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PREFACE
The Laboratory for Waste Management 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
simultaneously as a PSI Bericht and a Nagra Technical Report.
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ABSTRACT
The Swiss repository concept for long-lived, intermediate-level radioactive wastes (LMA, in
Swiss terminology) foresees cylindrical concrete silos surrounded by a ring of granulated bentonite to deposit the waste. As one of the possible options and similar to the repository for highlevel wastes, the silos will be located in a deep crystalline host rock. Solidified with concrete in
steel drums, the waste is stacked into a silo and the silo is then backfilled with a porous mortar.
To characterize the release of radionuclides from the repository, the safety assessment considers first the dissolution into the pore water of the concrete, and then diffusion through the outer
bentonite ring into the deep crystalline groundwater.
For 19 safety relevant radionuclides (isotopes of U, Th, Pa, Np, Pu, Am, Ni, Zr, Mo, Nb, Se, Sr,
Ra, Tc, Sn, I, C, Cs, Cl) the report recommends maximum elemental concentrations to be expected in the cement pore water of the particularly considered repository. These limits will
form the parameter base for subsequent release model chains.
Concentration limits in a geochemical environment are usually obtained from thermodynamic
equilibrium calculations performed with geochemical speciation codes. However, earlier studies revealed that this procedure does not always lead to reliable results. Main reasons for this
are the complexity of the systems considered, as well as the lacking completeness of, and the
uncertainty associated with the thermodynamic data.
To improve the recommended maximum concentrations for a distinct repository design, this
work includes additional design- and system-dependent criteria. The following processes, inventories and properties are considered in particular:
- Recent experimental investigations, particularly from cement systems
- Thermodynamic model calculations when reliable data are available
- Total inventories of radionuclides
-

Sorption- and co-precipitation processes

-

Dilution with stable isotopes

-

Similar chemical behaviour of comparable elements

The report compiles the expected maximum concentration in the cement pore water of the inner
silo region, together with a detailed description of the criteria leading to the recommended values.
For about half of the elements (U, Th, Np, Pu, Am, Ni, Zr, Sr) the presented maximum concentrations have a more general validity in cementitious systems, since they were derived from recent experimental investigations in cementitious environments or from reliable thermodynamic
data.
For the other elements, the validity of the recommendation is restricted to the specific repository design presented. The recommended numbers strongly depend on particular system properties and must not be transferred to other repository systems. In spite of these short-comings,
the underlying criteria are nevertheless applicable to different cement based repositories, and
will help to improve the determination of maximum concentrations in such environments.
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II

ZUSAMMENFASSUNG
Das schweizerische Konzept für die Endlagerung langlebiger, mittelaktiver Abfälle (LMA)
sieht als Konstruktionsmerkmale zylindrische Silos aus Beton vor, die in einen Ring aus Bentonitgranulat eingebettet sind. Wie auch für die hochaktiven Abfälle, sind tiefliegende
Kristallingesteine als Wirtgestein-Option vorgesehen. Die in Stahlfässern eingegossenen, zementierten Abfälle werden in den Silos gestapelt und schichtweise mit porösem Mörtel verfüllt.
Die sicherheitstechnischen Betrachtungen gehen davon aus, dass eine Freisetzung der Radionuklide über die Lösung im Zementporenwasser mit anschliessender Diffusion durch den
äusseren Bentonit-Ring ins Grundwasser des Tiefengesteins erfolgt.
Die vorliegende Arbeit empfiehlt für 19 sicherheitsrelevante Radionuklide (Isotope von U, Th,
Pa, Np, Pu, Am, Ni, Zr, Mo, Nb, Se, Sr, Ra, Tc, Sn, I, C, Cs, Cl) die maximalen, im Zementporenwasser des vorgestellten Endlagertyps zu erwartenden Konzentrationen. Diese
Grenzwerte bilden einen zentralen Parametersatz in den Freisetzungsmodellen zur Sicherheitsanalyse.
Konzentrationsbegrenzungen in geochemischer Umgebung werden üblicherweise über thermodynamische Gleichgewichtsberechnungen festgelegt. Frühere Studien haben aber gezeigt, dass
diese Methode nicht immer zu belastbaren Aussagen führt. Gründe dafür sind in der Komplexität der betrachteten Endlagersysteme, in den Unsicherheiten der verfügbaren thermodynamischen Daten, sowie in deren Unvollständigkeit zu suchen.
In diesem Bericht werden deshalb auch weitere, zum Teil sehr stark auslegungs- und systembedingte Prozesse, Inventare und Eigenschaften in die Abschätzungen mit einbezogen. Im Einzelnen werden für die Empfehlung maximaler Konzentrationen berücksichtigt:
-

Neuere, systembezogene experimentelle Ergebnisse (spezifisch: Zement)

-

Thermodynamische Modellrechnungen, sofern verlässliche Daten zugänglich sind

-

Inventare der betrachteten Radionuklide

-

Sorptions- & Kopräzipitationsprozesse

-

Verdünnung mit inaktiven Isotopen

-

Chemisch ähnliches Verhalten gleichartiger Elemente

Als Resultat wird für jedes Element eine Maximalkonzentration im Porenwasser des Zementes
empfohlen, und es wird ausführlich begründet, welche der obigen Kriterien schliesslich zum
empfohlenen Wert geführt haben.
Für etwa die Hälfte der angegebenen Elemente (U, Th, Np, Pu, Am, Ni, Zr, Sr) sind die präsentierten Zahlenwerte in zementhaltigen Umgebungen allgemeiner gültig: Diese Maximalkonzentrationen wurden aufgrund neuerer Experimente in Zementsystemen oder aufgrund verlässlicher thermodynamischer Daten empfohlen.
Die Maximalkonzentrationen der restlichen Elemente gelten ausschliesslich für das vorgestellte
Endlager. Die Werte hängen stark von systemspezifischen Parametern ab und sind nicht ohne
weiteres auf andere Endlager übertragbar. Ungeachtet dieser Einschränkung sind aber die den
Werten zugrunde liegenden Kriterien übertragbar und können so zur Verbesserung des Systemverständnisses beitragen.

III
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RESUME
Le concept suisse de stockage des déchets radioactifs de moyenne activité à vie longue (LMA
dans la terminologie suisse) prévoit d'entreposer ces déchets dans des silos cylindriques profonds remplis de bétons et entourés d'une barrière de bentonite. Comme pour les dépôts de déchets de haute-activité, les silos de bétons seront situés, suivant une option de stockage profond
dans des formations granitiques profondes. Les déchets seront incorporés dans du béton coulés
dans des fûts métalliques, qui seront ensuite empilés dans les silos, puis entourés de mortier
poreux. Afin de caractériser la libération des radionucléides hors du site de stockage, les études
de démonstration de sûreté considèrent d'abord la dissolution dans l'eau interstitielle du béton,
puis la diffusion des radionucléides au travers de la barrière externe de bentonite jusqu'aux
eaux granitiques profondes.
Ce rapport présente les concentrations maximales attendues dans l'eau interstitielle de ciment
pour 19 radionucléides importants pour la sûreté (isotopes de U, Th, Pa, Np, Pu, Am, Ni, Zr,
Mo, Nb, Se, Sr, Ra, Te, Sn, I, C, Cs, Cl). Ces concentrations limites maximales feront partie
centrale des paramètres pour les futurs calculs de sûreté.
En géochimie de l'environnement, les concentrations limites sont habituellement calculées à
l'aide de la thermodynamique à l'équilibre en utilisant des codes de spéciation. Or des études
récentes ont révélé que cette procédure ne permettait pas de garantir dans tous les cas la fiabilité des résultats. Ceci est principalement du à la complexité des systèmes étudiés et aux lacunes
des banques de données thermodynamiques (banques de données incomplètes ou données incertaines).
Afin d'améliorer les concentrations maximales attendues dans un concept précis de stockage,
ce travail inclut des critères supplémentaires dépendants du système et du concept. Il tient en
particulier compte des points suivants :
- récentes investigations expérimentales, en particulier sur les ciments
- calculs de modèles à l'aide de la thermodynamique si des données fiables sont disponibles.
inventaire total des radionucléides
- phénomènes de sorption et de coprécipitation
- dilution avec des isotopes stables
- comportement chimique similaire des éléments analogues
Ce rapport rassemble les concentrations maximales attendues dans l'eau interstitielle du ciment
à l'intérieur du silo ainsi qu'une description détaillée des critères permettant d'aboutir à ces
valeurs maximales.
Pour environ la moitié des éléments (U, Th, Np, Pu, Am, Ni, Zr, Sr), les concentrations maximales obtenues ont une portée générale pour les milieux riches en ciments, car elles ont été dérivées à partir d'études expérimentales récentes ou de données thermodynamiques fiables.
Pour les autres éléments, les concentrations maximales calculées ne sont valables que pour le
concept de stockage ici étudié. Ces limites dépendent en effet fortement des caractéristiques du
stockage et ne doivent pas être appliquées à d'autres concepts. En dépit de ces restrictions, les
critères mis en évidence dans ce travail sont applicables aux différents concepts de stockage
constitués majoritairement de ciment. Ils permettront d'améliorer la détermination des concentrations maximales dans de tels environnements.
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IV

ZAMEFASSIG
S'schwizerische Konzäpt für d'Ändlagerig vo längläbige, mittu-aktive Abfäu (LMA) gseht als
Konstruktionsmerkmal zylindrischi Silo us Betong vor, wo imene Ring us Bentonit-Granulat
iibettet si. Als Wirtsformation si als ei Option teufliegendi Kristallin-Gstei vorgseh, gliich wie
ou für die hochaktive Abfäu. D' Abfäu wärde mit Zimänt i Stahlfässer iigosse, schichtwiis im
Silo ufbiiget u mit porösem Mörtu verfüllt. Die sicherheitstechnische Betrachtige gö dervo uus,
dass e Freisetzig vo de Radionuklid z'ersch dür d'Uuflösig im Zimäntporewasser u nachhär dür
Diffusion düre üsseri Bentonit-Ring is Grundwasser vom Tiefe-Gstei passiert.
Die vorliegendi Arbeit git drüber Uuskunft, weli maximali Konzentration für 19 sicherheitsrelevanti Radionuklid (Isotop vo U, Th, Pa, Np, Pu, Am, Ni, Zr, Mo, Nb, Se, Sr, Ra, Tc,
Sn, I, C, Cs, Cl) im Porewasser vom Zimänt z'erwarte isch. Die Gränzwärt bilde e wichtige
Parametersatz, wo de nachhär i de Freisetzigsmodäll für d'Sicherheitsanalyse brucht wärde.
Meischtens tuet me Konzentrationsbegränzige in ere geochemische Umgäbig mit thermodynamische Gliichgwichtsrächnige usrächne. Früecheri Studie hei aber iets zeigt, dass me mit dere
Methode nid gäng belastbari Uussage überchunnt. D'Grund derfür si die komplexe Verhältnis i
dene Ändlagersyschtem u dass me nid alii thermodynamische Date e so guet kennt.
I da Pricht hei mer us däm Grund für die Abschätzige no wiiteri Prozäss, Inventar u Eigeschafte
mit iibezoge, wo zum Teil starch uslegigs- u syschtembedingt si. Im Einzelne düe mer für üsi
Empfählige die folgende Punkt no zuesätzlich aaluege:
-

Neui, syschtembezogeni Ergäbnis vo Experimänt (vor allem im Zimänt)

-

Thermodynamischi Modällrächnige, we mer gueti Date hei

- D'Inventar vo de Radionuklid
-

Sorptions- u Mitfälligsprozäss

- D'Verdünnig mit inaktive Isotop
-

Es chemisch ähnlichs Verhalte vo glichartige Elemänt

Für alli Elemänt wird e Maximalkonzentration im Porewasser vom Zimänt empföhle u es wird
usfüehrlich begründet, weli vo dene Kriterie zu dere Empfählig gfüehrt hei.
Die aagähne Zahlewärt si öppe für d'Höufti vo dene Elemänt (U, Th, Np, Pu, Am, Ni, Zr, Sr)
allgemein gültig we me nume zimänthaltigi Syschtem aaluegt, will die Maximalkonzentratione
us Experimänt im Zimänt u us guete thermodynamische Date abgleitet worde si.
D'Maximalkonzentratione vo de angere Elemänt gälte nume fürs vorgschtellte Ändlager. Die
Wärt hange starch vo syschtemspezifische Parameter ab u me cha se nid eifach uf angeri Ändlager Überträge. Das isch aber nid e so schlimm, me cha derfür eifach die aagwändete Kriterie
uf angeri Ändlager Überträge un'e so trotzdäm de besseri Wärt usrächne.
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INTRODUCTION AND SUMMARY OF RESULTS

The aim of the present work is to provide estimates for maximum concentrations of
safety relevant radionuclides in the pore water of a cement-dominated near-field of a
Swiss repository for long-lived, intermediate-level radioactive waste (LMA-repository,
in Swiss terminology).
The repository design foresees cylindrical silos made of concrete, which will be surrounded by a 0.7 m thick ring of bentonite granulate and placed into a deep crystalline1
host rock [NAGRA 1985]. The waste, solidified with concrete in steel drums, is stacked
into the silos and backfilled with a porous mortar. The basic release concept assumes
that radionuclides dissolve into the pore water of the cementitious matrices, move
through the silo wall, and then diffuse through the outer bentonite ring to the host rock.
The present work considers the near-field to consist of all materials within the silo (i.e.,
the solidified waste, the backfill and additional construction elements within the silo).
The silo itself, as well as the outer bentonite ring are not considered for the estimation of
maximum concentrations. Present model concepts assume that neither of these components influences maximum concentrations in the repository. In the chain of release models silo walls as well as outer bentonite rings are foreseen to act as potential transport
barriers (silo walls: sorption; bentonite: sorption and diffusion).
Depending on available data, different approaches, processes or features are used to estimate the maximum concentration of an element in the pore water of the waste matrices
and of the backfill. A "hierarchical" list of applied criteria could be represented as:
-

-

-

1

If available, recent experimental investigations performed in alkaline
(cementitious) environments will serve as a basis for the estimate.
With reliable data, the thermodynamic model calculation provides a good
reference point for the estimate. Thermodynamic data which differ from
those compiled in PEARSON ET AL. 1992 are discussed.
Low inventories limit the maximum concentration.
The concentration limiting potential of processes like sorption and coprecipitation is discussed. In many cases this helps defending the selected
estimates.
In some cases dilution with stable isotopes substantially decreases the concentration of the radioactive isotopes.
Advantage is taken of the similar chemical behaviour of comparable elements (chemical analogues).

Crystalline is one option for HLW disposal in Switzerland, the other being Opalinus Clay. For this
work Crystalline has been selected. However, the presented, general approach is also applicable to a
repository located in Opalinus Clay.
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As a consequence of this criteria list and in order to provide the required assumptions on
which the results are based, the present work is structured as follows:
Chapter 2 summarises the repository design and defines the mass balances of the cementitious materials considered in the work. Chapter 3 gives a compilation of the inventory of safety relevant nuclides. A guess for the stable isotope inventory enables the
definition of a dilution factor, which may account for the potential dilution of radionuclides by non-radioactive isotopes.
Sorption on the cementitious materials and its potential impact on maximum concentrations is discussed in chapter 4. In addition, maximum concentrations defined by inventories and available pore water are also given in this chapter. As a prerequisite for thermodynamic model calculations, the pore water composition within the silo is defined in
chapter 5.
Detailed discussions of the evaluation of single nuclide maximum concentrations are
presented in chapter 6. Finally, chapter 7 gives an outlook to the trend of estimated
maximum concentrations at a later stage of repository lifetime, and, concluding remarks
are given in chapter 8.
Recommended values are presented as "Best Estimate" values throughout the report.
The positioning of the "Best Estimate" within the elaborated range of lower- and upper
limits includes a fair amount of so called "expert judgement". Vice versa, it reflects the
authors confidence in the criteria applied to establish the given limits. In many cases a
realistic limit is expected to be significantly below the "Best Estimate". However, to
firmly defend a decreased limit would sometimes require large additional efforts or,
even more time consuming, new experimental investigations. Performing additional investigations to significantly lower the given limits is therefore recommended only if
specific nuclides turn out to exhibit critical concentrations in any part of the subsequent
release model chain.
For many elements the use of different approaches and of system-dependent features
(for example: inventories) leads to repository-specific limits. Therefore, it is stressed
here that the validity of many "Best Estimates" proposed in this work are restricted to
the specific repository features outlined in the report. At least half of the limits must not
be used for other cementitious repository systems, unless the corresponding elementand repository-specific evaluation is re-done.
A summary of "Best Estimate" concentrations is compiled in Table 1, together with
lower- and upper limits. Table 1 also shows the mentioned list of criteria (applied to establish the Best Estimate) and tries to rank their relative importance for each nuclide.
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Table 1:

Summary of recommended maximum concentrations for the Swiss long-lived, intermediate-level radioactive waste repository
concept (LMA). The criteria used to establish the limits are marked with crosses, including some kind of ranking (XX, X, (X)).
See sections 6.2 through 6.20 for further details.
[mol/1]

Element

u

Th
Pa
Np
Pu
Am
Ni
Zr
Mo
Nb
79
Se
Sr
Ra
Tc
Sn
I
14C

Cs
36

a

Criteria for establishing the "Best Estimate"

Best Estimate

Upper
Limit

Experiment

Thermodynamics

10"'
10"'
< io- 10

IO- 8
10^
10^

XX

X

5-10-'
10"'
<2-10" 9
<10" 7
10"8
2-10~5

10s
108
210- 9
10 7
510" 5
10^
810- 4

5-10"7
3-10"7
3-10"8
610" 5
10"6
7

X
XX

Lower
Limit

«8-10^
<10"7
7

10"
~10" n
10"8
10"^
10^
3-10"8
<10~ 5
<2-10~6

7

ioIO- 4
10

10
10^
lO" 5
lO" 5
10" 6

5

NT

210"

6

io-

6

3-10"
5-1O"5

io- 3
8-10^
9-10"6
10~3
5-10"8
4-10"5
8-10^
3-10"4
high
2-10^
2-10"5

XX
X
XX

X

Inventory

XX

X

X
X
X
X
X
X

Others

XX
X
X
X

X
X
X
X

XX
(X)
X
X

X

X

X
X

XX
XX
X

(X)

XX

X
(X)

Chemical
Analogue

(X)
X

XX
XX
XX

XX
X
XX

Isotopic
dilution

X

XX
X
XX
XX
X

Sorption

XX

XX

XX

X

Page
Reference

16 to 20
21
22
23 to 24
24 to 25
26
26 to 28
28 to 29
30
31
31 to 33
34
35 to 36
36 to 37
39 to 41
41 to 42
43
44
44 to 46
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MASS BALANCE OF CEMENTITIOUS MATERIAL

The amount of cementitious materials in the repository is a function of both, waste inventory and construction design. For the present report we selected the same model radioactive waste inventory as proposed in ALDER & MCGINNES 1994, based on a 3
GW(e) over 40 years scenario. It is further assumed that all the wastes from this scenario
may be represented by three different waste types (i.e., Hulls & Ends (waste type WABNF-4), Centrifuge Cake (WA-BNF-7) and Multiple Element Bottle (MEB)
crudlBaCOj, sludge, (WA-BNF-2))2. All these wastes are solidified with cementitious
binders in 500 1 steel drums. According to the detailed waste package description in
ALDER & MCGINNES 1994 the postulated 3 GW(e) scenario produces the following total
numbers of waste packages [NAGRA 1991]: 2790 {Hulls & Ends), 1729 {Centrifuge
Cake), 346 {MEB crud/BaCO3 sludge).
The basic design concept [NAGRA 1985] foresees silos consisting of a 0.8 m thick concrete ring (inner diameter 7 m), surrounded by a 0.7 m thick layer of bentonite granulate
backfill. The height of the silo is 41 m, not including the basement and the top entrance
construction. The waste packages are emplaced into a concrete cage structure within the
silo and voids are backfilled with a gas-permeable mortar. One silo has room for 1276
waste packages.
In addition to the waste itself, the silos include the matrix-, construction- and backfill
materials Ordinary Portland Cement (OPC), Blast Furnace Slag (BFS), Pulverised
Fuel Ash (PFA), water, re-enforcement steel & waste drums and gravel. A summary of
mass balances is compiled in Table 2. Note that Table 2 presents a reference silo for
each waste type, even if there are not enough packages to entirely "fill" one silo (divide
the number of waste packages by 1 "276 to obtain the number of silos needed to dispose
of all wastes of a certain type). For the given design the last row indicates total quantities of materials needed to dispose of all LMA-wastes produced by the selected scenario.
These amounts correspond to 3.8 silos and are further referred to as "whole repository".
The silo walls and the bentonite backfill are excluded from the mass balance calculations as outlined in the introduction, and, consequently, both are excluded from Table 2.
It should be noted that other release concepts may well require to include the 800 m3 of
construction concrete as well as the 850 m3 of bentonite barrier material per silo in the
mass balance considerations.
The total amount of hydrated cementitious materials and the amount of pore water in the
repository are derived from Table 2. The amount of water which is necessary to com-

2

Other types of LMA waste packages do exist, but for simplicity reasons their total inventories are also
expressed in terms of the mentioned waste types.
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pletely hydrate the cementitious binding materials (cement + slag + fuel ash) is assumed
to be 25 % of their weight. Hence, the amount of non-reacted water (equal to the amount
of pore water) is given by:
Pore water [kg] = Total water [kg] - 0.25*(OPC + BFS + PFA [kg]).
For the present repository design we thus obtain about 600 tons of non-reacted, remaining pore water. The amount of hydrated cementitious material is about 6'000 tons. The
7'000 tons of gravel are considered to be inert; they are not included in the calculations.
Table 2:

Mass balances for a LMA-waste repository, based on model inventories
given in ALDER & MCGINNES 1994. For each waste type, a reference silo is
defined. The silo walls themselves, consisting of ~ 800 m3 of construction
concrete, are not considered. The backfill material within the silo is assumed
to be a gas permeable "monokorn" mortar according to JACOBS ET AL. 1994
(Table 18, mixture "v"). Numbers represent tons.

Waste type

OPC

BFS

PFA

122
132
198

708

46

452

708

92
132
198

798

422

798

MEB crud/BaCO3 sludge
Cage structure
Backfill

88
132
198

681

Reference Silo
"MEB crud/BaCO3 sludge"

418

681

1711

2879

Hulls & Ends
Cage structure
Backfill
Reference Silo
"Hulls & Ends"
Centrifuge Cake
Cage structure
Backfill
Reference Silo
"Centrifuge Cake"

Sum:a)
a)

Water

Steel

Waste

320
57
79

238
38

491

46

456

276

491

46

336
57
79

172
38

15

46

472

210

15

46

358
57
79

172
38

75

46

494

210

75

1786

179

1812

964

1124

6965

Gravel
733
1053
1786

733
1053
1786

733
1053

This last row indicates the quantities needed to dispose of all wastes arising from the postulated
3GW(e) over 40 years model scenario. In the present case the listed amounts correspond to 3.8 silos.
This fractional number suggests that co-disposal of different waste types needs to be considered.
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NUCLIDE INVENTORIES

The model inventory of radioactive nuclides (MIRA) is taken from ALDER & MCGINNES
1994. To account for possible in-growth of daughters from the 4N+i decay chains, the
maximum value found in the range [10... 105] years3 was selected (Table 3).
For many safety relevant elements, the repository also includes an inventory of stable or
natural isotopes. These isotopes origin from the waste itself (e.g., Zr), from the steel
(e.g., Ni) or from the Portland cement (e.g., Th, Sr).
The detailed analysis of Portland cement with respect to trace elements was not available, but an order of magnitude-type estimate may be obtained from published abundance data: Portland cement is manufactured from natural limestone and clays. Limestone is a sedimentary rock, for which averaged abundances of trace elements are well
known (see for example VEIZER 1983, and, for more general considerations, KRAUSKOPF
1979). From data presented in VEIZER 1983 [page 266, columns "Carbonates" and
"Deep Sea Carbonates"], ranges of trace element inventories introduced into the repository by Portland cement were estimated by scaling up the tabulated relative abundances
(trace element/calcium) with the well known calcium content of 1711 tons of cement
(potential losses during the clinkering process were neglected). In principle, additional
contributions of trace elements from clays, blast furnace slags, fly ashes and gravel materials could be estimated in a similar way, but due to insufficient analytical data these
additional contributions are not considered in the present report. However, neglecting
such additional contributions influences the stable inventories just in a conservative
sense.
The potential dilution factor in the last column of Table 3 is obtained by dividing the
total inventory by the radioactive inventory.
It is important to recognise that for Zr, Sr, Th, Se, Mo, Ni, inorganic carbon and Cl the
inventory introduced by cementitious material is larger (much larger in the case of Zr, Sr
and C) than the amounts from the waste itself. When considering repository safety, this
observation offers some very interesting aspects worth mentioning here:
If 10 % or less of the total Th-inventory originates from the waste itself, this element
may turn out to be a non-issue in the safety analysis: It is not directly conceivable that a
small variation of the "natural" background should have a large impact. However, the
radio-toxicity as well as the time dependent relative amounts of the isotopes 229Th, 230Th
and 232Th may need some further evaluation (see also discussion on "homogeneous"
distribution on page 8/9).

A more extended time span is not consistent with estimated transport times in the repository: dissolved
nuclides need less than 105 years to escape from the silo, even if transport is supposed to be slow (i.e.,
assuming pure diffussion; effective diffusion coefficient for cement is > 5-10"12 m2/s).
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Obviously, the elements Sr, Th, Se and Mo (the list is extendible) are present in all
structures comprised of concrete. This enables to experimentally study the pore water
concentration of these elements in fairly aged cementitious environments. Squeezing
techniques to obtain pore solution from hardened cement are well established. Provided
that a similar behaviour (i.e., a homogeneous distribution) of waste- and "natural" isotopes is defensible, such analyses could help to experimentally define maximum concentration ranges for particular elements.
Table 3:

Element

U
Th
Pa
Np
Pu
Am
Ni
Zr
Mo
Nb
Se
Sr
Ra
Tc
Sn
I
C
Cs
Cl
1}

Inventory of safety relevant nuclides in the LMA-repository. Radioactive
isotope inventories are recalculated from ALDER & MCGINNES 1994, including the in-growth of 4N+i decay chain daughters. Stable nuclide inventories are estimated from the trace element content of 1711 tons of cement
(and 964 tons of steel), based on averaged abundances [VEIZER 1983]. No
other trace element sources are considered.
Radioactive
inventory
[moll
18250
2
0.02
33
290
25
3650
2690
3.2
370
0.15
14
0.03
25
47
150
43
135
10

Naturally occurring 238 U, 235 U and

"Stable" isotope
inventory
[moll
[1 ... 24] !)
[11 ... 19]1}
23300
1.4-107
[11...78]
[8 ... 124]
[3 ... 5]
[18000 ... 57000]
2
[1 ... 24]
[2-105... 9-105]
[2 ... 8]
[5000 ... 24000]
232

Origin of stable isotopes
Cement
Cement

Steel
Waste
Cement
Cement
Cement
Cement

Cement
Cement
Cement
Cement
Cement

Potential
dilution
factor [-]
10
5
5000

5
10
1000
5000
500
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POTENTIAL SORPTION EFFECTS

In safety analysis models, sorption is often described by a simple distribution coefficient
Kd, which relates concentrations of sorbed species to their concentration in solution.
More advanced approaches (see for example BRADBURY & BAEYENS 1995) use surface
complexation models to describe the distribution between solid and solution.
On the whole, and almost independently of the level of sophistication of the underlying
model, the total amounts of solid phases (sorbing sites), equilibrium solutions and
sorbing nuclides are essential prerequisites for giving quantitative estimates in particular
cases.
As long as the sorbing solid is not saturated with respect to the species in question, the
most common effect of sorption is the retardation of transport processes. Not considering specific processes like the diffusion into the solid phase, the impact of sorption diminishes if the solid phase becomes saturated.
However, sometimes sorption offers the possibility of limiting solute concentrations in
static systems. In the particular case of a cementitious repository, huge amounts of hydrated cements provide a tremendous number of sorption sites (if compared to the nuclide inventory). Sorption processes may therefore significantly decrease equilibrium
concentrations in solution:
It is assumed that the inner silo region behaves like a mixing tank where safety relevant
nuclides are homogeneously distributed. BRADBURY & SAROTT 1995 estimate the sorption capacity of hydrated cement to be in the order of 0.3 mol/kg. Hence, 6000 tons of
hydrated cement provide a potential of 2-106 moles of sorption sites. The same authors
(page 42, Table 4, reducing conditions in Region 1) also give a list of distribution ratios
for sorption on hydrated cement. Using the simplified scheme
nuclide inventory[mol] = nuclidesorbed*6'000'000[kg] + nuclidedissoived*600'000[l] (1)
and
Kd = nuclideSorbed[mol/kg]/nuclidediSsoived[mol/l],

(2)

partitions of sorbed and dissolved nuclides are easily obtained (Table 4, see page 10).
Since concentrations cannot be larger than the total inventory divided by the available
amount of pore water, column 3 of Table 4 compiles intrinsic maximum concentrations
for the given design. Weak points of this argument are the assumption of a mixing tank
concept (i.e., a "homogeneous" distribution of the inventory), and, less important, the
assumption of instantaneous dissolution of the whole inventory.
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A mixing tank assumption for the inner silo region might be justified by the facts that
a) the geometrical arrangement of the waste drums covers the whole cross section area.
At least a macroscopic "homogeneous" distribution of nuclides is already given.
b) diffusion processes within the porous backfill are fast if compared to the release
through the silo wall and the outer bentonite ring.
With Zr (for Ni see chapter 6.8) being the exception, the "instantaneous" dissolution of
total inventories does not cause any problems, provided that "instantaneous" is faster
than the diffusion through silo wall and bentonite barrier. Zr needs to be oxidised prior
to dissolution, which requires the equivalent of more than 400 tons of oxygen. Therefore, the assumption of instantaneous dissolution of the whole Zr inventory needs further discussions.
From column 4 (Table 4) its evident that for many of the elements sorption on the vast
amount of cementitious materials might keep dissolved concentrations at low to insignificant levels. With occupancies well below 1 % (exceptions are U, Ni, Zr, Sr and Cl;
see last column) the hydrated cement is sufficiently far from being saturated. If all elements sorb simultaneously, the total occupancy is still below 10 %. Hence, competition
among various sorbing elements is not thought to be relevant.
All the indications are that maximum concentrations for many safety relevant nuclides
may simply and solely be established by considering mass balances and sorption on cementitious materials. With respect to these findings, it is recommended to increase investigations on chemical inventories of wastes, solidification matrices as well as construction- and backfill materials. Even more important is the further development of
well-defensible sorption values for trace elements on cementitious materials.
No chemical or thermodynamic reasoning has been presented up to this point of the report, except the chemical background behind the sorption values presented by
BRADBURY & BAEYENS 1995. As stated in the introduction, thermodynamic model calculations may provide a good reference point for estimating maximum concentrations.
Therefore, the thermodynamic approach in conjunction with other chemical aspects of
particular elements is the major subject of the following chapters.
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Table 4:

10

Effect of sorption on maximum concentrations. Inventory-limited concentrations are compared with those obtained by applying equations (1) & (2).
Kd-values are taken from BRADBURY & SAROTT 1995 and from BRADBURY
& VAN LOON 1998, total inventories (including natural and radioactive isotopes) from Table 3. The site-occupancy (column 6) is calculated by assuming a sorption capacity of 0.3 mol/kg for hydrated cement.

1

2

3

4

5

6

Element

Kd [I/kg]

Inventory-limited

With Sorption

Occupancy

Occupancy

[mol/1]

[mol/1]

[ppm] (7 W )

[%]

5000

3-10'2

6-10"7

724

1

Th

5000

5

4-10"

7-10"

10

1

M0"3

Pa

5000

3-10 s

7-10 1 3

8-10"4

M0"6

Np

5000

6-10"5

MO" 9

1

2-10"3

Pu

5000

5-10"4

M0'8

12

2-10"2

Am

1000a)

4-10"5

4-10"9

1

M0"3

Ni

100

4-10' 2

4-10"5

216

1

Zr

5000
a)

2-101

5-10' 4

213'000

(780) b)

MO"4

MO" 4

-

-

Nb

1000 a)

8-10"4

8-10"8

8

3-10~2

Se

Qa)

9-10"6

9-10 6

-

-

Sr

1

1-101

910" 3

757

U

Mo

o

8

10

M0"

3
3

2-10"6

Ra

50

5-10"

MO"

Tc

1000

4-10 5

4-10"9

0.4

3-10"3

Sn

1000

8-10 5

8-10"9

1

3-10"3

I

10a)

3-10"4

3-10"6

4

MO" 2

C

-

2-10°

2-10°

-

—

Cs

2

2-10"4

1-10"5

3

8-10"3

Cl

5a)

4-10"2

8-10"4

140

1

a)

Values taken from B R A D B U R Y & V A N L O O N 1998

b)

Although 780 % occupancy are not very sensible, the figure is given for completeness.
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REFERENCE PORE SOLUTION

The most relevant entity for defining the pore solution in an early stage of the repository
lifetime is the alkali content of the hydrated material. Since no sparingly soluble solids
limit their concentration, substantial parts of the alkali hydroxides will dissolve into the
pore solution.
The alkali content of the OPC is around 0.2 % for Na2O and roughly 1 % for K2O. PFA
contains about 2 % of Na2O and 2.3 % of K2O. Since no data were available for the slag
(BFS), it was assumed that its alkali content is 1 % for both sorts. TAYLOR 1987 proposes that about 35 % of the available Na2O and about 70 % of the available K2O will
dissolve in the pore solution of hydrated cement. A quick calculation reveals, that the
6000 tons of hydrated materials in the inner region of the silo contain about 1130
kmoles of alkali hydroxides. This inventory produces an alkali hydroxide concentration
of [1.5...2] mol/1 when dissolved in 600 tons of pore solution according to the percentages proposed by TAYLOR 1987.
This concentration seems to be very high. Available data from pore squeezing experiments generally suggest alkali hydroxide concentrations below 1 mol/1 to be reasonable.
Therefore, and based on experimental work performed at PSI [SAROTT 1995], NEALL
1996 proposes to use 0.1 mol/1 NaOH and 0.25 mol/1 KOH as the reference concentrations for an early type pore solution of hydrated cementitious materials. These lower
concentrations are based on in-house experiments performed with hydrated cements as
used for solidifying Swiss wastes. Further, they are in accordance with experimental results from GLASSER ET AL. 1985. The present report prefers to select NEALL'S 1996 proposal.
Apart from the alkali hydroxides, important constituents of the pore solution are Ca2+,
CO32-, SO42", H2Si042~ and F~. Their concentrations are predicted with the help of a
geochemical speciation code.4
Calcium is modelled by assuming saturation with respect to portlandite (Ca(OH)2). At
25 °C one obtains
Total concentrations at 25 "C [mol/1]

4

pH

Na+

K+

Ca 2+

13.38

0.10

0.25

1.1E-3

Speciation calculations were performed using the speciation code MINEQL. The associated database
is consistent with thermodynamic data referenced in PEARSON ET AL. 1992.
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According to NAGRA 1991 the maximum expected temperature (for the silo containing
Hulls & Ends) is 68 °C. Modelled at 68 °C the same solution looks quite different:
Total concentrations at 68 "C [mo 1/11
pH

Na+

K+

Ca2+

12.16

0.10

0.25

6.2E-4

The differences arise from the temperature dependency of the ionic product of water
(log Kw: -13.73 (25 °C) -> -12.48 (68 °C); 1=0.35 mol/1) and of the solubility product of
portlandite (log Kso: -4.35 (25 °C) -> -4.69 (68 °C); 1=0.35 mol/1).
Carbonate and fluoride concentrations are defined by assuming saturation with respect
to calcite (CaCC>3 (S)) and fluorite (CaF2 (S)). Thereby, the partial pressure of CO2 is calculated under the assumption of a closed system.
Sulphate is most likely coupled with aluminium (in cementitious systems), the relevant
solid phase most likely being ettringite (3CaO.Al2O3.3CaSO4-32H2O) or the corresponding mono sulphate phase (3CaO.Al2O3.CaSO4-12H2O). NEALL 1994 gives a solubility product for ettringite, but aluminium concentrations escaping from this solubility
product are much too high if compared to experimental data at pH > 12.5 [SAROTT
1995]. It seems that ettringite alone is not suitable for approximating the relevant solid
phase(s) at very high pH-values. Therefore, and because it is not relevant in any of the
subsequent considerations, aluminium is not defined for the reference solution.
Saturation with gypsum would lead to near molar sulphate solutions. This would (at
least partly) contradict experimental observations (c.f. selenium discussion on page 32).
Since sulphate is generally a weakly complexing anion, its total concentration is artificially fixed at 5-10"4 mol/1 [NEALL 1996; Table 1]. A potential increase of radionuclide
solubility by sulphate complexation is sufficiently well considered using such concentration level.
Silicate is very soluble in strongly alkaline solutions, but in cementitious environments
CSH-gels (Calcium-Silicate-Hydrate) limit its concentration. According to BERNER
1990 the model solid CaH2SiO4 (representing CSH-gels; log Kso = -8.16) is used to define the silicate concentration in solution.
Redox state: It is widely accepted that the embedded iron will produce a reducing pore
solution regime, but the quantification of reducing remains an open issue. From experimental investigations in cementitious environments it is known that very low Eh-values

13
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(below -600 mV) may quickly establish in the presence of Fe° (~2 month)5. However, in
our opinion it would not be a wise decision to fix Eh at -600 mV or below. In all subsequent geochemical evaluations/calculations the redox sensitive nuclides (including
hosting solid phases) would appear in their low redox states (e.g. Pu(III), Np(III),
U(m)?, Sn(II), Se(-II), Tc(II), etc.). The impact of such a selection on the degree of conservatism of predicted maximum concentrations is unclear:
On one hand it is well established that redox sensitive elements generally show the tendency of enhanced solubilities in more oxidising systems. Selecting a less reducing regime would therefore produce higher (more conservative) solubilities.
On the other hand there is a substantial lack of data for very reducing systems (experimental difficulties in maintaining well-defined reducing conditions). Hence, it is not obviously guaranteed that the trend of lower solubilities may be extended to very reducing
conditions for all nuclides. There is evidence that for example Np(III) and Pu(in) are
reasonably "concentrated" in carbonate rich solutions.
However, Eh conditions and their impact on repository chemistry are still open issues in
waste management and the present report does not aim at solving them. As a working
hypothesis we therefore suggest to associate the term reducing to a value of -300 mV.
This is a rather pragmatic, but nevertheless not an arbitrary decision: An Eh of -300 mV
reflects fairly reducing conditions and agrees well with the expectations for reducing
groundwater systems. Further, selecting -300 mV guarantees that equilibrium calculations involving redox sensitive nuclides are not distorted by extreme parameter values.
In earlier studies, Eh had been modelled with the help of a iron-based redox model
[CURTI 1993, BERNER 1995], but obvious benefits did not result from this more sophisticated approach. The corrosion of iron in such environments depends on time and
space, and the nature of the corrosion products is hardly predictable in sufficient detail.
CURTI 1993 demonstrated that this lack of understanding produces potential uncertainties of several hundreds of millivolts.
Sulphide is not considered in the reference pore solution. At high pH-values the stability field of sulphide/hydrogen sulphide starts at very low Eh-values. Scoping model calculations using the compositions compiled in Table 5 reveal that significant reduction of
sulphate would not occur above —600 mV.
Temperature: For usual groundwater constituents the temperature dependency of complex formation constants and of solubility products is known [PEARSON ET AL. 1992],

This statement is based on personal communications with scientists at the Harwell Labs, UK.
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and, a reference solution composition may be predicted for sensible temperature ranges
with reasonable confidence.
Unfortunately, this is not true for solutions including safety relevant radionuclides. Here,
the often less well known or even missing temperature dependency of thermodynamic
constants causes a serious problem. A consistent prediction at elevated temperature may
be performed only if the temperature dependencies of all involved equilibria are known.
The lack of "some" data will introduce "some" inconsistencies. Ultimately, the model
produces non-interpretable predictions.
The problem is not new. Similar predictions made for radionuclide solubilities in crystalline groundwaters at 50 °C also suffered from the lack of temperature dependencies of
thermodynamic constants [BERNER 1995], and, similar comments on this topic had already been offered. There is no solution to the problem as long as these temperature dependencies are missing. A way to avoid a lot of misunderstanding is to clearly point out,
under which conditions the presented results are valid.
Table 5:

Composition of reference pore solution. Total concentrations, given in
[mol/1], were calculated for 25 °C and 68 °C using the speciation code MINEQL and the database documented in PEARSON ET AL. 1992.
Element

25 °C

68 °C

Na+

0.10

0.10

+

K

0.25

0.25

2+

1.1E-3

6.5E-4

CO32"

1.4E-4

6.5E-4

F

6.3E-4

1.7E-3

2

5.0E-4

5.0E-4

2

3.9E-4

6.8E-4

0.350

0.346

Ca

SO4 "
H 2 Si0 4 "
OET
pH

13.38

12.15

Eh [mV]

-300

-300

I [mol/1]

0.33

0.34

calculated pCO 2

-13.2

-10.6

In the present report all calculations including safety relevant radionuclides were performed at 25 °C. Provided that sufficient data can be gathered and provided that it is
really essential for safety considerations, the influence of elevated temperatures may still
be re-calculated for particular nuclides.
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EVALUATION OF CONCENTRATION LIMITS

6.1

General comments on the actinides

PSI Bericht 99-10

It is common knowledge that the elements in the actinide series generally show a similar
chemical behaviour, but it seems worthwhile to give some more detailed thoughts about
the term "generally". For a comprehensive overview the reader is referred to contributions from KATZET AL. 1986, AHRLAND 1986, MORSS 1986 and references therein.
In solution, the actinides may appear in the oxidation states +III to +VI. In the higher
oxidation states their usual form is that of an "yl"-ion (AnO2+, AnC»22+), whereas in the
lower oxidation states they appear as aqua-ions (An3+, An4+). With respect to coordination chemistry in solution and with respect to solid formation, a similar chemical
behaviour is expected for ions of the same type. We thus expect a similar chemical behaviour or at least clear trends for elements in the same oxidation state (for example in
the series Th4+, Pa4+, U4+, Np4+, Pu4+).
The chemical similarity among the actinide elements vanishes if the redox state of the
solution is considered. For ordinary geochemical-type solutions, reasonable differences
in the behaviour are observed for the elements from Th to Cm (here, "geochemical" has
to be understood as "no absolutely extreme conditions"):
The only relevant oxidation state for thorium is +IV. Protactinium prefers to be in the
+V oxidation state (PaO2+) and uranium most often has a valency of +VI (UO22+). This
trend does not continue beyond uranium. Reducing conditions may already stabilise the
+IV oxidation state of uranium. U(ITf) is known only under extremely reducing conditions and the pentavalent UO2+ has only a very small stability field. It easily disproportionates to U(IV) and U(VI).
Strictly speaking, neptunium prefers to be in the +V oxidation state (NpO2+), but in
carefully maintained reducing environments Np(IV) may be stabilised [RAI & RYAN
1985, RAI ET AL. 1987, NAKAYAMA ET AL. 1996]. Np(m) is stable at strongly reducing,
acidic conditions. Very oxidising conditions are required to stabilise hexavalent neptunyl (NpC>22+) in solution.
Plutonium may be kept stable in the tetravalent state, but depending on the complexes
formed (e.g. carbonates), it may also prefer the +1H state. Pentavalent plutonyl is well
known. Hexavalent PuC>22+ is a strong oxidant which requires very strong oxidising
conditions to be formed in solution.
Americium, the next element in the actinide series clearly prefers the trivalent oxidation
state, although all states up to AmO22+ are known. Very little is known about curium.
Often, its chemical behaviour is assumed to be identical with that of americium. It may
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even happen that investigations on curium serve as analogues for the behaviour of americium [WIMMERETAL. 1992].
Geochemical solutions contain anions (O£T, CO32", SC>42~, ...) which form complexes
with all types of actinide cations [AHRLAND 1986]. Since cations with different charge/
oxidation state/ size/ electronic structure form complexes of varying stability, the concentration of complexing anions has a most important impact on the oxidation state of
particular actinides in these solutions. Therefore, the often cited "similar chemical behaviour" among the actinides has to be checked carefully and prior to its use.
6.2

Uranium

In a remarkable work, MORONI & GLASSER 1995 recently investigated the behaviour of
U(VI) in cementitious systems at 85 °C. They investigated the whole phase diagram in
the system CaO-SiO2-UO3-H2O, characterised the phases formed and measured the
composition of the associated equilibrium solutions. Since this work was considered to
be very important for the present study, its results are reproduced in Table 6 and Fig. 1.
In their analyses, MORONI & GLASSER 1995 found several uranium-bearing solids, and
they were able to obtain some of them in pure form. Uranium in solution varies with
initial solid composition in the range [< 10~9...10~5] mol/1. However, it is interesting to
note that the lowest uranium concentrations (< 10~9 mol/1) were observed in systems
where low initial UO3 contents (10%) are combined with the existence of CSH-gels
(crosses (X) in Fig. 1). Provided that its distribution is homogeneous, the averaged uranium concentration in the repository is about 300 times lower than the lowest uranium
concentrations in the experiments of MORONI & GLASSER 1995. This situation is illustrated with an additional "empty" data-set in Fig. 1 (the stability field of CSH-gels within this data-set is marked with Y's).
Based on these convincing experimental results it is concluded that the concentration of
uranium in the pore solution of hydrated cements will not exceed about 10"9 mol/1. This
conclusion is corroborated by a study of SERNE ET AL. 1996, who investigated the leachability of U, Nd, Th and Sr from cement at varying pH. Above pH 9, SERNE ET AL. 1996
found UO2 concentrations generally below 10" mol/1 and from the slope of log[total
dissolved U] vs. pH they concluded that an amorphous CaUO4 might act as the limiting
solid. In their careful analysis of solids, MORONI & GLASSER 1995 found a similar phase
(phase X, see Table 6) in systems without silica, but this phase was never detected in
preparations including the silica component.
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Table 6:

Initial [mol%]
Ca Si U
90 0 10
80 0 20
70 0 30
60 0 40
50 0 50
40 0 60
30 0 70
20 0 80
80 10 10
70 10 20
60 10 30
50 10 40
40 10 50
30 10 60
20 10 70
10 10 80
70 20 10
60 20 20
50 20 30
40 20 40
30 20 50
20 20 60
10 20 70
60 30 10
50 30 20
40 30 30
30 30 40
20 30 50
10 30 60
50 40 10
40 40 20
30 40 30
20 40 40
10 40 50
40 50 10
30 50 20
20 50 30
10 50 40
30 60 10
20 60 20
10 60 30
20 70 10
10 70 20
0 70 30
0 60 40

0

50 50

Experimental investigation of the system CaO-SiO2-UO3-H2O at 85 °C,
taken from MORONI & GLASSER 1995 [Table 3 & 4 therein]. The indicated
pH was measured in the cooled, filtered supernatant.
1

2
X
X
X
X
X
X
?

3

Solids identified *'
4
6
7
8
5

X
X
X

X

X
X
X
X
X

X
X
X

X

7
X
X
X
X

X

X
X
X
X
X

X
X

X

7

X

10

X

X
X
X
X

9
X
X
X
X
X
X

X
X

X

X
X
X
X

X
X
X
X

X

X

X
X
X
X
X

X

7
X

?
X

X

X

X

X
X

?
X

X
X
X
7

X
X
X
X
X

X
X
X
7

X
X
X

X

X
X
X

X
?

X
X
X

*>1 Soddyite:
(UO2)Si04-2H2O
6 6.7 A-phase
Ca:U ~ 2:3

Phase X
(CaUO4-2H2O)
6.9 A-phase
Ca:U~l:3

PH
13.1
13.0
13.0
12.9
11.0
8.1
6.3
6.9
13.3
13.2
13.2
12.9
11.4
7.3
7.7
5.6
12.1
12.0
11.4
9.7
10.1
8.0
6.2
12.2
11.6
10.6
9.8
8.2
5.7
11.3
10.3
9.4
8.6
6.8
9.9

9.4
9.4
7.4
9.2
9.1
5.4
9.2
7.9
5.1
5.0
5.1

Solution composition | mol/1]
[Ca]10(
[U],ot
[Si],ot
1.25E-2
0
2.28E-8
1.27E-2
5.28E-8
0
1.32E-2
1.31E-8
0
1.06E-2
9.28E-8
0
7.24E-4
3.41E-8
0
1.25E-4
0
8.12E-7
1.01E-4
4.61E-7
0
9.40E-5
1.50E-7
0
1.37E-2
3.52E-8
1.80E-5
1.25E-2
1.40E-5
1.15E-7
1.19E-2
1.40E-5
9.80E-8
5.12E-3
3.70E-5
3.68E-8
8.11E-4
6.20E-4
1.01E-7
1.87E-4
2.64E-7
5.90E-5
9.41E-5
2.37E-7
6.30E-5
2.02E-5
2.70E-4
3.48E-6
1.24E-2
1.45E-7
2.00E-5
1.20E-2
1.80E-5
5.80E-8
2.75E-3
3.20E-5
5.90E-8
1.05E-7
8.73E-5
1.30E-3
5.61E-4
2.50E-4
5.50E-8
1.56E-4
4.00E-5
2.27E-7
3.20E-5
3.70E-4
1.62E-6
1.24E-2
1.00E-5
<lE-9
2.93E-3
<lE-9
9.30E-5
9.36E-4
6.90E-4
1.30E-8
8.42E-4
1.40E-3
1.00E-8
2.18E-4
8.70E-8
2.30E-5
4.40E-5
4.20E-4
1.21E-6
2.75E-3
2.80E-5
<lE-9
8.73E-4
7.40E-4
1.50E-8
9.04E-4
8.90E-4
8.70E-8
3.74E-4
4.10E-4
8.80E-8
5.89E-5
1.20E-3
6.13E-6
4.98E-4
1.70E-3
1.70E-8
1.25E-3
3.40E-3
3.20E-8
9.98E-4
3.20E-3
5.50E-8
7.50E-5
3.90E-3
1.01E-5
1.34E-3
2.90E-3
8.90E-8
1.19E-3
3.30E-3
6.20E-8
1.01E-4
4.10E-3
1.13E-5
1.31E-3
2.80E-3
7.70E-8
3.74E-4
4.10E-3
1.22E-5
1.10E-5
0
4.60E-3
0
4.60E-3
1.33E-5
0
3.70E-3
1.28E-5
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Uranophane

Ca(UO2)6O4(OH)6 -8H2O

Ca(UO2)2(SiO3OH)2 -5H2O
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Portlandite
Ca(OH)2
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5
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Measured uranium concentrations in the system CaO-SiCVUOa-tkO. Data
are taken from MORONI & GLASSER 1995 (compiled in Table 6). The initial
portion of SiC<2 in the mixtures (not shown in the figure) makes up the sum
of CaO and UO3 to 100 mol-%. The experiments were run at 85 °C for several months. Crosses (X) mark conditions where CSH-gels were observed.
Similarly, Y's in the foremost "empty" data set mark conditions where CSHgels would exist in hydrated cements of potentially low UQ3 - loadings.

The importance of the MORONI & GLASSER 1995 work for the present report justifies a
closer look to this potential inconsistency. SERNE ET AL. 1996 did not analyse the solid
phases. The basis of their conclusion is a slope of — 2 for log[total dissolved U] vs. pH
in the pH range 7 to 9. To obtain the desired "low" pH values [7.. .9], SERNE ET AL. 1996
added large amounts of HC1 to the cement slurries. Finally, they measured total Ca concentrations around 0.22 mol/1, resulting from portlandite dissolution. A rough mass balance estimate reveals that most likely the solids in their final slurries consisted of a mixture of (Ca)silicates and aluminates rather than of a hydrated cement (complete dissolution of 1 g of hydrated cement in 30 ml of water would produce a Ca concentration in
the range of 0.3 mol/1). Further, Seme's assumption of UO2(OH)2° being the dominant
species in solution is questionable. SANDINO & GRAMBOW 1994 point out the uncertainty of the corresponding thermodynamic data and suggest that (UC<2)2(OH)22+ could
be the dominant complex (in this case one would expect a slope of -1 for log[total dissolved U] vs. pH). Additionally, and in accordance with the findings of MORONI &
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1995, SANDINO & GRAMBOW 1994 showed that becquerelite and compreignacite (Ca(UO2)6O4(OH)6-8H2O; K2(UO2)6O4(OH)6-8H2O) are formed at low to moderate pH values in the presence of Ca (and K).
GLASSER

Neither from MORONI & GLASSER 1995, nor from SERNE ET AL. 1996 we can unambiguously extract the nature of the limiting phase at high pH, but based on the presented arguments it would be unlikely to consider CaUC>4 as claimed by SERNE ET AL. 1996.
What remains is the fact that maximum U(VI) concentrations in cementitious systems
are well below 1CT8 mol/1.
All of the uranium-bearing solids characterised by MORONI & GLASSER 1995 contained
U in the redox state (+VI). No reductants have been used in the experiments. The question now arises, to which extent these findings are applicable to more reducing conditions where U(IV) is expected to become stable in "geochemical" solutions.
Let us try to discuss this question by means of a little thermodynamic model exercise of
uranium in a solution as given in Table 5. We start with a pure U(IV)-system and exclude redox reactions. Using thermodynamic constants from GRENTHE ET AL. 1992, we
calculate an U(TV) solubility of 1.1-10"8 mol/1. Crystalline UO2 is the limiting phase and
U(OH)5~ is the only relevant complex in solution. The same solubility (1(T8 mol/1) is
obtained if the data-set proposed by BERNER 1995 is used. Here, the limiting solid is
amorphous UO2 and the solution is dominated by U(OH)4°.
In both cases the calculated result exclusively depends on the stability associated with
the penta-hydroxide complex U(OH)5~. Unfortunately, the question about the stability of
this complex (and particularly also about the stability of the non-charged U(OH)4°) still
remains open.6
With respect to U(IV)-hydrolysis, the present work prefers the BERNER 1995 data and
presumes that U(OH)5~ does not significantly contribute to total solubility. A hypothetical pure U(IV)-system (oxidation to U(VI) artificially suppressed within the model calculation) would produce 10~8 mol/1 of dissolved uranium, with U(OH)4° being the dominant complex.
The next step in our model exercise takes redox reactions into account (Eh set to -300
mV, as outlined earlier in this document). If the system is allowed to equilibrate among
the different oxidation states of uranium, the result changes substantially. At high pH
the anionic hydroxide complexes of U(VI) (i.e. UO2(OH)3~, UO2(OH)42~) are stable
enough to completely dominate the speciation in solution. The calculated solubility increases to 5-10~7 mol/1, limited by sodium uranate, 0C-Na2U2O7 (using U(VI) - data from
6

Although Grenthe [in SlLVA ET AL. 1995] remarks on U(IV)-hydrolysis described in a former work
[GRENTHE ET AL. 1992], his comments are not sufficient to resolve the open problem.
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1992). Note that the upper limit as given in Table 1 is based on this
model calculation.
GRENTHE ET AL.

It is interesting to note that the model exercise would require much stronger reducing
conditions to stabilise UO2(am) at pH 13.4 (< -650 mV). Uranium(IV) will not contribute
to the total dissolved uranium at -300 mV. Hence, the potential limiting solid phase will
most likely contain uranium in oxidation states above +IV.
There is no evidence at all that in a reducing environment maximum uranium concentrations will be much higher than in the non-reducing systems investigated by MORONI
& GLASSER 1995 and SERNE ET AL. 1996. Hydroxide is the only ligand which needs to
be considered for complexation at pH 13.4. Sulphate complexes are too weak to establish themselves against the hydroxides, and, the more stable carbonate complexes (with
either the tetra- or hexavalent uranium) will not form at CC>32~ concentrations of 1.4-10"4
mol/1 (limited by calcite saturation, see Table 5).
Unfortunately, the model calculations discussed above are not strongly related to true
cementitious environments. The high pH is the only "link" to real cement systems in this
little exercise. Particularly, the solid phases which are thought to be characteristic for
cement systems were not accounted for in any way.
Therefore, our best estimate for maximum uranium concentrations in cement pore waters relies to a large extent on the experimental results provided by MORONI & GLASSER
1995 (and by SERNE ET AL. 1996):
Uranium concentration is 10 8 mol/1.
The lower limit of 10~9 mol/1 is justified by experimental data compiled in Table 6.
Further discussions on actinide elements are strongly related to the behaviour of U(IV)
(and Th(IV), see next section), when referring to a generally reducing environment. Unfortunately, the experiments on which our recommendations for the maximum uranium
concentration are based were performed under oxidising conditions where U(VI) is predominant. Therefore, it seems appropriate to briefly summarise our arguments which
link the experimental findings in the U(VI)-system to the expected behaviour of U(IV).
Based on general principles in aqueous complex chemistry, it is expected that the solubility of a tetravalent cation M4+ is generally lower than the solubility of the corresponding (hexavalent) di-oxo ion MC>22+. In the case of uranium at high pH this is not
easy to show, since anionic uranyl hydroxide complexes become dominant (see discussion above). The difference in solubility between the two redox states of U is best demonstrated at lower pH. Provided that no other strong ligands interfere with hydroxide,
both, U(VI) and U(IV) are present as non-charged hydroxide species (UO2(OH)2°,
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U(OH)4°) at pH values around 9. A model comparison of total U-solubilities in this pH
range reveals that tetravalent uranium is about 3 orders of magnitude less soluble than
the hexavalent uranyl. Obviously, U(0H)4° is not directly comparable to UO2(OH)2°,
but in the absence of other ligands and since no clear evidence for the formation of
U(0H)5~ has been given until today, we do not expect that U(IV) exhibits a higher total
solubility than U(VI) at high pH.
6.3

Thorium

Thermodynamic model calculations performed with data recommended by BERNER
1995 (Table 9 therein) give total Th concentrations of 2.6- 1(T7 mol/1 at pH 13.4. The
limiting solid is an oxide termed "micro-crystalline" and the only relevant species in
solution is Th(OH)4°.
Thorium(IV) is a typical representative of those elements preferring an oxide "environment" adjacent to the M4+ ion (Ti4+, Zr4+, Hf4*, Ce4+). Its high affinity to oxidic neighbours is also confirmed by the existence of higher carbonate complexes (i.e. Th(CO3)s ~;
OSTHOLS ET AL. 1994, FELMY ET AL. 1997, HESS ET AL. 1997). Thorium is not oxidizable, in aqueous solution it solely appears as Th(IV). Anionic hydroxide complexes of
Th(IV) do not exist7.
Independent (solubility) studies by SERNE ET AL. 1996 and WIERCZINSKI ET AL. 1998 in
cementitious systems give total Th solubilities well below 1CT8 mol/1. Neither of these
studies tried to identify the limiting solid, but both implicitly speculate that ThC>2 is responsible for the low Th concentrations.
From Table 4 we see that combining sorption on cement with a relatively low inventory
limits Th at 7-1CT10 mol/1. A potential dilution factor of 10 is extracted from Table 3, but
it should be noted that "natural" Th is also composed of radioactive isotopes. Based on
the experimental evidence from independent studies we therefore recommend as best
estimate:
Thorium concentration is 10" mol/1.
The lower limit of 10~9 mol/1 (Table 1) is justified by the experimental solubility studies
and by the fact that a high K<j on hydrated cement seems well established. The upper
limit of 3-10"7 mol/1 is based on thermodynamic model calculations.
In the former section we argued, based on general principles in aqueous complex chemistry, that U(IV) does not exhibit a higher solubility than U(VI) in the absence of anionic

7

It is worth mentioning here that Th carbonates (e.g. Th(CO3)56) may have coordination numbers up to
10, but the hydroxides do not exceed a 4-coordination. The same seems to be true for U(IV).
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U(IV) hydroxide complexes. According to a reasonably well established relationship
among the solubilities of actinide dioxides [RAI ET AL. 1987], the solubility of ThC>2 is
generally expected to be higher than the solubility of UO2. Relying on chemical analogy
among Th(IV) and U(IV), we conclude that the observed solubility behaviour of Th
provides independent arguments for low U(IV) concentrations in cementitious systems.
It would be appropriate to recall that the Th-inventory introduced by the cementitious
material is higher than the inventory from the waste itself. As outlined in chapter 3, this
offers the possibility of investigating the solubility behaviour in different cement environments (including "old/ancient" cement structures) by applying well established pore
solution squeezing techniques.
6.4

Protactinium

Nearly no (thermodynamic) data are available for protactinium. Based on its position in
the periodic table of the elements, its tetravalent oxidation state most likely will behave
like Th(IV) and U(IV). However, according to BAES & MESMER 1976 Pa(IV) is readily
oxidised to PaO2+ (see also KATZETAL. 1986). In acidic solutions concentrations up to
10~5 mol/1 of PaC>2+ were measured, but in more alkaline solutions irreversible hydrolysis (whatever this means) was observed. With the data provided by BAES & MESMER
1976, a solubility of only 2-10"15 mol/1 at pH 13.4 is predicted. Such an insignificant
value does not anymore have the character of a concentration, but most likely reflects
the poor quality of the underlying data.
231

Pa is a daughter of the 4N+3 decay chain and is directly determined by 235U, which
contributes about 2 % to the total uranium. In secular equilibrium the ratio 231Pa/235U is
less than l:20'000. From the uranium inventory (18 kmol; Table 3) a Pa inventory of
only 20 mmol is calculated, leading to an inventory-derived maximum concentration of
3-1O"8 mol/1 (upper limit). If sorption is considered to be operative, dissolved Pa would
drop to insignificant levels (7-10~13 mol/1). These insignificant levels serve for the lower
limit, but in Table 1 they are represented as <10~10 mol/1.
The re-evaluated actinide(IV)-data proposed by BERNER 1995 do not distinguish between Pa(IV) and U(IV) and we believe that arguments which hold for U and Th are
also valid for Pa. Therefore, our best estimate is:
Protactinium concentration is 10" mol/1.
This recommendation most likely overestimates Pa concentrations to be expected in real
systems, and, presumably, any limit in the range [10~8...10~12] mol/1 is justifiable. However, not yet resolved uncertainties associated with the properties and the behaviour of
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pentavalent PaC>2+ remain. These uncertainties are accounted for by recommending a
best estimate very close to the inventory-given maximum.
6.5

Neptunium

More recent experimental data on neptunium were given by NAKAYAMA ET AL. 1996,
NECKET AL. 1992, RAIET AL. 1987 andRAi & RYAN 1985. Several thermodynamic constants concerning hydrolysis, redox state and solubility were taken as given in these
publications (Table 7, note that log £4 = -9.8 for Np(OH)4° was estimated by combining
the solubility product for NpCh-xHfeO from RAI ET AL.1987 with total solubilities measured by RAI & RYAN 1985 (and NAKAYAMA ET AL. 1996)).
From the data compiled in Table 7, total dissolved Np is calculated to be 5-1CT9 mol/1 at
pH 13.4 / -300 mV (this value serves for the lower limit). Np(OH)4° is found to be the
most prominent species in solution. The portion of Np(V) (present as NpO2(OH)2~) is
low (2 %) at -300 mV, but becomes dominant above -200 mV.
Table 7:

Complex

Thermodynamic constants for neptunium, taken from NAKAYAMA ET AL.
1996, NECK ET AL. 1992, RAI ET AL. 1987 and RAI & RYAN 1985. Equilibria
are presented in the same logarithmic form as used in the MINEQL code.
Curly brackets {} denote activities. For comparison, column 3 gives the values used in a former solubility study [BERNER 1995]. Note that log P4 for
Np(OH)4° was estimated by combining the solubility product for
NpO2-xH2O from RAI ET AL.1987 with total solubilities measured by RAI &
RYAN 1985 (and NAKAYAMA ET AL. 1996).
.

NpO2-xH2O(am):
Np(OH)4°:
Np^/NpO/:
NpO2OH°:
NpO2(OH)2":

Equilibrium

[BERNER 1995]

0 = -1.5 + log{Np4+} - 4-log{H+}
log {Np(OH)40} = -9.8 + logfNp4*} - 4-log{H+}
0 = 9.66 - log{Np4+} + log{NpO2+} + 4-log{H+} + log{e~} - 2-log{H20}
log{NpO2OH0} = -11.3± 0.2 + log{NpO2+} - log{H+}
log{NpO2(OH)2"} = -23.65± 0.15 + log{NpO2*} - 2-log{H+}

(-0.8)
(-13)
(10.89)
(-9)
(-)

It is important to recognise that neptunium is very sensitive to Eh within the range defined for this work. Since hydroxide complexes are not strong enough to stabilise
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Np(DI)8, trivalent Np is not predicted to form in significant portions, even if the model
is run with low Eh values (for example -650 mV).
With Np(OH)4° and NpO2(OH)2~ being the dominant aqueous complexes and
being the limiting solid, some analogy to the behaviour of uranium is
given. Up to -300 mV the stability of tetravalent NpO2-xH2O(S) seems well established
and corroborates the low predicted solubilities. Some uncertainty arises from the formation of the well soluble pentavalent neptunyl ion if Eh raises above -300 mV. However,
we suppose that this uncertainty is at least partly compensated by the fact, that no big
differences are expected if pentavalent neptunyl is compared with hexavalent uranyl in
cementitious systems. Based on thermodynamic model calculations and in analogy to
the behaviour of U(VI) we therefore recommend that
Neptunium concentration is 10"8 mol/1
should be used as best estimate. Additional evidence for low neptunium concentrations
is provided in Table 4. The inventory-based maximum concentration would be 6-10~5
mol/1 (upper limit). Considering sorption would decrease the estimated maximum concentration to 1 -10~9 mol/1. The recommended maximum concentration is further corroborated by a recent study from NAKAYAMA ET AL. 1996. Using Fe°, Cu° and Na2S2O4
as reducing agents and performing under- and over saturation type experiments, these
authors found Np(IV) hydrous oxide solubilities below 10~8 mol/1 in the pH range
[7... 12] when the system was equilibrated for a couple of months. Depending on the reductants, solubilities in the range [10~8...10~7] mol/1 were found for short equilibration
times (several days). The authors give no clear reason for this behaviour, but they suggest that sorption of Np(IV) on fine metallic particles passing the 10t)00-MW cut-off
filter could be a possible explanation.
6.6

Plutonium

In reducing environments the oxidation states +III and +FV prevail, penta- and hexavalent plutonyl will not form. The solubility of the oxide (PUO2) and the redox equilibrium
Pu(III)/ Pu(IV) are the most critical parameters in assessing maximum concentrations.
Using the solubility product (of PUO2) proposed by LEMIRE & TREMAINE 1980 produces
Pu-concentrations of 3-10~9 mol/1, whereby Pu(III) contributes about 5 % to the total. A
total concentration of 3-1O"8 mol/1 is obtained when applying the solubility product re-

8

Recently published Am(III)-data from SILVA ET AL. 1995 were substituted for missing Np(III)-data in
order to perform the calculation. This substitution seems justified as a first-approximation type
evaluation.
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commended in a former report [BERNER 1995], and, the use of data provided by
1984 leads to about 5-10"11 mol/1 of dissolved Pu at pH 13.4 / -300 mV.

RAI

At -300 mV and at high pH Pu is sensitive to Eh. Therefore, the reduction to Pu(III)
which is promoted by the stability of Pu(III) hydroxide complexes deserves closer attention:
According to the model calculations (using the database documented in PEARSON ET AL.
1992) Pu(in) becomes stable and dominant between -300 and -400 mV. With decreasing Eh, the portion of Pu(HI) increases and very high concentrations of dissolved Pu are
predicted under strongly reducing conditions.
These findings are clearly a consequence of combining a high stability of anionic
Pu(OH)4~ with a much too high solubility of Pu(OH)3(S). The predictions are not compatible with experiments reported by FELMY ET AL. 1989, describing the solubility of
Pu(OH)3(s) in the pH-range [6... 14] at ca. -300 mV. According to their findings [FELMY
ET AL. 1989; Figure 9], log [solubility] of Pu(OH)3(S) decreases with increasing pH (in the
pH range [6.. .8]) with a slope of — 3 to Pu-concentrations below ~ 10"9 mol/1. This low
level is then maintained, even if pH is raised above 13. The slope of — 3 indicates a direct dissolution of Pu(OH)3(S) to Pu(OH)3°(aq) in the pH range [8... 13]. It further defines
limits for the first hydrolysis constant of Pu3+. Felmy's study does not give evidence for
the formation of Pu(OH)4" up to pH 13.5, which agrees with recently given data on the
solubility of Nd(HI) in cementitious systems [SERNEETAL. 1996]. A similar observation
is made for Am(m): In accordance with the most recent data compilation by SILVA ET
AL. 1995, Am(0H)4~ seems to be unknown. From all this evidence it is very likely that
the tetra hydroxide complex of Pu(in) does not exist. Hence, it is almost certain that the
PEARSON ET AL. 1992-data completely overestimate the formation of Pu(OH)4~, and,
further application of this particular equilibrium is not recommended.
With 290 moles, the total Pu inventory in the repository is reasonable high and does not
allow to establish a sensible inventory-based maximum concentration. Based on the
above discussion our recommendation does not fully rely on the thermodynamic predictions, but it relies on the experimental work of RAI 1984 and FELMY ET AL. 1989 and
gives appropriate weight to the sorption argument as outlined in Table 4. As best estimate we recommend:
Plutonium concentration is 10 8 mol/1.
The inventory-limited maximum concentration would be 5-10"4 mol/1, but we believe
that all the experimental evidence discussed above justifies a much smaller uncertainty
for the "best estimate". In the sense of an expert judgement we propose to use 10"6 mol/1
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as an upper limit (Table 1). The justification for a lower limit of 10 9 mol/1 is taken from
reported solubilities.
6.7

Americium

The Nuclear Energy Agency (NEA) recently issued a comprehensive study on thermodynamic data of americium [SILVA ET AL. 1995]. With these very carefully evaluated
data, one calculates a maximum Am concentration of 2-10~9 mol/1 at pH 13.4. Thereby,
amorphous Am(OH)3(s) is predicted to be the limiting solid and Am(OH)3°(aq) is the
dominant complex in solution. The prediction reveals that anionic hydroxide complexes
will not form, even at very high pH (i.e., Am(0H)4~; see also comments in chapter 6.6).
In the present pore water, carbonate concentration is not high enough to complex significant portions of Am3+ and to substantially increase the maximum concentration (or/
and Am(III) carbonate complexes are too weak).
Based on the thermodynamic prediction, on the fact that considering sorption on cement
leads to the same maximum concentration (Table 4) as well as on experimental evidence
from the chemical analogues Eu(III) and Nd(III) it is concluded that the best estimate for
Americium concentration is 2-10 9 mol/1.
This best estimate is identical with the lower limit. A concentration of 2-10"9 mol/1 for
Am is also in accordance with solubility experiments carried out using the chemical
analogue Eu(HI) [OCHS ET AL. 1998, TITS ET AL. 1998]. Moreover, experiments on
Nd(ni), another analogue for Am(III), gave maximum concentrations below 10~8 mol/1
in cementitious systems [SERNE ET AL. 1996]. The inventory-limited upper limit would
be 4-10"5 mol/1, but we believe that the well established thermodynamic data and the
persuading evidence from chemical analogues justifies an upper limit closer to the best
estimate. In the sense of an expert judgement we therefore propose to use an upper limit
of 10~7 mol/1 (see also "plutonium").
6.8

Nickel

Thermodynamic predictions based on available data do not draw a clear picture on
maximum nickel concentrations at pH 13.4. Data from BAES & MESMER 1976 predict
3-10"6 mol/1, but with the solubility product of Ni(OH)2(S) from WAGMAN ET AL. 1982
one obtains 3-10"4 mol/1.
ET AL. 1997 published a notably careful study on the solubility of crystalline
Ni(OH)2 in the pH range [7... 13.5] (Fig. 2). The authors analysed the solid phase before
and after the solubility experiment, checked the equilibrium from both sides (over- and
MATTIGOD
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undersaturation) and tested equilibrium attainment by time series up to 90 days. From
pH 7 up to the solubility minimum at pH - 1 1 . 5 they could explain all of their measurements (and also older data sets from literature) by solely using the solubility product
of Ni(OH)2(S) and the species Ni(OH) . Above the solubility minimum (~ 10" mol/1 / pH
~ 11.5) they found increasing Ni-concentrations with increasing pH up to ~ 13.5. Because their detection limit increased with pH, MATTIGOD ET AL. 1997 were not able to
relate this solubility increase to the existence of higher-order hydrolytic species, including Ni(OH)2°, Ni(OH)3" and Ni(OH)42" (Fig. 2). Despite the quality of this work, a reliable thermodynamic prediction fails for pH values above ~ 11.5.
Similar results on Ni solubility in cementitious pore waters were reported by OCHS ET
AL. 1998. At pH 13.2 these authors found maximum nickel concentrations of about
[3.. .4] • 10~7 mol/1 at 22 to 50 °C. Like MATTIGOD ET AL. 1997, OCHS ET AL. 1998 interpreted their results with Ni(OH)2(S> being the limiting solid. At pH 12.5 (portlandite
saturation) a slightly decreased maximum concentration of 1.3-10~7 mol/ was observed,
but OCHS ET AL. 1998 were not able to link this difference to the formation of anionic
hydroxide complexes.
1998 spiked NaOH/KOH solutions (0.3 mol/1) saturated with respect to
portlandite and calcite with Ni2+ to obtain total Ni-concentrations in the range
[10~10...10~6] mol/1. Remaining Ni2+ in solution was measured after 1 month of equilibration time. Unfortunately, there is no unambiguous interpretation of the results, but
there is a clear evidence that solutions become unstable with respect to total dissolved
Ni above a threshold concentration of ~10~8 mol/1. Based on the experimental set up, the
observed behaviour is compatible with the hypothesis of Ni(OH)2(S) co-precipitating
with traces of portlandite. Such a hypothesis is supported by the fact that large Ka's of
[l'000...5'000] I/kg were observed for the sorption of nickel on pure portlandite (TITS
1998; pers. comm.).
TITS ET AL.

The total inventory is very high. Therefore, limits based on total inventory (4-10~2 mol/1)
or on considering sorption (4-10~5 mol/1) are still quite high, although an isotopic dilution factor of at least 5 (Table 3) would be applicable. There is another point worth
mentioning here. Nickel forms an alloy with iron, and most of it is present as metallic
nickel. Dissolved oxygen in the groundwater or H2O2 from radiolysis are necessary to
oxidise Ni° into its soluble form.
With time, radiolysis produces enough oxidants to oxidise the whole nickel inventory
[NAGRA 1991; page 60]. There are, however, open questions concerning the kinetics of
these processes and it would be extremely conservative to assume that all nickel is present in its oxidised form in the first stage of repository lifetime.
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Fig. 2:

Concentrations of Ni in filtrates from Ni(0H)2(C> suspensions equilibrated in
0.01 M NaC104 for different time periods. Data taken from MATTIGOD ET
AL. 1997.

Based on the experiments by MATTIGOD ET AL. 1997, OCHS ET AL. 1998 and TITS ET AL.
1998, in the light of high sorption on cement as well as on some of its constituents
[BRADBURY & SAROTT 1995, Trrs 1998; pers. comm.], and considering a restricted
availability of oxidised nickel we estimate that the maximum
,-7 .

Nickel concentration is 10 mol/1.
-.-6

The model prediction obtained from the BAES & MESMER 1976 data (3-10 mol/1, in accordance with the MATTIGOD ET AL. 1997 experiments) serves for the upper limit. There
is no evidence for a lower limit far below the recommended best estimate.

6.9

Zirconium

For ZrO2(S) the thermodynamic model calculation predicts a solubility of 4-10 mol/1
with Zr(OH)s~ being the dominant species in solution. The underlying data were taken
from BAES & MESMER 1976. They are comparable with the data proposed in BERNER
1995 for the tetravalent actinides. As a remarkable difference to the actinide(IV) data,
the stability of anionic Zr(OH)5~ leads to high solubilities. There is no doubt about this
anionic complex, BAES & MESMER 1976 report on the solubility of ZrCfys) in up to
9 mol/1 NaOH solutions, referring to an experimental study. Compared to the hydroxides, carbonate complexes (i.e., Zr(CC<3)56~) are not relevant under present conditions
(pH 13.4 / CC<32~ 1.4-10"4), although a remarkable stability has been suggested for such
complexes [CURTI & HUMMEL 1999].
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The question is, whether the MORONI & GLASSER 1995 experiments were applicable to
Zr or not? With other words, will zirconium oxide/hydroxide be taken up by cement
phases as it is the case for U(VI)? From a point of view of aqueous complex chemistry a
similarity between Zr(IV) and tetravalent actinides is certainly given. On the other hand,
the high stability of Zr(OH)5~ and its impact on the solubility of Zr would need to be
compensated by a very tight binding of zirconium oxide/hydroxide to cement minerals.
Unfortunately, there is not enough experimental evidence to unambiguously show such
behaviour.
With more than 1200 tons, the repository includes a huge zirconium inventory. In fact,
nearly 10 % of the inner silo region consist of zirconium (cf. Table 2). Sorption on cement must not be considered, since the source term is much too high (remember that
sorption effects as presented in Table 4 rely on low inventories and on low occupancies
on the cement).
Like nickel, also zirconium is disposed off in its metallic form and, hence, oxidation is
an essential prerequisite to bring this element into a transportable form. To oxidise more
than 1200 tons of metallic zirconium requires a lot of oxidants (504 tons of water, 448
tons of oxygen or 476 tons of H2O2 from radiolysis). It is obvious, that zirconium release into solution will be restricted by kinetic constraints, originating from the transport
of oxidants to the metal. Unfortunately, and as in the case of nickel, such constraints are
not defensible based on present system understanding. Although being very conservative, the assumption of instantaneous and complete oxidation of the whole inventory is
chemical non-sense (it would lead to 20 M ! solutions). Similarly, it would even be irrelevant to define any (most likely non-defensible) non-unity proportion of oxidised Zr.
Moreover, it should be accepted that no credit can be taken from the inventory and from
considering sorption to be operative.
The thermodynamic calculation predicts 4-10"5 mol/1. From isotopic dilution, a factor of
at least 5X)00 (Table 3) is applicable for calculating the concentration of radiotoxic 93Zr.
This would lead to the range [10~8...4-10~5] mol/1 (lower- and upper limit). However,
for the present estimate we prefer to stay on the "safe" side of this range and recommend
that
Zirconium concentration is 5*10~5 mol/1.
Note that this (rounded) best estimate most likely overestimates the concentration of
93
Zr by at least 3 orders of magnitude, but as outlined in the above paragraphs, reliable
arguments to firmly defend a lower limit require to study the kinetics of oxidiser formation/transport within/through the cementitious matrix.
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Molybdenum

The few available thermodynamic data predict a solubility of -10L-3 mol/1, with anionic
MOO4 ~ being the only species in solution. The limiting solid has the formula CaMoO4
(powellite).
Much better indications for the behaviour of Mo in cementitious systems are found in
the work of KINDNESS ET AL. 1994. These authors investigated the pore water of hydrated cement, spiked with variable amounts of Mo. After curing, they found molybdenum concentrations in the range [0.5...0.8]-10~3 mol/1, independently of the original concentration. Identification by XRD and SEM revealed the presence of powellite and Mosubstituted AFm9 phase. With independent determinations of the solubility of pure powellite and Mo-substituted AFm phase, KINDNESS ET AL. 1994 confirmed their solubility
measurements in hydrated cement.
Thermodynamic predictions and recent experimental work are in good agreement and
lead to a maximum concentration of 10~3 mol/1. It should, however, be noted that
KINDNESS ET AL. 1994 characterised powellite as being incongruently soluble (in pure
water they found [Mo] =0.244-10"3 mol/1, [Ca]=0.187-10~3 mol/1). This sets some question marks for the use of thermodynamic predictions performed with ordinary speciation
codes, which usually do not consider incongruent dissolution.
In the presence of phosphate, molybdenum may precipitate as potassium molybdate
phosphate and with Sn(II) a very sensitive method of determination exists for Mo
(precipitation of colloidal molybdenum blue). KINDNESS ET AL. 1994 also demonstrated
the substitution of SC>42~ by MoC>42~ in AFm-phases of hydrated cement. From these indications the existence of additional sparingly soluble molybdenum compounds is concluded. Such phases, even not characterised in terms of thermodynamic constants up to
now, could further limit the solubility of Mo.
However, for the present design a restricted inventory of some 80 mol of Mo (Table 3)
limits the maximum concentration at 10"4 mol/1. Neglecting a potential isotopic dilution
factor of at least five (which justifies the lower limit), our best estimate says that
Molybdenum concentration is 10"4 mol/1.
Note that the upper limit of 10~3 mol/1 (Table 1) is not based on the inventory, but on the
findings of KINDNESS ET AL. 1994. Hence, its validity goes beyond the present repository
design.

9

Cement chemists shorthand notation for 3CaO-(Al,Fe)2O3-CaSO4-xH2O (calcium aluminate ferrite
monosulphate hydrate), also, AFt for the trisulphate hydrate. Similarly, C3A = 3CaO-Al2O3.
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Niobium

Available thermodynamic data do not allow for establishing a concentration limit. The
oxide Nb2C>5 is very soluble, and concentrated solutions of the very stable anionic
Nb(OH)6~ are predicted to form at pH 13.4. However, as recently discussed in
LOTHENBACH ET AL. 1998, Nb hydroxide complexes rather exist in poly-nuclear form
than as the mono-nuclear species Nb(OH)6~. From very recent experimental work OCHS
199910 found strong evidence that sparingly soluble Ca-niobates limit Nb concentrations
below 10~7 mol/1 in Ca-rich alkaline solutions.
Based on a single experimental study, BRADBURY & VAN LOON 1998 propose a high K<i
for Nb sorption on cementitious materials (Table 4), but we are not sure, whether a high
Kd for Nb is consistent with a zero Kd for molybdenum in similar systems or not. Consequently, we do not consider sorption in the case of Nb.
Since the presently available information is non-conclusive or not yet confirmed, we
completely rely on the total inventory and propose as best estimate:
Niobium concentration is 8-10 4 mol/1.
It seems likely that our conservative estimate is not yet a final answer to the maximum
concentration of Nb in Ca-rich alkaline cement pore waters. This is indicated with a
double "<"- prefix in front of the lower limit given in Table 1.
There is another point worth mentioning here: Divalent anions like MOO42, CO32" or
SeO32" (see chapters 6.10 and 6.12) may substitute for the Y-position in AFm-type
phases (C3A.CaY.xH2O; usually, Y = SO42""). Similar compounds exist for monovalent
anions (C3A.CaX2.xH2O). The most prominent representative of this class of AFmphases is Friedels' salt with X = CF [GUNKEL 1992]. We are convinced that such substitutions in the calcium aluminates will limit the concentrations of elements which form
corresponding oxo-anions. Unfortunately, it is definitely not known, whether Nb(OH)6~
may substitute at the X-position or not, and, hence, we presently cannot defend or even
quantify such an uptake mechanism for Nb.
6.12

Selenium

The speciation of selenium strongly depends on Eh. Reducing environments will stabiUse the oxidation states -II (HSe~) and +IV (SeO3 ~), and, depending on other solution
parameters, also elemental selenium may have a stability field. Hexavalent selenate
(SeO/") is not stable under reducing conditions.
10

M.Ochs, BMG Engineering Ltd., not vet confirmed personal communication (1999).
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Based on available thermodynamic data, the speciation looks rather simple at pH 13.4:
Relevant species in solution are SeO32~ and HSe~ (SeO42~ and Se2" give insignificant
contributions). The redox equilibria SeO427SeC>32~ and SeO^THSe" (both originating
from WAGMAN ET AL. 1982) determine the speciation. From the variety of selenium
bearing solids listed in the thermodynamic database [PEARSON ET AL. 1992], only elemental selenium, the pyrite analogue FeSe2 and CaSeC>3 need to be considered as potential limiting solids in the given environment. Fig. 3 shows predicted total Se concentrations at pH 13.4 in the presence of Fe2+/Fe3+.
It is worth noting that iron was not considered in the original reference water (Table 5).
However, the redox sensitive selenium is thought to be strongly linked to the iron system. In this particular case of selenium, it seems therefore worthwhile to establish the
redox conditions with the help of a simple Fe3+/Fe2+ redox system.
Based on the decision to express reducing with an Eh value of -300 mV and relying
solely on thermodynamic predictions, selenium should be classified as not solubility
limited (Fig. 3).
Fortunately, we may use the low inventory and some chemical similarity between selenite and sulphate to establish a lower limit. This is especially favoured in the presence
of cement or of hydrated calcium aluminate sulphates. DAMIDOT & GLASSER 1995 and
DAMIDOT & GLASSER 1993 have shown that sulphate concentrations in the
CaSO4(-CaCO3)-H2O system do not exceed 10~5 mol/1, even though increased sulphate
concentrations are observed if the system includes additional NaOH.
Degradation experiments performed with real cements [SAROTT 1995] generally confirmed the sulphate concentration trends found by Damidot & Glasser in pure systems:
Sulphate concentration in the leachate rapidly decreased from ~10~3 mol/1 at the beginning of the degradation experiment to 10"4 mol/1 when the leachate composition
changed from pH 13.3 (0.2 mol/1 Na/KOH) to saturated Ca(OH)2 (pH 12.5).
The substitution of SC>42~ by SeC>32~ within the aluminate phases AFm and AFt is known
a long time ago (see for example the literature compiled in GUNKEL 1992), and we are
convinced that such processes take place in cementitious repository environments.
The Se inventory is low, according to Table 4 a maximum concentration of only 9-10"6
mol/1 of dissolvable Se is expected (note that radioactive 79Se contributes less than 10 %
to this maximum concentration). In order to get a feeling for the amounts of reactants
involved in potential substitution processes, the 9-10~6 mol/1 of dissolvable SeC>32~ have
to be compared with ~3 mol/1 of dissolvable sulphate.
The repository contains roughly 2-106 moles of sulphate and about the same amount of
aluminate phases. Even if only very small parts of the aluminate phases were available
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for a substitution of sulphate by selenite, such processes would remove substantial parts
of selenite from solution.
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Fig. 3:

Selenium solubility at pH 13.4 as a function of the redox potential. Eh in the
system is established using a simplified Fe3+/Fe2+ redox model [CURTI
1993]. Very high Se concentrations are predicted for Eh values above -320
mV, probably limited by CaSeO3. In the presence of magnetite, Se° becomes
limiting in the range [-320...-490] mV. Below -490 mV magnetite disappears in favour of the pyrite analogue FeSe2 and of Se°. At very reducing
conditions (-530 mV and below) FeSe2 will be the only relevant limiting
solid.

Data to quantify these processes are not available. However, by consequently examining
the potential substitution of SO42~ by SeO32~, we arrive at [10~10...10~9] mol/1 of dissolved SeC>32~, provided that SeC>32~ and SC^2" show similar chemical behaviour and
provided that attainment of distribution equilibria is fast.
Relying on the total inventory, on isotopic dilution and on considering a minimal substitution of SC>42~ by SeC>32~to be operative, we propose as best estimate:
Selenium-79 concentration is 10 7 mol/1.
Explicitly, our recommendation considers a factor of 10 for isotopic dilution, and an additional factor of 10 for the presumed substitution. Note that a perfect and complete sub-

PSIBericht 99-10

34

stitution would even allow for a factor of at least lO'OOO (expressed with a "<"-sign prefixing the lower limit). The upper limit (Table 1) reflects the inventory.
6.13

Strontium

Based on its position in the periodic table of elements, strontium is expected to show a
behaviour similar to that of calcium. Unfortunately, a first exception to the former
statement is already encountered when looking at the hydroxide. No solubility product
exists for this solid. According to the Handbook of Chemistry and Physics the solubility
of Sr(OH)2 is very sensitive to temperature (0.03 mol/1 at 0 °C and 1.8 mol/1 at 100 °C).
Based on these data one expects a solubility of [0.1...0.4] mol/1 at 25 °C, and the absence
of a solubility product for this solid becomes understandable.
Good evidence that Sr is strongly linked to Ca(OH)2 emerges from cement degradation
experiments performed by SAROTT 1995. Fig. 4 compiles results of a three-years experiment, where a disc of hydrated cement was degraded with pure water. Until exhausted, leached strontium exactly follows the dissolution of portlandite, but at a ten
times lower concentration level than Ca. Barium (not shown in Fig. 4) shows a nearly
identical behaviour, but at a concentration level of 10~5 mol/1. Such leaching behaviour
is not explainable with differences in the solubility of corresponding hydroxides.
From a thermodynamic point of view it would be reasonable to derive maximum Sr
concentrations via strontianite (SrCOs) solubility. According to available thermodynamic data the strontium concentration would then be [6... 10] times below that of Ca
(since the well established portlandite equilibrium fixes traces of CO32~, Sr is vice versa
fixed by CO3 ~). Traces of CO3 ~ may undoubtedly be present in hydrated cements.
However, this mechanism would not explain the low level of Ba, which is linked to
portlandite dissolution in similar way as is Sr. It seems that other mechanisms are required to explain the observations (i.e., co-dissolution processes; the detailed analysis of
the results from SAROTT 1995 is not yet completed).
Based on the experimental findings it is recommended to fix strontium concentration at
1/10 of the calcium concentration. From the reference solution (Table 5) we get as best
estimate:
Strontium concentration is 10~4 mol/1.
The inventory of [18...57] kmoles produces a maximum concentration of 0.1 mol/1
(-10" mol/1 if sorption is considered to be operative; Table 4), but this inventory-based
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Fig. 4:

Strontium & calcium concentrations in the leachate of degrading cement.
Discs with a volume of -12 cm3 (porosity -65 %) were degraded with pure
water for more than 3 years [SAROTT 1995]. The similarity of curves indicates a strong relationship between Sr2"*" and Ca2+. This may be traced back to
co-dissolution phenomena, but not to differences in the solubility of the hydroxides. Note that an identical curve is obtained for Ba2+ at a level of 1CT5
mol/1 (not shown in Fig. 4).

concentration is not realistic. When sufficient amounts of groundwater have entered the
repository, it may well be sensible to link Sr to the carbonate equilibrium: strontianite
will then be die limiting solid. Following the discussion above, an upper limit of ~10~3
mol/1 is derived from saturation with strontianite, when the pore solution at its maximum calcium concentration (see Fig. 4) is saturated with respect to portlandite and calcite.
Our recommendation is valid for strontium as an element. Due to the large inventory of
inactive Sr in the cementitious material, a large isotopic dilution factor (~11)00, Table 3)
is applicable if only 90Sr contributions need to be considered. Then, our recommendation for 90Sr would not exceed a lower limit of 1CT7 mol/1 (Table 1).
6.14

Radium

Chemical characteristics very similar to those of barium (to a less extent also strontium)
are expected for the most heavy earth alkali element. However, apart from the fact that
its leaching properties are comparable to that of Sr and Ca (see comments in caption of
Figure 4), no details about the behaviour of barium in cementitious systems are known.
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With 9-10 9 moles the Ra inventory is negligible low at closure of the repository. A time
dependent additional contribution from the 4N+2 decay chain has its maximum of -0.03
moles (depending on the 238U inventory) about 100'000 years after repository closure. A
comparison of the maximum Ra inventory with that of Sr indicates a Sr/Ra ratio of at
least 106. Hence, dividing the best estimate for Sr by this ratio (presuming that Ra behaves like Sr) gives radium concentrations of only 10~10 mol/1. A similar comparison
with Ca would give a ratio of [109... 1010] (leading to Ra concentrations of [10~13...10~12]
mol/1), but in the periodic table of the elements Ca is too far away from Ra to fully use
the chemical similarity argument. Based on the low inventory and on its sorption properties, maximum Ra concentrations in the range [10~10...5-10~8] mol/1 are expected (Table 4). Giving appropriate weight to the argument of similarity with Sr helps defending a
best estimate from the lower end of this range:
Radium concentration is 10~10 mol/1.
The lower limit of ~10~n mol/1 (Table 1) reflects the negligible low inventory at closure
time as well as the very slow in-growth from the decay chains.
6.15

Technetium

Seven oxidation states of technetium are known, ranging from pertechnetate Tc(Vn)(V
to elemental technetium. However, some difficulties in the predictions arise from a substantial lack of data and from contradictory data sets. As outlined in Fig. 5a and b, predictions based on data documented in PEARSON ET AL. 1992 and BERNER 1995 differ
from those evaluated by using the "PUIGDOMENECH & BRUNO 1995-data" by orders of
magnitude. The discrepancies originate from the stability of the pertechnetate ion
(TCCM") at given Eh conditions (about 3 orders of magnitude) and from the existence of
anionic TcO(OH)3~ postulated by PUIGDOMENECH & BRUNO 1995. This complex has its
origin in a work of ERIKSEN ET AL. 1992, but the existence of the complex is not undoubtedly confirmed therein. Consequently, the reservations also apply to the data set of
PUIGDOMENECH & BRUNO 1995, especially if alkaline solutions are considered. On the
other side, the weight given to the stability of Tc(VI) by the data documented in
PEARSON ET AL. 1992 and BERNER 1995 does not very well agree with present knowledge on aqueous Tc chemistry. Most relevant oxidation states in aqueous solution are
Tc(VII) and Tc(IV), technetium(VI) (and also Tc(V)) are very redox sensitive and seem
to disproportionate. Hence, the addressed inconsistencies must be resolved before predictions based on thermodynamic data become reliable. Following a reviewers suggestion it is recommended to wait for the up-coming NEA-TDB review on technetium (see
also GRENTHEETAL. 1992 and SILVAETAL. 1995).
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ET AL. 1996 demonstrated the redox sensitivity of technetium under repository
conditions. In the presence of iron, a presumption clearly given for the present repository system, disposed pertechnetate is chemically reduced to Tc(IV) and precipitated as
the oxide. KUNZE ET AL. 1996 measured equilibrium concentrations below 10" mol/1 of
Tc after 500 days of equilibration time in the pH range [6...8], but problems arose from
the passivation of the iron. In pure water, iron powder did not develop its reducing
power, even after 500 days.
KUNZE

The passivation of the iron is less pronounced if concentrated chloride solution is used
instead of pure water. In an identical experiment using zircaloy (in principle pure zirconium) for reduction, technetium concentrations in the range [3-10"6...8-10~6] mol/1 were
observed, whilst no reduction effect at all was observed by substituting iron with the reducing uraninite (UO2).
It is not very clear, whether these findings are applicable to highly alkaline conditions or
not. Reasons are the even enhanced passivation of the iron in cementitious systems as
well as the uncertainty associated with the anionic Tc(IV) complex mentioned above.
In analogy to S O / " or MoO42" (and maybe also SeC>32~) one would expect a binding
to/incorporation into the AFm/AFt phases of the cement system for oxo-anions like
TcO4~. Unfortunately, such processes are not quantifiable based on present knowledge.
Although the high Kd proposed by BRADBURY & SAROTT 1995 and BRADBURY & VAN
LOON 1998 (see Table 4) seems to confirm substantial affinity of Tc(IV) to hydrated
cement under reducing conditions, the three orders of magnitude lower IQ's under more
oxidising conditions (Tc(VII)) do not provide such evidence.
None of these arguments alone would be sufficient for predicting a defensible maximum
Tc concentration. The inventory- and sorption-based range of maximum concentrations
compiled in Table 4 covers 4 orders of magnitude ([4-10"9...4-10~5] mol/1, depending on
). In our opinion it would be very simplistic, to just select the highest concentration
from this range by judging it to be conservative. There are enough indications that Tc is
likely to be limited by reduction and subsequent precipitation as TCO2 (maybe even as
elemental Tc), by sorption on hydrated cement, by co-precipitation with hydrated calcium aluminates or by a combination of any of these processes. As already mentioned
on page 12/13, fixing the Eh at -300 mV is a "translation" of the expression reducing.
It may well be that Eh will become lower than -300 mV and, according to Fig. 5a predicted technetium concentrations would decrease. Based on the low inventory and on
this variety of "expert judgement" type arguments it is recommended to use
Technetium concentration is 10"6 mol/1
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Fig. 5:

Modelled solubility of Tc at pH 13.4 as a function of the redox potential.
a) Thermodynamic data taken from the data set documented in PEARSON ET
AL. 1992 and BERNER 1995. In the range [-260...-400] mV the solubility is
limited by TcO2, below -400 mV TcO becomes stable.
b) Thermodynamic data taken from an alternative data set proposed by
PUIGDOMENECH & BRUNO 1995. The difference to a) arises from a 3 orders
of magnitude higher stability of TcC>4~ and from the presence of anionic
TcO(OH)3~.
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as a best estimate. The lower limit of 10 mol/1 given in Table 1 represents the rounded
maximum concentration obtained when sorption is fully accounted for, the upper limit is
inventory-based.
6.16

Tin

Available thermodynamic data tell us that tin is very soluble in alkaline solutions. Reasons are the very stable stannates Sn(OH)5~ and Sn(OH)62~. When using the "BAES &
MESMER 1976 solubility" for precipitated SnO2, up to molar tin concentrations are predicted at pH 13.4.
Experimental work on the geochemical behaviour of tin at high pH is not very abundant,
although several investigations devoted to the field of radioactive waste management are
available [BAYLISS ET AL. 1992, BAYLISS ET AL. 1989, THOMASON & WILLIAMS 1992,
AMAYAETAL. 1997, OCHSETAL. 1997].
According to BAYLISS ET AL. 1992 equilibrium is reached very slowly from both, overand undersaturation experiments: Although "up to 96 % of the tin (a saturated sodium
stannate solution in cement-equilibrated water) had been converted to cassiterite
(identified by XRD) after 35 days at 200 °C\ the solution still contained 0.09 mol/1 of
Sn. Vice versa, only [10~9...10~6] mol/1 of this freshly precipitated "cassiterite" dissolved
at pH 12. At lower temperatures (50/80 °C) the authors could not identify the crystalline
products precipitating from solutions which remained very high in tin concentrations
(0.6/1.2 mol/1). Re-equilibrated with fresh cement-equilibrated water, these low-temperature precipitates produced tin concentrations around 5-10"7 mol/1. Preliminary results
from OCHS ET AL. 1997 showed that a sparingly soluble Ca-stannate (CaSn(OH)6(S),
identified by XRD) precipitated, when 11.5-10"3 mol/1 of CaCl2 was added to 4-10"3
mol/1 SnCU in NaOH solutions at pH ~ 12.5 (an intermediate precipitate, presumably
SnO2, re-dissolved when pH was raised to - 12.5). The precipitates obtained by OCHS ET
AL. 1997 produced final Sn concentrations close to 10~7 mol/1 at pH 12.5. There is a remarkable consistency in the solubilities of the products precipitated from Ca-containing
solutions. It may well be that the non-identified precipitates from BAYLISS ET AL. 1992
are similar to the Ca-stannate found by OCHS ET AL. 1997 (BAYLISS ET AL. 1992 performed their experiments in the presence of 20 to 70 mmol/1 of Ca). Cassiterite
(SnO2(cr)), the major source of natural tin, is usually formed at high temperatures from
magmas, but it may also precipitate from hydrothermal solutions as claimed by BAYLISS
ETAL. 1992.
& WILLIAMS 1992 investigated the solubility of Sn, SnO and SnO2 in the pH
range [9... 12]. For Sn and SnO they found solubilities ranging from 10~6 to 10"4 mol/1,
whilst the solubility of SnO2 was below their detection limit of 3-10~7 mol/1 over the
THOMASON
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whole pH range11. They also report about a work by PILKINGTON ET AL. 1988, where tin
solubilities from 2-10~5 to 1.7 ! mol/1 (pH range [9. ..12]) had been observed in sodium
stannate solutions.
In a recent study, AMAYA ET AL. 1997 investigated the solubility of SnO2(S) at ambient
temperature. Below pH ~8 the authors found a more or less constant Sn solubility in the
range [10~ ...10" ] mol/1. Solubilities measured in oversaturation experiments (precipitation of SnO2(am)) were only 3 times higher than those found in undersaturation experiments (dissolution of SnC^cr))- In both types of experiments, stable concentrations
were observed within about 1 month. From the strong solubility increase above pH 8,
the authors derived stability constants for Sn(OH)5~ and Sn(OH)62~ in fair agreement
with those compiled in PEARSON ET AL. 1992. At pH 12, the amorphous precipitate produced tin concentrations of about 10~2 mol/1 (six month equilibration time). Unfortunately, the solubility of the crystalline product was not investigated at pH 12.
The overall impression arises that the investigations of the tin-system could be improved. Although quite stable solids like SnO2(cr) are formed, very long lasting phases of
oversaturation seem to be possible. The experiments describing the dissolution of
freshly precipitated SnO2 at pH -12 [THOMASON & WILLIAMS 1992] generally gave Sn
concentrations below 10~5 mol/1, in contrast to the 10~2 mol/1 found by AMAYA ET AL.
1997 for an amorphous product. Such discrepancies need to be resolved. With the sparingly soluble Ca-stannate OCHS ET AL. 1997 identified a very relevant class of potentially limiting solids which also needs to be investigated further. However, both, the existence and the high stability of anionic stannic hydroxides are beyond doubt. Therefore,
tin solubilities at high pH are very sensitive to the actual pH and to the thermodynamic
and kinetic stability of the limiting solid.
& SAROTT 1995 selected a high Kd for tin sorption on cement, based on
studies by BAYLISS ET AL. 1989 and BAYLISS ET AL. 1992. Provided that sorption is operative, the application of a high Kd would lead to a very low maximum concentration
of 8"10~9 mol/1 with the given inventory (Table 4). There are, however, some reservations about the use of the sorption argument. Experimental discrepancies in the two
Bayliss-papers do not unambiguously exclude that precipitation instead of sorption
could be responsible for the low tin concentrations in solution. This was already stated
BRADBURY

by BRADBURY & SAROTT 1995.

Because the present report tries to differentiate clearly between sorption and thermodynamically defined solubilities, the sorption argument is not used in the present tin discussion. From the different studies mentioned above, and particularly from the reports
11

It is not very clear, how the authors performed the experiment with elemental Sn. In Figure 14 of their
report they just show total dissolved Sn above elemental Sn as a function of pH.

41

PSIBericht 99-10

from OCHS ET AL. 1997 and BAYLISS ET AL. 1992, maximum tin concentrations in the
range [10~7...10~6] mol/1 can be derived for calcium-bearing cement pore waters in the
pH-range [12... 12.5]. However, due to the stability of the anionic stannic hydroxide
complexes the maximum tin concentration will be higher at pH 13.4. AMAYA ET AL.
1997 reported a slope of [1.. .2] for log[total Sn concentration] vs. pH. Therefore, we offer as our best estimate:
Tin concentration is 10 5 mol/1.
The upper limit (Table 1) represents the inventory, the lower limit was selected from the
range suggested for Ca-bearing cement pore waters.
6.17

Iodine

The total inventory of 129I in the repository is about 150 moles, leading to a maximum
concentration of 3-10"4 mol/1 (Table 4). The pH-Eh conditions in the repository suggest
that iodine will be present as T. The species I3" is not relevant below total iodine concentrations of ~10~3 mol/1.
& GRUTZECK 1985a, 1985b investigated the iodine equivalent of the Friedels'
salt (3CaO.Al2O3.CaCl2-10H2O) as a possible sink for iodine in cementitious matrices.
They positively identified the AFm mono-iodide phase (3CaO.Al2O3.CaI2-12H2O) in
their mixtures. The corresponding homologue of ettringite (Aft, tri-iodide, 3CaO.Al2O3.
3Cal2-xH2O) does not seem to exist. Solution data indicate T concentrations around 0.04
mol/1 in "equilibrium" with AFm mono-iodide (from GUNKEL 1992 one learns that chloride in equilibrium with Friedels' salt lies in a similar concentration range).
BROWN

1987 studied the removal of iodine from the pore water during the hydration of
Portland cement (and of slag/cement blends). After a hydration time of 300 days he
found F concentrations of < 5-10"4 and < 2-10"6 mol/1 for initial F pore water concentrations of 10~2 and 2-10"* mol/1, respectively. It is very regrettably that ATKINS 1987
does not give an unambiguous interpretation of how iodine is bound to cement. He stays
with the term "uptake". However, interpreting his findings as being a "sorption-like"
distribution between hydrated cement and its pore solution would result in a Kd of about
[5...40] mVg.
SAROTT 1996 measured iodide sorption on grounded, hydrated cement and found distribution coefficients around 350 ml/g. The interpretation of these results is also not completely unambiguous. Similar experiments with chloride gave unexpected (if compared
to iodide) low distribution coefficients around 25 ml/g. According to ordinary surface
complexation concepts as proposed by DZOMBAK & MOREL 1990 (see also BRADBURY
& BAEYENS 1995), one would expect a higher distribution coefficient for chloride due to
ATKINS
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the smaller ionic radius. However, SAROTT 1996 observed partly irreversible sorption
behaviour for both halogen ions. This may indicate that the uptake of both halogens by
cement is rather an incorporation (into hydrated calcium aluminates?) than a surface
complexation process of the DZOMBAK & MOREL 1990 type.
It is interesting to note that diffusion experiments through coupons of the same cement
produced Rd values of 30 ml/g for Cl~ and of 2 ml/g for T, in agreement with the expectation for ions of different size [SAROTT ET AL. 1992; note that in their recent update
BRADBURY & VAN LOON 1998 suggest to use a Kd of 10 ml/g for T].
1996 also investigated the sorption kinetics of chloride over a long period of
time. After a quick initial increase (within several hours) the distribution coefficient for
chloride increased with ~4 ml/g/lX)00 hours, again supporting the hypothesis of an incorporation into the hydrated cement phases (see also nickel through- and out-diffusion
experiments reported by SAROTT ET AL. 1996a, 1996b, JAKOB ETAL. 1999).
SAROTT

By summarising all these observations it is surmised that hydrated cement minerals (and
particularly the calcium aluminates) incorporate iodide. According to GUNKEL 1992, a
similar incorporation of chloride is well established. Compared with the huge amounts
of hydrated calcium aluminates (~106 moles), iodide is present in traces only. The required data to quantitatively predict how traces of (calcium) iodide are taken up by large
amounts of calcium aluminates, are not yet available (also corresponding tools are currently being developed [CURTI 1997]). In the sense of a first approximation we therefore
describe this potential incorporation with the help of a sorption mechanism. According
to Table 4, sorption on hydrated cement phases reduces the inventory based maximum
concentration of 3-10T4 mol/1 (= upper limit) by 2 orders of magnitude, and our present
recommendation is to use
Iodine concentration is 10~5 mol/1
for best estimate.
Sorption on the surface is only an important first step in a series of processes, which finally lead to the uptake of iodine by hydrated cement minerals. As long as the total iodine inventory is very low, solution concentrations predicted by considering sorption
only will be on a safe side: by fully considering iodine uptake by calcium aluminates
(for example in terms of a co-precipitation model as described by CURTI 1997, or by applying solid solution models) one would predict even lower solution concentrations (this
justifies the estimated lower limit of 10~6 mol/1 as given in Table 1).
One should note, however, that the situation changes if iodine loadings in the hydrated
cement become substantial. In this case, the Friedels' salt type calcium aluminate io-
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dides are supposed to form, and, as indicated by the work of
1985a/b, much higher iodide concentrations may establish.
6.18
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Carbon

The present design includes 43 moles of 14C [ALDER & MCGINNES 1994], but the repository also includes a huge inventory of non-radioactive carbon from steel (-150'000
moles), BaCO3-sludge wastes (~80'000 moles) and from cement additives (plasticizers,
retarders, etc.). The total carbon inventory may be in the order of [200'000...900'000]
moles.
It is an open question, on which chemical route carbon will escape from the repository.
Both alternatives, the reduction to methane as well as the oxidation to carbonate are
possible, depending on the presence or absence of oxidants (which in turn is a question
of time and impact of radiolysis).
If carbon is oxidised to carbonate, its maximum concentration can be precisely predicted
by assuming equilibrium with calcite. In the present case the maximum carbonate concentration is 1.4-10"4 mol/1 (6.5-10"4 mol/ at 68 °C, see Table 5 on page 14). Carbonate
will not exceed this maximum concentration in a cementitious environment. Calcium in
solution will increase with time if pH decreases as a consequence of cement degradation. Vice versa, carbonate will decrease (by a factor of ten or so). Considering isotopic
dilution with non-radioactive carbon then gives a maximum concentration of 3-10"8
mol/1 of dissolved 14CO32".
In the case of reduction to methane, we have to distinguish between release by gaseous
methane and release by dissolved methane. It is far outside the scope of the present
study to investigate carbon release by gaseous methane, but some unrefined thoughts at
least indicate restricted release by dissolved methane.
At ambient conditions methane does not dissolve very well in water, but at elevated
pressures up to 1 MPa (see NAGRA 1991, p.60, ...threshold pressure in capillary pores of
backfill...) its solubility in water may increase to 0.01 mol/1. Hence, we estimate maximum concentrations of about 2-10~6 mol/1 of dissolved 14CH4, when taking isotopic dilution with non-radioactive carbon into consideration.
Provided that carbon release from the repository is dominated by fluid phase transport
(i.e., either methane or carbonate), we estimate that
Carbon-14 concentration is 10"6 mol/1.
The lower limit provided in Table 1 is derived from the maximum concentration of dissolved CO32~ (1.4-10"4 mol/1) divided by the potential dilution factor, the upper limit re-
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fleets the lack of knowledge on the chemical route on which carbon will escape. It is
important to recall that the proposed limit does not include potential transport in the gas
phase. Additionally, it does not include 14C transport facilitated by small organic molecules which may arise from incomplete degradation of organic materials (methane and
carbonate are just end-members of a whole succession of possible degradation and recombination products). Hence, a complete re-evaluation of 14C-release is strongly indicated, if these features need to be considered.
6.19

Caesium

A thermodynamic model calculation is hardly necessary, since no solubility limiting
solids are known for caesium. This does, however, not mean that Cs will exhibit unlimited concentrations in the pore water.
The total inventory of radioactive Cs is about 135 moles (81 % 137Cs, 19 % 135Cs). No
information is available on the inventory of stable 133Cs, but a rough guess based on
133
VEIZER 1983 indicates a rather low
Cs-inventory to be expected from the cement
(below 10 moles). Isotopic dilution is not applicable in this case.
A maximum concentration of 2-10"4 mol/1 is calculated from the total inventory (= upper limit). Dissolved Cs decreases to 1-10" mol/1 if sorption on the hydrated cement is
considered to be operative (Table 4). Following BRADBURY & SAROTT 1995, the Kd for
caesium sorption on cement increases by a factor of ten or more, when the pore water
changes from an alkali-dominated solution to a portlandite-dominated solution during
cement degradation. This means that the Kd compiled in Table 4 represents a minimum
value. In view of this evidence it is concluded that sorption on cement is a reliable process for limiting Cs-concentrations in the pore water and we recommended as best estimate:
Caesium concentration is 10~5 mol/1.
This recommendation is also used for the lower limit (Table 1). Here, the conservative
Kd-selection is indicated with a "<"-sign.
6.20

Chlorine

Chlorine is present as the chloride ion. Compared to a minimal stable isotope inventory
of [5'000...24'000] moles in 1711 tons of cement12, the inventory of 10 moles of 36C1 is
relatively low and leads to a potential dilution factor of [500...2'400]. An inventory-

12

The chloride content of Swiss cements ranges from 100 to 500 ppm with an average of 200 ppm.
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limited maximum concentration would thus be 4-10 2 mol/1 of dissolved Cl (Table 4;
note that GUNKEL 1992 reports maximum pore water concentrations of -2-10~3 mol/1 for
a series of commercial cements). For the safety relevant isotope Cl an inventorybased maximum concentration of only 2-1CT5 mol/1 is calculated.
If C\ sorbs on the hydrated cement with a Kd of 5 ml/g [BRADBURY & SAROTT 1995],
one expects a maximum CT concentration of 8-KT4 mol/1, and maximum Cl concentration decreases further to 2-l(T6 mol/1 when isotopic dilution is applied on top of sorption.
Based on a comprehensive literature review and on many experiments performed with
commercial cements, GUNKEL 1992 draws a relatively clear picture about the qualitative
behaviour of Cl" in hydrated cements. There is no doubt that Friedel's salt
(3CaO.Al2O3.CaCl2 -10H2O) forms at high Cl" loadings, together with the AFm type
double salt mono sulphate chloride (3CaO.Al2O3.1/2CaCl2.1/2CaSO4-12H2O) and the corresponding mixed phase/solid solution 3CaO.Al2O3.(CaCl2, Ca(OH)2)-[10... 12]H2O.
Hydrated cements incorporate substantial amounts of chloride (associated with the calcium aluminates and -silicates), but the quantitative relationship among incorporated
chloride and chloride remaining in the pore solution is unclear. A certain amount of
chloride, varying with the incorporated amount, always remains in the pore solution.
This indicates that CF concentration is hardly limited by a sparingly soluble solid. Although GUNKEL 1992 denotes the AFm-type chloride phases as "sparingly" soluble, one
should note that his definition of "sparingly" may be misleading. The author measured
CF concentrations up to 2-1CT3 mol/1, even in pore solutions of non-spiked cements
(unfortunately, GUNKEL 1992 does not provide chloride analyses of his cementitious raw
materials).
By combining the above information we arrive at the following picture for the maximum concentration of 36G~:
Most of the chloride will be incorporated in the calcium aluminates and -silicates of the
hydrated cement, although a small but unknown amount remains dissolved in the pore
solution. According to GUNKEL 1992, no well established limiting phases (such as
Friedel's salt) can reasonably be postulated at given low relative inventories. We therefore assume that the distribution between hydrated cement and pore solution may be described with a simple Kd approach, using a Kd of 5 ml/g as proposed by BRADBURY &
VAN LOON 1998. Since all geochemical evidence reveals that chloride is a more or less
inert and mobile species, we further pretend that isotopic dilution is a fast and reliable
process. Hence, our best estimate relies on total chlorine inventory, on sorption and on
full consideration of isotopic dilution:
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ChIoride-36 concentration is 2#10~^ mol/1.
The upper limit of 2-l(T5 mol/1 is derived from the low 36Cl-inventory and the "less
than" sign prefixing the lower limit (Table 1) is justified by the rather conservative selection of the potential dilution factor.

7

EVOLUTION OF REPOSITORY CHEMISTRY

The chemistry of the repository will evolve with time. Groundwater from outside the
surrounding bentonite will enter the inner repository region (re-saturation). Because of
the chemical gradients, nuclides will then escape through silo walls and bentonite ring.
In this sense, the former chapters represent a time snapshot of maximum concentrations
which is valid for the very early stage of repository lifetime (starting point). Note that
for some elements (Th, Pa, Ra) the relevant radioactive inventory (Table 3) is defined
for a time 100'000 years after displacement (see footnote 3 on page 6). However, resolving this potential inconsistency would lead to significantly lower inventories only
for these elements.
It is the aim of this chapter to give an idea of how the maximum concentrations may be
affected when the chemical environment changes at later stages of the repository's lifetime. It is, however, not foreseen to give a complete re-evaluation of the limits presented
in the former chapters. Instead, it is tried to very briefly point out the expected trends as
well as the most critical issues (or, vice versa, the beneficial effects which may help to
better defend the proposed best estimates).
Very prominent candidates for an early release from cementitious structures are the alkali hydroxides. We do neither consider here how these solutes diffuse13 through the
bentonite, nor how they react with the bentonite constituents (the more likely scenario).
We also do not discuss on how much time such processes may actually require to take
place.
For the following considerations we simply assume that the alkali hydroxides have escaped from the cementitious structure and that our mixing tank has expanded to the inner side of the bentonite barrier. Only minor impacts are expected from this expansion14.

13

14

The basic scenario is release by diffusion. Considering scenarios including transport through fractured
barrier systems is far outside the scope of this work.
The amount of pore solution to be taken into account increases from 600 tons to 795 tons and that of
hydrated cement from 6t)00 tons to 7360 tons (the silo walls of the whole repository consist of at least
3t)00 m3 of concrete). Thus, the "stable isotope inventories", the "potential dilution factors" and the
"inventory-" and "sorption-limited" concentrations as given in Tables 3 and 4 change accordingly.
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Table 8:

Rough model calculations of pore solution compositions at later stages of
repository lifetime, when alkali hydroxides have been released (portlandite
saturated solution). An estimate of how the reference bentonite pore water
from BERNER 1995 equilibrates with cement (bentonite pore water intruding
scenario) is shown in the third column. Numbers represent total concentrations in mol/1.
Element/
Species

Portlandite saturated solution

Bentonite pore
water equilibrated
with cement

Reference
solution from
Table 5

Na+

8.8E-5

7.8E-2

0.10

+

K

2.2E-5

1.7E-4

0.25

2+

2.2E-2

6.4E-3

1.1E-3

CO32"

6.5E-5

1.4E-5

1.4E-4

7.5E-5

1.7E-4

6.3E-4

SO 4 2 ~

5.0E-4

1.4E-4

5.0E-4

H2Si042"

1.0E-5

6.2E-5

3.9E-4

OH~

4.2E-2

8.9E-2

0.350

Ca

F-~

Mg2+

5.2E-8

3+

9.7E-6

Ba 2 +

1.0E-7

cr

3.0E-3

HS"

1.2E-6

Al

3

(7.0E-11)

2+

7.8E-4

PO4 -

Sr

pH

12.49

12.82

13.38

Eh [mV]

(-300)

(-300)

-300

I [mol/1]

0.055

0.093

0.33

A remarkable change is expected for the pore solution composition. Basically, it will
change from an alkali hydroxide solution to a solution saturated with respect to portlandite. As a further complication, the intruding bentonite pore water will mix with the cement pore water. The subject is not discussed in full detail here, but results of rough
model calculations are presented in Table 8. From there we see that
—

The pH drops to about 12.8. At equilibrium, carbonate from the bentonite pore
water precipitates as calcite (~ 50 mmoles/1) and forces portlandite to dissolve.
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Therefore, the saturation pH of 12.5 for portlandite in pure water is not reached
under these conditions.
—

Concentrations for the potentially detrimental ligands CO32", SO42", and F~ drop
by a factor of about [3.. 10]. No significant change of their impact on maximum
concentrations is primarily expected. However, changes in ligand concentrations
should be considered when the impact of speciation on redox state and/or sorption
could be important.

Primarily, the disappearance of the alkali hydroxides from the cementitious structure has
significant consequences for the pore solution composition (pH, ionic strength). In an
initial stage the solid phase assembly of the cement is hardly affected by the loss of alkalis, but at later stages phase conversions among the hydrated cement minerals must
not be excluded.
From basic thermodynamic principles it is evident that the cement minerals will convert
to their more stable modifications (in the literature there is good evidence for this conversion at elevated temperatures). Unfortunately, it is presently not very clear what these
more stable modifications really will be, and, at which time scales such conversions actually take place.
Hydrated cement minerals will react with the constituents of the intruding fluid. However, our present understanding of these reactions restricts itself to the most obvious
parts of the most prominent reaction types (calcite precipitation, magnesium corrosion,
sulphate attack). This lack of system understanding is partly reflected by the sorption
values on "aged" cement as proposed by BRADBURY & SAROTT 1995: Kd - values for
"fresh" and "degraded" cement are identical for all elements, except Cs (here, a 10-fold
increased K<j is proposed for degraded cement).
It has to be kept in mind that all these considerations lie far outside the scope of the present work when looking at the very brief and general re-evaluation of expected maximum concentrations at later stages of repository lifetime. Table 9 does not provide new
numbers. It just gives the expected trends, based on the limits presented in Table 1 and
on corresponding discussions as provided in the former chapters.
The results of this brief "trend"-analysis are quite clear. None of the proposed limits are
expected to significantly increase, if the cement pore solution changes from an alkali
hydroxide dominated solution to a portlandite saturated solution in equilibrium with
bentonite pore water. Sr is the only exception.
Why is Sr an exception? In section 6.13 it was argued that strontianite it not responsible
for limiting its concentration. This changes when looking at the situation where carbonate (and maybe additional Sr) diffuse into the hydrated cement structure. Since the pre-
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Table 9:

Element
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Trends for the development of maximum concentrations at later stages of
repository lifetime. For convenience, the limits as given in Table 1 are presented in the last column.
Trend

Comments / Reasons

Table 1

U

decrease

Anionic uranyl hydroxide complexes become less dominant at lower pH

10~8

Th

no change

Slightly increased dilution factor

10"8

Pa

no change

Limited inventory; increased amount of pore solution

10"8

Np

decrease

Contribution of NpO2(OH)2- decreases at lower pH

IO- 8

Pu

no change

No change expected for Pu(OH)4° and Pu(OH)3° (most
relevant complexes in solution)

10" 8

Am

no change

Am(OH)4~ not existent (see U and Np); no significant
impact from traces of Am(CO3)x32x expected

2-10" 9

Ni

decrease

Contribution of anionic hydroxides decreases with pH

Zr

decrease

Clear decrease of Zr(OH)s~ contribution at lower pH

Mo

decrease

Slightly increased dilution factor decreases

Nb

no change

Limited inventory; increased amount of pore solution

Se

no change

Potential dilution factor increases from 10 to 50;
"slight decrease" would be defensible

io- 7

Sr

increase

CO32~ decrease causes Sr2+ increase; 90Sr is much lower
due to large isotopic dilution factor

lO"4

Ra

no change

Limited inventory; increased amount of pore solution

IO- 1 0

Tc

unclear

Basic thermodynamic data and impact of reduced pH on
Eh-conditions and on Tc redox state unclear. Most likely
trend is: no change

lO^6

Sn

no change,
decrease

Limited inventory; contribution of anionic stannic hydroxide complexes decreases significantly with pH

10s

I

no change

Main arguments for establishing limits (inventory, sorption) not or only slightly affected

io- 5

14

(decrease)

CO32" decrease due to Ca2+ increase. "Gas phase" transport and impact of incomplete degradation ("bioactivity") remain open issues

10" 6

Cs

decrease

Estimate relies on inventory and on sorption. Increased
sorption on partially degraded cement (BRADBURY &
SAROTT1995; Kd=20 I/kg) produces decrease

io- 5

no change

Inventory increase compensated by increased dilution
factor

210" 6

79

C

36

C1

93

Mo

io- 7
510" 5
lO"4
8-10^
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sence of carbonate is now well established, there are no more reasons to disregard the
strontianite equilibrium. Hence, total dissolved Sr may increase accordingly to Ca concentration (see Table 8). However, large amounts of stable Sr define an isotopic dilution
factor of least 11)00 for the relevant 90Sr. No use of this dilution factor has been made in
deriving the best estimate for Sr (see section 6.13). Although there is no indication that
Sr will become a very critical element in a safety assessment, a more detailed evaluation
of its behaviour at the later stages of repository lifetime is indicated.
There is an other point worth mentioning here. About 50 mmoles of calcite per litre of
intruding solution is precipitated when bentonite pore water interacts with the cement
matrix. According to CURTI 1997, the precipitating calcite may incorporate substantial
amounts of safety relevant nuclides. It is recommended to carefully evaluate this potentially beneficial effect in subsequent discussions.
8

CONCLUDING REMARKS

In the framework of establishing solubility limitations for the safety analysis of radioactive waste repositories the present report introduces some innovations which need to be
elucidated further.
Earlier reports on similar topics [BERNER 1995, SCHWEINGRUBER 1981] used the expression "solubility limit" to describe the maximum possible concentration of an element in the fluid phase of a repository system. This expression is strongly associated
with the concept of thermodynamic equilibrium among pure solids and aqueous solutions. Maximum concentrations evaluated on the basis of thermodynamic equilibrium
laws and data are of general validity. Corresponding procedures are applicable to most
chemical systems without any problems, provided that the system has a well-defined energy minimum (closed system) and that reactions are not kinetically hindered. The precise knowledge of nature and thermodynamic properties of the limiting phase is an essential condition. Another requirement, fulfilled in many cases, is the knowledge of all
relevant complexes formed in solution (relevant in the sense of contributing to the total
amount of solute).
However, the present work considers additional criteria, for which the expression
"solubility limit" with its somewhat restricted meaning is no longer suitable. To include
limitations not defined by thermodynamic means, we therefore invented the expressions
"concentration limit" or "maximum concentration".
The presented cement system is very complex. For simplicity reasons, it is assumed that
the variety of different hydrated cements form a homogeneous mixture. However, it is
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not considered that reactions among the different kinds of cementitious structures may
lead to products differing from those assumed to build up the homogeneous mixture.
The vast amount of aggregates (7T)00 tons of gravel), intimately mixed with 6X)00 tons
of hydrated cements, is considered to be inert. For a more detailed description of the
cement system, this simplification undoubtedly needs revision. Because the aggregates
are thermodynamically unstable in cementitious environments, they will gradually react
with the cement components.
By summarising all these arguments it becomes clear, that a comprehensive and detailed
thermodynamic description of the cement system and the associated elemental solubilities is a very ambitious task. The most important prerequisites, i.e., nature and thermodynamic properties of the relevant solids, are associated with large uncertainties. Many
of the safety relevant radionuclides are present in traces only. This further increases the
uncertainty related to the definition of limiting solids for them.
The well established thermodynamic concepts should definitely be applied whenever
good data are available (or when the expected gain of improvement justifies the expenses linked with experimental/literature studies on thermodynamic properties). This is
the case for the elements U, Th, Np, Pu, Am, Ni, Zr and Sr. We believe that best estimates for them are representative for cement systems in general, because either reliable
limiting solids are known, or trustworthy results from experiments in cementitious environments are available.
For all the other elements, the presented maximum concentrations are strictly valid for
the specifically described Swiss LMA-repository. Those figures must not be regarded as
generally representative for cementitious systems. Hence, they must not be applied to
different repository designs.
Similar conclusions become evident if the validity of upper - and lower limits is considered. Here, only about one third of the values are derived from experimental data or
from uncertainties in thermodynamic data and may thus be qualified as representative
for cement systems in general. More than 60 % of the uncertainty ranges depend on inventory-, isotopic dilution - or sorption arguments and are exclusively valid for the selected repository system (note that only U, Th and Sr fulfill the criteria of being representative for cement systems in general when upper - and lower limits are included).
At a first glance, the restriction to repository specific maximum concentrations may be
considered as a disadvantage. Notwithstanding, it is for many elements the only way to
obtain sensible guesses of their expected maximum concentrations if thermodynamic
data are lacking. Too many chemical parameters were to be investigated in enduring experimental studies in order to obtain a consistent, robust and trustworthy picture of their
thermodynamic properties. There is no reason, why a safety analysis should dismiss
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valuable arguments apart from thermodynamic principles and parameters. For example,
a clearly limited inventory is the most solid argument one can possible use (in the present work Pa, Mo, Nb, Se, Ra, and Cs).
Therefore, we plead for a consequent use of all kind of available data (chemical &
physical) in order to establish maximum concentrations. In this sense, specific limits
which need to be re-evaluated for every repository concept are not a handicap, but promote the perception on the particular repository systems under consideration.
A frequently carried out exercise in international waste management collaborations is to
compare "solubility limits" to be used in safety assessments for existing or planned repositories. It is explicitly stated here, that for the nuclides Pa, Mo, Nb, 79Se, Ra, Tc, Sn,
I, 14C, Cs and 36C1 such a comparison is not permitted without providing all of the underlying information.
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