set of 
equilibrium constants for Am, Pu, Np, U, Th and Tc, which may be used at 
50°C and at basic chemical conditions addressed in this report. Unfortunately, 
an important prerequisite for using these "50°C-data" is not given, since 
important details of the reference bentonite pore water composition at 50°C are 
missing. Therefore, calculations at temperatures other than 25 °C were not 
performed for this study. However, inspecting the 50 °C-equilibria provided in 
THOENEN et al. (2002) indicates that radionuclide solubility limits that would be 
calculated for 50°C most likely would remain within the uncertainty bandwidth 
as evaluated in this study for 25 cC. 

3 UNCERTAINTIES 

The present report discerns two types of uncertainties. A first type is related to 
the uncertainties of the thermodynamic constants provided in the database. 
Another type arises from the variability of the basic chemical system. This type 
should rather be termed "result of sensitivity analysis" than "uncertainty". 

The operational version of the thermodynamic database does not include any 
uncertainties, although uncertainties have been addressed for most of the 
reviewed equilibria and are provided in HUMMEL et al. (2002). Uncertainties are 
thus not carried through the geochemical calculation. 

In many cases, the maximum concentration of an element may be adequately 
approximated by a solubility constant and by the formation constant(s} of the 
major complex(es} in solution. Often, only one complex in solution is relevant 
and at most three to four different complexes need to be considered. As a first 
approximation, the uncertainty of the calculation may therefore be estimated 
from the uncertainty of the solubility product and from the uncertainty of the 
formation constants using the error propagation method proposed by the NEA 
(GRENTHE et al. 1992). 
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As the rule, upper and lower limits as provided in Table 1 (and in the text body) 
are derived from such formal error propagation. However, if uncertainties for 
thermodynamic equilibria are not available, or if the variation of pC02 produces 
a larger uncertainty range than the formal error propagation, then the larger 
range is selected. In principle, these two types of "uncertainties" (as well as 
many other uncertainties not addressed in this work) are independent of each 
other and should be accumulated using appropriate error propagation methods. 
This has not been done in the present report. 
Note that both types of "uncertainties", the formal errors as well as the changes 
resulting from varying the basic partial pressure of CO2 are lumped together in 
the summarising Table 1. However, clarifying details are always given in the 
specific element section and/or may be derived from the corresponding figures. 

The formal error propagation is not always a straightforward procedure. 
Uncertainties may be highly correlated. Often this reflects the difficulties to 
derive independent thermodynamic data from experiments that are not suited to 
do so. Therefore, a more detailed uncertainty analysis also requires analysing 
the type of available experimental data and one needs to go far beyond an 
"inspection" of the database. 

Consider for example PU02(S), which, under present conditions is predicted to 
i) dissolve to PU(OH)4(aq), ii) be reduced to Pu(III), and iii) form the complexes 
PuC03+, PuSO/, Pu(S04h- and PuSiO(OHh2+. The solubility of PU02(S) has 
an uncertainty of ± 0.5 10glO-units, the reduction PU4+/PU3+ is accurately known 
(± 0.04 10glO-units), and the uncertainty of Pu(lIl) complex formation ranges 
from ± 0.2 to ± 0.76 10glO-units (lets adopt ± 0.6, for the moment). One would 
thus expect a maximum propagated uncertainty of (0.52+0.042+(_0.6)2)112 "'" 
± 0.8 10glO-units. However, since the redox equilibrium PU4+/PU3+ was measured 
in very acidic HCI04-solution, the formation of Pu4+ from PU(OH)4(aq) (the 
relevant complex at pH 7.25) needs to be included in the uncertainty evaluation. 
Since the uncertainty of the equilibrium PU(OH)4(aq) + 4H+ <=> Pu4+ + 4H20 is 
large (± 1.0 10glO-units), a corrected, propagated uncertainty would thus 
increase to (1.02+0.52+0.042+ (_0.6)2)1/2 "'" ± 1.27 10glO-units. 
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4 EVALUATION OF MAXIMUM CONCENTRATIONS 

4.1 Problem specific data for actinide elements 

Initial applications with the updated NagralPSI TDB (HUMMEL et al. 2002) did 
not always reveal the expected chemical analogy for the relevant actinide 
elements (see also BERNER 2001 b, HUMMEL & BERNER 2002): 

Table 3: Preliminary calculated solubility and speciation of actinides in 
bentonite pore water using thermodynamic data taken exclusively 
from the NagralPSI TDB. 

Calculated total solubility [mol/l] 

Speciation [%] 

AnIV(OH)4(aq) 

AnIV(OHhC03-

An(V,VI) 

An(lIl) 

Th 

7.10-7 

0.5 

99.5 

63.5 

36.5 

Np 

5.10-9 

100.0 

Pu 

2·10-8 

0.2 

99.8 

At first view one would not expect such large differences, particularly in the 
speciation of chemically similar elements. In the light of time and effort spent for 
updating the TDB such a situation is very unsatisfactory. On the one hand there 
is good confidence in the available data, on the other hand an inconsistent 
chemical picture arises from these data. Note that the curious results shown in 
Table 3 could be partly traced back to the lack of thermodynamic data for mixed 
hydroxide carbonate complexes of U(IV), Np(lV), and Pu(lV) (and additionally to 
differences in redox speciation in the case of Pu). In order to fill these gaps, it 
was decided to complement the database with problem specific extensions. A 
detailed description of how the potentially missing mixed hydroxy carbonato 
complexes of An(lV) are estimated is given in HUMMEL & BERNER (2002). The 
An(IV) thermodynamic data as finally used in the present study are provided in 
Table 4. Note that for all An(IV) (and also for Zr) solubility constants are given 
for an unspecified M02(s). The impact of crystallinity of these oxides on the 
solubility is not further discussed here, but detailed discussions on this subject 
are given elsewhere (HUMMEL et al. 2002, HUMMEL & BERNER 2002). 

It was, however, also noticed during this iteration step that thermodynamic data 
for Np(lll) and Pu(lIl) complexes are largely absent in the NagralPSI TDB. 
Unfortunately, there is no way to derive corresponding problem specific 
constants from experimental data as in the case of An(lV), because such 
experimental data are also missing. Instead, the constants from the chemically 
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similar Am(lll) were used in order to fill potentially important gaps in the 

database. The data for trivalent actinides finally used in the present study are 

given in Table 5. 

Table 4: Summary of thermodynamic data for An(IV) complexes and solids 
used in the present study. Maximum feasible formation constants for 
potentially missing mixed hydroxide carbonate complexes (shaded 
cells) are given as reported by HUMMEL & BERNER (2002). 

IOg1Ojr 

M4+ complexes and solids Th4+ U4+ Np4+ Pu4+ 

M02(s) + 2 H20 <=> -8.5 ± 0.6 -9 ± 1 -8.3 ± 0.3 -10.4 ± 0.5 
M(OH)4(aq) 

M4+ + H20 <=> MOH3+ + H+ -2.4 ± 0.5 -0.54 ± 0.06 -0.29 ± 1.00 -0.78 ± 0.60 

M4+ + 4 H20 <=> -18.4 ± -9±2 -9.8 ± 1.1 -8.4 ± 1.1 

M(OH)4(aq)+ 4 H+ 0.6 

M4+ + 4 C032- <=> M(C03)/- 35.22 ± 1.03 36.69 ± 1.11 35.9 ± 2.5 

M4+ + 5 C032- <=> M(C03)56- 29.8 ± 1.1 34.1 ± 1.0 35.62 ± 1.15 34.5 ± 2.5 

M4+ + C032- + 3 H20 <=> -3.1 ± 1.0 

MC03(OHh- + 3 H+ 

M4+ + 80/- <=> M80/+ 7.6± 0.5 6.58 ± 0.19 6.85 ± 0.16 6.89 ± 0.23 

M4+ + 2 80/- <=> M(804h(aq) 11.6 10.51 ± 0.20 11.05 ± 0.27 11.14 ± 0.34 

M4+ + 3 80/- <=> M(804h 2- 12.4 

M4+ + N03- <=> MN033+ 1.95 ± 0.15 

M4+ + HPO/- <=> MHPO/+ 13 ± 1 

M4+ + F- <=> MF3+ 8.0 9.28 ± 0.09 8.96 ± 0.14 8.84 ± 0.10 

M4+ + 2 F- <=> MF/+ 14.2 16.23 ± 0.15 15.7 ± 0.3 15.7 ± 0.2 

M4+ + 3 F- <=> MF3+ 18.9 26.1 ± 1.0 

M4+ + 4 F- <=> MF4(aq) 22.3 25.6 ± 1.0 

M4+ + 5 F- <=> MF5- 27.01 ± 0.30 

M4+ + 6 F- <=> MF62- 29.08 ± 0.18 

M4+ + CI- <=> MCI3+ 1.72±0.13 1.5 ± 0.3 1.8 ± 0.3 

M022+ + 4 H+ + 2 e - <=> M4+ + 2 H2O 9.038 ± 0.041 29.80 ± 0.12 32.28 ± 0.15 



NAG RA NTB 02-10 14 

Table 5: Summary of thermodynamic data for An(lIl) complexes and solids 
used in the present study. Potentially important, problem specific 
missing data for Np(lll) and Pu(lll) are complemented with constants 
from the chemically similar Am(lIl) (shaded cells; note that constants 
for An(OHh+ and An(OHh(aq) are derived from Am(lll) on the basis 
of identical stepwise differences). 

M3+ complexes and solids 

M(OHh(cr) + 3 W {:::? M3+ + 3 H20 

M(OHh(am) + 3 H+ {:::? M3+ + 3 H20 

M2(C03h(cr) {:::? 2 M3+ + 3 C032-

M(OH)C03(cr) {:::? M3+ + OH- + C032-

M3+ + H20 {:::? MOH2+ + H+ 

M3+ + 2 H20 {:::? M(OHh+ + 2 H+ 

M3+ + 3 H20 {:::? M(OHh(aq) + 3 W 

M3+ + 4 H20 {:::? M(OH)4- + 4 H+ 

M3+ + C032- {:::? MC03 + 

M3+ + 2 C032- {:::? M(C03h

M3+ + 3 C032- {:::? M(C03h3-

M3+ + 80/- {:::? M80/ 

M3+ + 2 80/- {:::? M(804h-

M3+ + F- {:::? M F2+ 

M3+ + 2 F- {:::? MF2 + 

M3+ + cr {:::? MCI2+ 

M3+ + 2 CI- {:::? MCb + 

-6.8 ± 0.3 

15.8 ± 1.5 15.2 ± 0.6 

17.0 ± 0.6 

-33.4 ± 2.2 

-21.2 ± 1.4 

-6.9 ± 0.3 -7.3 ± 0.3 

-15.2 ± 0.8 

-25.7 ± 0.5 

7.8 ± 0.3 

12.3 ± 0.4 

15.2 ± 0.6 

3.85 ± 0.03 

5.7 ± 0.8 5.4 ± 0.7 

1.33 ± 0.20 

3.0 ± 0.5 

3.4 ± 0.4 

5.8 ± 0.2 

1.2 ± 0.2 1.05 ± 0.06 

8.1 ± 0.2 

3.70 ± 0.18 17.69 ± 0.04 
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4.2 Curium 

Since the NagralPSI TDB does not provide data for curium, it is recommended 
to use the chemically similar Am as an analogue. This is supported by the fact 
that, vice versa, experimental studies sometimes use Cm(lll) to mimic Am(III) 
(Cm is much more easily accessible through spectroscopic methods). 

4.3 Americium 

Table 6: Am solubility and speciation in reference bentonite pore water at 
various IOglO(pC02) values. 

IOQ1Q(pC02) = -3.5 IOQ1Q(pC02) = -2.2 IOQ1Q(pC02) = -1.5 

Am(OH)C03( er) 9.1.10-7 mol/l 1 .3·1 O-B mol/l 

Speciation: [%] 
Am3+ 1 3 

AmOH2+ 1 1 
AmCI2+ 1 

AmC03+ 9 24 
Am(C03)2- 1 

AmSO/ 8 21 
Am(S04)2- 2 8 

AmSiO(OHh2+ 78 41 

At IOglO(pC02) = -2.2 the calculated maximum concentration is 

1.3.10-6 mol/l. 

2.1·10-B mol/l 

3 

1 
31 
2 
27 
12 
23 

Uncertainties arise from the solubility product (± 1.4 10glO-units) and from the 
formation constants of AmSiO(OHh2+ (± 0.2 10glO-units), AmSO/ (± 0.03 10glO
units) and AmC03+ (± 0.3 10glO-units). Propagating the corresponding 
uncertainty values (HUMMEL 1999, HUMMEL & PEARSON 2001, HUMMEL et al. 
2002) in a formal way, produces an uncertainty of about ± 1.43 10glO-units 
((1.42 +0.32) 1/2 = 1.43). Most likely this uncertainty is much too high. Using the 
upper limit would lead to precipitation of Am2(C03h(cr) (another potential 
solubility limiting phase) instead of Am(OH)C03(cr), thereby generating a 
consistency problem. This consistency problem cannot be resolved on the 
basis of available data (see also the discussion on phase boundary 
uncertainties among AmOHC03(cr), Am2(C03h(cr) and Am(OHh(cr) given in 
HUMMEL et al. 2002). Varying pC02 does not produce large differences in 
maximum concentrations. From formal considerations one obtains: 

upper limit: 
lower limit: 

3.5.10-5 molll 
4.8.10-8 molll. 
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Figure 2: Solubility and speciation of Am in reference bentonite pore water as 
a function of IOglO(pC02). Speciation is shown for ligand types only, 
see Table 6 for more details. 
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4.4 Plutonium 

Plutonium is a redox sensitive element and may appear in the oxidation states 
+111 and +IV in the present environment. Although the tetravalent oxide 
Pu02(hyd, aged) is the limiting solid in the present pC02/Eh range, Pu(III) 
complexes are dominant in solution. Problem specific supplemental data (see 
Tables 4 & 5) have been used in addition to the data given in the NagralPSI 
TDB. The recommended maximum concentration at IOglO(pC02) = -2.2 is 

5.4.10-8 mol/l. 

The solubility of PU02(S), according to PU02(S) + 2H20 <=> PU(OH)4(aq), has an 
uncertainty of ± 0.5 loglO-units, the reduction Pu4+/Pu3+ is accurately known 
(± 0.04 loglO-units), and the uncertainty of Pu(III) complex formation ranges 
from ± 0.2 to ± 0.76 loglO-units (it seems sensible to represent this range with 
± 0.6 loglO-units). One would thus expect a maximum propagated uncertainty of 
(0.52 +0.042 +( _0.6)2) 1/2 :::: ± 0.8 loglO-units. However, since the redox equilibrium 
Pu4+/Pu3+ was measured in HCI04, the formation of Pu4+ from PU(OH)4(aq) 
needs to be included in the uncertainty evaluation. Unfortunately, the 
uncertainty of the equilibrium PU(OH)4(aq) + 4H+ <=> Pu4+ + 4H20 is large 
(± 1.0 loglO-units). Therefore, the propagated uncertainty increases to 
(1.02 +0.52 + 0.042+(_0.6)2)1/2 :::: ± 1.27 loglO-units. Varying CO2 partial pressure 
does not produce large differences in maximum concentrations (Figure 3, Table 
7), and from formal considerations the estimate: 

upper limit: 
lower limit: 

1 .0.10-6 mol/l 
2.9.10-9 mol/l 

is obtained. It is interesting and somewhat un-expected to note that Pu(III) 
complexes become dominant (a common expectation would be that Pu(IV)
hydrolysis products dominate). This can finally be traced back to the selection 
of the redox couple Pu(lV)/Pu(lll) made by the NEA reviewers (Table 5). The 
additional consideration of problem specific data based on analogy with Am 
does not change this general behaviour, but the observed dominance of 
PuSiO(OHh2+ certainly calls for further investigations of complex formation of 
M3+ with silica. 
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Figure 3: Solubility and speciation of Pu in reference bentonite pore water as a 
function of IOglO(pC02). Speciation is shown for ligand types only, 
see Table 7 for more details. 
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Table 7: Pu solubility and speciation in reference bentonite pore water at 
various IOglO(pC02) values. 

log1Q(pC02) = -3.5 log1Q(pC02) = -2.2 log1Q(pC02) = -1.5 

Pu02(hyd., aged) 4.0·10-8 mol/l 5.4·10-8 mol/l 4.4·10-8 mol/l 

Speciation: [%] 

Pu3+ 1 3 3 

Pu(III)OH2+ 3 1 1 

Pu(III)Cf+ 1 1 1 

Pu(III)C03+ 8 21 25 

Pu(III)(C03h- 1 1 

Pu(III)S04+ 8 21 25 

Pu(III)(S04h - 4 15 20 

Pu(III)SiO(OHh 2+ 73 36 18 

Pu(IV)C03(OHh - 1 2 6 

4.5 Neptunium 

Neptunium is a redox sensitive element and may appear in the oxidation states 
+IV and +V in the present environment. Note the difference to plutonium, where 
the trivalent oxidation state is about 14 orders of magnitude more stable (Table 
5). Problem specific supplemental data (see Tables 4 & 5) have been used in 
addition to the data given in the NagralPSI TDB, but unlike Pu(III), the 
supplemental data for Np(lIl) have no effect at all on the calculated solubility. A 
notable effect arises from the mixed complex NpC03(OHh -. The calculated 
maximum concentration at IOglO(pC02) = -2.2 is 

5.4.10-9 mol/l. 

Uncertainties arise from the solubility product (± 1.0 10glO-units) and from the 
formation constant of Np(OH)4(aq) (± 1.1 10glO-units, see HUMMEL 2000 and 
HUMMEL et al. 2002). The formation constant of NpC03(OHh - does not include 
uncertainties. However, this constant was estimated based on a maximum 
value still consistent with experimental data (HUMMEL & BERNER 2002). The 
maximum contribution to uncertainty is therefore given by the percentage of this 
complex in solution (6 %). Propagating the above uncertainties in a formal way, 
would produce a final uncertainty of ± 1.49 10glO-units (1.02+1.1 2)112, but in this 
particular case the formal error propagation leads to wrong uncertainties. The 
solubility of Np02(S) has been studied in terms of the equilibrium reaction 
Np02(S) + 2 H20 <=> Np(OH)4(aq), for which an uncertainty of only ± 0.3 10glO
units is reported (Table 4). 
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Figure 4: Solubility and speciation of Np in reference bentonite pore water as a 
function of pC02. 
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Together with the maximum contribution from NpC03(OHh- an uncertainty of at 
most ± 0.33 log1O-units is deduced. Varying pC02 does not produce large 
differences in maximum concentrations (Figure 4, Table 8), and from these 
specific considerations it is estimated: 

upper limit: 
lower limit: 

1 .1 ·1 0-8 molll 
2.6.10-9 molll. 

Table 8: Np solubility and speciation in reference bentonite pore water at 
various log1O(pC02) values. 

IOglO(pC02) = -3.5 IOglO(pC02) = -2.2 IOglO(pC02) = -1.5 

Np02(hyd., am) 5.1.10-9 mol/l 5.4.10-9 mol/l 5.9.10-9 mol/l 

Speciation: [%] 

Np(OH)4(aq) 99 94 85 

Np(C03)44- 1 

NpC03(OHh- 1 6 14 

Np(V)02+ <1 

4.6 Uranium 

The redox sensitivity of uranium is restricted to the oxidation states +IV and +VI 
in the pC02 range considered, although traces of U(V) may be stabilised in the 
Eh range [-250 .... -100] mY. U(IV) is the dominant redox state below 
log1O(pC02) = -2.3, with U(OH)4(aq) and UC03(OHh - being the relevant 
complexes in solution and U02(s) being the limiting solid. At elevated CO2 

partial pressure the hexavalent U02(C03h2- and U02(C03h 4- complexes are 
stabilised and total concentration increases with the fourth power of CO2 partial 
pressure (up to the solubility of schoepite). The calculated maximum 
concentration at log1O(pCOd = -2.2 is 

2.8.10-9 mol/l. 

The formal uncertainty may be calculated from the solubility product of U02(s) 
(± 2.0 log1O-units), the formation of constant of U(OH)4(aq) (± 2.0 log1O-units) the 
redox reaction U(IV)/U(VI) (± 0.04 log1O-units) and from the carbonate formation 
constants (± 0.12/0.05 log1O-units) as taken from HUMMEL et al. (2002). No 
uncertainty is provided for the formation constant of UC03(OHh -, since this 
constant was estimated on the basis of a maximum value still consistent with 
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experimental data (HUMMEL & BERNER 2002). Its maximum contribution to 
uncertainty is therefore given by the (maximum) percentage in solution (about 
44 %, see Figure 5). 

However, the calculated formal uncertainties of ± 2.83 loglO-units are not 
directly applicable in this complicated system, they would represent an 
"overkill". At low CO2 partial pressure only the species U(OH)4(aq) and 
UC03(OHh- are relevant. Since total solubility of U02(s) has been studied in 
terms of the equilibrium reaction U02(s) + 2 H20 <=> U(OH)4(aq) with an 
uncertainty of ± 1.0 loglO-units (see Table 4), this much smaller uncertainty also 
defines the lower limit. The uncertainty (for the upper limit) increases when 
U(VI) starts becoming significant. A key issue is the uncertainty of the 
equilibrium U(OH)4(aq) + 4 H+ <=> U4+ + 4 H20, which is necessary to connect 
U(IV)-concentrations to the redox equilibrium (note that the U(IV)/U(VI) redox 
couple has been evaluated at very acidic conditions where the U4+ - ion really 
exists). With the full uncertainty of ± 2.0 loglO-units for this formation constant 
one obtains (1 2+22+0.042+0.122)1/2 ::::: +2.2 loglO-units for the upper limit and 
thus: 

upper limit: 
lower limit: 

4.9.10-7 molll 
2.8.10-10 molll. 

Table 9: U solubility and speciation in reference bentonite pore water at 
various IOglO(pC02) values. 

IOg1O(pC02) = -3.5 IOg1O(pC02) = -2.2 IOg1O(pC02) = -1.5 

U02(hyd., am) 1.2.10-9 mol/l 2.8.10-9 mol/l 4.6.10-7 mol/l 

Speciation: [%] 

U(OH)4(aq) 83 36 

UC03(OHh- 17 39 1 

U(V)02+ 1 

U02(C03h2- 7 26 

U02(C03h 4- 18 73 
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Figure 5: Solubility and speciation of U in reference bentonite pore water as a 
function of log1O(pC02}. The dotted line in the upper figure 
represents total U solubility for a potential mixed U(IV}/U(VI} solid not 
included in the database (see text). Note that the percentage of 
U(V}02 + in the lower figure corresponds to the right axis. 
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Note on mixed valency oxides: 

The NagralPSI TDB does not include thermodynamic data for mixed 
U(IV)/U(VI) oxides such as U40 9, U30 7 and U30 S, but occasionally the question 
arises as to the impact of such phases. The dotted line in Figure 5a indicates 
how total dissolved uranium would evolve, when U40 9(s) was selected as the 
limiting solid, according to U40 9(s) + 14 H+ {::::} 3 U4+ + U022+ + 7 H20(l) with 
IOglOKO = -13.0 (GRENTHE et al. 1992). 

However, it is clearly stated here that thermodynamic data of mixed valency 
oxides from the above source must not be used to supplement the present 
database. ~fGmo-values for these solids were calculated by the NEA reviewers 
from ~fHm ° - and Sm ° -determinations, usually obtained from experiments at 
elevated temperatures. They are consistent with thermodynamic data of 
U02(cr), but the present database relies on measured solubilities in aqueous 
systems and uses an unspecified U02(s) (differing in its thermodynamic 
properties from U02(cr)) to reproduce observed U-concentrations in solution 
(see also HUMMEL et al. 2002). Therefore, ~fGm o-values for mixed oxides are not 
consistent with the presently used thermodynamic model for uranium oxide 
solubilities. 

A further important point is worth mentioning here: There is no reliable evidence 
at all (in GRENTHE et al. 1992 and in other references) that the above-mentioned 
mixed valency oxides can precipitate as independent solids from aqueous 
solutions at ambient temperatures. As long as such a proof is outstanding, 
model calculations with extrapolated high temperature data could lead to 
completely erroneous results. 

Note on redox sensitivity of uranium solubility: 

From Figure 5 it becomes clear that uranium solubility is very sensitive to redox 
conditions, particularly in the range of reference conditions that are valid in the 
present scenario. Since uranium is a very important key element in the whole 
safety assessment, it seems worthwhile to discuss this issue in some more 
detail. 

As outlined in section 2.2, item ii), the stability of magnetite plays a major role in 
defining the system redox state, but the available quantitative information is 
based on only one experimental study (see HUMMEL et al. 2002) which does not 
provide uncertainties. In order to assess this potential uncertainty, the stability 
of magnetite was varied independently (by ± 1 loglO-unit) of the IOglO(pC02) -

variation. As Figure 6 illustrates, a noticeable effect is to be expected in those 
cases, where magnetite is less stable than anticipated in the database. The 
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resulting impact may be substantial. Decreasing the magnetite stability by one 
order of magnitude (at log1O(pC02) = -2.2) increases dissolved uranium by two 
orders of magnitude, but this potential uncertainty does not yet exceed the 
uncertainty already estimated from formal considerations. However, the need 
for further investigations on the role of the iron system becomes evident. 
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Figure 6: Uranium solubility at varying magnetite stabilities, represented by 
dotted lines. Substantial impacts are to be expected when magnetite 
is assumed less stable than anticipated in the database. 

4.7 Protactinium 

Only few thermodynamic data of unknown quality/reliability are available for 
protactinium. From the discussion given in BAES & MESMER (1976) it becomes 
evident that Pa(IV) exhibits hydrolysis properties similar to other An(IV), which 
would correspond to its position between Th and U in the periodic table of the 
elements. On the other hand, Pa(IV) seems to be very sensitive to oxidation 
and is stabilised only in very strong acids. In fact, Pa(V) is the stable oxidation 
state in present solutions and it is precisely these findings that are reproduced 
by a small collection of Pa-data given by VUI et al. (1999). An estimate obtained 
with these data reveals that the total solubility could be in the order of 10-8 

mol/I, with Pa205(s) being the limiting solid and with PaO(OHh(aq) being the 
dominant complex in solution. 

It is difficult to make reliable recommendations based on the available 
information. It would be too simplistic to use uranium as a chemical analogue 
since the tetravalent oxidation state of Pa is almost non-existent at ambient 
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chemical conditions. It is also not very satisfactory to select Np as an analogue 
because the hydrolysis of Pa(V) is definitely much stronger than that of Np02 +. 
In this regard it is worth considering BAES & MESMER'S (1976) quotation: The 
great difficulty of maintaining Pa(V) in aqueous solution without hydrolytic 
precipitation ............ is perhaps the best known feature of the aqueous 
chemistry of this element. In the light of this, taking into account the data 
collection of VUI et al. (1999) and comparing with the recommended solubilities 
of Pu, Np and U, _10-8 molll appears to be a sensible estimate. No upper
andlor lower limits are provided for obvious reasons. 

4.8 Thorium 

Th(IV) is the only relevant redox state. In the entire pC02-range considered in 
this study the Th system is fully determined by the solubility of an non-specified 
Th02(s) and by the dominating complex Th(OHhC03-. The calculated solubility 
at IOglO(pC02) = -2.2 is 

6.9.10-7 mol/l. 

The uncertainty of this calculated limit is discussed in detail in HUMMEL & 
BERNER 2002. In principle it resembles the uncertainty of the relevant 
equilibrium Th02(s) + C032- + H+ + H20 <=> Th(OHhC03- (± 0.21 loglO-units; 
BERNER & HUMMEL 2000), but HUMMEL & BERNER 2002 propose ± 0.6 loglO-units 
based on the fact that the lower uncertainty has been derived from only one 
single data set. With ± 0.6 loglO-units it is estimated: 

upper limit: 
lower limit: 

2.7.10-6 molll 
1.7.10-7 molll. 

Table 10: Th solubility and speciation in reference bentonite pore water at 
various IOglO(pC02) values. 

IOg1O(pC02) = -3.5 IOg1O(pC02) = -2.2 IOg1O(pC02) = -1.5 

Th02(s) 1 .3.10-7 mol/l 6.9.10-7 mol/l 1.6·10-B mol/l 

Speciation: [%] 

Th(OH)4(aq) 2.3 0.5 0.2 

ThC03(OH)s- 97.7 99.5 99.8 
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Figure 7: Solubility and speciation of Th in reference bentonite pore water as a 
function of IOQ1O(pC02). 
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4.9 Radium 

The database for Ra is very small. The thermodynamic calculation exhibits 
RaS04(s) as the limiting solid and RaS04(aq) as well as Ra2+ as the dominating 
species in solution (Table 11). The calculated limit would be 

4.8·10-8 molll 

at log1O(pC02) = -2.2. No uncertainties are available for the thermodynamic 
data of Ra, but it should be recognised that Ra solubility is inversely propor
tional to the system sulphate concentration via the limiting RaS04(s). 

Table 11: Ra solubility and speciation in reference bentonite pore water as a 
function of log1O(pC02), calculated with thermodynamic data from 
NagralPSI TDB. 

IOglO(pC02) = -3.5 IOglO(pC02) = -2.2 IOglO(pC02) = -1.5 

RaS04(s) 5.4.10-8 mol/l 4.8.10-8 mol/l 4.6.10-8 mol/l 

Speciation: [%] 

Ra2+ 41 34 32 

RaS04(aq) 57 64 67 

RaCI+ 2 1 1 

The above calculations are not very satisfying for an element of the outstanding 
importance that radium has in waste management. Considering the really low 
inventories produced from decay, it is unlikely to assume that radium forms 
pure and independent sparingly soluble solids (see also BERNER 1995, BERNER 
1999). Most likely, this element will strongly associate with solids including the 
chemically similar elements Ba, Sr and the less similar Ca. Previous work on 
such topics (co-precipitation) has been presented by CURTI (1997). 

CaS04(s), SrS04(s), BaS04(s) and RaS04(s) are the classical phases used in 
solid solution and co-precipitation studies. In a separate report, BERNER & CURTI 
(2002) showed that the application of basic principles of solid solution equilibria 
would lead to radium concentrations much below those provided in Table 11. A 
short summary of how this is achieved is outlined below. 

The BERNER & CURTI (2002) study is based on the very low inventory of radium 
in the repository and on the comparatively high inventories of Ba- and 
Sr(sulphates) in the backfill material bentonite. Reference data from 
construction layouts, waste inventories and backfill analyses provide the 
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following strongly simplified material balance Gust showing minerals related to 
sulphate, based on 1 kg of reference bentonite pore water as given in Table 2; 
for details see BERNER & CURTI 2002): 

RaS04 

BaS04 

SrS04 

CaS04 

/-lmol/kg solution 

1 

5640 

2886 

70012 

Performing the "standard"-type equilibrium calculation with these mass 
balances (see also Table 11) leads to precipitation of pure sulphate minerals 
and we meet the following situation: 

precipitated at equilibrium; solution concentration 
no solid solution [/-lmol/kg] [/-lmol/kg] 

RaS04 0.96 pure phase [Ra]tot: 0.0483 

BaS04 5640 pure phase [Ba]tot: 0.0889 

SrS04 2886 pure phase [Sr]tot: 141 

CaS04 70012 pure phase [Ca]tot: 13826 

[S042-]tot: 65432 

The interesting observation is made when RaS04 and BaS04 are allowed to 
precipitate as an ideal solid solution. No new parameters are needed to do so; 
only thermodynamic data as given in the NagralPSI TDB are used to represent 
the solubility of the end-member sulphates. Solid solution modelling was 
performed with GEMS (Gibbs Energy Minimisation/Selektor), a geochemical 
speciation code currently implemented at PSI. 

For the sake of completeness it should maybe noted that there is no doubt 
about the formation of solid solutions in the RaSOJBaS04 system. It is 
particularly this classical combination of phases that has already been used by 
Madame Curie to separate radium (CURIE 1912, see also DOERNER & 
HOSKINS 1925). 

However, the precipitation of a radium/barium sulphate solid solution (instead of 
the precipitation of the pure end-members) using the above-given mass 
balance constraints leads to 
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precipitated at equilibrium; solution concentration 
[/-lmol/kg] [/-lmol/kg] 

RaS04 1.0 ss end-member [Ra]tot: 0.0000086 

BaS04 5640 ss end-member [Ba]tot: 0.0889 

SrS04 2886 pure phase [Sr]tot: 141 

CaS04 70016 pure phase [Ca]tot: 13823 

[S042-]tot: 65417 

One immediately realizes the nearly complete removal of Ra from solution. The 
reason for this effect is rather simple: According to the basic principles of ideal 
solid solutions, the activity of the RaS04(s) end-member (and also that of the 
BaS04(s) end-member) is equal to its mole fraction in the solid solution and, 
consequently, the solubility product of this end-member changes accordingly. 
Since the mole fraction of RaS04 in this solid solution is 1/5641, a reduction of 
radium solubility by nearly 4 orders of magnitude is expected. The actually 
calculated value for total dissolved Ra is 

8.6.10-12 mol/kg. 

If the solid solution is extended to include also the end-members SrS04 and 
CaS04 (by assuming ideal behaviour as well) the model calculation produces: 

(Ra/Ba/Sr/Ca)S04(ss) solution concentration 
precipitated [/-lmol/kg] 

RaS04 1.0 ss end-member [Ra]tot: 0.00000066 

BaS04 5640 ss end-member [Ba]tot: 0.0068 

SrS04 2995 ss end-member [Sr]tot: 4.6 

CaS04 64100 ss end-member [Ca]tot: 19550 

[SO/ltot: 71203 

With this "extension" to a quaternary solid solution, which in fact represents the 
most realistic case, the mole fraction of the RaS04-end-member decreases to 
1/72735 and calculated dissolved Ra drops to 7.10-13 mol/kg when ideal 
behaviour is assumed. Note corresponding drops in Ba2+ and Sr2+ concen
trations, but also the increased concentrations of Ca2+ and S042- (gypsum is 
now absent). Since the ionic radii of Ca2+ and Sr2+ (1.00 and 1.16 pm) differ 
significantly from those of Ba2+ and Ra2+ (1.36 and 1.44 pm), the quaternary 
solid solution essentially does not any longer exhibit an "ideal" behaviour, and a 
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limit of 7.10-13 mollkg may thus be too optimistic. However, these details are 
not the point here. The key point is the fact that the formation of a (very well 
justified) solid solution introduces system specific concentration limits, which 
finally depend on the relative masses of RaS04, BaS04 (and SrS04) and on the 
solidlwater ratio. 

There is no doubt about the presence of these trace sulphates in the 
bentonitelhost rock environment. Both phases are common minerals found in 
Opalinus Clay, and both, Ba and Sr concentrations in pore-/groundwaters are 
usually very close to saturation with the corresponding sulphate solids. Such 
observations substantiate another important system "feature": The "traces" of 
BaS04 and SrS04 must be present since geological periods and most likely will 
persist. There is no danger that BaS04 (and SrS04) will disappear shortly after 
closing of the repository. This is, however, not true for gypsum, which will 
dissolve on reaction with Opalinus Clay groundwater. 

The inventories of Ba and Ra relevant for the present chemical system have 
been selected in a conservative way (BERNER & CURTI 2002). Based on the 
above considerations it is therefore concluded that 

2.10-11 mol/l§) 

is an appropriate number to describe the maximum expected Ra concentration 
in the reference repository system. 

Potential uncertainties mainly depend on relative inventories, particularly on the 
ratio Ra/(Ba+Sr+Ca). Since conservative inventories of Ra, Ba and Sr have 
been selected, it is surmised that the recommended limit is close to the upper 
limit. Supposing that the variation of Ra/(Ba+Sr+Ca) is less than a factor of 5, 
the following limits were estimated: 

upper limit: 
lower limit: 

1.10-10 molll 
4.10-12 molll. 

§) Note: Due to on an inconsistent Debeye-HOckel ao-parameter (Kielland ion
size parameter) for Ra2+ in the database, a former calculation produced 2.10-11 

molll of dissolved Ra, instead of 8.6.10-12 molll. The prediction of 2.10-11 molll 
was approved and released to the final model chain calculations, before the 
inconsistency could be discovered. Hence, the present recommendation 
includes an additional "safety factor" of 2.3. 
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4.10 Caesium, Iodine 

No limiting solids are available for caesium and for iodine. 

4.11 Technetium 

Technetium is a redox sensitive element, which in principle may appear in 
many oxidation states (+11, to +VII), but only the +IV oxidation state is relevant 
in the pC02/Eh range considered. Tc(VII), represented by the pertechnetate ion 
TC04- is 7 to 11 orders of magnitude less stable in the entire range. 
TC02,1.6H20(s) is calculated to be the stable solid, TcO(OHh(aq) and 
TcOC03(aq) are the dominant complexes in solution. The calculated solubility 
at IOglO(pC02) = -2.2 is: 

4.4.10-9 mol/l. 

The uncertainty of the most relevant equilibrium TC02·1.6H20(s) ~ 
TcO(OHh(aq) + 0.6 H20 is given as ± 0.5 10glO-units (HUMMEL et al. 2002). 
Since the carbonate complexes (whose uncertainty is specified as ± 0.3 10glO
units) contribute less than 10% to the total solubility, no further uncertainty 
needs to be considered. Thus: 

upper limit: 
lower limit: 

1 .4·1 0-8 molll 
1 .4·1 0-9 molll. 

Table 12: Tc solubility and speciation in reference bentonite pore water at 
various IOglO(pC02) values. 

IOg1O(pC02) = -3.5 IOg1O(pC02) = -2.2 IOg1O(pC02) = -1.5 

TC02·1.6H2O(s) 4.0.10-9 mol/l 4.4.10-9 mol/l 5.9.10-9 mol/l 

Speciation: [%] 

TcO(OHh(aq) 99 91 68 

TcOC03(aq) 8 30 

TcO(OH)C03- 1 2 
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Figure 8: Solubility and speciation of Tc in reference bentonite pore water as a 
function of IOQ1O(pC02). 
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4.12 Niobium 

The database for niobium is very small. With Nb20 5(s) being the limiting solid, 
the complexes Nb03- (also termed Nb(OH)6-) and Nb(OH)5(aq) produce a 
maximum concentration of 

3.1.10-5 molll 

at IOglO(pC02) = -2.2. Since no carbonate complexes are known for Nb, the pH 
of 7.25 defines solubility and species distribution. However, based on more 
recent experimental work LOTHENBACH et al. (1999) give evidence of much 
lower Nb solubilities in the near neutral pH range (- 10-8 molll in 0.1 M NaCI), 
but our present level of awareness is not sufficient to adopt such a low limit. 
Uncertainties for the relevant equilibria are not available. The solubility of Nb 
increases with pH and the model calculations produces a solubility range from 
2.3.10-5 molll to 7.8.10-5 molll, but it is not recommended to use this rather 
small range for boundaries. 
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Figure 9: Solubility of Nb in reference bentonite pore water as a function of pH. 
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Table 13: Nb solubility and speciation in reference bentonite pore water at 
various IOglO(pC02) values. The solubility in fact varies with pH, since 
no carbonate complexes are known. 

IOg1O(pC02) = -3.5 IOg1O(pC02) = -2.2 IOg1O(pC02) = -1.5 

pH = 7.84 pH = 7.25 pH = 6.93 

Nb20 5(S) 7.8.10-5 mol/l 3.1.10-5 mol/l 2.3.10-5 mol/l 

Speciation: [%] 

Nb(OH)5(aq) 19 47 66 

Nb03- (Nb(OH)6-) 81 53 34 

Note: Due to nearly complete lack of reliable information no limits can be 
recommended for Nb. As a hint, Figure 9 reveals that Nb solubility substantially 
increases beyond pH 8 (the solubility may well exceed the available inventory at 
high pH, see BERNER (1999)). On the other hand, the lower limit may extend to 
concentrations as low as 10-8 molll when believing in the experimental work of 
LOTHENBACH et al. (1999) mentioned above. 

4.13 Selenium 

Selenium may appear in the redox states Se(-II), Se(O), Se(IV) and Se(VI), but 
the calculation reveals that only Se(-II) is stable in the present pC02/Eh range. 
HSe- is the only species that shows up with significant concentrations. At 
reference conditions, actually at Eh = -194 mY, the only quantitatively 
documented solid, Se(cr), produces a calculated solubility of 

5.3.10-9 mol/l. 

It should, however, be noted that the calculated Se solubility is very sensitive to 
Eh (Figure 10, and particularly Figure 11). In addition, the "equilibrium" between 
Se(O) and Se(-II) was established on the basis of Gibbs free energies, since no 
direct experimental measurements of the redox standard potential is available 
in the literature (quotation by SEBY et al. 2001). HUMMEL et al. (2002) express 
some reservations about the use of this redox equilibrium and do not give any 
uncertainties. Therefore, the uncertainty of the calculated limit is unclear and it 
is proposed to use the boundaries as calculated at IOglO(pC02) = -3.5 and -1 .5 
with the NagralPSI TDB. 

upper limit: 
lower limit: 

1 .0.10-5 molll 
2.1.10-11 molll. 
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In fact, the solubility of Se depends on Eh, not on pC02 , and Figure 10 just 
offers an incomplete picture of the situation. The impact of Eh can much better 
visualised in Figure 11, where modelled Se solubility is plotted against system 
Eh. Note that Figure 11 merely represents an artificial model situation where Eh 
was varied while all other solution parameters were kept constant (see also 
section 5 on hypothetical oxidising conditions). 

4.14 Chlorine, Carbon, Actinium 

Chlorine 
Chloride is an essential part of the system definition derived from the reference 
groundwater (CURTI & WERSIN 2002, see also Table 2). Since no limiting solids 
are available, chloride is formally marked as 

not limited. 

However, in the procedure defining the reference bentonite pore water chloride 
had been used to adjust charges and its concentration covers a range from 
8.6.10-2 molll (high pHllow pC02) to 2.1.10-1 molll (Iow pHlhigh pC02). In order 
to keep consistency with the reference pore water, it is recommended to adopt 
a concentration as given in Table 2 (1.66.10-1 mol/l). I do without giving further 
uncertainties. 

Carbon 
Inorganic carbon (carbonate) is part of the system definition. Its concentration is 
given by the pre-defined CO2 partial pressure and by assuming saturation with 
calcite (CURTI & WERSIN 2002). At IOglO(pC02) = -2.2 the calculated concen
tration is 

2.8·10-3 mol/l. 

The calcite solubility constant has a negligible low uncertainty (-0.005 10glO
units), major changes in carbonate concentration arise from varying pC02 : 

upper limit: 
lower limit: 

7.2·1 0-3 molll 
5.4·10-4 mol/l. 

Note that gaseous (CH4) andlor organic forms of carbon are not considered. 
Within Table 1, the limits are therefore indicated as "recommended" values. 

Actinium 
Since no thermodynamic data at all are available, it is proposed to utilise an 
analogue in place of actinium. Based on closest proximity (charge, ionic radius, 
position in the periodic table of the elements) data for Am have been selected 
to simulate Ac. 
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4.15 Tin 

In principle tin may exist in the redox states Sn(ll) and Sn(IV), but in the present 
pC02/Eh range Sn(II) is insignificant. The Sn system is fully determined by the 
solubility of Sn02(cr; cassiterite). Depending on pH, dominant complexes in 
solution are Sn(OH)4(aq) and Sn(OH)5-' The calculated limit at IOglO(pC02) = 
-2.2 is 

1.2.10-8 mol/l. 

The formally calculated uncertainty results in (0.22 + 0.32) 1/2 = ± 0.36 loglO-units. 
This uncertainty is adopted for the lower limit. However, re-analysis of the 
original solubility data for a poorly crystalline precipitate and a not yet resolved 
controversy on the crystallinity of the precipitate (see discussion in HUMMEL et 
al. 2002) gives reason to establish a more extended uncertainty for the upper 
limit. It is recommended to directly use the experimental data of AMAYA et al. 
(1997), obtained for the solubility of Sn02(am) to define the upper limit. Thus, 

upper limit: 
lower limit: 

1 .0.10-7 molll 
5.2.10-9 molll. 

Note that the Sn2+/Sn4+ redox equilibrium is not included in the database 
update. In order to check the potential impact of Sn(II), the database was 
complemented with the equilibrium 

as outlined in HUMMEL et al. (2002). The uncertainty of this redox equilibrium is 
at least one order of magnitude, but independent of this the model calculation 
reveals completely insignificant contributions from Sn(ll) species. 

Table 14: Sn solubility and speciation in reference bentonite pore water at 
various IOglO(pC02) values. The solubility in fact varies with pH, since 
no carbonate complexes are known. 

IOg1O(pC02) = -3.5 IOg1O(pC02) = -2.2 IOg1O(pC02) = -1.5 

Sn02( cassiterite) 1.9.10-8 mol/l 1.2.10-8 mol/l 1 .1.10-8 mol/l 

Speciation: [%] 

Sn(OHMaq) 52 81 90 

Sn(OH)5- 48 19 10 
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4.16 Palladium 

Dissolved palladium exists only in the redox state Pd(ll) and, provided that 
elemental Pd is formed as predicted by the thermodynamic calculation, 
dissolved Pd drops to insignificant levels. The calculated limit (actually at any 
pC02 within the considered range) is 

insignificantly low, 

compatible with the assumption that Pd exists in alloy form together with Ru, 
Tc, etc. and does not dissolve at all. The formal uncertainty of this unspecified 
"value" is ± 0.8 loglO-units (HUMMEL et al. 2002). 

Although thermodynamically favoured, the formation of elemental Pd has not 
been undoubtedly confirmed (see original literature cited in HUMMEL et al. 2002). 
Therefore, Pd solubility was also calculated under the assumption that Pd(O) is 
not formedlnot stable. In this case Pd(OHh(precip) limits total dissolved Pd at 
5.1.10-8 molll (loglO(pC02) = -2.2), with Pd(OHh(aq) being the dominant 
complex (note a small contribution, i.e. < 10 %, of PdCll-/PdCI3- complexes). 
Based on a fair amount of solubility data the uncertainty of this hydroxide 
solubility is in the order of ± 0.5 loglO-units (HUMMEL et al. 2002; Fig. 5.14.3), 
which leads to: 

upper limit: 
lower limit: 

4.17 Zirconium 

1 .6.10-7 molll 
insignificantly low. 

The system is determined by the solubility of Zr02(s) and at pH 7.25 (i.e. at 
IOglO(pC02) = -2.2) the dominant complexes in solution are Zr(OH)5- (92 %) 
and Zr(OH)4(aq) (8 %). With 3.3.10-11 molll the calculated limit is close to 
insignificance. No uncertainties are available for the relevant equilibria. 

From CURTI (2001, Fig. 1) one recognises that experimental data exist for very 
low, and for very high pH environments, but for the pH range [3 .... 12] just one 
recent experimental study is available. CURTI (2001) gives evidence that 
reasonably strong Zr-carbonate complexes exist, but no reliable formation 
constants could be derived from these evidences (CURTI 2001 estimates 
loglOK(Zr(C03)44-) - 42). Figure 13 (dotted line) shows the potential impact of 
this carbonate complex formation constant on the solubility of Zr. 
Based on the available evidence it is inferred that a limit of 3.3.10-11 molll is too 
low for solutions including carbonate. 
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Figure 13: Solubility and speciation of Zr in reference bentonite pore water as 
a function of pC02. The dotted line in the "solubility" diagram (upper 
figure) and the "speciation" diagram (lower figure) illustrate the 
potential impact of zirconium carbonate complexes as discussed by 
CURTI (2001). 

This limit may serve for the lower limit at the most. With the mentioned estimate 
for the carbonate complex formation constant, a solubility of 2.2.10-9 molll is 
calculated at IOglO(pC02) = -1.5, and, in absence of any better information, it is 
recommend to select this value for the upper limit. 



NAG RA NTB 02-10 42 

This is in accordance with the uncertainty estimated from the plots of 
experimental data as shown in CURTI (2001; Figs. 1 & 5). Thus, 

upper limit: 2.2.10-9 molll 
lower limit: 3.3.10-11 molll. 

Since reliable data for an important class of compounds are missing, it is 
suggested to use a maximum concentration equivalent to the upper limit, i.e. 

2.2.10-9 mol/l. 

4.18 Strontium 

Strontium is part of the system definition. Like Ca2+, Na+ and K+, S~+ is involved 
in ion exchange processes. Depending on the solid to liquid ratio and on 
surface complex formation constants, about 94 % of the Sr-inventory is sorbed 
on the bentonite (-2.9.10-4 molll, see CURTI & WERSIN 2002). Dominant species 
in solution are Sr2+ and SrS04(aq), the total concentration is 

1.9.10-5 mol/l. 

No uncertainties are available for the involved exchange equilibria on the 
bentonite. However, under the assumption that the maximum concentration is 
limited by celestite, SrS04(cr), an upper limit of 1.2·10-4 molll may be estimated 
from the calculated undersaturation (0.79 loglO-units) with respect to this 
mineral. 

4.19 Nickel 

The Ni system is found to be determined by the solubility of NiC03(cr) and by 
the formation of sulphate complexes. Other relevant species in solution are Ni2+ 
and chloride complexes. The calculated limit is 

3.1.10-5 mol/l. 

Note that the limiting solid changes to Ni(OHh(cr) below IOglO(pC02) = -3.5 
(Figure 14). HUMMEL et al. (2002) propose to associate an uncertainty of ± 0.3 
loglO-units to the solubility product of NiC03(cr), but no uncertainties are 
available for the formation constants of sulphate- and chloride complexes. If it is 
supposed that the uncertainties of the dominant sulphate complexes do not 
exceed those of the solubility product, one ends up with an estimate of ± 0.4 
loglO-units for the formal uncertainty (0.32+0.32 = 0.42): 

upper limit: 8.2.10-5 molll 
lower limit: 1.2.10-5 molll. 
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Figure 14: Solubility and speciation of Ni in reference bentonite pore water as 
a function of IOglO(pC02). 

The real uncertainties in the Ni system lie with the properties of the limiting 
solid, and not with the uncertainty as indicated above. Nickel forms a number of 
hydrous carbonates, but no reliable thermodynamic data are available for them. 
In natural systems, Ni is usually associated with poorly defined mixed phases, 
originating from weathering/alteration processes (including silicates, clays ... ). 
Its location in pure phases and particularly in pure NiC03(s) is rather an 
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exception than the rule. As an indication for this it is referred to the calculated 
speciation, which reveals insignificant contributions from carbonate complexes, 
although the carbonate shows up as the limiting solid. Therefore, the limiting 
solid NiC03(cr) should be regarded as a placeholder for a not yet sufficiently 
explored variety of potential host phases. However, many observations from 
(Swiss) groundwaters and from seawater give convincing evidence that Ni 
concentrations in natural systems fall in the range 10-5 to 10-8 molll, with mean 
values around 10-7 molll. In the light of performance assessment, I therefore 
expect the recommended limit being on a safe (conservative) side. 

Table 15: Ni solubility and speciation in reference bentonite pore water at 
various log1O(pC02) values. 

IOglO(pC02) = -3.5 IOglO(pC02) = -2.2 IOglO(pC02) = -1.5 

NiC03(cr) 3.6.10-5 mol/l 3.1.10-5 mol/l 3.0.10-5 mol/l 

Speciation: [%] 

Ni2+ 56 48 46 

NiS04(aq) 28 33 35 

Ni(S04)22- 6 10 11 

NiCI+ 7 6 5 

NiCI2(aq) 2 2 2 

NiHC03+ 1 

4.20 Lead 

In principle lead may exist in the redox states Pb(ll) and Pb(IV), but in the 
pC02/Eh range considered Pb(IV) species are insignificant. It should further be 
emphasised that no thermodynamic data at all are available for Pb(lV). At low 
CO2 partial pressure the Pb system is determined by the solubility of 
2PbC03.Pb(OHh(s) (hydrocerrusite), whereas PbC03(s) (cerrusite) becomes 
the limiting solid at pC02 > -2.4 (Figure 13). The calculated solubility is 

1.9.10-6 molll 

at log1O(pC02) =-2.2. Uncertainties are not available. Since the Nagra/PSI TDB 
does not include data for lead, a former, not documented MINEQL-database 
(see Table 16) was used to perform model calculations. 

Note: Model calculations for lead have been performed under the assumption 
that total dissolved Fe2+ is fixed at 4.33.10-5 molll, and that sulphate is not 
reduced to sulphide. Therefore, HS- concentration in the reference bentonite 
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pore water is ignored. When HS- formation is not ignored, even traces of 
sulphide are predicted to precipitate as PbS(s). Thus, dropping these restrictive 
assumptions would allow for sulphate reduction, which in turn would produce 
very low Pb concentrations (8.10-14 to 2.10-8 in the pC02 range considered) 
due to precipitation of galena PbS(s). Hence, it may well be that the present 
recommendation overestimates total dissolved lead by several orders of 
magnitude. 
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Figure 15: Solubility and speciation of Pb in reference bentonite pore water as 
a function of log1O(pC02). 
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Table 16: Thermodynamic data for lead, taken from a former MINEQL 
database. 

Equilibrium 
Former MINEQL LOTHENBACH et 
database al. (1999)1 

Pb(OHh(s) + 2 W {:::? Pb2+ + H2O IOg1OKs ° = 12.9 13.1 

PbS(s) + W {:::? Pb2+ + HS- IOg1OKs ° = -13.6 -12.2 

2PbC03.Pb(OHh(s) + 2 H+ {:::? IOg1OKs ° = -18.8 -17.6 

3 Pb2+ + 2 H20 + 2 C032-

PbC03(s) {:::? Pb2+ + C032- IOg1OKsO = -13.13 -13.2 

PbS04(s) {:::? Pb2+ + SO/- IOg1OKsO = -7.79 -7.8 

Pb2+ + H20 {:::? Pb(OHt + H+ IOg10~1° = -7.7 -7.5 

Pb2+ + 2 H20 {:::? Pb(OHh(aq) + 2 W IOg10~2° = -17.1 -17.0 

Pb2+ + 3 H20 {:::? Pb(OHh- + 3 H+ IOg10~3° = -28.1 -28.0 

Pb2+ + C032- {:::? PbC03(aq) IOg10~1° = 7.0 7.3 

Pb2+ + 2 C032- {:::? Pb( C03h 2- IOg10~2° = 10.35 10.1 

Pb2+ + SO/- {:::? PbS04(aq) IOg10~1 ° = 2.75 2.8 

Pb2+ + 2 SO/- {:::? Pb(S04h 2- IOg10~2° = 4.0 2.4 

Pb2+ + CI- {:::? PbCI+ IOg10~1 ° = 1.59 1.6 

Pb2+ + 2 cr {:::? PbCb(aq) IOg10~2° = 1.8 2.0 

1 ) 
For comparison, and in order to help justifying the data selection, thermodynamic constants 
as recommended in a recent review by LOTHENBACH et al. (1999) are given in this column. 

Table 17: Pb solubility and speciation in reference bentonite pore water at 
various IOglO(pC02) values. 

IOg1O(pC02) = -3.5 IOg1O(pC02) = -2.2 IOg1O(pC02) = -1.5 

PbC03(cr) I 
9.5.10-7 mol/l 1.9·10-B mol/l 1.9.10-6 mol/l 

2PbC03.Pb(OHh(s) 

Speciation: [%] 

Pb2+ 11 9 9 

Pb(OHt 6 1 1 

PbC03(aq) 35 39 40 

PbS04(aq) 15 17 18 

Pb(S04)22- 8 12 14 

PbCI+ 21 18 16 

PbCI2(aq) 3 3 2 
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4.21 Polonium, Hafnium, Holmium, Promethium 

Polonium 

No data are available for Po. 

Hafnium 

No data are available for Hf. It is recommended to use Zr as an analogue. 

Holmium 

No data are available for Ho. It is recommended to use Eu as an analogue. 

Promethium 

No data are available for Pm. It is recommended to use Eu as an analogue. 

4.22 Europium 

The calculations reveal that Eu(OH)C03(s) is the limiting solid up to IOglO(pC02) 
= -1.5. At IOglO(pC02) = -2.2 this solid produces a solubility of 

5.0.10-7 mol/l. 

EU2(C03h(s) becomes stable only above IOglO(pC02) = -1.5. For the 
distribution of complexes in solution, see Figure 16. 

Uncertainties arising from the solubility product (± 0.1 loglO-units) and from the 
formation constants of the relevant complexes (at most ± 0.2 loglO-units, see 
CURTI 2000 and HUMMEL & PEARSON 2001) lead to a formally propagated un
certainty of about ± 0.22 loglO-units. This in turn would produce the range 
[3.0.10-7 .... 8.3.10-7] molll. However, since the changes in CO2 partial pressure 
produce a larger variation in dissolved Eu (Table 18), this increased range 
serves for the limits. Thus: 

upper limit: 
lower limit: 

9.3.10-7 molll 
2.5.10-7 molll. 
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Figure 16: Solubility and speciation of Eu in reference bentonite pore water as 
a function of IOglO(pC02). 
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Table 18: Eu solubility and speciation in reference bentonite pore water at 
various IOglO(pC02) values. 

I091O(pC02) = -3.5 I091O(pC02) = -2.2 I091O(pC02) = -1.5 

Eu(OH)C03( er) 2.5.10-7 mol/l 5.0.10-7 mol/l 9.3.10-7 mol/l 

Speeiation: [%] 

Eu3+ 2 2 3 

EuOH2+ 1 

Eu(OHh+ 1 

Eucf+ 1 1 1 

EuC03+ 20 39 43 

Eu(C03h- 1 1 

EuSO/ 11 22 24 

EU(S04h- 5 14 17 

EuSiO(OH)s2+ 56 21 10 

Eu(SiO(OH)Sh + 3 

Table 19: Thermodynamic data for antimony, taken from a former MINEQL 
database. 

Equilibrium 
Former MINEQL LOTHENBACH et al. 

database (1999) 1 

Sb(OH)5(aq) + 2 H+ + 2 e- {:::} - I091OKo = 21.84 

Sb(OH)s(aq) + 2 H2O 

Sb(OH)s(aq) + 3 H+ + 3 e- {:::} - I091OKo = 11.99 

Sb( er) + 3 H2O 

Sb(OH)s(aq) + H20 {:::} Sb(OH)6- + H+ I091OK6° = -2.72 -2.72 

Sb(OHh(aq) + H+ {:::} Sb(OH)2+ + H2O I091OK2° = 1.42 1.3 

Sb(OHh(aq) + H20 {:::} Sb(OH)4- + H+ I091OK/ = -11.82 -11.93 

Sb20 5(S) + 5 H20 {:::} 2 Sb(OH)s(aq) I091OKSo = -7.4 -7.4 

Sb20 3(S) + 3 H20 {:::} 2 Sb(OHh(aq) I0910Ks ° = -8.48 -8.72 

1) For comparison, and in order to help justifying the data selection, thermodynamic constants 
as recommended in a recent review by LOTHENBACH et al. (1999) are given in this column. 
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4.23 Antimony 

In aqueous solutions antimony exists in the redox states Sb(O), Sb(lll) and 
Sb(V), but the Nagra/PSI TDB does not include data for antimony. From a 
former MINEQL database and from LOTHENBACH et al. (1999) the equilibria as 
provided in Table 19 were used to perform an estimate for Sb solubility. 

In the relevant pC02/Eh range Sb(III) is dominant, Sb(V) remains insignificant 
below 0 mV. Sb(OHh(aq) is the only complex in solution, limited by Sb20 3(s). 
With the above data, a pC02- and pH- independent maximum concentration of 

5.8.10-5 molll 

is estimated. No uncertainties are available for antimony. 

4.24 Cadmium 

The Nagra/PSI TDB does not include data for cadmium, but from a former 
MINEQL database the following equilibria were used to perform an estimate of 
Cd solubility: 

Table 20: Thermodynamic data for cadmium as taken from a former MINEQL 
database. 

Equilibrium Former MINEQL database 

Cd2+ + H20 <=> CdOH+ + H+ IOg10~1° = -10.1 

Cd2+ + 2 H20 <=> Cd(OHMaq) + 2 H+ IOg10~2° = -20.3 

Cd2+ + 3 H20 <=> Cd(OHh- + 3 H+ IOg10~3° = -31.8 

Cd2+ + CO/- <=> CdC03(aq) IOg1O~1 ° = 4.3 

Cd2+ + 80/- <=> Cd804(aq) IOg1O~1 ° = 2.46 

Cd2+ + 2 80/- <=> Cd(804h2- IOg1O~2° = 3.25 

Cd2+ + 3 80/- <=> Cd(804h4- IOg1O~3° = 2.7 

Cd2+ + CI- <=> CdCI+ IOg10~1° = 1.98 

Cd2+ + 2 cr <=> CdCb(aq) IOg10~2° = 2.6 

Cd2+ + 3 cr <=> CdCI3- IOg10~3° = 2.4 

Cd2+ + 4 cr <=> CdC142- IOg10~4° = 1.7 

Cd(OHMs) + 2 W <=> Cd2+ + 2 H2O IOg1OKsoO = 13.65 

CdC03(s) <=> Cd2+ + C032- IOg1OKsoO = (-13.74) see text 

Cd8(s) + W <=> Cd2+ + H8- IOg1OKso ° = -13.1 
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At IOglO(pC02) = -2.2, CdC03(s) would limit Cd solubility at 3.8.10-7 molll. 
Relevant species in solution are the Cd-chlorides (75 %), the Cd-sulphates 
(14 %) and Cd2+ (11 %). No specific uncertainties are available for the above 
equilibria. 

Although cadmium was not subject of the of the Nagra/PSI TDB update, it was 
convincingly demonstrated by GRAUER (1999) that the 10glOKso 0 of CdC03(s) is 
-12.1±0.2 instead of -13.74 as given in the above list. With this improved value 
a total Cd concentration of 

1 .7·1 0-5 molll 

is predicted, nearly independent of pC02 and pH. The uncertainty of ±0.2 10glO
units from the solubility product and an estimated maximum uncertainty of 
±0.310glO-units from the dominant species (expert judgement, chloride 
complexes are usually well known) produce an uncertainty range below a factor 
of 3: 

upper limit: 
lower limit: 

4·1 0-5 molll 
7·1 0-6 molll. 

Note: Model calculations for cadmium have been performed under the 
assumption that total dissolved Fe2+ is fixed at 4.33.10-5 molll, and that 
sulphate is not reduced to sulphide. Therefore, HS- concentration in the 
reference bentonite pore water was ignored. When HS- formation is not 
ignored, even traces of sulphide are predicted to precipitate as CdS(s). Thus, 
dropping the restrictive assumptions would allow for sulphate reduction, which 
in turn would produce very low Cd concentrations (the product [HSl[Cdtot1 is 
below 10-18 mof/f at reference conditions). Hence, it may well be that the 
present recommendation overestimates total dissolved cadmium by several 
orders of magnitude. 

4.25 Silver 

The NagralPSI TDB does not include data for silver, but from a former MINEQL 
database, the equilibria as given in Table 21 were used to perform an estimate 
for Ag solubility. 

At given Eh conditions elemental Ag shows up as the stable phase and the 
calculated silver concentrations drops to insignificant levels (see also section 
4.16, "Palladium"). However, in the sense of a "what if" question, solubility and 
speciation have also been modelled under the assumption that Ag(O) does not 
form. In this case, AgCI(s) would limit dissolved Ag over the entire CO2 partial 
pressure range at 
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2.8.10-6 mol/l. 

Dominant complexes in solution are the silver chlorides (AgCI(aq), 6 %; AgCI2-, 

60 %; AgCll-, 18 %; AgCI43-, 16 %). The uncertainty for the AgCI(s) solubility 
product is very small, when considering the precise knowledge about the 
AgI AgCI electrode, and it is thus suggested to use its solubility for the upper 
limit. 

Table 21: Thermodynamic data for silver as taken from a former MINEQL 
database. 

Equilibrium 
Former MINEQL HUMMEL (2001) 
database 

Ag+ + H20 <=> AgOH(aq) + H+ Log lOK1° = -11.7 

Ag+ + CI- <=> AgCI(aq) LOglOK1 ° = 3.1 

Ag+ + 2 cr <=> AgCI2- Log lOB2° = 4.9 

Ag+ + 3 cr <=> AgCI/- Log lOB3° = 4.9 

Ag+ + 4 cr <=> AgC143- Log lOB/ = 5.1 

Ag+ + HS- <=> AgS- + H+ LOglOK1 ° = 3.4 

AgCI(s) <=> Ag+ + cr LOglOKso ° = -9.9 

Ag2S(S) + H+ <=> 2 Ag+ + HS- LOglOKsoO = -36.2 

Ag(cr) <=> Ag+ + e- - IOglOKso ° = -13.509±0.014 

Note: Model calculations for silver have been performed under the assumption 
that total dissolved Fe2+ is fixed at 4.33.10-5 molll, and that sulphate is not 
reduced to sulphide. Therefore, HS- concentration in the reference bentonite 
pore water is ignored. When HS- formation is not ignored, even traces of 
sulphide are predicted to precipitate as Ag2S(s). Thus, dropping the restrictive 
assumptions would allow for sulphate reduction, which in turn would produce 
very low Ag concentrations (the product [HS-][Agtotl2 is below 10-34 mol3/13 at 
reference conditions). Hence, it may well be that the present recommendation 
for the upper limit overestimates total dissolved silver by several orders of 
magnitude. 
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4.26 Molybdenum 

Apart from the basis species Mool- the NagralPSI TDB includes only three 

solids, adopted without change from PEARSON et al. (1992). Together with data 
for powellite, CaMo04(s), and HMo04- from a former MINEQL database the 

very small data set compiled in Table 22 is obtained. Using these data, Mo02(s) 

is found to be the stable solid under present conditions. It limits total dissolved 
Mo at 

1.2.10-6 molll, 

with M0042- being the dominant complex in solution (formation constants for 

other complexes are not available). Uncertainties are not available. 

Note: According to the relevant equilibrium Mo02(s) + 2 H20 {::::} Mool- + 4 H+ 

+ 2 e-, total dissolved Mo is very sensitive to pH and Eh. Further, the 

mandatory redox reaction among Mo(IV) and Mo(VI) may well interfere with the 
redox determining iron system, since both redox couples appear at comparable 

concentration levels in the dissolved state. With other words, Mo(VI)/Mo(lV) 
instead of Fe(III)/Fe(lI) may become the redox determining couple and the 

underlying conceptual redox model breaks down when Eh reaches about 
-200 mY. The real uncertainty of this system is not primarily associated with the 

uncertainty of the thermodynamic data, but with the lack of data for potential 
additional solutes. However, modelling an artificial Mo02-H20 system at pH 7.9 
(corresponding to a IOglO(pC02) of -3.5) would produce 1.3.10-5 molll of 

dissolved Mo and an Eh of -215 mV when using the data from Table 22. It is 

recommended to utilise this value for the upper limit. 

Table 22: Thermodynamic data for molybdenum. 

Equilibrium 
PEARSON et al. Former MINEQL 
(1992) database 

MoO/- + H+ {:::? HMo04- I091OK1 ° = 4.3 

CaMo04(s) {:::? Ca2+ + MoO/- I091OKsOo = -7.4 

Mo(s) + 4 H20 {:::? MoO/- + 8 W + 6 e- I091OKso ° = -19.667 (-19.67) 

Mo02(s) + 2 H20 {:::? MoO/- + 4 W + 2 e- I091OKsOo = -29.956 (-29.96) 

M003(S) + H20 {:::? MoO/- + 2 H+ I091OKso ° = -12.055 (-12.06) 
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4.27 Cobalt 

Cobalt may appear in the redox states Co(lI) and Co(III), but contributions from 
Co(lIl) are absolutely insignificant in the pC02/Eh range considered. The 
NagralPSI TDB does not include data for cobalt, but from a former MINEQL 
database, the following equilibria were used to perform an estimate for Co 
solubility: 

Table 23: Thermodynamic data for cobalt as taken from a former MINEQL 
database. 

Equilibrium Former MINEQL database 

Co2+ + H20 {:::} CoOW + W IOg1OK1° = -9.7 

Co2+ + 2 H20 {:::} Co(OHh(aq) + 2 H+ IOg10~2° = -19.6 

Co2+ + 3 H20 {:::} Co(OH)s- + 3 W IOg10~3° = -32.3 

Co2+ + 4 H20 {:::} Co(OH)/- + 4 W IOg10~4° = -45.8 

Co2+ + SO/- {:::} CoS04(aq) IOg10~1° = 2.36 

Co2+ + CI- {:::} CoCI+ IOg10~1° = -0.05 

Co(OHh(s) + 2 W {:::} Co2+ + 2 H2O IOg1OKso ° = 13.1 

CoS(s) + W {:::} Co2+ + HS- IOg1OKso ° = (-11.7) see text 

CoC03(s) {:::} Co2+ + C032- IOg1OKsoO = (-10.0) see text 

Using these data, CoC03(s) would limit Co solubility at 4.3·10-4 molll. However, 
GRAUER (1999) proposed to use a IOglOKsoO of -11.2±0.3 for CoC03(s) instead 
of -10.0 as given in the above list. With this improved solubility product one 
estimates total Co concentrations of 

2.7.10-5 molll 

at IOglO(pC02) = -2.2. Relevant complexes in solution are Co2+ (55 %), 
CoS04(aq) (42 %) and CoCI+ (2 %). There are no uncertainties available for the 
formation constants of dissolved complexes and, further, potentially important 
complexes like CoC03(aq) are not included in the above list. It was assumed 
that the formal uncertainty is comparable to that of the Ni system, and by 
adopting a value of ±OA loglO-units (see section 4.19) it is estimated: 

upper limit: 
lower limit: 

7·1 0-5 molll 
1 ·1 0-5 molll. 



55 NAG RA NTB 02-10 

Note: Model calculations for cobalt have been performed under the assumption 
that total dissolved Fe2+ is fixed at 4.33.10-5 molll, and that sulphate is not 
reduced to sulphide. Therefore, HS- concentration in the reference bentonite 
pore water is ignored. When HS- formation is not ignored, CoS(s) is predicted 
to precipitate. Thus, dropping the restrictive assumptions would allow for 
sulphate reduction, which in turn would produce lower Co concentrations. 
Based on an extensive appraisal of the available literature, THOENEN (2001 b) 
estimated maximum concentrations of about 10-9 molll for the CoS(s)-H20 
system at pH 8 and under conditions where HS- is stable (using IOglOKso O(CoS) 
= -10). An increase by a factor of about 2 would be sufficient to account for the 
necessary sulphate complex formation not considered by THOENEN (2001 b). 
Hence, it may well be that the present recommendation overestimates total 
dissolved cobalt by about four orders of magnitude. 

4.28 Ruthenium, Iron, Calcium, Beryllium, Hydrogen 

Ruthenium 

A short comment on ruthenium is given in BAES & MESMER (1976), saying that 
"the hydrolysis of Ru(lI/) and Ru(lV) is dominated by the insolubility of the 
oxides and that no information is available for Ru(If)". Due to its noble 
character, Ru(O) becomes stable when Eh turns negative. The author has 
nothing to add, but he would like to mention that one should give up the idea of 
using iron as a potential analogue. 

Iron 

Iron is a system-defining element. In order to control system Eh calculations 
while varying pC02, the concentration of Fe2+ at reference conditions was fixed 
at 

4.33.10-5 mol/l. 

Simultaneously, the conceptual model assumes saturation with the main 
corrosion product magnetite (section 2.2, Table 2, and CURTI & WERSIN 2002). 
The model calculations reveal that total dissolved iron will not exceed this limit, 
but they also show that magnetite may generate a somewhat lower 
concentration of about 10-5 molll of dissolved iron at IOglO(pC02) = -3.5. Thus, 
it is suggested to adopt the following limits: 

upper limit: 
lower limit: 

4.3.10-5 molll 
1 ·1 0-5 mol/l. 



NAG RA NTB 02-10 56 

Calcium 

Calcium is a system-defining element whose concentration is fixed through 
saturation with calcite and gypsum at (see Table 2, and CURTI & WERSIN 2002) 

1.32.10-2 mol/l. 

Very low uncertainties are estimated from calcite and gypsum solubility 
products « 5 %). These uncertainties are believed to be even lower than those 
introduced by the ionic strength correction model implemented in the 
geochemical code system (Davies equation). However, varying the partial 
pressure of CO2 in the range -1.5 > IOglO(pC02) > -3.5 produces higher 
"uncertainties": 

Beryllium 

upper limit: 
lower limit: 

1 .6.10-2 molll 
1.2.10-2 mol/l. 

The Nagra/PSI TDB as well as the former MINEQL database do not include 
thermodynamic data for beryllium. However, from BAES & MESMER (1976) one 
learns that Be may form polynuclear complexes below pH - 6 (mainly the trimer 
Be3(OHh 3+), and anionic hydroxides (Be(OHh -, Be(OH)l-) above pH - 10. 
Thus, the maximum solubility may well exceed 10-3 molll in these pH ranges. A 
minimum solubility is observed in the pH range [- 7 ... - 10], where saturation 
with a-Be(OHh(s) produces Be concentrations not exceeding about 10--6 mol/l. 

Hydrogen 

It is not sensible to perform "solubility calculations" for tritium. 
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5 HYPOTHETICAL OXIDISING CONDITIONS 

Reducing conditions are an essential feature of the repository system because 
they lead to rather low solubilities for many relevant elements. Such conditions 
are a consequence of the large amounts of steel/iron disposed of together with 
the waste. Even though results from JOHNSON & SMITH (2000) indicate that 
oxidising conditions would not occur, the principles of assessing safety require 
that the possible impacts of oxidising conditions be assessed. Therefore, and in 
the sense of a "what-if" scenario, this section addresses the expected maximum 
concentrations of the redox sensitive elements Pu, Np, U, Tc, Se and Sb at 
"oxidising" conditions. 

For present conditions, i.e. pH=7.25/ log1O(pC02) = -2.2, WERSIN & JOHNSON 
(2001) assigned an Eh value of +635 mV to the term "oxidising conditions". This 
assignment was done under the assumption that the system Eh is defined by 
saturation with magnetite in combination with the most soluble Fe(OHh(s) 
included in the database. 

Irrespective of the rationale behind this definition of "oxidising conditions", it is 
not difficult to perform corresponding model calculations in the sense of a 
"what-if" question. Nevertheless, one should be aware of the fact that such 
estimates may offer some consistency problems. For example, the above 
definition of "oxidising" is not consistent with the manganese system as set up 
in the "pristine" reference bentonite pore water (see Table 2). To investigate the 
impact of oxidising conditions would in fact necessitate a substantial re
definition of the reference conditions. However, for the sake of simplicity it was 
refrained from re-defining the reference conditions, thereby accepting a certain 
degree of inconsistency. 

Model calculations were performed as outlined in section 2.3. However, the 
coupling of Eh to pC02 via the magnetite/Fe2+ equilibrium was dropped for 
these calculations. Instead, the geochemical code system was compelled to 
independently vary Eh while keeping remaining chemical constituents on the 
levels given in Table 2. 

A summary of expected maximum concentrations for selected redox sensitive 
elements is provided in Table 24, clarifying details are given in the sections 5.1 
through 5.6. 
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Table 24: Expected maximum concentrations in bentonite pore waters (lOglO(pC02) = -2.2, pH = 7.25, T = 25 QC) under 
oxidising conditions (+635 mV) as calculated with the updated Nagra/PSI Chemical Thermodynamic Data Base 
01/01. Concentrations are given as [mol/l], rounded to 1 digit. 

Element Lower limit Maximum Upper limit Eh / Limiting solid / Comments 
solubility 

Pu 3.10-9 3·10-8 3.10-7 +635 mV; Pu02(hyd, aged); Uncertainty from Pu02(hyd, aged) (±1.0 logw-units) 

Np 4·10-B 1.10-5 4·10--4 +635 mV; NaNp(V)02C03(S); Uncertainty from NaNp(V)02C03(S) (±0.5 logw-units) 

U 7.10-3 2.10-2 7.10-2 +635 mV; U02C03(cr); (rutherfordine); system very sensitive to polymeric species 

3·10--4 3·10--4 - +635 mV; K2US0 19.11 H20(s) (compreignacite); Solubility data from SANDINO & 
GRAMBOW (1994) 

Tc - not limited - > + 150 mV; Speciation: TC04-: 100 %; Tc(VII) becomes dominant above 0 mV 

Se - not limited - +635 mV; Se(IV) becomes dominant above 0 mV, Se (VI) above +400 mV 

2·10--4 
pronounced redox sensitivity in the range -100 to + 100 mV. 

+200 to +400 mV; CaSe03(s); Solubility data from SEBY et al. (2001) 

Sb - not limited - > +200 mV; Speciation: Sb(OH)s(aq): 100 % 
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5.1 Plutonium 

The distribution of the different redox states of dissolved Pu is represented in 
Figure 17. As in the case of reducing conditions, Pu02(hyd.,aged) turns out to 
be the most stable solid (see also section 4.4). Pu(IV) and Pu(V) are the 
prevailing redox states at +635 mV, only minor contributions are expected from 
Pu(VI). The estimated maximum concentration is 

3.10-8 molll, 

with the calculated speciation: PUV02+: 53.6 %, PUIVC03(OHh-: 33.7 %, 
PUV02C03-: 10.0 %, PUV102(C03)/-2X: 1.5 %, Pu1v(OH)4(aq): 1.2 %. The limits 
are estimated from propagating the uncertainty of the solubility product (± 1.0 
loglO-units): 

upper limit: 
lower limit: 

3·1 0-7 molll 
3·1 0-9 molll. 

Note the considerable contribution of the mixed hydroxide carbonate complex 
PUIVC03(OHh- to total dissolved Pu. This complex had been recognised as a 
potentially missing species for carbonate-containing environments (see Table 
4). The complex dominates the Pu-system in the Eh-range from +50 mV (where 
Pu(III) becomes insignificant; see Figure 17) up to + 500 mV (where Pu(V) 
starts becoming significant). Thermodynamic properties for this mixed complex 
were selected based on a maximum value that is still consistent with 
experimental data (HUMMEL & BERNER 2002). Hence, no further increase of 
uncertainty is to be expected from this species. 
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5.2 Neptunium 

The distribution of the different redox states of dissolved Np is represented in 
Figure 18. Above about 0 mV Np(V) is stabilised and total dissolved Np 
increases until the alkali carbonate solid NaNpv02(C03)(S) becomes saturated 
at +200 mV. Up to about + 800 mV (where Np(VI) starts becoming significant) 
the major Np species do not change as a function of Eh. At +635 mV the 
estimated maximum concentration is 

1.10-5 molll, 

and the calculated speciation is: Np v02 +: 86.1 %, Np V02C03 -: 11.2 %, 
NpV02S04-: 2.7 %. Upper- and lower limits are straightly taken from the 
uncertainty of the solubility product of NaNp V02(C03)(S) (± 0.5 log1O-units): 

upper limit: 
lower limit: 

4·1 0-4 molll 
4·1 0-6 molll. 

Note: With NaNpv02(C03)(S) a "new type of players" enters the game. The 
database includes several other "double salts" including alkali carbonates, 
which could precipitate at elevated ionic strength (i.e. Na3Np V02(C03h(s), 
K4NP VI02(C03h(s), (NH4)4Np VI02(C03h(s)). Thus, the maximum solubility (and 
consequently the uncertainty) additionally depends on nature and concentration 
of the "inert electrolyte". 
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5.3 Uranium 

U(VI) is the only significant redox state in a oxidising environment (Eh> 0 mV). 
According to the contents of the NagralPSI TDB, U02C02(cr) (rutherfordine) 
produces total dissolved U concentrations of 2.10-2 molll. At such high 
concentrations the calculated speciation includes mainly polymeric species: 
(U02h(OHhC03-: 57.8 %, (U02h(C03)66-: 29.7 %, U02(C03)x2-2X: 12.3 %, 
(U02)x(OH)y 2x-y: 0.2 %. Formal uncertainties propagated from the solubility 
product and the most relevant solute produce (0.52+(2.0.04)2)112 = ±0.51 10glO
units, leading to upperllower limits of 7.10-2/7.10-3 molll. 

However, SANDINO & GRAMBOW (1994) report 10glOKsoO = -36.82 ± 0.32 for the 
compreignacite solubility equilibrium: 

K2U60 19.11 H20(s) + 14 H+ ~ 2 K+ + 6 U022+ + 18 H20 

Applying the maximum value from this range (IOglOKso 0 = -36.5) produces the 
least U concentrations of 3·10-4 molll (dotted line in Figure 19) and the 
speciation U02(C03)x2-2X: 83.1 %, (U02h(OHhC03 -: 15.9 %, (U02h(C03)66-: 

1.0 %. Regardless of the fact that 3·10-4 molll describe the lowest reported 
value of compreignacite solubility (and in contrast to the usually applied 
principles of conservatism), it is recommended to use this value for uranium 
solubility under oxidising conditions. The upper limit, 7.10-2 molll, reflects the 
solubility of rutherfordine. 
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Inspecting Figure 19 implies fairly constant system behaviour, but that is only 
half the truth. Due to the well-established formation of polymeric solutes, the 
system (particularly the modelled solubility) immediately becomes very sensitive 
to all parameters influencing these solutes. Such sensitivity analysis is far 
beyond the aims of the present study, but it should be kept in mind when 
having a closer look to oxidising conditions becomes a necessary task. 

5.4 Technetium 

There is not much to add to the situation as represented in Figure 20. Above 
o mV the pertechnetate ion, TC04-, becomes dominant and the calculated 
solubility increases by 3 orders of magnitude per 59.2 mV. It is not sensible to 
perform model calculations up to +635 mV. Technetium will no more be limited 
above about +150 mV (the point where Tc(lV) starts dropping to insignificance). 
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The underlying redox equilibrium TcO(OHh(aq)/Tc04- has an uncertainty of 
± 0.8 log1O-units, which adds up to a total uncertainty of ± 0.94 log1O-units when 
the uncertainty of TC02.1.6H20(s) solubility (± 0.5 log1O-units) is also 
considered. Since the redox equilibrium involves a 3-electron step, this rather 
large uncertainty has only limited effect (± 20 mV) on the "Eh-axis position" of 
the point where TC04- becomes dominant. 
It is clearly the characterization of Eh, which has the most pronounced influence 
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on the solubility of Tc at oxidising conditions. One should also recognise that 
dissolved Tc exceeds dissolved iron already below +100 mY, raising the 
question on "what actually determines Eh?". 

5.5 Selenium 

Selenium is very sensitive to Eh. Further, the available thermodynamic data 
suffer from the fact that Se(cr) is the only solid phase that has been selected 
(HUMMEL et al. 2002), although various solubility studies for many selenites can 
be found in the literature (MI2,M"Se03(s)). Based on work of SHARMASARKAR et 
al. (1996), the critical review of SEBY et al. (2001) lists IOglOKsoO = -7.76 ± 0.18 
for the equilibrium 

CaSe03.H20(s) <=> Ca2+ + Se032- + H20. 

For present conditions (Le. pH 7.25) this equilibrium limits total dissolved Se at 
1.7·10-4 molll in the range +200 to +400 mY. The ratio of Se(IV)/Se(VI) may be 
estimated from Figure 21, the speciation of Se(IV) is HSe03-: 85 %, Se032-: 
15 %, and the speciation of Se(VI) is 100 % Se042-. 
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The model calculations reveal that Se(VI) becomes dominant above +400 mV 
and solubility is no more limited. Thus, at +635 mV selenium is 

not limited. 

Note: Similar to Tc, dissolved Se(IV, VI) exceeds dissolved iron (above 
+200 mV), which would require to re-consider the underlying redox model. 

5.6 Antimony 

There is not much to add to Figure 22. Above +150 mV Sb(V) becomes the 
dominant redox state, with the speciation Sb(OH)6-: 100%. Using Sb20 5(s) as 
the limiting solid would produce molar concentrations. Thus, at +635 mV 
antimony is 
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6 CONCLUDING REMARKS 

A main aim of this work was to define maximum expected concentrations of 
safety-relevant radionuclides in a predefined chemical system by using the 
principles of chemical equilibrium thermodynamics. It was not difficult to 
achieve this objective with the help of the recently revised and well-documented 
thermodynamic database. For almost all radionuclides a quantitative 
specification was possible, although for some elements one had to fall back on 
less well-documented data and for few nuclides no data at all were available. 

Thus, the presented results reflect the current state of the art of chemical 
knowledge in the thermodynamic database(s), applied to the specific case of 
reducing bentonite pore waters. However, the study raises a couple of 
unresolved problem areas and I would like to briefly recapitulate some of them. 

An important open question is about the nature of the limiting solid. In respect 
thereof the database, and concomitantly its application, still needs 
improvements. The radium example in paragraph 4.9 points out that it is 
essential to consider the characteristics of the pure phases (RaS04), but it also 
shows that this knowledge alone is not always sufficient and does not lead to 
best results in every case. The formation of mixed phases Isolid solutions is 
therefore a research area, to which future safety analyses will have to pay more 
attention. From research work in these fields, one can expect a further lowering 
of predicted maximum concentrations. However, one will have to pay the price 
for such improvements. Solubility limits will become strongly system dependent, 
because appropriate model approaches will need to consider all solids in the 
chemical system (including their amounts) as well as their potential interactions. 

Less well-known species may become important, depending on the 
composition of the particular chemical system. The silicate complexes of the 
trivalent cations (Table 5) or the mixed hydroxide carbonate complexes of the 
tetravalent actinides (Table 4) may serve as examples. There are many other 
potentially important complexes that are only weakly represented in the 
thermodynamic database (e.g. phosphates and sulphides). Essentially the 
formation of such complexes produces increased maximum concentrations and 
their relevance needs to be carefully clarified. However, considering the 
enormous variety of chemical systems it is inconceivable to examine all 
possible variations with the necessary care and in the available time. For safety 
analyses such additional investigations are thus to be accomplished system
specifically and in an iterative way. 
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The validity of the application of thermodynamic principles is a further problem 
area that consistently pops up (and is never answered to sufficient degrees). 
Taking the case of precipitation of metallic Pd from solution as an example, 
section 4.16 addresses such problems. Precisely the question is unanswered, 
whether a thermodynamically stable solid is really formed under given 
conditions, and in which period. Due to time limitations, laboratory experiments 
often fail to answer such questions in a conclusive way. From my view it is 
necessary to perform additional investigations in chemically similar, natural 
systems, thereby drawing suitable analogy reasoning for artificial elements such 
as Tc, Np, Pu and Am. An alternative method would be to quantify e.g. the 
reaction rates of the underlying elementary reaction steps (chemical kinetics), 
but from today's view, this seems to be a hopeless undertaking. 

Apart from providing a comprehensive evaluation of radionuclide solubilities 
including extensive documentation, a further objective of this work was to 
assess uncertainties and ranges of results. This aspect of the work proved 
complex and required the major part of the available time. Consequently, only 
parts of this second objective could be achieved. However, the work on 
uncertainties / ranges points out some difficulties, which may have 
consequences for a more extended part of the entire safety analysis model 
chain. 

A clear differentiation between uncertainties and expected ranges must be 
made. As outlined in section 3, formal uncertainties for a given chemical system 
can be estimated rather simply from existing uncertainties of the most relevant 
equilibria. 

In order to derive meaningful ranges, uncertainties of all system properties 
(thermodynamic data, mass balances, supposed phase assemblies, etc.) would 
also have to be included. The CO2 partial pressure and the system redox 
potential were identified to be the most uncertain parameters. Consequently, 
maximum concentrations were modelled over 2 orders of magnitude of CO2 

partial pressure. In order to simplify the system, Eh was coupled to pC02 via 
the redox couple magnetite/Fe2+. This pragmatic procedure succeeded to 
image at least the most important system uncertainties on the expected ranges 
of results. 

However, for a number of chemical elements, associated maximum 
concentrations do not exclusively depend on total carbonate, pH and Eh. 
Sulphate (cf. Ra, Pb) or chloride (Pd) can also be important. Additionally, 
fundamental decisions such as coupling or uncoupling the sulphate/sulphide 
equilibrium are able to crucially affect the range of results (in this particular case 
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in connection with sparingly soluble sulphides). Calculated maximum 
concentrations of individual nuclides (Nb, Se, Ni, Cd, Mo, Co) could exceed the 
concentration of the major solutes and thus hurt fundamental system 
assumptions. All these special features are to be considered when evaluating 
ranges. 

Uncertainties / ranges may have quite different causes and different values may 
be assigned to them. I believe that the term uncertainty is a characteristic of the 
whole system and not only of single nuclides. In the sense of consistent 
outcomes, the term uncertainty has to be treated in an extensive way and I 
conclude that future studies should include uncertainty already as an essential 
part of the system definition. 
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Addendum written by Nagra 
 
In the following table the solubility limits that were used in the transport calculations for 
the safety assessment of Project Opalinus Clay are presented. The values derived by 
U. Berner (this report) were carefully evaluated in terms of their suitability for usage in 
the transport calculations. Thus, plausibility tests were done by comparisons with other 
recent safety assessments, by considering natural analogue data and by expert 
judgement. This work is presented in a separate report (Schwyn & Wersin, 2003; 
Nagra Technical Report, in prep.). 
 
The majority of the solubility limits for the SF/HLW near field and lower and upper 
uncertainties thereof were directly taken from this report (Table 1). This also applies to 
the solubility limits for the hypothetical case of oxidising conditions (Table 24). The 
values were, however, rounded to one significant digit. For a few elements modified 
values or values not given in the report were used in the safety assessment (bold face 
in Table A1). The rationale for selection of these modified values is given in a separate 
column. The list of radioelements does not entirely correspond to the one in the report 
because during the course of this work the selection of safety relevant radionuclides 
was slightly modified. 
 
 
 
 
Table A1: Solubility limits (in mol/l) used for safety assessment of SF/HLW.  
 Bold: modified from or not present in this report. Other values directly taken 

from Tables 1 and 24. 
 
 
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 Table 1 
Be  1e-06 1e-06 high 1e-06 not present in Table 1  

rc-v: est. from Be(OH)2 solub. (p. 56)
ll-v: conservatively set to rc-v; 
ul-v: conservatively set to "high"   

Cinorg 3e-03 6e-04 7e-03 3e-03 taken from reference bentonite water 
(CURTI & WERSIN, 2002) 

Corg high high high high missing in Table 1 
conservatively assumed not limited 

Cl high high high high not present in Table 1 
Ca  1e-02 1e-02 1e-02 1e-02 taken from reference bentonite water 

(CURTI & WERSIN, 2002) 
Ni 3e-05 1e-05 8e-05 3e-05  
Se 5e-09 2e-11 1e-05 high  
Sr 2e-05 3e-06 1e-04 2e-05 not present in Table 1 

taken from reference water 
uncertainty (CURTI & WERSIN, 2002)

Zr 2e-09 3e-11 2e-09 2e-09  
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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 

Nb 3e-05 1e-08 1e-04 3e-05 not present in Table 1 
ll-v: suggested value of LOTHEN-
BACH et al. (1999) (p. 35) 
ul-v: derived from pH dependence 
(Fig. 9) 

Mo 1e-06 1e-06 1e-05 1e-06 not present in Table 1 
conservatively assumed to be rc-v 

Tc 4e-09 1e-09 1e-08 high  
Pd 5e-08 1e-10 2e-07 5e-08 rc-v: conservatively Pd(OH)2 solubility 

assumed (p. 40) 
ll-v: 1e-10 M  applied to represent 
“insignificantly low” 

Ag 3e-06 1e-10 3e-06 3e-06 not present in Table 1 
rc-v: conservatively AgCl solubility 
assumed (pp. 51/52) 
ll-v: 1e-10 M applied to represent 
“insignificantly low” 

Sn 1e-08 5e-09 1e-07 1e-08  
I high high high high not present in Table 1 
Cs high high high high not present in Table 1 
Sm 5e-07 3e-07 9e-07 5e-07 missing in Table 1 

Eu used as chemical analogue 
Ho 5e-07 3e-07 9e-07 5e-07  
Pb 2e-06 2e-08 8e-05 2e-06 not present in Table 1 

ll-v: assumption of PbS precip. (p.45)
ul-v: Ni used as analogue 

Po high high high high not present in Table 1 
"high" selected because of lack of 
reliable data 

Ra 2e-11 4e-12 5e-08 2e-11 assumption of solubility control by 
pure RaSO4 (cf. p. 28) 

Ac 1e-06 5e-08 3e-05 1e-06  
Th 7e-07 2e-07 3e-06 7e-07  
Pa 1e-08 1e-08 1e-05 1e-05 not present in Table 1 

ll-v: conserv. assumed same as rc-v 
ul-v: Np(V) (Tab. 24) as analogue 

U 3e-09 3e-10 5e-07 3e-04 assumption of solubility control  by 
compreignacite (cf. Table 24) 

Np 5e-09 3e-09 1e-08 1e-05  
Pu 5e-08 3e-09 1e-06 3e-08  
Am 1e-06 5e-08 3e-05 1e-06  
Cm 1e-06 5e-08 3e-05 1e-06  
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