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ABSTRACT
The modelling of the behaviour of hazardous materials under environmental conditions is among the
most important applications of natural and technical
sciences for the protection of the environment. In the
field of radioactive waste management, the hazardous
material consists to a large extent of actinides and
fission products from nuclear power plants, in addition to lesser amounts from other sources such as
waste from medicine, industry and research facilities.
Equilibrium thermodynamics is one of the pillars
which support safety analyses of repositories for
radioactive waste. Thermodynamic constants are
used in modelling reference porewaters, calculating
radionuclide solubility limits, deriving case specific
sorption coefficients, and last but not least in analysing experimental results. It is important to use the
same database throughout these modelling activities
to guarantee internally consistent results.
The research presented in this habilitation thesis consists of approaches to resolve the problems related to
thermodynamic equilibrium constants and solubility
of solid phases in the field of radioactive waste management. The thesis is composed of a series of manuscripts published between 1999 and 2005. The manuscripts are not strictly ordered according to their publication date but they are grouped according to three
different levels of problem solving strategies:
(1) Critical and comprehensive reviews of the available literature, which are necessary in order to establish a reliable thermochemical database that fulfils
the requirements for rigorous modelling of the behaviour of the actinides and fission products in the
environment. This group of manuscripts is entitled
“Thermodynamic data: Facts and fiction”.
The first series of manuscripts is devoted to aqueous
carbonate complexes of ferric iron and nickel. In
contrast to the general opinion, thermodynamic data
on carbonate complexes are poorly known, although
they are of importance in environmental systems. Our
experimental and review work allowed to close some
important gaps, especially concerning nickel carbonate complexes.
These topics and other reviews finally were summarised in the Nagra/PSI Chemical Thermodynamic
Data Base (TDB), which is the official chemical
thermodynamic database used in Swiss radioactive
waste disposal projects. Within the scope of this TDB
project I reviewed extensively thermodynamic data
for Th, Pd, Al, and solubility and metal complexation
of silicates.
In parallel to these projects I had been initiator, chairman and one of the five reviewers of the OECD

Nuclear Energy Agency TDB review on selected
organic ligands. The review considering not only U,
Np, Pu, Am, Tc, Ni, Se and Zr, but also the major
constituents of ground and surface waters, i.e. H, Na,
K, Mg and Ca. The decision to evaluate the organic
ligands oxalate, citrate, ethylenediaminetetraacetate
(edta) and α-isosaccharinate (isa) was based on two
aspects, namely the importance of the ligands in
radioactive waste problems, and the availability of
experimental data.
(2) In many case studies involving inorganic and
simple organic ligands a serious lack of reliable
thermodynamic data is encountered. There, a new
modelling approach to estimate the effects of these
missing data was applied. This so called “backdoor
approach” begins with the question, “What total concentration of a ligand is necessary to significantly
influence the speciation, and hence the solubility, of a
given trace metal?”
Radioactive waste contains substantial amounts of
ion-exchange resins from decontamination procedures. Degradation of these organic waste forms by
radiolysis in a repository is a source of concern in
radioactive waste management. Radiolytic degradation experiments with strong acidic ion exchange
resins resulted in the formation of the complexing
ligands oxalate and ligand X, whose structure could
not be identified. In the case of anion exchange resins
ammonia and methlyamines were detected. I assessed
the influence of these ligands on radionuclide speciation in groundwater and cement porewater of a repository using the “backdoor approach”.
Prussian Blue, FeIII4[FeII(CN)6]3, and structurally
related transition metal compounds like Ni2[Fe(CN)6]
are used as caesium ion exchangers in decontamination procedures of liquid radioactive waste. The used
ion exchangers are conditioned as cementitious waste
form for interim storage and finally will become part
of the radioactive waste in geological repositories.
The worst-case scenario is the instantaneous and
complete dissolution and decomposition of the ion
exchangers in the cementitious environment and the
release of free cyanide. I assessed the effects of cyanide complexation on the speciation and solubility of
radionuclides by “backdoor” calculations.
In the course of the review process for the Nagra/PSI
TDB two important cases of insufficient chemical
knowledge were identified leading to gaps in the
database. First, experimental data for the system
ThO2 – H2O cannot be interpreted by a unique set of
thermodynamic constants. Second, potentially important thermodynamic constants for mixed carbonatohydroxo complexes of tetravalent actinides are
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missing because of insufficient experimental data.
Both problems have been solved using the “backdoor
approach”, i.e. by adjusting thermodynamic constants
to maximum feasible values that are still consistent
with all available experimental solubility data.
(3) In the field of natural organics, mainly humic and
fulvic acids, we face an ill-defined problem concerning the molecular structure of the ligands. There,
I proposed a pragmatic approach for performance assessment purposes, the “conservative roof” approach,
which does not aim to accurately model all experimental data, but allows estimates of maximum effects
on metal complexation by humic substances to be
calculated.
The major effects influencing radionuclide – humate
interactions are explored in detail:
• The metal concentration effect: With decreasing
radionuclide concentration an increase in the
complexation of the radionuclides with humic
substance is observed. The observation of a consistent pattern of experimental data that is difficult
to model is not surprising if we consider “humic
substance” as a mixture of molecules or as large
structures containing different binding sites.
• The pH effect: At trace metal concentrations, the
concentration range of radionuclides relevant for
performance assessment, the linear variation of
experimental complexation values with pH is a
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general observation made in investigations of
metal – humate interactions. Again, the apparently
simple linear pH behaviour does not lead to a
simple model in terms of reaction mechanisms.
• Competition effects: The interaction of metal ions
with humic substances is treated within the framework of equilibrium thermodynamics. Therefore,
in principle, all other equilibria in the chemical
system are expected to influence these interactions. These competition effects comprise the
competition of other metal ions with radionuclides, and the competition of anions and mineral surface sites with binding sites of humic substances.
The first two effects are included in the “conservative
roof” approach in a simplified form suitable for performance assessment. The competition effects were
explored by the “backdoor approach” using the “conservative roof” model and additional thermodynamic
information.
A worked out case study for a safety analysis of a
Swiss geological repository project elucidated all important effects in quantitative terms. This case study
may serve as a roadmap for the design of more
sophisticated approaches to deal with radionuclide –
humate interactions in future performance assessments.
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ZUSAMMENFASSUNG
Modellrechnungen zum Verhalten von Schadstoffen
in natürlichen Systemen gehören zu den wichtigsten
Aufgaben der Umweltwissenschaften. Auf dem Gebiet der Entsorgung radioaktiver Abfälle bestehen die
Schadstoffe zu einem grossen Teil aus Actiniden und
Spaltprodukten aus Kernkraftwerken, sowie zu kleineren Teilen aus anderen Quellen wie Medizin,
Industrie und Forschungseinrichtungen.
Gleichgewichtsthermodynamik ist einer der Pfeiler,
die Sicherheitsanalysen für Tiefenlager von radioaktivem Abfall stützen. Thermodynamische Konstanten
werden dabei zur Modellierung von Referenzporenwasser, zur Berechnung von Löslichkeitsbegrenzungen, zur Ableitung fallspezifischer Sorptionskoeffizienten, und nicht zuletzt zur Auswertung experimenteller Resultate verwendet. Es ist wichtig, die gleiche
Datenbank in allen diesen Modellrechnungen zu benutzen, um intern konsistente Resultate garantieren
zu können.
Die Forschungsarbeiten, die in dieser Habilitationsschrift vorgestellt werden, beschreiben verschiedene
Ansätze, um Probleme bezüglich thermodynamischer
Gleichgewichtskonstanten und der Löslichkeit von
Festphasen auf dem Gebiet der Entsorgung radioaktiven Abfalls zu lösen. Die Habilitationsschrift besteht aus einer Reihe von Manuskripten, die zwischen
1999 und 2005 veröffentlicht wurden. Die Manuskripte wurden nicht einfach gemäss ihrem Publikationsdatum angeordnet, sondern auf drei verschiedene Ebenen von Problemlösungsstrategien aufgeteilt:
(1) Kritische und umfassende Begutachtung experimenteller Arbeiten, die notwendig ist, um eine zuverlässige thermochemische Datenbank aufzubauen, die
die Anforderungen für genaue Modellierung des Verhaltens von Actiniden und Spaltprodukten in der Umwelt erfüllt. Diese Gruppe von Manuskripten hat den
Titel: „Thermodynamic data: Facts and fiction”.
Die ersten drei Manuskripte sind den wässrigen Karbonatkomplexen des Eisens und des Nickels gewidmet. Im Gegensatz zu einer weit verbreiteten Meinung sind thermodynamische Daten für Karbonatkomplexe schlecht bekannt, obgleich sie wichtig sind
für natürliche Systeme. Unsere experimentellen und
theoretischen Arbeiten schlossen einige wichtige
Lücken, insbesondere für Nickelkarbonatkomplexe.
Diese und andere Arbeiten wurden schließlich in der
Nagra/PSI chemischen thermodynamischen Datenbank (TDB) zusammengefasst. Sie ist die offizielle
thermodynamische Datenbank für schweizerische
Tiefenlagerprojekte für radioaktiven Abfall. Im Rahmen dieses TDB-Projektes begutachtete ich ausführlich thermodynamische Daten von Th, Pd und Al,

sowie Daten zur Löslichkeit und Metallkomplexbildung der Kieselsäureverbindungen.
Gleichzeitig mit diesen Projekten war ich Initiator,
Vorsitzender und einer der fünf Experten des OECD
Nuclear Energy Agency TDB-Projektes über ausgewählte organische Liganden. Das Projekt umfasste
nicht nur U, Np, Pu, Am, Tc, Ni, Se und Zr, sondern
auch die Hauptbestandteile von Grund- und Oberflächenwasser, d.h. H, Na, K, Mg und Ca. Die Auswahl der organischen Liganden Oxalat, Citrat, Ethylendiamintetraacetat (edta) und α-Isosaccharinat (isa)
basierte auf zwei Aspekten, nämlich der Bedeutung
der Liganden für die Entsorgung radioaktiver Abfälle
und der Verfügbarkeit von experimentellen Daten.
(2) In vielen Fallstudien mit anorganischen und einfachen organischen Liganden fanden wir einen
schwerwiegenden Mangel an zuverlässigen thermodynamischen Daten. In diesen Fällen benutzte ich
eine neue Methode zum Abschätzen der Auswirkungen dieser fehlenden Daten. Dieser so genannte
„backdoor approach“ beginnt mit der Frage: „Welche
Gesamtkonzentration eines Liganden ist notwendig,
um die Speziation und folglich die Löslichkeit eines
gegebenen Spurenmetalls erheblich zu beeinflussen?“
Radioaktiver Abfall enthält erhebliche Mengen an
Ionenaustauschharzen aus Dekontaminationsverfahren. Die Abbauprozesse dieses organischen Abfalls
durch Radiolyse in einem Tiefenlager waren eine
offene Frage. Radiolytische Abbauexperimente mit
stark säurehaltigen Ionenaustauschharzen ergaben die
Bildung der Komplexbildner Oxalat und Ligand X,
dessen Struktur nicht bestimmt werden konnte. Im
Fall von Anionenaustauschharzen wurden Ammoniak
und Methlyamine ermittelt. Ich beurteilte den Einfluss dieser Liganden auf die Radionuklidspeziation
in Grundwasser und Zementporenwasser eines
Tiefenlagers mit dem „backdoor approach“.
Berlinerblau, FeIII4[FeII(CN)6]3, und strukturell ähnliche Übergangsmetallverbindungen wie Ni2[Fe(CN)6]
werden als Cäsiumionenaustauscher in Dekontaminationsverfahren für flüssigen radioaktiven Abfall
benutzt. Die benutzten Ionenaustauscher werden als
zementhaltiger Abfall für die Zwischenlagerung konditioniert und sollen schliesslich in geologische Tiefenlager verbracht werden. Dort ist der schlimmste
anzunehmende Verlauf die sofortige und komplette
Auflösung und Zersetzung der Ionenaustauscher im
Zement und die Freisetzung von Cyanid. Ich beurteilte die Effekte der Cyanidkomplexbildung auf Speziation und Löslichkeit von Radionukliden durch
„backdoor“ Berechnungen.
Im Rahmen der Arbeiten für die Nagra/PSI TDB fanden wir zwei wichtige Fälle unzulänglichen chemi-
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schen Wissens, die zu Lücken in der Datenbank führten. Erstens, experimentelle Daten für das System
ThO2 – H2O können nicht durch einen eindeutigen
Satz thermodynamischer Konstanten vollständig
beschrieben werden. Zweitens fehlen möglicherweise
wichtige thermodynamische Konstanten für gemischte Karbonato-Hydroxokomplexe vierwertiger Actiniden wegen unzureichender experimenteller Daten.
Beide Probleme löste ich mit dem „backdoor approach“, d.h. indem ich thermodynamische Konstanten auf maximal Werte justierte, die noch mit allen
vorhandenen experimentellen Löslichkeitsdaten vereinbar sind.
(3) Auf dem Gebiet der natürlichen organischer Substanzen, hauptsächlich Humin- und Fulvinsäuren, haben wir ein schlecht definiertes Problem hinsichtlich
der molekularen Struktur der Liganden. Dort schlug
ich eine pragmatische Lösung für Sicherheitsanalysen vor, die Methode des „konservativen Dachs“,
die nicht darauf abzielt, alle experimentellen Daten
genau zu modellieren, sondern Schätzungen der
maximalen Metallkomplexbildung durch Huminstoffe zu liefern.
Die Haupteffekte, die Radionuklid – Huminstoff –
Wechselwirkungen beeinflussen, wurden im Detail
untersucht:
• Der Metallkonzentrationseffekt: Mit abnehmender
Radionuklidkonzentration wird eine Zunahme der
Komplexbildung der Radionuklide mit Huminstoffen
beobachtet. Diese Beobachtung eines konsistenten
Musters der experimentellen Daten, die aber schwierig zu modellieren ist, überrascht nicht, wenn wir
„Huminstoff“ als Mischung von Molekülen oder als
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grosse Strukturen betrachten, die unterschiedliche
Bindungsstellen enthalten.
• Der pH-Effekt: Bei Spurenmetallkonzentrationen,
dem Konzentrationsbereich von Radionukliden, der
für Sicherheitsanalysen relevant ist, ist die lineare
Variation der experimentellen Komplexbildungswerte mit dem pH eine allgemeine Beobachtung.
Wiederum führt dieses anscheinend einfache lineare
pH-Verhalten nicht zu einem einfachen Modell
bezüglich Reaktionsmechanismen.
• Konkurrenzeffekte: Die Wechselwirkung von Metallionen mit Huminstoffen wird im Rahmen der
Gleichgewichtsthermodynamik behandelt. Folglich
beeinflussen im Prinzip alle anderen Gleichgewichte
in einem chemischen System diese Wechselwirkungen. Die Effekte beinhalten die Konkurrenz von
anderen Metallionen mit Radionukliden und die
Konkurrenz von Anionen und von Mineraloberflächen mit Bindungsstellen der Huminstoffe.
Die ersten beiden Effekte werden durch das „konservative Dach“ in einer vereinfachten Form berücksichtigt, die für Sicherheitsanalysen geeignet ist. Die
Konkurrenzeffekte wurden durch den „backdoor approach“ abgeschätzt, der in diesem Fall das „konservative Dach“ und zusätzliche thermodynamische Informationen verwendet.
Eine ausgearbeitete Fallstudie für die Sicherheitsanalyse eines schweizerischen geologischen Tiefenlagers zeigt alle wichtigen Effekte in quantitativer
Form auf. Diese Fallstudie kann als Vorlage für detailliertere Modelle der Radionuklid – Huminstoff –
Wechselwirkungen in zukünftigen Sicherheitsanalysen dienen.
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1 INTRODUCTION
1.1

Motivation and objectives

The modelling of the behaviour of hazardous materials under environmental conditions is among the
most important applications of natural and technical
sciences for the protection of the environment. In
order to assess, for example, the safety of a waste
deposit, it is essential to be able to predict the eventual dispersion of its hazardous components in the
environment (geosphere, biosphere). For hazardous
materials stored in the ground or in geological formations, the most probable transport medium is the
aqueous phase. An important factor is therefore the
quantitative prediction of the reactions that are likely
to occur between hazardous waste dissolved or suspended in groundwater, and the surrounding rock
material, in order to estimate the quantities of waste
that can be transported in the aqueous phase. It is thus
essential to know the relative stabilities of the compounds and complexes that may form under the relevant conditions. This information is often provided
by speciation calculations using chemical thermodynamic data. The local conditions, such as groundwater and rock composition or temperature, may not
be constant along the migration paths of hazardous
materials, and fundamental thermodynamic data are
the indispensable basis for dynamic modelling of the
chemical behaviour of hazardous waste components.
In the field of radioactive waste management, the
hazardous material consists to a large extent of actinides and fission products from electronuclear reactors, in addition to lesser amounts from other sources
such as waste from medicine, industry and research
facilities. The scientific literature on thermodynamic
data, mainly on equilibrium constants and solubility
of solid phases in aqueous solution, has been, and
still is, contradictory in a number of cases, especially
in actinide chemistry.
This habilitation thesis is composed of a series of
manuscripts published between 1999 and 2005. They
are the result of research conducted at the Laboratory
for Waste Management, Paul Scherrer Institut, where
I work as research scientist since 1990 and as project
leader of the project “Geochemical Modelling” since
1994. The work presents approaches to resolve the
problems related to thermodynamic equilibrium constants and solubility of solid phases in the field of
radioactive waste management. The manuscripts are
not strictly ordered according to their publication date
but they are grouped according to three different levels of problem solving strategies:
(1) Critical and comprehensive reviews of the available literature, which are necessary in order to establish a reliable thermochemical database that fulfils

the requirements for rigorous modelling of the behaviour of the actinides and fission products in the
environment. This group of manuscripts is entitled
“Thermodynamic data: Facts and fiction”.
(2) In many case studies involving inorganic and
simple organic ligands a serious lack of reliable
thermodynamic data is encountered. There, a new
modelling approach to estimate the effects of these
missing data was applied. This so called “backdoor
approach” begins with the question, “What total concentration of a ligand is necessary to significantly
influence the speciation, and hence the solubility, of a
given trace metal?”
(3) In the field of natural organics, mainly humic and
fulvic acids, we face an ill-defined problem concerning the molecular structure of the ligands. There,
a pragmatic approach for performance assessment
purposes has been proposed, the “conservative roof”
approach, which does not aim to accurately model all
experimental data, but allows estimates of maximum
effects on metal complexation by humic substances
to be calculated.
However, before the results of these three topics are
summarised it seems to be appropriate first to set the
stage, which provides the background and reveals the
main driving force of the research activities presented
in this habilitation thesis: The safety of nuclear waste
repositories (HUMMEL & SCHNEIDER 2005).
1.2
1.2.1

Setting the stage:
Safety of nuclear waste repositories
Overview of repository concepts

Worldwide a significant amount of nuclear waste
exists today, and will continue to arise in the future.
This waste stems from a range of sources, including
electricity production in nuclear power plants and
applications of radioactive substances in medicine,
industry and research. A key principle of radioactive
waste management is that the waste must be disposed
of in such a way that the safety of man and the environment is ensured. It is widely accepted that one
possibility to meet this obligation is to emplace the
waste in a carefully sited and well-designed geological repository.
Internationally, a large number of nuclear waste repositories for low-level waste (LLW), low- and intermediate-level waste (L/ILW) and intermediatelevel waste (ILW) have been in operation for many
years; for example in Finland, France, Germany,
Japan, Spain, Sweden, the UK and the USA. Mainly
for technical reasons, the situation is different for
spent fuel (SF) and vitrified high-level waste (HLW)
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from reprocessing of spent fuel. These waste types
are currently in interim storage facilities to allow the
radiogenic heat production to decline to such levels
that the waste can be disposed of in deep geological
repositories so that temperatures stay below specification limits set to ensure the good performance of
the engineered barriers (specifically bentonite, a natural clay-based material that is foreseen in many SF /
HLW repository concepts as a buffer material
between the waste canisters and the host rock). Typical required minimal interim storage times are in the
order of 40 years. Even though there is no repository
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for SF or HLW in operation yet, detailed concepts
have been developed and refined over the last years,
and implementation is well under way in several
countries.
A few selected examples for different repository concepts for SF and HLW are given in Table 1. It is beyond the scope of this thesis to discuss these in detail
here; instead, the interested reader is referred to the
references given in Table 1. A broader overview of
national repository concepts for all waste types is
given by WITHERSPOON & BODVARSSON (2001).

Table 1: Examples for different repository concepts for SF / HLW.
Country

Organisation Waste

Canister

Buffer

Host rock

Concept

References

Belgium

ONDRAF

SF / HLW

Steel

Bentonite

Boom Clay

Horizontal emplacement in tubes

[1]

Finland

POSIVA

SF

Copper with
steel insert

Bentonite

Crystalline
basement

Individual vertical boreholes in the floor of
emplacement tunnels

[2]

France

ANDRA

HLW

Steel

Bentonite

CallovoOxfordian
Clay

Short horizontal tunnels
starting from main
gallery

[3]

Japan

JNC

HLW

Steel

Bentonitesand

2 host rocks
considered:
"hard" / "soft"

2 concepts considered:
horizontal / vertical

[4]

Sweden

SKB

SF

Copper with
steel insert

Bentonite

Crystalline
basement

Individual vertical boreholes in the floor of
emplacement tunnels

[5]

Switzerland

Nagra

SF / HLW /
ILW

Steel

SF / HLW:
Bentonite

Opalinus
Clay

Horizontal emplacement

[6]

Tuff

Horizontal emplacement in host rock above
the water table, use of
drip shields

[7]

ILW: Cementbased mortar
USA

DoE

SF / HLW

Steel

None

[1] Technical overview of the SAFIR 2 report: Safety assessment and feasibility interim report 2. NIROND-2001-05E. ONDRAF,
Brussels, Belgium, 2001.
[2] VIENO T., NORDMAN H., Safety assessment of spent fuel disposal in Hästholmen, Kivetty, Olkiluoto and Romuvaara: TILA-99.
Posiva Report 99-07. Posiva Oy, Helsinki, Finland, 1999.
[3] Dossier 2001 Argile sur l'avancement des études et recherches relatives à la faisabilité d'un stockage de déchets à haute activité
et à vie longue en formation géologique profonde: Rapport de synthèse. ANDRA, Châtenay-Malabry, France, 2001.
[4] H12: Project to Establish the Scientific and Technical Basis for HLW Disposal in Japan: Second Progress Report on Research
and Development for the Geological Disposal of HLW in Japan. JNC TN1410 2000-001. JNC, Tokyo, Japan, 2000.
[5] Deep repository for spent nuclear fuel: SR 97: Post-closure safety: Main report. Technical Report TR-99-06. SKB, Stockholm,
Sweden, 1999.
[6] Project Opalinus Clay: Safety Report. Demonstration of disposal feasibility for spent fuel, vitrified high-level waste and longlived intermediate-level waste (Entsorgungsnachweis). Nagra Technical Report NTB 02-05. Nagra, Wettingen, Switzerland,
2002.
[7] MCNEISCH J.A., Total system performance assessment for the site recommendation: Yucca Mountain Project. TDR-WIS-PA000001 REV 00 ICN 01. U.S. Department of Energy, Yucca Mountain Project, USA (CD), 2000.
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Figure 1: Possible layout for a deep geological
repository for SF / HLW / ILW in Opalinus Clay.
Taken from NAGRA (2002).
As an example, the possible layout for a Swiss deep
geological repository for SF/HLW/ILW in Opalinus
Clay is shown in Figure 1. The repository will consist
of a tunnel system for SF and HLW and separate
tunnels for ILW, with access via a ramp and/or
vertical shaft, depending on the repository location
and the host rock that is selected.
1.2.2

Safety concept of a geological repository

The safety concept explains how the repository system provides long-term safety. This usually involves
a multi-barrier system where each barrier contributes
to safety by providing multiple safety-relevant functions. For the case of vitrified HLW, this is illustrated
in Figure 2, where the innermost barrier (the solidification matrix) is shown at the top and the outermost
barrier (the geosphere with the host rock) is shown at
the bottom. For each barrier, the safety-relevant
functions are given, and it is indicated by which
processes each function operates. Similar functional
descriptions of the safety barrier system for SF and
long-lived ILW are given in NAGRA (2002).
Such a repository system provides the following
safety functions:

Figure 2: The system of safety barriers and the
multiple safety-relevant functions that each barrier
provides in the case of vitrified HLW. Taken from
NAGRA (2002).
• Isolation of the waste from the human environment: The safety and security of the waste, including fissile material, is ensured by placing it in
a repository located deep underground, with all
access routes backfilled and sealed, thus isolating
it from the human environment and reducing the
likelihood of any undesirable intrusion and misapplication of the materials. Furthermore, the absence of any currently recognised and economically viable natural resources and the lack of conflict with future infrastructure projects that can be
conceived at present reduce the likelihood of inadvertent human intrusion. Finally, appropriate
siting ensures that the site is not prone to disruptive events and to processes unfavourable to longterm stability.
• Long-term confinement and radioactive decay
within the disposal system: Much of the activity
initially present decays while the wastes are totally contained within the primary waste containers, particularly in the case of SF and HLW, for
which the high integrity steel canisters are ex-
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pected to remain unbreached for at least 10 000
years. Even after the canisters are breached, the
stability of the SF and HLW waste forms in the
expected environment, the slowness of groundwater flow and a range of geochemical immobilisation and retardation processes ensure that radionuclides continue to be largely confined within
the engineered barrier system and the immediately
surrounding rock, so that further radioactive decay
takes place.
• Attenuation of releases to the environment: Although complete confinement cannot be provided
over all relevant times for all radionuclides, release rates of radionuclides from the waste forms
are low, particularly from the stable SF and HLW
waste forms. Furthermore, a number of processes
attenuate releases during transport towards the
surface environment, and limit the concentrations
of radionuclides in that environment. These include a) radioactive decay during slow transport
through the barrier provided by the host rock and
b) the spreading of released radionuclides in time
and space by, for example, diffusion, hydrodynamic dispersion and dilution.
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1.2.3

Important geochemical parameters and
processes for repository safety

From the viewpoint of (geo)chemistry a number of
important parameters and processes have been and
still are topics of scientific studies relevant for repository safety. As shown as a graphical summary in
Figure 3, these parameters and processes are:
• Porewater chemistry
• Canister / waste package corrosion
• SF / HLW / waste form dissolution with radionuclides entering the aqueous phase
• Solubility limits for radionuclides in the near field
and the geosphere
• Diffusion (+ advection) and sorption of radionuclides in the near field
• Diffusion (+ advection) and sorption of radionuclides in the geosphere
In the following, some selected aspects concerning
porewater chemistry, solubility limits and sorption
are outlined with specific examples. The phenomenon of glass dissolution is discussed by CURTI
(2003).
1.2.3.1

Porewater chemistry

Potential repository sites are foreseen in geological
formations with low groundwater flow. Specifically,
clay host rocks (see Table 1) are characterised by
very low groundwater flow. This implies difficulties
with respect to the prerequisite of all geochemical
modelling for repository safety, i.e. the definition of
the porewater chemistry. Whereas sampling and subsequent chemical analyses of surface water, water
from wells or groundwater in deep aquifers are routine procedures, the sampling and analysis of porewater in material with a low hydraulic conductivity is
an exceedingly difficult task.

Figure 3: Important geochemical parameters and
processes for repository chemistry. The dissolution
parameters Rg and Rf are case specific kinetic rate
constants, whereas the elemental solubility limits Ks
and the sorption coefficients Kd are element and case
specific equilibrium constants.

If, for example, the water “flow” in the sampling site
of a dense clay formation is a few drops per day,
there is a high probability that the small quantity of
water obtained after several weeks of sampling is no
longer identical with the original porewater. The
original porewater perhaps is not in thermodynamic
equilibrium with carbon dioxide of the atmosphere
and hence, either some outgassing of CO2 or dissolution of atmospheric CO2 in the water may occur during the sampling. In both cases not only the carbonate
concentration in the sampled water changes but also
the pH of the water. These and other sampling artefacts may change the water chemistry of the finally
analysed sample considerably. Similar artefacts are
encountered in the attempt to obtain porewater by
high pressure squeezing of rock samples or bentonite
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backfill material. The latter is foreseen in most
SF/HLW repository concepts (Table 1).

Recent research activities in the field of molecular
modelling aim at an understanding of the properties
of water in such highly compacted clay systems on a
molecular level with the goal of reducing the uncertainties in the definition of porewaters in these systems.
1.2.3.2

Solubility limits

An important feature of repository safety is the fact
that radionuclides cannot be dissolved in unlimited
quantities in the aqueous phase. Their maximum
concentrations are limited by the precipitation of
solid phases when the solution becomes oversaturated with respect to a certain radionuclide. These socalled elemental solubility limits, Ks, can be calculated by thermodynamic modelling assuming that in
the long term chemical equilibrium is reached
between solids and the aqueous phase.
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Figure 4: Americium solubility in bentonite porewater. Taken from BERNER (2002).
As an example, the solubility of americium in bentonite porewater (BERNER 2002) is shown in Figure
4. The above mentioned uncertainty in the CO2 partial pressure of the bentonite reference porewater is
reflected in the log10pCO2 parameter range of Figure
4. As a consequence, the calculated solubility of the
solid AmOHCO3(s) (Figure 4) and the aqueous
speciation of americium (Figure 5) vary within certain bounds as shown in the figures. These uncertainties are considered in subsequent safety calculations
(NAGRA 2002).

70

Percentage of species

In summary, the definition of porewater chemistry
involves the scrutinising of field data, laboratory
experiments and geochemical modelling, as discussed in several reports (BRADBURY & BAEYENS
2003a; CURTI & WERSIN 2002; PEARSON 2002). Despite all these efforts some uncertainty in key parameters such as CO2 partial pressure and pH remains
and has to be considered in subsequent modelling of
solubilities for repository safety purposes.
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Figure 5: Americium speciation in bentonite porewater. Taken from BERNER (2002).
Thermodynamic modelling of solubility limits not
only needs parameter ranges of the water chemistry
but also a critically reviewed database of chemical
thermodynamic constants (HUMMEL et al. 2002a) and
careful considerations whether this database is complete with respect to the chemical systems to be modelled (HUMMEL & BERNER 2002). A new feature in
the americium example (Figure 5) is the dominance
of an aqueous americium silicate complex in a certain
parameter range. Experimental investigations of
aqueous silicate complexes of radionuclides commenced a few years ago and are still ongoing.
If chemical thermodynamic constants are too scarce
for modelling of a certain system, solubility limits are
estimated by scrutinising experimental evidence related to solubility phenomena or by chemical analogies (BERNER 2002; BERNER 2003).
Currently, thermodynamic modelling of solubility
limits in safety analyses is based on solubility data
for pure solid phases. However, most radionuclides
are not expected to form pure solid phases but to take
part in solid solutions with major host minerals in the
repository surroundings. Considering these solid
solutions in thermodynamic modelling would result
in lower radionuclide concentrations in the aqueous
phase.
For example, recent studies of europium forming
solid solutions with calcite (CURTI et al. 2005) indicate that the solubility of the chemical analogue
americium may not be limited by the pure phase
AmOHCO3(s) (Figure 4) but by an americium –
calcite solid solution.
Likewise, the solubility of radium may not be determined by the precipitation of pure RaSO4(s) but by
the formation of a (Ra,Ba)SO4(s) solid solution
(BERNER & CURTI 2002).
Ongoing research activities aim at obtaining reliable
data for safety relevant solid solution systems with
the goal of establishing a thermodynamic database
for solid solutions.
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Sorption

A further important feature of repository safety is the
observation that radionuclides are retarded in their
migration through the near field and geosphere of a
geological repository by the phenomenon of sorption
at the water – rock interface. From a purely phenomenological point of view the experimentally observed distribution of trace amounts of radionuclides
between the aqueous phase and a solid phase (measured as the distribution coefficient Rd) can be interpreted as a sorption process (with a coefficient Kd) if
this process is reversible, i.e. if the radionuclides can
be desorbed from the solid phase by lowering their
concentration in the aqueous phase.

Wolfgang Hummel

dation of radionuclides. The reality, however, might
be better represented by a continuum of processes
from pure surface phenomena to solid solution formation, which most probably results in a considerably stronger retardation of radionuclides in the geosphere than estimated by current models.
Ongoing research activities aim at a consistent geochemical sorption model for all radionuclides of interest with the goal of establishing a thermodynamic
sorption database (BRADBURY & BAEYENS 2005). A
farther reaching goal is a consistent thermodynamic
model of the continuum of processes from pure surface phenomena to solid solution formation.
1.3

6

Equilibrium thermodynamics is one of the pillars
which support safety analyses of repositories for
radioactive waste. Thermodynamic constants are
used in modelling reference porewaters, calculating
radionuclide solubility limits, deriving case specific
sorption coefficients, and last but not least in analysing experimental results. It is important to use the
same database in all instances of this model chain to
guarantee internally consistent results.
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Figure 6: Americium sorption edges on montmorillonite. Data taken from GORGEON (1994).
As an example, the americium sorption edges on the
clay mineral montmorillonite (GORGEON 1994) are
shown in Figure 6. (An americium sorption edge is
the solid – water distribution of trace amounts of
americium as a function of pH.) The strong effect of
ionic strength (i.e. the concentration of the background electrolyte NaClO4) on the americium sorption at low pH can be interpreted in terms of an ion
exchange process, whereas sorption in the alkaline
pH region could be modelled with the concept of
surface complexation.
For safety analyses sorption databases were prepared
(BRADBURY & BAEYENS 2003b; BRADBURY &
BAEYENS 2003c; WIELAND & VAN LOON 2003)
either based on batch sorption experiments, as shown
in Figure 6, or based on geochemical sorption models
also supported by experimental evidence, or in cases
where no reliable experimental data were available,
based on chemical analogies (WERSIN & SCHWYN
2004).
In recent safety analyses radionuclide distributions at
the water – rock interface generally were assumed to
be reversible, and thus leading to a minimum retar-

Within the scope of the update of the Nagra thermochemical database (PEARSON & BERNER 1991;
PEARSON et al. 1992) I reviewed data concerning
carbonate complexation of trace metals. The investigation of BRUNO et al. (1992) attracted my attention
because it was at that time the only publication exploring the carbonate complexation of ferric iron, a
potentially important product of steel canister corrosion (Figure 2). BRUNO et al. (1992) did measurements of dissolved ferric iron for different CO2 pressures at various pH values, starting with 50nm spherules of hematite (Fe2O3). My detailed review
(HUMMEL 2000, this habilitation thesis) revealed,
besides some inconsistencies in the original data
treatment, an unresolved ambiguity in the experiments: A probable surface reaction which transforms
hematite into ferrihydrite, “Fe(OH)3”, during the
experiments. Thus, the solubility process investigated
by BRUNO et al. (1992) most probably is not due to
hematite dissolution but due to the dissolution of
freshly precipitated ferrihydrite.
In their reply BRUNO & DURO (2000) basically admitted my criticisms, and ultimately my review induced measurements of ferrihydrite solubility in the
course of a recently finished PhD work (GRIVÉ
2005). The new measurements reveal that there is no
obvious difference between hematite and ferrihydrite
behaviour, and thus confirm my interpretation of
surface hydration of hematite into ferrihydrite during
solubility experiments. Although the existence of
Fe(III) carbonate complexes has been demonstrated,
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Figure 7: Zinc – nickel correlation for estimating the
complexation constant of NiCO3(aq) (HUMMEL &
CURTI 2003).
In the framework of the above mentioned data review
concerning carbonate complexation of trace metals,
and motivated by the need of reliable nickel carbonate complexation data for interpreting experimental
nickel sorption data in carbonate containing solutions, a detailed review of nickel aqueous speciation
and solubility at ambient conditions has been carried
out (HUMMEL & CURTI 2003, this habilitation thesis).
This review revealed that, in contrast to the general
opinion, the aqueous speciation of nickel is poorly
known, and thus the review has the subtitle “a thermodynamic elegy”.
Besides the fairly well established first hydrolysis
constant, data are scarce and only poor estimates can
be derived for higher Ni hydrolysis constants from a
few solubility studies. The situation is even worse in
the case of aqueous carbonate complexes. No reliable
experimental study had been published at the time of
this review and almost all numbers reported in thermodynamic databases are unacceptable estimates. In
my review I scrutinised all these published estimates
and proposed expectation ranges of nickel carbonate
complex stability through correlation with other
known thermodynamic constants (as an example, see
Figure 7).
Solubility constants for a few simple nickel solids are
known or have been estimated from thermochemical
data. However, none of these simple solids is of geochemical relevance at ambient conditions. Based on
field evidence, classes of solids are identified which
potentially govern nickel concentrations in ground
and surface waters. Recent spectroscopic data indicate that magnesium clay minerals and layered double hydroxides are the most prominent candidates for
nickel-bearing solids at ambient conditions.
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The results of this review triggered an experimental
investigation of the nickel carbonate system by an
ion-exchange method (BAEYENS et al. 2003, this
habilitation thesis). My analysis of the experimental
data revealed a general difficulty in the investigation
of aqueous metal – carbonate systems: The rather
narrow experimental window. At pH 7.5 the effect of
nickel – carbonate complexation is rather weak and
hence, the measured distribution coefficients exhibit
a rather large scatter (blue symbols at pH 7.5 in Figure 8). With increasing pH the carbonate complexation effect becomes stronger and the associated scatter in experimental data becomes smaller (red symbols at pH 8.5 in Figure 8). Above pH 9 Ni hydrolysis already plays a potentially important role, and this
effect has to be considered as a “side reaction” (term
“log A” in Figure 8) in data interpretation. However,
due to the above mentioned poor estimates for higher
Ni hydrolysis constants, the experimental data corrected for these “side reactions” are associated with
large uncertainties (blue symbols at pH 9.6 in Figure
8). Hence, this work provided the first experimentally
determined reliable nickel – carbonate complexation
constant but also revealed the current limitations due
to missing reliable Ni hydrolysis constants needed for
data interpretation.

o

their speciation and formation constants are difficult
to get solely from solubility data. Further experimental work using other approaches will be necessary to settle this topic.
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Figure 8: Summary of nickel – carbonate measurements by an ion-exchange method (BAEYENS et al.
2003).
The results of these two papers (HUMMEL & CURTI
2003, this habilitation thesis; BAEYENS et al. 2003,
this habilitation thesis) constitute the chapter about
the aqueous nickel carbonate system in the recently
published OECD/NEA TDB review on the chemical
thermodynamics of nickel (GAMSJÄGER et al. 2005).
The above mentioned topics and many other reviews
finally were summarised in the Nagra/PSI Chemical
Thermodynamic Data Base (TDB) 01/01 (HUMMEL
et al. 2002a), a project where I had been chairman,
coordinator, and one of its five contributors.
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selected data. On the other hand, we could discern
major gaps in the data, especially missing carbonate
complexes. In some systems, e.g. Th(IV) – H2O and
U(IV) – H2O, experimental data could not be described by a unique set of thermodynamic constants.
There, a pragmatic approach based on solubility data
was chosen for application to performance assessment (see HUMMEL 2005, this habilitation thesis).
The electronic version of our database and information concerning its full documentation is available on
our PSI web site (http://www.psi.ch/les).
In parallel to the above described projects I had been
initiator, chairman and one of the five reviewers of
the OECD/NEA TDB review on selected organic
ligands which commenced in 1998 and lasted for
seven years (HUMMEL et al. 2005a). The review considering not only U, Np, Pu, Am, Tc, Ni, Se and Zr,
but also the major constituents of ground and surface
waters, i.e. H, Na, K, Mg and Ca. The decision to
evaluate the organic ligands oxalate, citrate, ethylenediaminetetraacetate (edta) and α-isosaccharinate
(isa) was based on two aspects, namely the importance of the ligands in radioactive waste problems,
and the availability of experimental data.

The Nagra/PSI TDB is an encyclopedia of thermodynamic data recommended for environmental studies.
The database focuses on elements commonly found
as major solutes in natural waters, and on actinides
and fission products relevant for radioactive waste
disposal projects (Figure 9). It is the official chemical
thermodynamic database used in Swiss radioactive
waste disposal projects. The data included for many
elements are based on reviews of the basic literature.
The database also includes additional data selected by
the authors from recommendations of other experts in
groundwater geochemistry and of the international
database project (TDB) of the OECD Nuclear Energy
Agency (NEA). Data for U, Np, Pu, Am and Tc
recommended by the OECD/NEA TDB project
(MOMPEÁN & WANNER 2003), were considered in
the update. Thermodynamic data for Th, Sn, Eu, Pd,
Al, and solubility and metal complexation of
sulphides and silicates were extensively reviewed.
Our experiences from this two year team effort can
be summarised as follows (HUMMEL et al. 2002b, this
habilitation thesis). Detailed in-house reviews and
critical appraisal of NEA recommendations greatly
improved the chemical consistency and quality of the
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Figure 9: The cover of the Nagra/PSI TDB book
(HUMMEL et al. 2002a). The periodic table of the
elements indicates the database contents, i.e. elements commonly found as major solutes in natural
waters (green), and actinides and fission products
(red).

In this review, the scientific literature has been surveyed up to the end of 2004. The “golden age” of
determination of chemical equilibrium constants in
the 1970’s is clearly depicted in Figure 10. Nowadays, such work is mainly triggered by radioactive
waste management needs.
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Figure 10: Scientific literature considered in the
OECD/NEA TDB review on selected organic ligands
(HUMMEL et al. 2005a).
Experimental measurements published in journal
articles are the main source for the selection of
recommended data. When necessary, experimental
source data were re-evaluated. Two examples of my
experimental data treatment are presented in the following. An overview of the review and more details
on data treatement procedures are given in HUMMEL
et al. (2005b, this habilitation thesis).
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Example 1: Oxalate protonation constant
For the first protonation equilibrium of oxalate,
ox2- + H+ ⇔ Hoxcharacterised by the equilibrium constant K1, I identified 120 experimental measurements as being reliable
(HUMMEL et al. 2005a). The data were obtained from
solutions of various concentrations of LiClO4, LiNO3,
NaClO4, NaCl, NaNO3, KCl, KNO3, and Et4NI
(tetraethylammonium iodide), and were published
between 1960 and 2004.
4.8

Et4 N +

log 10 K 1 + 4 D - ε (H + ,X -) I m

4.7
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ate hydrates in both pure water and various salt solutions. For the final data analysis, the only studies
included in my review were those carried out in NaCl
and KCl solutions, with proper characterization of the
solids in equilibrium with the solutions, and published between 1929 and 1998 (HUMMEL et al.
2005a).
In all cases, the aqueous speciation was recalculated
in my review from analytical equilibrium concentration data of dissolved calcium, oxalate, NaCl or
KCl. The results of the speciation calculations, i.e.
the calculated concentrations of [Ca2+] and [ox2-],
have been used to determine the solubility product,
Ks,0, of the reaction
Ca(ox)·H2O(cr) ⇔ Ca2+ + ox2- + H2O

4.6
4.5

and to extrapolate it to zero ionic strength with the
same parameters used in the speciation calculations.
The re-evaluated solubility products, log10Ks,0° valid
at zero ionic strength, do not show any systematic
variation when plotted against the original solution
concentrations (Figure 12), as expected. This is a
strong indication of the internal consistency of the
speciation model derived in the NEA TDB review.
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Figure 11: Constrained least-squares regression plot
for the first protonation equilibrium of oxalate
(HUMMEL et al. 2005b).
As the selected thermodynamic data in the NEA
database refer to standard state conditions, i.e. infinite dilution for aqueous species, all experimental
data have to be extrapolated to zero ionic strength (Im
= 0) as part of the data review procedure.
In the case of oxalate protonation, a constrained leastsquares regression procedure has been applied (Figure 11). This procedure accounts for the fact that a
single value of log10K1° (at Im = 0) should fit all the
experimental data, according to the formula
log10K1 + 4D − ε(H+,X-)·Im = log10K1° − ∆ε1*(M+)·Im
Here, D is the Debye-Hückel term, ε(H+,X-) are
aqueous species interaction constants describing the
specific short-range interactions between H+ and X(i.e. ClO4-, Cl-, NO3- or I-), and ∆ε1*(M+) = ε(Hox-,
M+) − ε(ox2-, M+) are fit parameters, in which M+ is
the cation of the salt solution (i.e. Li+, Na+, K+ or
Et4N+). As shown in Figure 11, all data can be fitted
with a common parameter log10K1° = (4.25 ± 0.01).
Example 2: Calcium oxalate solubility
A large body of data has been published over the last
100 years concerning the solubility of calcium oxal-

Ca(ox)·H 2O <=> Ca 2+ + ox2- + H 2O
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Figure 12: Solubility products of calcium oxalate
mono-hydrate, calculated from analytical solubility
data at zero ionic strength, plotted against the original solution concentrations (HUMMEL et al. 2005b).
1.4

Case studies for inorganic and simple
organic ligands: The “backdoor approach”

In many case studies involving inorganic and simple
organic ligands a serious lack of reliable thermodynamic data is encountered. There, a new modelling
approach to assess the effects of these missing data
was applied. This so called “backdoor approach”
(HUMMEL 1992) begins with the question, “What
total concentration of a ligand is necessary to significantly influence the speciation, and hence the solubility, of a given trace metal?”

Radiolytic degradation experiments with strong
acidic ion exchange resins resulted in the formation
of mainly sulphate and dissolved organic carbon.
High-performance liquid chromatography analysis
and complexation studies with Cu2+ and Ni2+ showed
the presence of two strongly complexing organic
ligands: oxalate and ligand X. Although ligand X
could not be identified, it could be characterised by
its concentration, a deprotonation constant, and a
complexation constant for the NiX complex (VAN
LOON & HUMMEL 1999a).
In a second step, the influence of these ligands on the
Ni speciation in groundwater and cement porewater
of a repository was assessed (HUMMEL & VAN LOON
1999, this habilitation thesis).
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geochemical conditions (Figure 14) and is occasionally ambiguous due to uncertainties in estimated stability constants. Hints were given to deal with these
ambiguities in future safety assessments, and further
experimental investigations were proposed to decrease the uncertainties when necessary (HUMMEL &
VAN LOON 1999, this habilitation thesis).
-1
-2
-3
-4
-5
10

0

-1

9
8

-2

log

-3

[ pC

-4

O

7
-5

2 ]

6
-6

pH

5

Figure 13: The influence of oxalate on the complexation of Ni in groundwater at [Ca] = 10-3 M.
For any given pH and CO2 partial pressure the
amount of oxalate shown by the blue surface is
needed to reach 90% Ni-oxalate complexation. The
red surface represents the maximum concentration of
oxalate which cannot be exceeded in aqueous solution due to the precipitation of Ca-oxalate solids
(HUMMEL & VAN LOON 1999).

First, I built a complete and reliable thermodynamic
database for this case study. Missing stability constants I estimated by chemical reasoning. Subsequent
sensitivity analyses showed whether these species are
important or not. The "backdoor approach" I used in
this study addressed the following question: What
concentrations must the ligand have to significantly
influence the Ni speciation?
In the case of oxalate, the backdoor approach revealed that the oxalate concentration necessary to
complex 90% a Ni will never be exceeded within the
repository or in its environment due to precipitation
of Ca-oxalate solids (Figure 13). Thus, a negative
effect of oxalate on Ni speciation and sorption need
not to be considered in safety assessments.
In the case of ligand X, backdoor calculations demonstrated that Ni speciation is highly dependent on

a

For assessing the influence of Ni – ligand complexation
on sorption at some mineral surface, the simplest model
assumes that the ligand and its complexes do not sorb at
the surface. Then, a 90% increase in complexation results
in a reduction of Ni sorption by one order of magnitude.

log [oxalate] / M

Low- and intermediate-level radioactive waste contains substantial amounts of ion-exchange resins from
decontamination procedures. Degradation of these
organic waste forms by radiolysis in a repository is a
source of concern in radioactive waste management.
It is possible that small, water-soluble, organic
ligands may be generated from these waste forms that
could strongly coordinate radionuclides resulting in
an increase of the solubility of radionuclides and/or a
decrease of their sorption on solid phases. These reactions would enhance the release of radionuclides to
the geosphere and finally to the biosphere and could
increase the dose to man. This concern prompted a
series of experimental and modelling studies (VAN
LOON & HUMMEL 1999a; HUMMEL & VAN LOON
1999, this habilitation thesis; VAN LOON & HUMMEL
1999b, this habilitation thesis).
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Figure 14: The influence of ligand X on the complexation of Ni in groundwater at pCO2 = 10-2 bars
as a function of pH and [Ca + Mg] concentration.
The maximum values of estimated stability constants
were used for the speciation calculations. The 90%
Ni-organic complexation surface is shown (HUMMEL
& VAN LOON 1999).
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In a third step, experimental and modelling studies
were carried out on the chemical and radiolytic degradation of strong basic anion exchange resins and
mixed-bed ion-exchange resins (VAN LOON &
HUMMEL 1999b, this habilitation thesis).
The most important water-soluble products of the
radiolytic degradation of anion exchange resins in a
cementitious environment are ammonia and methlyamines. These ligands do not form complexes with
most radionuclides. Exceptions are Ni, Ag and Pd,
which form strong complexes with amines.
Other degradation products of anion and mixed-bed
ion-exchange resins are of no importance concerning
the complexation of radionuclides. This is shown
indirectly by adsorption experiments: The degradation products do not have a significant effect on the
adsorption of Eu(III) on calcite, for example.
The effect of ammonia and methylamines on the
complexation of Ni, Ag and Pd I investigated by
chemical modelling using the backdoor approach
(Figure 15). For Ni and Ag, rather reliable predictions can be made using available thermodynamic
data. In the case of Pd, large uncertainties are encountered due to unreliable data and gaps in the set of
important species.
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Figure 15: The influence of ammonia on the complexation of Ni, Ag and Pd in high pH waters. The
50% metal-ammonia complexation surfaces are
shown (VAN LOON & HUMMEL 1999b).
The system Pd(II) - ammonia - water I explored in
detail (Figure 16). Predominant species are inferred
by chemical analogy and their thermodynamic data I
estimated. The uncertainty in these estimated values,
and the uncertainty in some experimentally determined but ambiguous data, is bound by qualitative
and quantitative chemical reasoning (VAN LOON &
HUMMEL 1999b, this habilitation thesis).
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Figure 16: The concentration of ammonia needed in
order to complex 90% Ni, Ag and Pd in solution.
Base case (solid line): Stability data as given in the
literature. Mixed complexes (dashed line): The formation constants of the mixed complexes are estimated by analogy using aromatic amine hydrolysis
data. Stronger hydrolysis (dotted line): The consecutive formation constants of Pd(OH)3- and
Pd(OH)42- increased by one order of magnitude each
(VAN LOON & HUMMEL 1999b).
Prussian Blue, FeIII4[FeII(CN)6]3, and structurally
related transition metal compounds are used as
caesium ion exchangers in decontamination procedures of liquid radioactive waste. The used ion exchangers are conditioned as cementitious waste form
for interim storage and finally will become part of the
radioactive waste in geological repositories. The
problem discussed by HUMMEL (2004, this habilitation thesis) is the long-term behaviour of the ion exchangers FeIII4[FeII(CN)6]3 and Ni2[Fe(CN)6] in
planned geological repositories.
The worst-case scenario is the instantaneous and
complete dissolution and decomposition of the ion
exchangers in the cementitious environment and the
release of free cyanide. In order to assess the effects
of cyanide complexation on the speciation and solubility of radionuclides I first evaluated in detail the
thermodynamic data necessary for “backdoor” calculations, and then I explored the systems metal –
H2O – NaOH – HCN (HUMMEL 2004, this habilitation thesis). The results can be summarised as follows.
All radionuclides belonging to the class of “hard
acceptors”, e. g. Cs, Sr, Ra, U, Np, Pu, Am and Cm,
are not affected by cyanide complexation under these
conditions.
Radionuclides belonging to the class of “soft acceptors” and “borderline” metals, e.g. Fe, Co, Ni, Tc, Cd,
Pb, Pd and Ag, are affected to a various degree by
cyanide complexation (Figure 17).
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If a true thermodynamic equilibrium with a wellknown solid is expected to establish, chemical equilibrium thermodynamics allows estimation of the
maximum concentration of a given radionuclide in a
specified pore fluid of an underground repository.
However, in the course of the review process for the
Nagra/PSI Chemical Thermodynamic Data Base
01/01 (HUMMEL et al. 2002a) two important cases of
insufficient chemical knowledge were identified
leading to gaps in the database (HUMMEL 2005, this
habilitation thesis).
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Figure 17: Concentration of cyanide necessary to
complex 90% of a specified metal. The metal – H2O –
NaOH – HCN system is explored in the range 6 ≤ pH
≤ 14 at I = 0 and 25°C (HUMMEL 2004).
Strong complexation and extensive cyanide leaching
I found for Ni, Co, Pd, Ag. In the case of Co, Ni and
Ag the dominating complexes are CoII(CN)53– and
NiII(CN)42– (Figure 18) and Ag(CN)2–, respectively.
Pd forms an extremely stable Pd(CN)42– complex, but
there are large and yet unresolved discrepancies in
reported stability constants (Figure 17).
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(blue) at low pH cannot describe ThO2(s) solubility
above pH 6 when using independent Th(OH)4(aq)
formation data (question mark). Vice versa, measured solubilities in alkaline solutions do not point
back to the behavior of ThO2(cr) at acidic conditions
(exclamation mark) (HUMMEL 2005).
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Figure 18: Calculated species distribution for the
Ni2Fe(CN)6 – H2O – NaOH – NaCl system in the
range –0.8 V ≤ Eh ≤ 0.4 V (the stability range of H2O
at pH 12.5), at I = 0.3 M and 25°C, pH = 12.5,
[NaCl] = 0.16 M, [CN]total = 0.15 M. Thermodynamic data are taken from HUMMEL (2004).
These results have been considered in further model
calculations of a recent performance assessment
study for a planned geological repository in Switzerland (NAGRA 2002). They can be used to decide if a
cyanide containing waste sort should be separated
from other wastes and may also be of value for similar projects elsewhere.

First, experimental data for the system ThO2 – H2O
cannot be interpreted by a unique set of thermodynamic constants. At low pH the solubility of ThO2
strongly depends on the crystallinity of the solid.
Differences in solubility of several orders of magnitude have been found between freshly precipitated
amorphous and well crystalline solids (Figure 19).
However, with increasing pH the measured concentrations converge, and at neutral and alkaline pH the
ThO2 solubility is found to be independent of (bulk)
crystallinity (Figure 19). The solution always seems
to “see” the same solid in neutral and alkaline solutions. This behaviour is not restricted to Th(IV).
Similar patterns have also been found for other tetravalent actinides, An(IV), i.e. U, Np and Pu.
Using the “backdoor approach”, suited for performance assessment of radioactive waste repositories, we
decided to rely on measured solubilities of Th(IV)
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and U(IV) in neutral and alkaline solutions. Hence,
the equilibrium constants selected for the Nagra/PSI
TDB (HUMMEL et al. 2002a) do not refer to well
defined thorianite, ThO2(cr), and uraninite, UO2(cr),
used in calorimetric measurements but to the still
poorly defined solids ThO2(s) and UO2(s) encountered in solubility studies. Furthermore, we considered independently determined hydrolysis constants
in the case of Th, and adjusted the missing hydrolysis
constant of U(OH)4(aq) in such a way that it is compatible with all experimental solubility measurements
in the system UO2(s) – H2O – CO2 above pH 4
(HUMMEL et al. 2002a). Consequently, the equilibrium constants in the Nagra/PSI TDB (HUMMEL et al.
2002a) cannot be used to represent the widely varying solubilities of ThO2 and UO2 at low pH.
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assessment (NAGRA 2002). Introducing new complexes has, however, a remarkable effect on the
speciation in solution.
1.5

Metal binding by humic substances: The
“conservative roof” approach

The modelling of metal – humate interactions has
been a field of active research for more than three
decades. Many articles have been published in this
time span discussing a multitude of humic binding
models. For a review of these binding models see
HUMMEL (1997), TIPPING (2002).
Summarising my experience with binding models, I
proposed a pragmatic approach for performance
assessment purposes, the “conservative roof”
approach (HUMMEL et al. 2000, this habilitation
thesis), which does not aim to accurately model all
experimental data, but allows estimates of maximum
effects on metal complexation by humic substances.
In environmental sciences the ultimate goal is to develop most realistic models of a system or of certain
effects, e.g. of humic substances on metal speciation.
However, in performance assessment it suffices, as
an interim step, to estimate the maximum negative
influence of the process on the safety of a waste disposal site. In the context of metal – humate interactions we are interested in a conservative estimate of
the influence of humic substances on radionuclides.
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Figure 20: Experimental solubility data of Th(IV),
U(IV), Np(IV) and Pu(IV). The solid lines are calculated considering the varying CO2 partial pressure
and ionic strength along the x-axis using thermodynamic data recommended in the Nagra/PSI TDB
01/01 (HUMMEL et al. 2002a). In the case of U, Np
and Pu an additional aqueous species, AnCO3(OH)3–,
is included in the speciation model. Its stability constant has been adjusted in all cases to a maximum
value still compatible with the experimental data
(HUMMEL 2005).
Second, potentially important thermodynamic constants are missing because of insufficient experimental data. Estimations of these missing constants
resulted in problem specific database extensions
(HUMMEL & BERNER 2002).
Especially constants for mixed carbonato-hydroxo
complexes of tetravalent actinides I have estimated
by the “backdoor approach”, i.e. by adjusting constants for AnIVCO3(OH)3– complexes to maximum
feasible values that are still consistent with all available experimental solubility data (Figure 20). The
estimated constants have no significant effects on the
total solubility of U, Np and Pu in the Swiss safety

The meaning of the term “conservative” depends on
the scenario (the type of physical / chemical system)
being considered. Different scenarios concerning
metal – humate interactions can be discerned:
I. If only the mobile fraction of the humic substances is taken into account, and the total metal
concentration in the liquid phase is controlled by
either the solubility of a solid phase or by sorption on mineral surfaces, an overestimate of the
amount bound to humic substances will lead to
an overestimate of the amount in the liquid
phase, which is conservative.
II. If the total metal content in the liquid phase is
limited by the amount available for transport, i.e.
if its concentration is not solubility limited and
sorption is negligible, the amount of metalhumic binding will not affect the amount of dissolved metals being transported.
III. If only the immobile fraction of the humic substances is considered, and the metal concentration is solubility controlled, metal-humic binding will not influence the amount of metal in
solution.
IV. If the metal concentration is not solubility limited and only the immobile fraction of the humic
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substances is considered, an increase in metalhumic binding will lower the amount available
for transport in the liquid phase. An overestimate of the amount of metal-humic binding in
this case will not be conservative.
However, the latter scenario is a rather unrealistic
one, as in the aqueous phase of a geological repository radionuclide concentrations are generally solubility controlled, and humic substances will at least
partly be mobile in the aqueous phase.
The second and third scenario can safely be neglected
in performance assessment, as they do not predict any
negative influence of metal – humate interactions on
the safety of a nuclear waste repository.
Consequently, the following discussion is based on
the first scenario, where the term “mobile fraction of
the humic substances” has a rather general meaning;
it is not distinguished between humic and fulvic acids
in true solution and humic colloids transported in the
aqueous phase.
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constants. Hence, as discussed in detail by HUMMEL
(1997), the concentration of free binding sites is a
model dependent parameter. In order to avoid ambiguities due to this model dependent parameter, for the
following intercomparisons all experimental data
were re-evaluated and given as log10cK values.
The metal concentration effect
A synopsis of experimental data for the trivalent
cations Eu, Am and Cm from different laboratories,
measured with different methods and comprising
different humic substances, reveals a very consistent
pattern of the metal concentration effect (Figure 21):
With decreasing radionuclide concentration (and all
other parameters held constant) an increase in the
complexation of the radionuclides with humic substance is observed (HUMMEL et al. 1999, this habilitation thesis).
Trace metal concentration

7
6

A basic definition
The minimal set of experimental data needed to describe the interaction of a metal ion, M, with a humic
substance, HS, comprises [MHS], the concentration
of metal bound to a certain humic substance, [M], the
concentration of free metal in the aqueous phase, and
(HS)total, the total concentration of humic substance.
[MHS] and [M] can be quantified on the molar scale
[mol/L], but (HS)total is known only as mass per unit
volume (g/L).
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This minimal set of experimental information can be
summarised by a conditional constant cK, defined as
the number of moles of metal bound per gram of
humic substance divided by the concentration of free
metal in solution:
c

K=

[MHS]
[M] ⋅ (HS) total

The unit of cK therefore is volume per mass, usually
given as L/g.
In contrast to simple organic ligands with known
molecular structure, like oxalate, citrate or edta,
“humic substance” serves just as a label for an operationally defined class of a naturally occurring mixture
of medium to large size molecules. Any attempt to
calculate the concentration of free humic substance
(i.e. the concentration of free binding sites) involves
additional model assumptions or additional operational definitions, such as a mean molecular weight, a
proton exchange capacity, the degree of proton dissociation, or a loading capacity. These different
assumptions and definitions invariably lead to different values for the concentration of free binding sites
and thus result in different values for complexation

Figure 21: The metal concentration effect of Eu(III)
(blue), Am(III) (red) and Cm(III) (black) – humate
interactions at pH 4.5 to 5.5 and ionic strength 0.1 M
for various humic and fulvic acids. The solid line on
top of the data represents the trace of the “conservative roof” approach (HUMMEL et al. 2000).
However, it is not feasible to represent in detail the
entire range of data by assuming just a single complexation site for metal – humate interactions. More
than one kind of ligand site has to be considered, and
multiple site models or continuous distribution models have to be used for a precise description of the
pattern shown in Figure 21 (HUMMEL 1997).
The observation of a consistent pattern of experimental data that is difficult to model is not surprising
if we consider “humic substance” as a mixture of
molecules or as large structures containing different
binding sites. Some binding sites of these molecules
or structures are expected to exhibit stronger affinity
to metal ions than others. These strong binding sites
determine the metal uptake at very low metal concentrations. With increasing metal concentration the

From the viewpoint of performance assessment, a
simple treatment of the metal concentration effect in
terms of a single site model is sufficient as a first
step. The solid line in Figure 21 represents the trace
of the “conservative roof” approach (HUMMEL et al.
2000, this habilitation thesis) using a single site
model. The “conservative roof” has been adjusted to
experimental data in such a way that the maximum
effects of metal – humate interactions are bound at
trace metal concentration and in the metal saturation
range. In the intermediate range of metal concentration the “conservative roof” overestimates the metal –
humate interactions by about one order of magnitude.
The effect of pH
At trace metal concentrations, the concentration
range of radionuclides relevant for performance assessment, the variation of experimental cK values
with pH is a general observation made in investigations of metal – humate interactions. A synopsis of
experimental results for the interactions of humic
substances with U(VI), Eu(III), Am(III) and Cm(III)
at trace concentrations may serve as an illustration
(Figure 22): Data measured by different authors using
humic and fulvic acids from various sources within
the pH range 3.8 to 10 at an ionic strength 0.1 M
exhibit a very strong pH dependence, even in the
acidic pH range.

An alternative interpretation of Figure 22 may
assume the formation of ternary complexes with
hydroxide ions, i.e. the formation of M(OH)nHS
complexes, where n = 1 and 2. However, the different
hydrolysis behaviour of U(VI) and Eu(III) should
somehow be reflected in the variation of log10cK with
pH. Furthermore, the formation of ternary hydroxide
complexes is not expected to result in a linear
behaviour as shown in Figure 22.

13
12
11
10
9
8
7
6
5

Eu, Am, Cm hydrolysis

4

U(VI) hydrolysis
3
3

5

4

7

6

9

8

10

pH

Figure 22: pH dependence of U(VI) (green), Eu(III)
(blue), Am(III) (red) and Cm(III) (black) – humate
interactions at trace metal concentration. The solid
line on top of the data represents the trace of the
“conservative roof” approach (HUMMEL et al. 2000).
The pH ranges of U(VI) hydrolysis and Eu, Am, Cm
hydrolysis are shown as horizontal lines.
In summary, the apparently simple linear log10cK –
pH behaviour does not lead to a simple model in
terms of reaction mechanisms. However, whatever
model is used to describe the pH effect of metal –
humate interactions, for performance assessment it
should reflect the maximum effect revealed by experimental data, i.e. it should result in a function
close to the straight line shown in Figure 22. Actually, the straight line represents the trace of the “conservative roof” approach.
A three-dimensional view of the “conservative roof”
approach for Eu(III), summarising the pH and metal
concentration effects, is shown in Figure 23
(HUMMEL et al. 2000, this habilitation thesis).
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The observation that log10cK increases with pH with a
slope close to one seems to corroborate the assumption of a simple metal – proton exchange reaction,
where one metal ion replaces one proton at a humic
binding site. However, the slope in Figure 22 is
1.25±0.06, which cannot be described by a simple 1:1
(or 1:2) metal – proton exchange reaction.
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strong sites reach saturation and weaker binding sites
determine the metal uptake resulting in an overall
decrease of metal - humate interaction with increasing metal concentration. Actually, a debate whether
“strong” and “weak” binding sites are real or just
artefacts of inappropriate experimental procedures
triggered my investigation of the metal concentration
effect (HUMMEL et al. 1999, this habilitation thesis).
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Figure 23: Three-dimensional view of the “conservative roof” approach for Eu (HUMMEL et al. 2000).
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Competition effects
The interaction of metal ions with humic substances
is treated in most binding models within the framework of equilibrium thermodynamics. Therefore, in
principle, all other equilibria in the chemical system
are expected to influence these interactions. From the
viewpoint of performance assessment it is enough to
demonstrate that a certain class of competition reactions may decrease radionuclide – humate interactions in all cases, independent of the binding model.
A conservative binding model may then safely ignore
this class of competition, if not enough experimental
data are available to include the effects in a proper
way into the model.
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Figure 24: Schematic representation of competitive
effects in radionuclide – humate interactions. The
closed circle shows competition of other anions with
humic binding sites, combined with metal ion competition. The influence of ternary complexes is shown as
bent lines, connecting humics, radionuclides and
anions, and connecting humics, competing metal
ions, and anions (HUMMEL 1997).
Competition of other metal ions with radionuclides
The most obvious competitive effect is the competition of radionuclides with other metal ions like Ca2+,
Mg2+, Fe2+ and Al3+. These metal ions are major
constituents of common groundwaters and they are
known to form rather stable aqueous complexes with
small organic molecules. Therefore, they have also to
be considered as effective competitors for the binding
sites of humic substances.
The theoretical predictions of competitive effects of
metal ions with radionuclides range from very strong
to zero. More precise predictions can be achieved by
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considering chemical systematics, especially linear
free energy relationships, as described in some detail
by HUMMEL (1997).
However, in any case, competing metal ions may
only decrease the influence of humic substances on
radionuclide complexation and can be neglected for
conservative estimates in performance assessment.
Competition of other anions with humic binding
sites
In contrast to competition by metal ions, competition
by anions like CO32-, OH-, F-, SO42- or PO43- takes
place in an indirect way. The model dependence of
this effect is also less obvious than in the case of
metal ions.
If metal ions are assumed to form only binary complexes with humic substances, competing anions may
only decrease the influence of humic substances on
radionuclide complexation. However, completely
neglecting anion competition would result in overconservative estimates. At least, hydrolysis and carbonate complexation of radionuclides should be included in conservative estimates.
If formation of mixed or ternary complexes in addition to binary complexes is assumed, the predicted
influence of anion competition becomes more complicated. The formation of ternary complexes can be
envisioned either as the uptake of metal – anion
aqueous complexes by humic substances, or as the
binding of anions to metal ions which are already
bound by humic substances. The influence of ternary
complexes is shown in Figure 24 as bent lines.
In contrast to binary anion competition, ignoring
ternary complexes may lead to significant underestimation of radionuclide – humate interactions. For
estimates concerning natural groundwaters, in a first
step only ternary complexes involving carbonate
need to be considered in performance assessment.
The pH effect discussed above implicitly includes
possible formation of ternary complexes with
hydroxide ions. Other anions are either too weak (like
SO42-) or in general too low in concentration (like F-)
to form significant amounts of ternary complexes.
Competition of mineral surface sites with humic
binding sites
Interactions of radionuclides with surface sites, summarised as sorption phenomena, are important
mechanisms of radionuclide retention in the geologic
environment of a repository (Figure 2). From the
viewpoint of performance assessment, competition of
surface sites with binding sites of humic substances
therefore are discussed in terms of reducing radionuclide sorption by complexation with humic substances. In order to emphasize the importance of
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Figure 25: Complete sketch of mutual interactions of
radionuclides, humic substances, competing metal
ions and anions, and mineral surface sites. Straight
lines indicate binary interactions, whereas bent lines
show ternary complex formation (HUMMEL 1997).

The pH and metal concentration effects are included
in the “conservative roof” approach in a simplified
form suitable for performance assessment. The competition effects were explored by the “backdoor
approach” using the “conservative roof” model and
additional thermodynamic information (HUMMEL et
al. 2000, this habilitation thesis).
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If humic substance sorbs at surface sites, it may form
an organic coating. This coating may significantly
alter the sorption capacity of the immobile phase
because it is expected to interact with radionuclides
in the same way as humic substances in solution, but
now forming immobile ternary complexes of the type
RN - HS - Surf (Figure 25). In addition, a second
type of ternary complexes, HS - RN - Surf, may be
formed (Figure 25), where the humic substance is
“glued” to mineral surfaces via metal ions forming
bridges between humic binding sites and surface
sites. This type of ternary complexes can be envisioned as sandwich structures. The net effect of or-

Summary and conclusions

log

If interactions of humic substances (HS) with mineral
surface sites (Surf) are neglected, then “pure inorganic” sorption remains as competitive effect (Figure
25). The competing equilibria RN-HS and RN-Surf
are shifted towards RN-Surf by increasing the
strength of surface interactions and/or increasing area
of active mineral surfaces. This type of indirect competition is very similar to the competing effects of
anions if only binary complexes are considered.
Hence, assuming that all humic substance is in the
aqueous phase, competition of humic binding sites
with surface sites always reduces radionuclide sorption by complexation with humic substances. Speciation calculations based on this scenario and using
the “conservative roof” approach (HUMMEL et al.
2000, this habilitation thesis) result in “sorption reduction factors” used in performance assessment.

ganic coating and formation of immobile ternary
complexes on sorption of radionuclides is hard to
predict. It depends on the ratio of complexation
strengths of radionuclides with organic binding sites
and surface sites, and is in addition expected to show
strong pH dependence. If both, the humic acid and
the mineral surface are negatively charged, little interaction is expected due to strong electrostatic repulsion. Strong interaction may only occur within a pH
region where the mineral surface is positively
charged and the humic acid still is sufficiently deprotonated. Competing metal ions and anions further
complicate the picture, as shown in Figure 25.

3

4

5

6

7

8

nce] (g/l)

surface phenomena, the mineral surface sites are
placed in the very centre of the sketch of metal ion
interactions (Figure 25).
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Figure 25: Three-dimensional representation of the
conditions (pH, pCO2, (HS)tot), at which 90% of the
total concentration of U(VI) (green) and Eu(III)
(blue) is bound to humic substance (HUMMEL et al.
2000).
A worked case study for performance assessment of a
Swiss geological repository project elucidates all important effects in quantitative terms (e.g. Figure 25).
This case study may serve as a roadmap for the design of more sophisticated approaches to deal with
radionuclide – humate interactions in future performance assessments.
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