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ABSTRACT

The thermochemical behaviour of 24 critical radionuclides for the
forthcoming SR97 PA exercise is discussed. The available databases are
reviewed and updated with new data compiled by Nagra and SKB, and an
extense database for aqueous and solid species of the radionuclides of
interest is proposed.

We have performed speciation calculations for the studied radionuclides
under different groundwater composition. We have identified the most
important aqueous ligands for each radionuclide and in this report we
present the study of their relative importance by using conditional stability
constants.

We have calculated solubility limits for the radionuclides of interest under
different groundwater compositions. With this aim, three groundwater
compositions: Aspd, Gidea and Finnsjon, as well as a bentonite porewater
have been selected. A sensitivity analysis of the calculated solubilities with
the composition of the groundwater is presented. Besides selecting the most
likely solubility limiting phases, in this work we have used coprecipitation
approaches in order to calculate more realistic solubility limits for minor
radionuclides, such as Ra, Am and Cm.

The comparison between the calculated solubilities and the concentrations
measured in relevant natural systems (NA) and in spent fuel leaching
experiments helps to assess the validity of the methodology used and to
derive source term concentrations for the radionuclides studied.

The uncertainties associated to the solubilities of the main radionuclides
involved in the spent nuclear fuel have been also discussed in this work. The
variability of the groundwater chemistry; redox conditions and temperature
of the system have been considered the main factors affecting the
solubilities. In this sense, a sensitivity analysis has been performed in order
to study solubility changes as a function of these parameters. The
uncertainties have been calculated by including the values found in a major
extent in typical granitic groundwaters.

The results obtained from this analysis indicate that there are some
radionuclides which are not affected by these parameters, i.e. Ag, Pa, Pd,
Ra, Th and Zr, but in general most of these radionuclides are strongly
affected by at least one of the parameters considered, i.e. Am, Cm, Ho, Nb,
Ni, Np, Pu, Se, Sm, Sn, Sr, Tc and U.
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SAMMANFATTNING

I den hir rapporten diskuteras de termokemiska egenskaperna hos 24 kritska
radionuklider, som ett bakgrundsmaterial infor sékerhestanalysen SR 97. De
tillgéngliga databaserna har granskats och en ny omfattande databas med
16sta specier och fasta faser for de aktuella radionukliderna har producerats.

Specieringsberikningar har genomforts for de studerade radionukliderna for
olika grundvattensammansittningar. De viktigaste liganderna for varje
radionuklid har identifierats och deras relativa betydelse har jamforts med
hjdlp av konditionella stabilitetskonstanter.

Losligheterna for radionukliderna har berdknats for olika grundvatten-
sammansittningar. Tre naturliga sammanséttningar har valts: typiska vatten
fran Aspo, Finnsjon och Gided tillsammans med ett antaget
bentonitporvatten. I rapporten presenteras ocksa en kénslighetsstudie for
1sligheterna som funktion av grundvattnens sammanséttning. Férutom
urvalet av de mest troliga 16slighetsbegransande fasta faserna, diskuteras
ocksa medfillningprocesser som ett medel att berdkna mer realistiska
16sligheter for nuklider med smé inventarier, t ex Ra, Am och Cm.

En jamforelse mellan de berdknade losligheterna och mitta koncentrationer
fran relevanta naturliga system och brénslelakforsok har gjorts for att
beddma metodikens validitet och for att bestimma kélltermskoncentrationer
for de studerade nukliderna.

Ostkerheterna kopplade till radionuklidernas 16sligheter diskuteras ocksé 1
rapporten. Grundvattensammanséttningens variabilitet, redoxforhallanden
och temperatur har identifierats som de faktorer som har storst betydelse for
16sligheten. En sensitivtetsanalys har genomforts for att visa hur 18sligheten
péaverkas av forandringar i dessa parametrar. Kanslighetsstudien visar att
vissa radionuklider #r i stort sett opaverkade av férandringar, men de flesta
ar mycket kiinsliga f6r fordndringar av dtminstone en av parametrarna.
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1

INTRODUCTION

SKB 15 at present preparing a Performance Assessment exercise of its
HLNW repository concept. The calculation of solubility limits for the main
radionuclides of the spent fuel is necessary to constrain the possible
migration of these radionuclides in the near and far fields.

There have been previous efforts in order to stablish source term
radionuclide concentrations by using chemical equilibrium calculations
(Bruno and Sellin, 1992, Berner, 1994).

In this work we attempt to build on recent developments in the
determination of radionuclide solubility limits by incorporating:

a) Recently selected thermodynamic data for critical radionuclides. The
original thermodynamic data used has been taken from the NTB91-17 and
91-18 databases, plus iron minerals and magnesite. Uranium data from
Puigdomenech & Bruno (1988); plutonium data from Puigdomenech &
Bruno (1991); technetium data from Puigdomenech & Bruno (1995); REE
data from Spahiu & Bruno (1995) and neptunium data from Spahiu (1996).
However, some modifications have been done, after checking the
thermodynamic databases available (Hatches v.7.0) and according to a
review exercise of the concerning literature (Baes and Mesmer, 1976,
Lemire and Garisto, 1989, Puigdoménech and Bruno, 1991, Grenthe et al.,
1992, Eriksen et al., 1993, Osthols, 1994, Silva et al., 1995, Spahiu and
Bruno,1995). We have called this database as Nagra/SKB-97-TDB. See also
chapter 10.

b) The experiences extracted from trace element geochemical investigations
and modelling at various Natural System Studies, i.e. Pogos de Caldas
(Bruno et al., 1992), Cigar Lake (Bruno and Casas, 1994), El Berrocal
(Bruno et al., 1996) and others.

¢) To incorporate for minor elements like Cm and Ra the conditional
solubilities approach recently developed (Bruno et al., 1995).

Furthermore, the uncertainties associated to groundwater chemical
parameters as well as their associated thermodynamic data are discussed and

calculated.



METHODOLOGY

The following table (Table 2-1) includes the radionuclides selected for this
study (SR 95). Radionuclides have been ordered by increasing atomic
number.

Table 2-1. List of radionuclides studied in this exercise.

Carbon Technetium Radium
Choride Palladium Thorium
Nickel Silver Protactinium
Selenium Tin Uranium
Kripton Iodine Neptunium
Strontium Caesium Plutonium
Zirconium Samarium Americium
Niobium Holmium Curium

The procedure followed to perform this work is as follows.

First, we have attempted to rank the different radionuclide natural water
ligand interactions by comparing their relative strength. This has been done
by applying the conditional constant approach developed by Ringbom
(1963). This approach originally developed for analytical chemistry
applications has been adapted to our specified purposes.

The information obtained in this part of the work has been completed and
contrasted with the results obtained from sensitivity analysis calculations.
They have been performed in order to study the effect of the main chemical
parameters on radionuclide solubilities and speciation by using computer
aided chemical equilibrium calculations (Puigdoménech, 1983).

Secondly, an extensive literature study of the occurrence and concentration
of radionuclides in natural systems has been carried out to provide
information of radionuclide contents and occurrence in natural waters as
reference to our calculations.

Thirdly, we have done a summary of spent fuel dissolution experiments
performed in the recent years with radionuclide concentrations determined
in such tests. This information provides another reference level to the
present calculations.

Finally, radionuclides solubility limits have been calculated by using the
EQ3NR (Wolery, 1992) code package. Three different groundwaters have
been studied, two typical granitic groundwaters and a bentonite pore water
which simulates groundwater composition after entering in contact with the



bentonite buffer in a repository system. Thermodynamic databases have
been checked and updated to perform the calculations.

The calculated solubility values have been discussed and compared with
both measured values in natural systems and determined radionuclide
concentrations in spent fuel dissolution experiments in order to check the
sanity of the calculations performed and to provide realisticaly conservative
values to the Performance Assessment exercise.

In a first step we have established the radionuclide solubility uncertainty
ranges associated to the determination of the main groundwater parameters,
pH, Eh and bicarbonate content.

At the end, we have established the uncertainty ranges associated to the
main parameters affecting radionuclide solubilities, these parameters have
been, chemical composition of the groundwater, i.e. pH and carbonate
content and redox conditions and temperature of the system.



CONDITIONAL CONSTANTS

The conditional constant approach was introduced by Ringbom m 1963
(Ringbom, 1963) in order to study the effect of side reactions in analytical
determinations. In this sense, the equilibrium constant of the main reaction
which allows the analite determination is recalculated taking into account
the stability constants of side reactions as well as the ionic medium.

This methodology can be applied in multicomponent systems to evaluate the
relevant species (complexes and solids) which have to be considered in the
performance assessment.

The calculations of conditional constants have been performed by using the
Aspd groundwater composition given in Table 7-1, with a moderate salinity
and a relatively low carbonate content (SR 95, 1995).

The databases considered to perform the calculations have been the same as
in the equilibrium calculations (Section 4).

The procedure followed to calculate the conditional constants is illustrated
in the next example. In such case, we describe the calculation of the
conditional constants for complex and solid formation in the system
Americium Aspd groundwater.

By considering this system, the main aqueous complexes to take into
account are:

AmOH?*, Am(OH),", Am(OH) (aq), AmCI*", AmSO4", Am(SO4),’,
AmCO;", Am(CO;)y, Am(COs);*, AmH,PO4>", AmHPO4

If we take the reaction:

Am*" + CO;* = AmCO;’ 3-1
We can writte its conditional constant (K’) as:
log K’ =log K - log ctam - log a.cos 3-2

where:

tam={[Am*] + [AMOH>"] + [Am(OH),"] + [Am(OH);(aq)] + [AmCI**] +
[AmSO,] + [Am(SO4), ] + [Am(CO3)2 ] + [Am(CO3)s*] + [AmH,PO,*] +
[ AmHPO,4']} / [Am**]

and

acos={[CO5*] + [HCO5] + [HyCOs] + [CaCO;5] + [CaHCO;3 ] + [MgCOs] +
[MgHCOs]} / [CO5™]



In the same way, the main solid phases considered in this system are:
Am(OH)s3(am), Am(OH)3(s), AmPO4(s), Amy(CO3)3(s), AmMOHCO;(s)
and by taking for instance the dissociation reaction:

AmPO4(s) = Am>* + PO,> 3-3
we can write the conditional constant (K’,) as

log K’so = log K + logaam + log opos 3-4
where:

(Xp()4={[PO43-] + [HP 042-] + [HyPO47] + [H3PO4] + [MgPO4’] + [MgHPO,4] +
[MgH,PO4*1} / [PO4]

This approach can be applied to all the soluble complexes and solids.

In the following sub-sections the results of these calculations for aqueous
and solid speciation are given in different graphs for each element.

The ligands involved in the aqueous species taken into account in the
calculations are numbered in the X axis. The Y axis gives the logarithm of
the conditional constant calculated. The conditional constants are named
with a subindex. The first number of this subindex indicates the number of
metals and the second one gives the number of ligands, all of them involved
in the species defined.

Dotted lines give a range of three logarithmic units in the conditional
constants values in order to constrain an area as an easier way to compare
the values obtained. Complexes included in this area can be considered
dominant species in the system under study.

Following the graphs, a brief comment of the results is given for each
element studied.



3.1 NICKEL

Aqueous speciation.
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The low stability constants of the aqueous species imply similar conditional
constants, therefore, we can expect that this radionuclide will be sensitive to
changes in groundwater composition.

Under reducing conditions the conditional constant of Ni3S4 determines the
system while under oxidising conditions the system seems less defined, in
such case trevorite (NiFe;O4) would be a priori the most stable solid phase
(if formed at low temperatures).



3.2 STRONTIUM

Aqueous speciation.
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The stability constants of aqueous species are also very low, conditional
constants indicate the strontium sulphate as the predominant aqueous

species.

Both carbonate and sulphate solid phases are important depending on the
sulphate/carbonate ratio.



3.3 ZIRCONIUM

Aqueous speciation.
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The relative strength of Zr(IV)-hydroxo complexes would indicate that these
are the dominant aqueous species.

ZrO»(c) is the predominant solid phase according to the conditional
constants calculation.

34 TECHNETIUM

Aqueous speciation.
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The high stability constants of the hydroxo complexes dominate the values
of the conditional constants.



The large value for the conditional constant of the [TcO(OH).]»(aq)
complex indicates its predominance.

TcOy(s) is the dominant solid phase according to the conditional constants
calculation.

3.5 PALLADIUM

Aqueous speciation.
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The hydroxocomplexes have the higher conditional constants and
consequently, these species dominate under the present conditions.
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Under reducing conditions PdS is the predominant solid phase while the
Pd(IT)-hydroxide/oxide are the predominant ones under oxidising

conditions.
3.6 SILVER
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The relative high content of chloride in the reference groundwater results on
a large conditional constant for the tetrachlorocomplex.

Under reducing conditions Ag,S is the predominant solid while AgCl is the
predominant one under oxidising conditions.
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3.7

TIN

Tin aqueous speciation has been studied separately depending on the
oxidation state due to the difficulties to calculate the conditional constants
including redox processes. According to the sensitivity analysis performed
in the next section (Section 4), the predominant aqueous speciation in the
Aspo groundwater will be dominated by the IV-valence state.

Aqueous speciation.
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Solid phases.
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Solid phases
Sn(IT) and Sn(IV)-hydroxo complexes are the predominant aqueous species
according to the conditional constant calculations made.

Under reducing conditions sulphides are the predominant solid phases while
Sn(IV) oxide is the predominant one under oxidising conditions.

3.8 SAMARIUM

Aqueous speciation.
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Solid phases.
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The conditional constant calculations reflect the fact that Sm(III) complexes
with groundwater ligands are of similar strength. This would imply that this
radionuclide is sensitive to groundwater compositional changes.

Sm(III)-hydroxide and carbonate are the predominant solid phases
according to the calculations performed.
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3.9 HOLMIUM

Aqueous speciation.
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The conditional constant calculations reflect the fact that Ho(IIT) complexes
with groundwater ligands are of similar strength. This would imply that this
radionuclide is sensitive to groundwater compositional changes.

Ho(III)-hydroxide and carbonate are the predominant solid phases as in the
previous case under study.
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3.10 RADIUM

Agueous speciation.
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The calculated conditional constants are small. This implies the
predominance of the free Ra** cation and that radium sulphate would be the

dominant portion of the complexed Ra(II).

As in the case of strontium, both Ra(I)-carbonate and sulphate solid phases
could be important depending on the groundwater composition under study.
Therefore, this radionuclide is also sensitive to groundwater compositional

changes.
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3.11 THORIUM

Aqueous speciation.
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Conditional constants indicate the predominance of hydroxocomplexes. At
higher phosphate content in the groundwater, hydroxophosphate complexes
could be important.

ThO is the predominant solid phase according to these calculations.

3.12 URANIUM

Uranium has been studied separately depending on the oxidation state in
order to distinguish between predominant aqueous and solid phases under
reducing and oxidising conditions.
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Aqueous speciation.

Uranium (IV)
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According to the conditional constant calculations, the aqueous speciation
of uranium is dominated by U(OH)4(aq) under reducing conditions, while
OH™ and CO;* complexes dominate the aqueous speciation under oxic
conditions.
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Solid phases.

Uranium (IV)
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The various UO; morphologies dominate the solid speciation of uranium
under reducing conditions. The conditional constant calculations would
indicate that UO,(OH),, soddyite and uranophane are the dominant U(VI)
solid phases under oxic conditions.
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3.13 NEPTUNIUM

As in the case of uranium, this element has been studied separately
depending on the oxidation state considered.

Aqueous speciation.
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According to the conditional constant calculations Np(IV) hydroxo-
carbonato complexes dominate the aqueous speciation under reducing
conditions. The relatively similar and small conditional constant values for
Np(V) would imply that this radionuclide is sensitive to groundwater
compositional changes under oxic conditions.
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Solid phases.

Neptunium (IV)
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In anoxic conditions Np(IV)-oxide and hydroxide solid phases are the

predominant while Np(V)-hydroxide and carbonate solid phases are the
dominant under oxic conditions.
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PLUTONIUM

Aqueous speciation.

1g oK1
61 . e oKi2Z
g: ,,,,,,,,,,,,,,,,,,,,,,,, R K13
i’ DOe ©O % g K14
S -2 o o K15
4 | ; 1
6 | A K131
-8 | X K141
-10 . 3 i ' K111
I 8 & 3
o} S 2 Q
I &
© Ligand
Solid phases.
40 —
35.? ------------------------------------
30 | ©
o 25|
§’ 20 |.
=< 15 | &
10 | °
5 ]
0 ‘ ° ‘
§ X ) e} 8
z S Q o) 3
= T =1 X
o \5 o g
o a

Pu(I'V) hydroxo and hydroxo-carbonato complexes are the dominant
aqueous species in the redox range considered in the conditional constant

calculations.

Pu(IV) oxide and hydroxide are the dominant solid phases according to the
results obtained from the calculations.
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3.15 AMERICIUM
Aqueous speciation.
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Am(III)-hydroxide and carbonate aqueous complexes and Am(III)-
hydroxide solid phases dominate in this system within the present
groundwater composition. However, the similarity between calculated
aqueous conditional constants would imply that Am(III) speciation is

sensitive to groundwater compositional changes.
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3.16 CURIUM

Aqueous speciation can be considered similar to Am and Eu and therefore
we expect the same predominant aqueous species due to the analogies in
chemical behaviour.

Solid speciation.
40 .

0 .| |
Cm(OH)3 Solid phases CmOHCO3

The predominant solid phases will be Cm(OH); and CmOHCO; in analogy
with americium.
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SENSITIVITY ANALYSIS ON
RADIONUCLIDE AQUEOUS AND SOLID
SPECIATION DEPENDING ON
GROUNDWATER COMPOSITION

To complement the calculation of the conditional constants performed in the
previous section, a sensitivity analysis of the effect of the main physico-
chemical parameters on radionuclide solubilities and speciation has been
done by using chemical equilibrium calculations.

For this purpose, both fractional and predominance diagrams, as a function
of pH and pe master variables, as well as the groundwater chemical
composition have been calculated by using the HALTAFALL based
INPUT/SED/PREDOM code package developed by Puigdoménech (1983).
The main thermodynamic database used has been selected from the Nagra
reports NTB91-17 and 91-18, and data for iron minerals and magnesite has
been added.

The groundwater composition used in these calculations corresponds to the
Aspd groundwaters (SR 95), which is a water composition of a typical
granitic environment and has been previously used to perform conditional
constants calculations. Their composition is given in Table 7-1.

Input metal concentrations have been set at 10" mol-dm™ or close to their
solubility limits, these cases are specified in the diagrams. No activity factor
corrections have been done in these calculations.

In general, we have a good agreement between results obtained from
conditional constants and chemical equilibrium calculations. However,
some discrepancies have been detected concerning the stability of some
hydroxocarbonate aqueous and solid species of some elements studied, i.e.,
Np, Am and Cm. One of the reasons for these discrepancies might be the
different calculation methodology since the sensitivity of the conditional
constants approach to multiple side reactions is lower than the one of the
computer aided equilibrium calculations.

In the following sub-sections aqueous and solid speciation are given for
each element, some comments are reported concerning the selection of the
database which arised during the calculations.

Consequently, this exercise with the calculation of conditional constants
presented in the previous section has been used to check thermodynamic
databases available (EQ3/NTB91-17, 91-18 and Hatches v.7.0 (Cross and
Ewart, 1989) as well as to perform a review exercise of the concerning
literature. Finally, we have updated the NTB thermodynamic database
according to the whole information collected, to perform the final solubility
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calculations with the EQ3NR code (Wolery, 1992). As we mentioned
before, the Nagra/SKB-97-TDB is used for all elements and is described in
chapter 10.

4.1 CARBON

Not solubility limited.

4.2 CHLORIDE

Not solubility limited.

4.3 NICKEL

Sulphide solid phases have not been considered in the calculations since it is
not possible to guarantee a sufficient supply of sulphides to the system.

Aqueous speciation.

60.00
50.00 { T
....... Ni+2

40.00 | T e

%30.00 | —o— NiCO3
i +
2000 77T - ':;2503
10.00 | - | —o—Nici2
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As we can see in the figures the aqueous speciation is very sensitive to both
pH and carbonate content, around the Asp6 average groundwater
composition (pH=8.3 and [Cng']wt; 3.37-10* mol-dm™ ).

Predominant solid phases.

In the pH and pe ranges studied (pH 5 to 10 and pe -5 to 5), the solubility
limiting solid phase is NiO. Other limiting solid phases, nickel silicates
sulphides have been also considered in the later calculations although as we
will discuss, these phases are not expected to control the solubility of this
radionuclide since nickel silicates will not precipitate at low temperatures
and due to iron competition for the limited sulphide supply.

4.4 SELENIUM

Aqueous speciation.

10

pe 0
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Predominant solid phases.

1 D T T T ; T T T T T
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The previous figures show that both aqueous and solid speciation are
basically dependent on the pe of the system.

4.5 KRYPTON

This element will not be solubility limited.

4.6 STRONTIUM
Aqueous speciation.
The cation Sr** is the dominant species in the whole pH range.

Predominant solid phases. (calculated by assuming [Srlio = 107 mol-dm™)

60
BOf-=-===mm e Sr*.

40 | celestite
% 30 |
20 4
10 1

strontianite
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4.7

strontianite

1 celestite

0.00

-5.00 -4.00 -3.00 -2.00
log[CO,Z]tot

At lower carbonate content, and by taking into account that the Aspd
groundwater contains sulphate with a concentration around 5-10° mol-dm>,
the predominant solid phase is celestite. However, if we slightly increase the
carbonate content (see the last figure), the predominant solid phase becomes
strontianite. Therefore, the predominant solid phase will mainly depend on
the sulphate/carbonate ratio of the system under study.

The carbonate content of the Aspé groundwater ([CO32']tot.=3.37- 10
mol-dm™) is low in comparison with most typical groundwaters, therefore, it
is expected that strontianite will be the predominant solid phase in most of
the cases studied as we will see in the following sections (Section 7).

ZIRCONIUM

Aqueous speciation.

100.00

- /Zr(OH)

80.00 /T ¢
60.00 |

% [\ zZrOH>*
40.00 |
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Predominant solid phases.

In the pH range studied (pH 5 to 10), the solubility limiting solid phase is
ZrO,(am). We have assumed the precipitation of the amorphous phase prior
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4.8

to the more crystalline following the Ostwald's step rule (Stumm and
Morgan, 1996).

NIOBIUM

Initially and due to the lack of thermodynamic data for this element, we
attempted some trial calculations by considering stability constants from
vanadium species by analogy in behaviour with niobium. These data have
been extracted from Baes and Mesmer (1976), the complexes added were:
Nb01—312+, Nb,(OH),*" NbO,", NbO(OH)s(aq), NbO,(OH),", NbO;OH?,
NbO4™".

These calculations lead to very large Nb,Os solubilities (~6-10° mol-dm™)
which are unrealistic. This is a consequence of the different redox behaviour
of Nb with respect to V, as indicated by the redox half-cells (Stability
Constants, 1964):

1/2Nb,0s(s) + 5H" + 26" = Nb** + 5/2H,0 Eh = 0.05 V 4-1
1/2V,0s(c)+ 5H + 2¢" = V¥ + 52H,0 Eh=0.65V 4-2

Therefore, the use of vanadium as a chemical analogue to niobium is not
recommended. Consequently, we have only used the known niobium data
for these solubility calculations.

Aqueous speciation.

(a) By using niobium species.
100,00

Nb(OH),
80,00 |

60,00 }
% I
40,00 }

20,00 }

Nb(OH),"
0,00 ‘ ‘
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(b) Extended database by considering analogy with vanadium.

100,00
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2 "NbO,(OH),:
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60,00 ¢
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Figures a and b show the different speciation obtained depending on the
database considered and consequently the different solubility of the solid

phase as it has been explained before.

Predominant solid phases.

100,00 g
Nb, O, (a
80,00 | 2 5(3\?)
| \
\
60,00 | R
% \,
40,00 | .
L \‘
20,00 | .
BOH)s™ <
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As it is shown in this figure the only predominant solid phase which will
limit the solubility of this element is the Nb,Os(ac). Again, we have selected
the reported "active" solid phase from Baes and Besmer (1976) in contrast
to the more stable one, as a consequence of the Ostwald's step rule.
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4.9 TECHNETIUM

Aqueous speciation.

100.00
Te*

80.00 | [TcO(OH),],

60.00 |
%
TcO(OH),

40.00 |

20.00 1

0.00

pH

[Tc(OH), ), and Tc(OH); are the predominant aqueous complexes in the
granitic groundwaters pH range. Their relative percentage will depend on
the total concentration of this element in the groundwater. Carbonate and
hidroxocarbonate complexes become predominant at higher pH and
carbonate concentrations.

Predominant solid phases.

In the pH range studied (pH 5 to 10), the predominant solid phase obtained
has been TcO,-xH,0. However, this solid phase is unstable at pe>0.

4.10 PALLADIUM

Aqueous speciation.
100.00

L 2. -"
gooo | PGl Pd(OH),

60.00 |
% |
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4.11

The palladium hydroxide is the predominant aqueous species at neutral and
alkaline pH values, although chloride complexes play a role in this
moderately saline water.

Predominant solid phases.

In the pH range studied (pH 5 to 10), the solubility limiting solid phase is
PdO. No variation has been observed depending on the pe of the system (-
5<pe<s).

The potential precipitation of metallic palladium has been supressed due to
the slow kinetics of reduction of Pd(II) — Pd°.

SILVER

Aqueous speciation.
100.00

80.00 }
60.00 }
% !
40.00 }

20.00 }

0.00 , wet ‘
500 400 -3.00 -200 -1.00 0.00
log[CI]

Aqueous speciation depends basically on the chloride content as we can see
in the previous figure.

Predominant solid phases.

In the pH range studied (pH 5 to 10), the predominant solid phase obtained
has been Ag(s). No variation has been observed by changing the pe of the
system (-5.07<pe<3.38). At higher redox potentials, i.e. pe>5.07, AgCI(s)
becomes the predominant solid phase.



4.12

4.13

4.14

TIN

Sulphide solid phases have not been considered in the calculations since it is
not possible to guarantee a sufficient supply of sulphides to the system.

Aqueous speciation.

100.00

80.00
60.00 |
% I
40.00 }

20.00 |}

0.00 4

The aqueous speciation depends mainly on pH, as it is shown in the figure.
At pH around 8, the predominant aqueous complex is Sn(OH)s, but a slight
pH increase (i.e. 0.7 units) makes Sn(OH)s" the predominant one.

Predominant solid phases.

In the pH and pe ranges studied (pH 5 to 10 and pe -5 to 5), the solubility
limiting solid phase is SnO;.

IODINE

Not solubility limited.

CAESIUM
This element is not solubility limited.

Aqueous speciation.

The cation Cs” is the dominant species in the whole pH range.
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SAMARIUM

Aqueous speciation.

100.00
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40.00 } Sm(CO3)2- |
.......... s SmCH2 |
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Samarium carbonate is the predominant aqueous species in the pH range of
typical granitic groundwaters (7<pH<9), even in the relatively low
carbonate content of the Aspd groundwater, as it is shown in the previous

figure.

Predominant solid phases.

100.00
" T N
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The solubility limiting solid phase will be the Smy(CO3)3(s) under average
groundwater conditions. Samarium phosphates do not predominate with the
low phosphate content of this groundwater, which is limited by the
solubility of apatite (see Figure 4-1, Section 4.18).
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4.16

HOLMIUM

Aqueous speciation.
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Predominant solid phases.
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Not unexpectedly, samarium and holmium have similar chemical behaviour,
as shown by the calculations.

4.17 RADIUM

Aqueous speciation.

As in the case of strontium, the cation Ra®* is the dominant species
throughout the whole pH range.

Predominant solid phases.

In the pH range studied (pH 5 to 10), the solubility limiting solid phase is
RaSOq(s).

4.18 THORIUM

Aqueous speciation.
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As it was expected, Th(OH)4(aq) is the predominant aqueous phase obtained
from the calculations. However, if phosphate concentration increases then
the Th(HPO4);> complex could become important. Nevertheless, this is
highly improbable in granitic groundwaters where phosphate content is
limited by the solubility of apatite, [PO4> Jior. < 107 mol-dm™ (see Figure
4-1).

-6.00

-6.50

-7.00 {

[P043']tot.

-7.50 1

-8.00

Figure 4-1. Solubility curve of apatite (fluorapatite) as a function of pH by
taking the Aspd groundwater composition.

Predominant solid phases.

In the pH range studied (pH 5 to 10), the solubility limiting solid phase is
Th(OH)4(am).
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4.19

PROTACTINIUM

Pa05(aq) has not been included in the calculations as thermodynamic data
for this species is not available.

Aqueous speciation.

100.00

80.00 |
60.00 }
% I
40.00 }

20.00 | .7

0.00 L

Pa0,0H is the predominant aqueous phase in the pH range expected in
typical granitic groundwaters.

Predominant solid phases.

In the pH range studied (pH 5 to 10), the predominant solid phase obtained
has been Pa,;Os. No variation has been observed by changing the pe of the

system.
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4.20

4.21

URANIUM

Aqueous speciation.
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As it was expected, aqueous speciation depends mainly on the pe of the
system and on the pH and carbonate content if we move on the oxidising
area.

Predominant solid phases.

In the pH range studied (pH 5 to 10), the solubility limiting solid phase is
UO,(fuel) under reducing conditions. We have selected this phase
according to experimental results obtained in a large number of uranium
dioxide dissolution studies. In oxic conditions, the thermodynamically most
stable solid phase under these average groundwater conditions is
uranophane. However, according to experimental results (Forsyth et al.,
1986) and the observations in natural systems (Finch and Ewing, 1991), the
solubility limiting phase will be schoepite as the kinetically most favoured
solid phase in a short-term. This is another application of Ostwald's step
rule.

NEPTUNIUM

The database contains the complex Np(OH)s', the results indicate that this
species is very predominant in all the pH range considered even by
considering a large pe range of work. The stability of this complex has
given a solubility of the Np(OH); solid phase (~3-10”° mol-dm™) higher than
the one expected according to previous works (Bruno and Sellin, 1992, Cera
et al., 1995). By analogy with Th(IV), U(IV) and Pu(IV), we advise to
remove this species from the database.
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Aqueous speciation.

1 D T T T T T T T T

pel -

In the pe and pH ranges of natural granitic groundwaters, the predominant
aqueous species is Np(OH)s(aq).

Predominant solid phases.

In the pH and pe ranges studied (pH 5 to 10 and pe -5 to 5), the solubility
limiting solid phase is Np(OH)4(am). This phase has been selected
according to the Ostwald's step rule as in the case of Th(IV), Zr(IV) and
Nb(IV).

4.22 PLUTONIUM

Sensitivity calculations have shown that the inclusion of the PuCO;"
aqueous complex increases in one order of magnitude the calculated
solubility of Pu(OH)4(s) at Aspo groundwater (1 .5:10"° mol-dm> versus
1.8:10° mol-dm™). However, the effect on the Finnsjén groundwater (a
higher carbonate content), is an increase on Pu solubilities of agproxirnately
three orders of magnitude, if the PuCO;" is considered (2.0-10° mol-dm™ vs.
1.0:10” mol-dm™). Therefore, the inclusion of this species with such a large
stability gives unrealistically high solubilities.

%

The stability constant of the PuCOs" aqueous complex as stated in Bruno
and Puigdomeénech (1991) has a value of logK=-1.33 for the following

reaction:

Pu’* + HCO; = PuCO;" +H” 4-3
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However, the solubility constant of this complex has been considered to be
speculative by the same authors.

By taking the value given by the HATCHES v.7.0 database, logK=-3.83 for
the same reaction (4-3) (Allard, 1982), the solubilities obtained are more
realistic and agree with previous solubility calculations (Bruno and Sellin,

1992).

The constant value taken from Allard (1982) agree with the value reported
for NpCOs" (logK= -3.79) for the same reaction. This agreement gives us
confidence in this constant because of the similar chemical behaviour of

these actinides.

The similarities in chemical behaviour of the actinide (III) group is shown in
the following figure (Figure 4-2), where we have plotted the stepwise
formation constants for the Np(III) and Pu(IIl) aqueous carbonate
complexes. The agreement between the two actinides ions indicate that the

estimates are reasonable.

7.00
6.50 L
6.00 |
550 |
©5.00 |
)
450 | -
4.00 | |oNp
| Pul
3.50 | |xPu T
3.00 | :
1.1 1.2 1.3
complex (x,y)

Figure 4-2. Correlation of the aqueous carbonate complexes for Np(III) and
Pu(III). x stands for the number of metals and y is the number of ligands.
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Aqueous speciation. (calculated by assuming [Pu] = 10® mol-dm™)

10 I I 1 I=N WP N 1 1 T 19
FUTZ e

pe O

-10

5 6 7 g 9 10
pH

Predominant solid phases.
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The predominant solid phase in the whole pe range studied (-5.07<pe<5.07)
is the Pu(OH)4(am) according to the Ostwald step rule. As we can see in the
Figure this phase will be the solubility limiting one at neutral and alkaline
pH values, this pH range can be considered the most commonly found in
natural waters.

Pu(OH)COs(s) has been also considered the solubility limiting solid phase
at low pe values although this phase has never been observed (Spahiu,
personnal communication). However the solubility of this phase is slightly
higher than Pu(OH)s(am) solubility at these pe levels, i.e. Aspo groundwater
conditions, pH=7.7 and pe=-5.21, the solubilities of Pu(OH)4(am) and of
Pu(OH)COs(s) are 6.56:10"° and 1.14-10"® mole-dm™ respectively. Therefore
we have considered only Pu(OH)s(am) in the further calculations.

The Pu(OH)4(am) can be considered the solubility limiting solid phase
which better describes the Pu(IV) behaviour according to experimental
results obtained by Rai and Swanson (1981) and Rai and Ryan (1982).
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4.23

These authors observed in their work that the PuO,(c) converted gradually
to an hydrated or amorphous material due to interaction with the radiolysis
products of water, arriving to an steady state material having properties
between the crystalline and the fresh hydrated phase.

AMERICIUM

Agqueous speciation.
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As we can see in the previous figures the aqueous speciation mainly
depends on pH and carbonate content of the water. In the Aspd
groundwater, the predominant aqueous complex is Am(OH),". However, if
we increase the total carbonate concentration to 10~ mol-dm™ by fixing the
pH, AmCO;" becomes the predominant aqueous complex.
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Predominant solid phases.
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The solubility limiting solid phase in the pH range of granitic groundwaters
is AmOHCOs. Americium phosphates do not predominate due to the low
phosphate content in granitic groundwaters where its concentration is
limited by the solubility of apatite as it has been shown in Figure 4-1.

4.24 CURIUM

Aqueous speciation.
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Predominant solid phases.
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Based on the results, there are no changes in aqueous and solid speciation
associated to the main parameters of the groundwaters studied (ie. pH and

carbonate content).
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5.1

THE NATURALLY-OCCURRING PA-
RELEVANT TRACE ELEMENTS

NICKEL

Ni is concentrated in ultramafic and mafic rocks in the Earth's crust, with
typical abundances in these rock types of 2000 and 200 ppm, respectively.
In comparison, granite and shale contain only 0.5 and 95 ppm, respectively.

Nickel is present in sandstones on average at concentrations rather less than
20 ppm but like many others metals is higher than this in clays and shales up
to 100 ppm. Ni is strongly associated geochemically with manganese and
also with iron oxides. In most aquifer environments nickel is present as Ni**
which is stable at pHs up to about 9. At higher pHs nickel solubility might
be limited by Ni(OH), (Edmunds et al., 1989).

The normal Ni contents of the rock samples from Pocos de Caldas is below
10 ppm but at the redox front it can reach 60 ppm (MacKenzie et al., 1991).

In igneous rocks, Ni partitions into ferromagnesian minerals such as olivine,
pyroxene, amphibole and spinel, whereas at Jower temperatures it will be
incorporated into a variety of silicates and hydroxides, such as smectite clay,
sepiolite, talc and brucite (Decarreau, 1985; Velde, 1988). Ni does not form
a discrete pure carbonate mineral and is the least stable of the M?** ions in
Ca**M**(COs), (dolomite) compounds. Ni has appreciable chalcophilic
behaviour, and in the presence of HS™ will form sulphides, either
substituting for Fe*" in pyrite, FeS; (there is almost complete solid solution
in the FeSz-N182 system) co- precipitating with Fe*" in pentlandite (Fe,
NigSg), with Fe* and Cu®" in chalcopyrite (CuFeS,), or as discrete Ni-
sulphides, such as the pyrite-structured vaesite (NiS;) or millerite (NiS).

Nickel is enriched up to a factor of 4 during lateritic weathering of
ultramafic rocks, so that such soils may be commercially-mined deposits of
Ni (Golightly, 1981) Si and Mg are preferently removed in weathering
solutions, but Ni is concentrated in solid products such as (with Ni end-
member in parenthesis) sepiolite ("falcandoite”, NigSigO15(OH)2.6H,0), talc
("kerolite", Ni3SisO;10(OH),), serpentine ("nepouite”, Ni3Si;05(OH)s), and
saponite ("pimelite", Ni3SisO10(OH)). The solubilities of the Ni end-
member minerals are considerably less than those of other metals except Al
(Golightly, 1981). Although nickel may be sorbed strongly by goethite,
there is no apparent incorporation of nickel into this mineral. At higher
temperatures, NiO is the least soluble of a range of divalent metal (Ca, Mg,
Mn, Fe) oxides in the temperature range 400-700 ° C (Lin and Popp, 1984).
This concurs with the low mobility of Ni relative to Ca, Mn, Fe, Zn, Cu
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5.2

exhibited in hydrothermal (>300 ° C) water-rock systems, both
experimentally (Seyfried and Dibble, 1980; Seyfried and Bischoff, 1981)
and in natural systems (Humphris and Thompson, 1978).

The average Ni contents of the groundwaters from Pogos de Caldas is about
0.6 uM.

Ni contents in sea water ranges between 2-10° M and 10-10”° M, and the
average residence time is 80000 years (Whitfield and Turner, 1987).

The average Ni contents of stream water is 3:10° M (Wedepohl, 1978).

SELENIUM

Selenium has a crustal abundance of 0.05 ppm and is thus a comparatively
rare element. Selenium has an order of magnitude higher concentration in
shales (0.6 ppm) than in igneous rocks such as granite or basalt (Krauskopf,
1967). An estimate of the ratio of sulphur to selenium in igneous rocks is
6000 to 1. In seleniferous soils, selenium contents may be as high as 80

Concentrations of selenium in coal and fuel oil range from 1.47 to 8.1 and
2.4 to 7.5 ppm, respectively. The combustion of fossil fuels mobilises

~4.5 10® g of selenium annually, whereas the annual flux from river
discharges to the oceans is 7.2:10° g (Siu and Berman, 1989). Because of the
similarity of ionic radius between sulphur (S =1.84 A) and selenium (Se*
=1.91 A), selenium will substitute readily for sulphur in solid sulphides and
occurs in varying proportions in pyrite, chalcopyrite, pyrrhotite, galena,
sphalerite, cinnababar, stibnite, molybdenite, arsenopyirte and others.
Native Se occurs in nature only rarely. Selenium is a major component of 40
minerals and a minor constituent of 37 others (Elkin, 1982). Some selenium-
bearing minerals are: ferroselite (FeSe,); clausthalite (PbSe), stilleite
(ZnSe), cadmoselite (CdSe), berzelianite (Cu2Se) and eucairite (AgCuSe).
Galena (PbS) and clausthalite (the most abundant Se-mineral) form an
isomorphous series. Se also occurs as selenites (cf. sulphites, which do not
occur in nature). Selenates are very rare minerals, many selenates are
isostructural with their corresponding sulphates (e.g. PbSOj is isostructural
with PbSeQy, kerstenite). Silicates of Se are not known. Typical Se contents
in minerals are (Wedepohl, 1978); galena - 0-20%; molybdenite - 0-1000
ppm; pyrite - 0-3%; pyrrhotite - 1-60 ppm; pentlandite - 27-67 ppm;
sphalerite - 1-120 ppm; millerite - 5-10 ppm; marcasite - 3-80 ppm.

Ferroselite occurs in roll front-type uranium deposits in sandstones and
occurs at the interface between oxidised sandstone (containing goethite,
limonite and hematite) and reduced pyritic uranium ore (Howard, 1977).
This implies that selenium and ferrous iron in aqueous solution produced by
the oxidation of seleniferous pyrite have combined to form ferroselite.
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Therefore, ferroselite is stable under conditions more oxidising than those
required for pyrite.

The normal Se contents of the rock samples from Pogos de Caldas ranges
between 0 and 10 ppm but at the redox front it can surpass 120 ppm
(MacKenzie et al., 1991).

In aqueous systems, selenium may occur as one of three oxidation states
(-I1, IV, VI). Only two oxidation states of selenium are thought to be
important in seawater: +4 and +6.

Se contents in sea water ranges between 0.2 and 2.4-10 M, and the average
residence time is 30000 years (Whitfield and Turner, 1987).

The total selenium content of rivers world-wide is in the range 0.2-9-10° M
(Cutter, 1989). Selenium concentrations in the Truckee, Walker, and Carson
River systems which drain the eastern slope of the low Se content S1erra
Nevada, Cahforma and Nevada, are low, ranging from less than 0.3- 10°M
to about 16:10° M (Doyle et al., 1995).

The Se concentration in dilute oxigenated groundwater at pH 7 range
between 1.2:10”° and 1.2:10°° (Edmunds et al., 1989).

The amount of Se in Cigar Lake groundwater never reaches the limit of
detection 0.38 uM (Cramer et al., 1994).

STRONTIUM

The average abundance of strontium in soils, earth crust, sediments and
igneous rocks is 300, 385, 450 and 350 ppm respectively (Bockris, 1977).

The samples of the massive U-ore from Cigar Lake site have a Sr content
which reach 1680 ppm (Smellie et al., 1994).

The normal Sr contents of the rock samples from Pogos de Caldas ranges
between 100 and 350 ppm (MacKenzie et al., 1991).

The Sr contents of the reference granite from El Berrocal can reach 6.85
ppm (Pérez del Villar et al., 1995).

Its valence and ionic size (1.12 &) indicate that strontium will substitute for
a variety of elements, such as Pb, Ca and Ba. Celestine is the principal
mineral source of Sr and is found in evaporite deposits or in hydrothermal
veins. There is complete solid-solution between SrCO; and BaCOs.
Strontianite most commonly occurs as hydrothermal veins, often in
association with lead mineralisation.

Strontium is divalent and Sr** is the dominant aqueous specie in most
natural waters.
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The abundance of Sr in UK grounwaters (Edmunds et al., 1989) ranges from
below 0.22 uM to about 80 uM.

Reduced groundwaters from Cigar Lake have around 2.3 pM, whereas
oxidised waters have 3.4 uM in average (Cramer et al., 1994).

Sr contents in sea water ranges between 89 and 90 uM and the average
residence time is 4 10° years (Whitfield and Turner, 1987).

ZIRCONIUM

Zirconium is a refractory lithophile element and occurs predominantly in the
4+ valence state with an ionic radius of 0.78 A.

The average abundance of zirconium in soils, earth crust, sediments and
igneous rocks is 300, 190, 200 and 170 ppm respectively (Bockris, 1977).

The most abundant Zr minerals are zircon (ZrSiO4) and baddeleyite (ZrO;).
Zr forms a range of oxides, silicates ,halides, oxyhalides and chalcogenides.
Zr will substitute for a range of elements of similar ionic radius, such as:
Mg?" (0.80 &); Fe** (0.86 A); Y>* (0.98 A); Ti*" (0.69 A); Nb™ (0.72 A); and
Ta’" (0.72 &). Ilmenite, rutile and perovskite can contain up to 0.1% Zr.
Varying, but significant amounts of Zr can be found in clinopyroxene,
amphibole, mica and garnet. Concentrations of ~100 ppm in these minerals
are frequently encountered. These substitutions may be of the type:
Zr*"=Na"+Fe®". There are ~10 oxides, 2 carbonates and sulphates and ~20
silicates listed in Wedepohl (1978).

The samples of the massive U-ore from Cigar Lake site have a Zr content
who reach 2740 ppm (Smellie et al., 1994). The Zr contents of the reference
granite from El Berrocal ranges between 50 and 65 ppm (Pérez del Villar et
al., 1995). The normal Zr contents of the rock samples from Pocos de
Caldas ranges between 100 and 2500 ppm (MacKenzie et al., 1991).

In seawater, Zr is predicted to occur as Zr(OH)s and is rapidly removed
from seawater on the surfaces of sinking particles (McKelvey and Orians,
1993). These authors measured a dissolved Zr content of seawater varying
from 12-95-10"2 M in surface waters to 300-10™2 M in deep water. This
suggests that there is both a detrital and a sea-floor source of Zr in the
oceans. Ferromanganese nodules in the equatorial by iron/manganese
oxyhydroxides (Calvert and Piper, 1984). Phosphatic fish debris can act as a
major sink for Zr and REE dissolved in seawater, suggesting strong
complexation of Zr by phosphate ligands (Oudin and Cocherie, 1988).

Salvi and Williams-Jones (1990) inferred from fluid inclusion compositions
that hydrothermal solutions (~100 ° C) transporting Zr in an altered
peralkaline granite were of low-salinity and fluorine-rich.
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Only in a few groundwater samples from Pogos de Caldas, Zr contents
surpass 1.1 uM (Nordstrom et al., 1991).

In a survey of alkaline thermal waters in granites in southern europe, Alaux-
Negrel et al. (1993) concluded that zirconium (along with other tri- and
tetravalent elements) was associated with a particulate fraction (<450 mm)
in the groundwaters. This indicates that Zr was sorbed on the particulate
fraction in the groundwaters and not in true solution. In a survey of over 400
groundwater compositions in a variety of rocks in the U.K., Edmunds et al.
(1989) detected Zr in only one sample of groundwater (34-10° M).
Elsewhere, Zr was below detection limits (2.1-7.7-10'9 M). Zr in oilfield
waters of the U.S.A. are in the range 0.1 1-0.22-10° M (Rittenhouse et al.,

1969).

NIOBIUM

Niobium is a refractory lithophilic element (like zirconium) and has an
identical abundance of 20 ppm in the crust, granite, basalt and shale
(Krauskopf, 1967). The greatest abundance of Nb is in syenites and alkalic

rocks (~100 ppm). The lowest abundance is in peridotittes (1.5 ppm).

Niobium minerals are almost exclusively oxides. Niobite, (F, Mn)(Nb,
Ta),0¢ shows continuous solid solution with tantalite, thus forming the
columbite suite of minerals. The chief hosts for Nb in most rocks are
ferromagnesian minerals such as pyroxene, amphibole, biotite, muscovite,
sphene, ilmenite and magnetite. Nb contents in these minerals may be up to
a few 1000 ppm. Approximately 50 oxides/hydroxides, 1 borate and 10
silicates of Nb are listed in Wedepohl (1978) as occurring in nature. ~30
minerals are listed as containing up to 5% Nb.

Considerable amount of Nb may be found in natural cassiterites (SnO,) of
magmatic and hydrothermal origin, suggesting possible coherence of
geochemical behaviour with tin under hydrothermal conditions (Moller et
al., 1988).

The average abundance of niobium in soils is 115 ppm (Bockris, 1977).

The samples of the massive U-ore from Cigar Lake site have a Nb content
who reach 50 ppm (Smellie et al., 1994). The normal Nb contents of the
rock samples from Pogos de Caldas ranges between 30 and 320 ppm
(MacKenzie et al., 1991).

Nb(V) is the dominant redox state under natural water conditions (Baes and
Mesmer, 1976). Its abundance in seawater is 107 M.
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TECHNETIUM

The maximum *’Tc contents of one sample from Cigar Lake ore is 0.85-10°°
ppm (Fabryka-Martin et al., 1994).

Tc has since been decayed to be detectec under natural water conditions.
Layer concentrations in natural systems are due to recent anthropogenic
inputs.

In Cigar Lake site, the bounding concentrations for nuclear reaction
groducts in groundwaters had been calculated. The maximum calculated
°Tc concentrations in those waters is 10 M (Fabryka-Martin et al., 1994).

PALLADIUM

Palladium is a platinum metal and its behaviour is strongly linked with other
elements of this kind (platinum, ruthenium, osmium, rhodium, iridium), and
is thus strongly siderophilic. These metals have a crustal abundance of
<0.05 ppm (Krauskopf, 1967). There are 6 naturally-occurring isotog)es of
Pd: 1Pd (0.96%), '%*Pd (10.97%), '°Pd (22.2%), %°Pd (27.3%), '**Pd
(26.7%), ''°Pd (11.8%).

Pd may occur in olivine (50 ppb), bronzite (10 ppb), diopside (20 ppb) and
serpentine (80 ppb). Zircone may contain 5000 ppb Pd. The average Pd
content of rock-forming minerals is <10 ppb. Accessory minerals such as
gadolinite and columbite may be enriched in Pd. Major ore deposits are
associated with dunitic ultrabasic rocks and gabbros containing Cu-
sulphides. Ni-sulphides are much higher in Pd than non Ni-sulphides.
Platinum metals are also found indunites as discrete native metal
occurrences. Platinum metals are strongly enriched in so-called "black
(bituminous) shales", along with elements such as arsenic, silver, zinc,
cadmium, lead, uranium, vanadium, molybdenum, antimony and bismuth.
Although these rocks are organic-rich, the presence of high concentrations
of rare metals are more likely due to deposition from oxidising chloride-rich
fluids at a redox front.

The normal Pd contents of the rock samples from Pogos de Caldas ranges
between 0.4 and 3 ppm but at the redox front 26 ppm can reached
(MacKenzie et al., 1991).

The Pd concentration in seawater ranges between 0.18 and 0.66:10"* M, and
the residence time in the ocean is 50000 years (Whitfield and Turner, 1987).

McKinley et al. (1988) determined concentrations of Pd in hyperalkaline
groundwaters of Oman in the range 3-7-10° M.

Pd concentrations in the Salton Sea geothermal brines have been determined
in the range 0.2-20-10° M by McKibben et al. (1990) at 300° C and pH =
5.4 and log fop = -30 bars (sulphate-sulphide boundary).
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SILVER

The average abundance of silver in soils, earth crust, sediments and igneous
rocks is 1, 0.06, 0.5 and 0.2 ppm respectively (Bockris, 1977).

The most important Ag-ore minerals are found in hydrothermal zones.
Galena is one of the most abundant sources og Ag at trace amounts. The
sedimentary galena from Oklo site can content between 6 and 40 ppm of Ag
(Gauthier-Lafaye, 1995).

The normal Ag contents of the rock samples from Pocos de Caldas ranges
between 0.2 and 3 ppm but at the redox front it can reach 10 ppm
(MacKenzie et al., 1991).

The major inorganic species in natural waters for that element are Ag”,
AgCl (aq), AgCl”, AgCl. In sea water the Ag(I) form complexes with CI”
(Stumm and Morgan, 1996).

The system Ag-CIl-S-O-H in Eh-pH space (Brookins, 1988) show the
importance of dissolved Cl on Ag transport under oxidising, acidic
conditions. The mobility of the Ag is relatively high in acidic conditions
(Bockris, 1977).

In sea water the principal forms in which silver occur are AgClyand AgCls*
(Bockris, 1977). The silver concentration in the Pacific Ocean ranges
between 102 M at surface and 23-10"> M at depht. The residence time is
5000 years (Whitfield and Turner, 1987).

In several goundwater samples from Pogos de Caldas the content of Ag
reach 0.5 pM (Nordstrom et al., 1991).

In dilute oxygenated groundwater the concentration of Ag ranges between
92.6 and 926:10"'* M (Edmunds et al., 1989).

TIN

The average abundance of tin in soils, earth crust, sediments and igneous
rocks is 10, 40, 16 and 32 ppm respectively (Bockris, 1977).

The principal economic source of tin is the oxide, cassiterite (SnO,) which
is associated with granitic magmatism. Sn will also form solid solutions
with various ferromagnesian silicates such as pyroxenes, micas and
amphiboles. This relates to the substitution of Sn (ionic radius 0.7124) for Ti
(ionic radius 0.68 A) and Fe®* (ionic radius 0.64 A). Sn in biotite and
muscovite may be as high as 1250 ppm. Tin will also occur in sulphides
such as stannite, Cu;FeSnSy, canfieldite, AggSnS¢ and teallite, PbSnS,. Tin
minerals are comparatively few.

53



5.10

In the reference granite from El Berrocal the contents of tin can reach 30
ppm (Pérez del Villar et al., 1995).

The normal Sn contents of the rock samples from Pocos de Caldas ranges
between 5 and 20 ppm (MacKenzie et al., 1991).

The oxidation state of tin in seawater is I'V, and the content range between 5
and 20-107'2 M (Whitfield and Turner, 1987).

Byrd and Andreae (1986) measured an arithmetic mean for dissolved tin in
the world's rivers of 20.5:10™> M and estimated a dissolved flux of tin to the
oceans of 0.76:10° mol yr'' and 300-600-10° mol yr! for the particulate
fraction.

Edmunds et al. (1989) measured tin concentrations in groundwaters in
various aquifers of the U.K. Values in the range 2.5-8.4-10° M were found
in groundwaters in the Millstone Grit and Carboniferous Limestone of
Derbyshire, the Old Red Sandstone of Moray, the Trias of Shropshire, the
Wealden and Lower Greensand. In only one sample was tin above 8.4-1 07
M. 19 Bulgarian saline deep groundwaters have Sn concentrations in the
range 0-5.6 uM (Pentcheva, 1965). The abundance of tin in hot springs (16-

92°C) in Japan was in the range 0.84-8.4:10° M (Ikeda, 1955).

TIODINE

The average 1297 contents of eight samples from Cigar Lake ore is 1410
ppm (Fabryka-Martin et al., 1994).

Iodine is the only halide which has several stable redox states unders natural
water conditions.

In natural waters the majors species for the iodine are the iodide (I') and the
iodate (I053"); other species are I, , I5", HIO, IO, and HIOs. The
concentration in sea water ranges between 0.2 and 0.5 uM and its oceanic
residence time is 300000 years (Whitfield and Turner, 1987).

The majority of the samples of groundwaters from Cigar Lake have less
than 0.078 uM of Iodine (Cramer et al., 1994).

The average iodine contents of several aquifers of the UK ranges between
0.016 and 0.26 pM (Edmunds et al., 1989). The iodine exists mainly as
iodate but it is reduced to iodide towards anaerobic conditions. Total iodine
increases in the deeper confined aquifer. Iodine may be formed by the
oxidation of organic matter or during the mobilisation of Fe**. The release
of iodine could also be the result of codissolution for fluorapatites, as
indicated by the correlation between both anions in natural waters.
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Todine, a halogen, occurs sparingly in the form of iodides in sea water from
which it is assimilated by seaweed, in brines from old sea deposits, and in
brackish waters from oil and salt wells (Weast, 1975).

CAESIUM

The average abundance of caesium in soils, earth crust, sediments and
igneous rocks is 5, 1, 10 and 10 ppm respectively (Bockris, 1977).

Pollucite (Cs and Na aluminosilicate) is the Cs bearing mineral with the
highest grade of Cs, and it is found in pegmatitic rocks.

Studies on bentonites from Cabo de Gata (Spain), result of the alteration of
volcanic rocks, show that the Cs is the less mobile element of all the trace
element studied (Caballero et al., 1986).

Cs concentration for rocks from Aspé site is 3.3 ppm whereas the average
contents of the groundwaters is 1.9 10 M (Miller et al., 1994).

The normal Cs contents of the rock samples from Pogos de Caldas is about
0.5 ppm but at the redox front it can exceed 5 ppm (MacKenzie et al., 1991).
The samples of the massive U-ore from Cigar Lake site have a Cs content
who can reach 1.3 ppm (Smellie et al., 1994).

Cs is a cation with a low polarising power that is so weakly complexed in
both freshwater and seawater that its speciation is dominated by the free
cation (Turner et al., 1981).

Cs concentration in sea water ranges between 2.3-10° M (Whitfield and
Turner, 1987) and 3.7-10° M (Lloyd and Heathcote, 1985) and the principal
form in which cesium occurs is Cs'. The residence time of Cs in the ocean is
6 10° years (Whitfield and Turner, 1987).

Only in one sample of groundwater from Cigar Lake it had been found a Cs
content of 0.52 uM (Cramer et al., 1994).

SAMARIUM

Sixteen isotopes of samarium exist. Natural samarium is a mixture of seven
isotopes, three of which are unstable with long half-lives (Weast, 1975).

Samarium has a crustal abundance of 7.3 ppm, being concentrated in
granitic rocks (9.4 ppm) (Krauskopf, 1967).
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Grauch (1989) made a comprensive review of the samarium contents in
metamorphic rocks. McLennan (1989) studied the contents and processes
related with the LREE occurrence in sedimentary rocks.

Samarium is found along with other members of the REE in many minerals,
including monazite (to the extent of 2.8%) and bastnasite (Weast, 1975).

~200 minerals are known which contain up to 0.01 % lanthanides. Highest
concentrations are in bastnaesite (64 wt%), monazite (60 wt%) and cerite
(59 wt%). 3 fluorides, 10 oxides, 10 carbonates, 1 borate, 1 sulphate, 8
phosphates and 20 silicate minerals containing REE are listed in Wedepohl
(1978). REE contents of basalts and gabbros are concentrated in
clinopyroxene rather than plagioclase. Biotites from granites contain more
REE than feldspars and quartz.

The natural Sm contents of the reactor zone of Oklo ranges between 1.7 and
24 ppm (Gauthier-Lafaye, 1995).

The samples of the massive U-ore from Cigar Lake site have a Sm content
which reach 48.2 ppm (Smellie et al., 1994). The normal Sm contents of the
rock samples from Pocos de Caldas ranges between 3 and 10 ppm
(MacKenzie et al., 1991). The Sm average contents of the reference granite
samples from El Berrocal is around 2 ppm (Pérez del Villar et al., 1995).

Sm contents in sea water ranges between 2.7 and 6.-8 102 M, and the
average residence time is 200 years (Whitfield and Turner, 1987).

In North Atlantic ocean the Sm content increase slightly with depth and its
around 4.5-10"? M (Elderfield and Greaves, 1989).

Elderfield et al. (1990) report REE analyses of rivers and seawaters. Sm
values in river waters are in the range 46-810-1072 M.

Sm concentrations in the range 9-239-10"2 M are reported by Michard et al.
(1987) in CO;-rich groundwaters in granites from Vals-les Bains, France.
Their enrichment of heavy REE in these waters is ascribed to carbonate
complexing. REE abundances in alkaline groundwaters in granites in
southern Europe were associated with colloids (Alaux-Negrel et al., 1993).
Smedley (1991) measured samarium concentrations in shallow
groundwaters in the Carnmenellis granite and surrounding metasedimentary
rocks in the range 0.3-66-10" M. Gosselin et al. (1992) investigated
concentrations of REE in chloride-rich groundwater in the Palo Duro Basin,
Texas. These authors noted Sm concentrations in the range 0.035-48:10° M.
They concluded that chloride complexes dominated the REE speciation with
only minor contributions from carbonate and sulphate species. Fresh
groundwaters from wells in the schists of the Virginia Piedmont area of the
U.S.A. have 60 ppb REE (Wedepohl, 1978).
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Michard (1989) has reported REE analyses in waters from geothermal
systems in Italy, Valles Caldera, Salton Sea and mid-Atlantic Ridge. Sm
contents are in the range 0.0053-107-1 0® M. REE concentrations of these
fluids increases as pH decreases.

In deep groundwater from Pogos de Caldas the average contents of Sm is
below 6.6:10° M (Miekeley et al., 1991).

In the Garone and Dordogne rivers the Sm contents is 0.05 1-110° M
(Brookins, 1989).

EUROPIUM

Grauch (1989) made a comprensive review of the europium contents in
metamorphic rocks. McLennan (1989) studied the contents and processes
related with the LREE occurrence in sedimentary rocks.

Europium is the most reactive of the rare earth metals, quickly oxidising in
air. It resembles calcium in its reaction with water. Bastnasite and monazite
are the principal minerals containing Eu (Weast, 1975).

The average Eu,0; contents for carbonatite-derived and placer monazites is
about 0.10 and 0.05 wt%, respectively, whereas for dark monazites the
world-wide average is 0.36 wt% (Mariano, 1989).

The natural Eu contents of the reactor zone of Oklo ranges between 0.5 and
41 ppm (Gauthier-Lafaye, 1995).

The samples of the massive U-ore from Cigar Lake site have a Eu content
who reach 3 ppm (Smellie et al., 1994). The average contents of the
reference granite samples from El Berrocal is about 0.06 ppm (Pérez del
Villar et al., 1995). The normal Eu contents of the rock samples from Pogos
de Caldas is about 2.5 ppm (MacKenzie et al., 1991).

Most REE do not readily substitute in minerals. Europium is an exception,
because it substitutes Ca, it is preferentially absorbed, relative to other rare
earth elements, by crystallising plagioclases. The rock containing the
fractionated plagioclase will tend to be relatively enriched in Eu (Raymond,

1995).

Europium is the only lanthanide than under natural conditions, has a (II)
valence, and this readily explains the segregation of Eu from the other
lanthanides under reducing conditions (Brookins, 1989). Under such
conditions, Eu®" is almost identically to Sr** in its geochemical
characteristics. Mixing of Eu®>” and Sr*” in Ca®*-sites during rock genesis is
well documented. Like the alkaline earths, then, Eu”" does not hydrolyse
readily.
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At low temperatures, near earth surface conditions, the aqueous
geochemistry of europium should be dominated by the trivalent state, except
possibly in the most reducing, alkaline pore waters of anoxic marine
sediments. However, at temperatures greater than about 250°C and elevated
pressures, divalent europium could predominate (Sverjensky, 1984).

Eu contents in sea water ranges between 0.6 and 1.8:10"* M, and the
average residence time is 500 years (Whitfield and Turner, 1987). In North
Atlantic ocean the Eu contents increases with depth (Elderfield and Greaves,
1989). In the Garone and Dordogne rivers the contents is 0.01 102 M
(Brookins, 1989).

In deep groundwater from Pocos de Caldas the average contents of Eu is
below 2:10° M (Miekeley et al., 1991).

Elderfield et al. (1990) studied the REE in surface waters and says than the
concentration of Eu in 15 rivers ranges between 7 and 208102 M. In 6
estuarine waters ranges between 2 and 80- 10 M and in 5 coastal sea water
ranges between 2 and 10-10'2 M. In oceanic water Eu can have an
hydrothermal origin.

Gosselin et al. (1992) investigated concentrations of REE in chloride-rich
groundwater in the Palo Duro Basin, Texas. These authors noted Eu
concentrations in the range 107! - 10 M. They concluded that chloride
complexes and free-ions dominated the REE speciation with only minor
contributions from carbonate and sulphate species.

Smedley (1991) measured europium concentrations in shallow
groundwaters in the Carnmenellis granite and surrounding metasedimentary
rocks in the range 40 - 0.16:10° M.

The Eu contents of the water from the nine springs at Val-les-Bains ranges
between 0.26 and 8.2:10° M (Michard et al., 1987).

The Eu contents of the hydrothermal fluids from seven geothermal fields
ranges between 1.31-10"2 M and 1.7-10® M (Michard, 1989).

HOLMIUM

Grauch (1989) made a comprensive review of the holmium contents in
metamorphic rocks. McLennan (1989) studied the contents and processes
related with the LREE occurrence in sedimentary rocks.

Holmium occurs in gadolinite, monazite (to the extend of about 0.05%) and
in others rare-earth minerals (Weast, 1975).

The normal Ho contents of the rock samples from Pogos de Caldas is about
2 ppm (MacKenzie et al., 1991). The average Ho contents of the reference
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granite samples from El Berrocal is about 0.3 ppm (Pérez del Villar et al.,
1995).

Gosselin et al. (1992) investigated concentrations of REE in chloride-rich
groundwater in the Palo Duro Basin, Texas. These authors noted Ho
concentrations below 8.5:10® M. They concluded that chloride complexes
and the free-ion dominated the REE speciation with only minor
contributions from carbonate and sulphate species.

Ho contents in sea water ranges between 1 and 3.6:10"* M (Whitfield and
Turner, 1987).

Smedley (1991) measured holmium concentrations in shallow groundwaters
in the Carnmenelhs granite and surrounding metasedlmentary rocks in the
range 5.5 10° M and below the detection limit (0.3-10° M).

In deep groundwater from Pocos de Caldas the average contents of Ho is
below 3.7-10° M (Miekeley et al., 1991).

Brookins (1989) gives a Ho contents in the Garone and Dordogne rivers of
8.7-10° M.

RADIUM

Radium is isovalent (+2), with an ionic radius of 1.43 A. 22°Ra is the
dominant isotope and exceeds 99% of total Ra.

Trace radium concentrations in groundwaters will tend to coprecipitate with
barium to form barite solid solutions (Doernier and Hoskins, 1925), and is
the basis for the removal of radium from mine waters and uranium mill
tailings solutions (Sebesta et al., 1981; Paige et al., 1993). The calculated
partition coefficient for Ra in alkaline-earth sulphates is greatest in celestite,
SrS04(280), decreasing through anglesite, PbSO4(11) to barite (1.8)
(Langmuir and Riese, 1985). Ra-Ba sulphates and carbonates should behave
as ideal solid solutions.

Radium concentrations are often high in saline waters (Kraemer and Reid,
1984; Dickson, 1985; Laul et al., 1985a, b), geothermal waters (Mazor,
1962; Wollenberg, 1975), but relatively low in low-temperature, low
salinity groundwaters (Michel and Moore, 1980; Krishnaswami et al.,
1982).

The behaviour of radium in sedimentary brines of the Palo Duro Basin in
Texas has been investigated by Langmuir and Melchior (1985). All br1nes
were undersaturated with respect to pure RaSOy, but concentrations of #?°Ra
(0.2-5-10 12 M) were probably limited by solid solutions of Ra in barite and
celestite. The brines were saturated with respect to gypsum, anhydrite,
celestite and barite.
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Radium isotope activities in thermal waters of Yellowstone National Park
have been investigated by Sturchio et al. (1993). They found that radium
concentrations / activities in the waters were inversely correlated with
temperature and that controls on these concentrations were either the
solubility of a Ra-barite solid solution o in some instances, ion exchange of
Ra with zeolites.

Rock / brine concentration ratios for Ra in high temperature (300 * C) brines
from the Salton Sea geothermal field are approximately unity (Zukin et al.,
1987). The high Ra solubility in these brines is attributed to chloride
complexing and reducing conditions which prevent RaSO4 from forming.

Radium concentrations in natural water rarely exceed 102 M (Langmuir
and Melchior, 1985). Ra contents in sea water ranges between 1.6 107'¢ and
7 10°18 M (Whitfield and Turner, 1987).

The groundwaters from Cigar Lake have a content of Ra between 0.012 and
0.5 10 M (Cramer et al., 1994).

THORIUM

The actinides thorium and uranium are ubiquitous in nature with
concentrations in soils, sediments and rocks as high as several tens of parts
per million (Choppin and Stout, 1989).

Thorium is lithophilic element and has a crustal abundance of 9.6 ppm
(Krauskopf, 1967). The average granite, basalt and shale contain 17, 2.2 and
11 ppm, respectively. The ionic radius of Th*" is 1.02 A. Similarities in ionic
size and bond character link thorium, cerium, uranium and zirconium.

232Th is the dominant isotope of thorium (~100% of natural abundance) and
has half-life of 1.4-10" years.

Thorium is found in natural systems as the tetravalent cation only. It occurs
as a major mineral only in rare phases such as thorianite (ThO,) and thorite
(ThSiOj). The former mineral is isomorphous with uraninite, the latter with
zircon. Consequently, a large part of naturally-occurring Th is in zircon. The
chief source of Th is in monazite (Ce, La, Y, Th)PO4 which usually contains
3-9% and up to 20% ThO,. There are many examples of isostructural
compounds of Th, Ce, U and Zr: ThS, US, CeS and ZrS; ThO,, CeO,, ZrO»;
ThSiO4, USiO4, ZrSiO4; ThGeOy4, UGeO4, CeGeOs, ZrGeOy; BaThOs,
BaUOQ;, BaCeO3, BaZrOs;. However, there are only a few Th silicates known
as compared with the large number of Zr-silicates. A large number of Th-
sulphides, selenides and tellurides is known. Th is a major cation in only a
few minerals, none of which is common. Feldspars, biotites and amphiboles
may contain only 0.5-50 ppm Th.
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Most Th host minerals are refractory to weathering so that Th is considered
a poorly soluble and immobile element. Th is usually fractionated from U
during weathering because of the solubility of U(VI). Th is strongly
adsorbed by clays and oxyhydroxides so that relatively high concentrations
of Th occur in bentonites, marine pelagic clays, manganese nodules and
bauxites.

Th in fresh surface waters ranges from 0.043 to 43-10° M. Th
concentrations in natural waters are more likely to be limited by mineral
dissolution kinetics and sorption than by true mineral-fluid equilibria
(Langmuir and Heman,1980).

Copenhaver et al. (1993) investigated retardation of 22Th decay chain
radionuclides in aquifers in Long Island and Connecticut. They measured
retardation coefficients of the order 10*-10° for Th. Rock/brine
concentration ratios of ~5-10° were observed for **°Th in high temperature
(300 ° C) brines of the Salton Sea geothermal field, indicating immobility of
Th (Zukin et al., 1987).

The Th content of the reference granite from El Berrocal is about 7 ppm
(Pérez del Villar et al., 1995).

The samples of the massive U-ore from Cigar Lake site have a Th content
who reach 141 ppm (Smellie et al., 1994).

In natural waters, their concentrations are lower and it is often uncertain
how the measured concentrations are distributed between species in true
solution and those sorbed on suspended material. Uranium is rather
abundant in surface sea water, 12-10° M, while thorium is present only at
2.5:10'2 M (Choppin and Stout, 1989).

In oceanic water the contents of Th ranges between 5 and 148-101
(Whitfield and Turner, 1987). The residence time is 50 years.

The groundwaters from Cigar Lake have a contents of Th below 1.510° M
(Cramer et al., 1994).

Th in alkaline groundwaters in granites in southern europe was found to be
associated with particulate material and not contained in true solution
(Alaux-Negrel et al., 1993). McKinley et al. (1988) measured a
concentration of <0.2:10° M in hyperalkaline groundwaters in Oman. Th
concentrations of 0.06-0.14-10"° M were measured in groundwaters in
altered phonolites at Pogos de Caldas (Bruno et al., 1992). Th was
significantly associated with colloids in groundwaters in contact with
uranium ore bodies at Nabarlek and Koongarra in the Alligator Rivers
region, Northern Territory, Australia (Short and Lowson, 1988).

Only in two water samples from El Berrocal the 232Th contents is over than
1.75-10"" M (Gomez et al., 1995).
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5.18

PROTACTINIUM

The concentration of Pa in marine sediments is 10” ppm and in the
continental earth crust 10 ppm (Fukai and Yokoyama, 1982). The same
study gives the concentrations of U, Th and Ra.

Protactinium occurs in pitchblende to the extent of about 0.1 ppm. Ores
from Congo have about 3 ppm. Protactinium has thirteen isotopes, the most
common of which is %*'Pa with a half-life of 32500 years (Weast, 1975).
Protactinium is one of the rarest natural occurring elements.

In sea water the concentration of Pa ranges between 10* M (Lloyd and
Heathcote, 1985) and 10™"" M (Fukai and Yokoyama, 1982).

URANIUM

Uranium is a lithophilic element whose geochemistry is intimately linked
with that of thorium. Uranium has a crustal abundance of 2.7 ppm,
concentrated in granite (4.8 ppm) and shale (3.2 ppm) (Krauskopf, 1967).

Naturally-occurring uranium consist of three isotopes: 2381, 2%y, and **U.
23817 and #°U are parent isotopes for 2 separate radioactive decay series. No
natural fractionation of 2**U and **U has been observed and all materials
have a 2*U/*°U ratio of 137.5.

Although valence states between +3 and +6 could exist in nature, only the
+4 and +6 valence states are of geochemical relevance.

Uranium occurs in a variety of minerals, but is concentrated in only a few.
The most abundant uranium mineral is uraninite with a formula from UQO; to
U30s. Well-crystallised UQO; is described as uraninite and the
microcrystalline form, pitchblende. Typical uranium contents of rock-
forming minerals are as follows: feldspar - 0.1-10 ppm; biotite - 1-60 ppm;
muscovite - 2-8 ppm; hornblende - 0.2-60 ppm; pyroxene - 0.1-50 ppm;
olivine ~0.05 ppm; allanite - 30-1000 ppm; apatite - 10-100 ppm. In
Wedepohl (1978) the following uranium minerals are listed: 15 oxides, 12
carbonates, 6 sulphates, 30 phosphate-arsenates, 10 vanadates, 15 silicates,
4 niobates and 5 molybdates.

Under oxidising conditions, pitchblende and uraninite are converted to
bright-coloured minerals such as carnotite, Ko(UO2)2(VO4),.3H,0,
tyuyamunite, Ca(UO;)2(VO4),.nH,0, autunite, Ca(U0O;)2(PO4),nH,0, and
rutherfordine, UO,.COs. These minerals are soluble so that uranium may be
transported by oxidising groundwater to be re-deposited under more
reducing conditions.

The granite reference of El Berrocal has a U contents of about 16.5 ppm
(Pérez del Villar et al., 1995).
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The samples of the massive U-ore from Cigar Lake site have a U content
who reach 220 ppm (Smellie et al., 1994).

Seawater contains 13.5:10° M of uranium, mainly in the VI oxidation state.
The ocean residence time is 3:10° years (Whitfield and Turner, 1987).

Edmuns et al., (1989) ncted that most analyses of uranium in groundwaters
in aquifers in the UK were below 107 M, although several anomalous
values up to 10 M were observed. Uranium concentrations in alkaline-
thermal waters in granites in southern Europe were limited by uraninite
solubility (Alaux-Negrel et al., 1993). Bruno et al. (1992) concluded that
waters in the alkaline rocks at Pogos de Caldas were in equilibrium with
pitchblende co-precipitated with Fe(III) oxy-hydroxides, with
concentrations in the range: 1.7-107-1.7-10® M. A similar behaviour across
the redox transition was observed in waters in contact with deep seabed
sediments of the North Atlantic Abyssal Plain (Santschi et al., 1988), with
concentrations ranging from 0.4 to 8-10° M. In CO,-rich waters from Val-
les-Bains (France), uranium concentrations are in the range 1-3.5-10° M
(Michard et al., 1987).

Edmunds et al. (1987), measured uranium concentrations in deep
groundwaters of the Carnmenllis granite in the range: 8-10"1-1.8-107 M.
Uranium concentrations in Stripa are in the range: 4-10%103.7-10" M. In
the Cigar Lake uranium deposit uranium concentrations in the reduced zone
are in the range 6:10° to 107 M, indicating that the waters are in
equilibrium with a slightly oxidised uraninite, represented by the
stoichiometry UsO+(s) (Bruno and Casas, 1994). In the oxidised part of
Cigar Lake, the uranium concentrations range between 10° and 2:10° M.
This would suggest a control by the association of U(VI) to Fe(III)
oxyhydroxides, present in this zone. Uranium concentrations associated
with the uranium deposit at Crawford (Nebraska), have been reported by
Spalding et al. (1984), in the range 20 to 300-10° M.

In the hyperalkaline conditions encountered in Oman and Magarin, the
uranium concentrations are of the order of 10! M. This is in good
agreement with the calculated solubility of Ca-uranates, the most stable
phase under these conditions.

At higher temperatures and under reducing conditions the concentrations of
uranium appear to be controlled by the uraninite-coffinite transition.
Kraemer and Kharaka (1986) measured uranium concentrations in saline
waters in geo-pressured aquifers (T:109-166 °C), in the US Gulf Cost , in
the range 0.1-2-:10"° M.

The groundwaters from Cigar Lake have under 0.24 pM of U (Cramer et al.,
1994).
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NEPTUNIUM

In Cigar Lake site, the bounding concentrations for nuclear reaction
products in groundwaters had been calculated. The maximum **’Np
concentrations in those waters is 10"° M (Fabryka-Martin et al., 1994).

PLUTONIUM

Plutonium exists in trace quantities in naturally-occurring uranium ores. It is
formed in much the same manner as neptunium, by irradiation of natural
uranium with the neutrons which are present (Weast, 1975). The average
239py contents of three samples from Cigar Lake ore is 1210 ppm
(Fabryka-Martin et al., 1994).

The Pu and U release from the reaction zone of Oklo had been incorporated
into the framework of the newformed chlorite (Gauthier-Lafaye, 1995).

Fifteen isotopes of plutonium are known. By far of greatest importance is
the isotope * °Pu, with a half-life of 24360 years, produced in extensive
quantities in nuclear reactors from natural uranium (Weast, 1975).

Of the synthetic transuranium elements, plutonium and, to a lesser extent,
americium are detectable in ecosystems (Choppin and Stout, 1989).
Plutonium is found in relatively higher concentrations in the soil and water
near the nuclear test sites and reprocessing facilities, primarily associated
with subsurface soils, sediments or suspended particulates in water columns.
When vegetation, animals, litter, and soils are compared, more than 99% of
the plutonium is found in the sediments. Pu is transported mainly in ground
water in the form of soluble species.

Very little plutonium is found in natural aquatic systems (2.89:1077 M),
making it difficult to obtain reliable values for the concentration (Choppin
and Stout, 1989). Moreover, the amount of plutonium associated with
suspended particulates may be more than an order of magnitude greater than
that in true solution. In the Mediterranean, the plutonium activity in sea
water was reduced 25-fold by passage the sample though a 0.45 um filter.

The Pu concentrations in sea water, rivers and fresh water ranges between
2.6 10""® M in the Mediterranean Sea and 1.6 107* M in the Irish Sea, near
to Windscale (Choppin and Stout, 1989).

In the laboratory, the solubility of plutonium added to filtered sea water was
measured to be 1.3 10! M after 30 days with 40% in ionic form (Choppin
and Stout, 1989). The inclusion of humic material in these sea water
samples increased the solubility of Pu six-fold after a month. Humic
material are believed to be responsible for the higher concentrations of
plutonium in organic-rich rivers and lakes.
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In marine sediments from Palomares (Spain), plutonium was found to be
associated mainly with organic mater and sesquioxides (Anton et al., 1994).

In marine natural waters, the limiting solubility of actinides is usually
associated with either carbonate or hydroxide compounds. The insolubility
of Pu(OH), determines the amount of plutonium in solution, even if Pu(V)
or Pu(VI) are the more stable states (Choppin and Stout, 1989).

In Cigar Lake site, the bounding concentrations for nuclear reaction
products in groundwaters had been calculated. The maximum 2%py
concentrations in those waters is 10 M (Fabryka-Martin et al., 1994).

AMERICIUM

Among the three isotopes of americium, %> Am is the most stable with a
half-life of 8800 years, compared to 470 years for 2 Am (Weast, 1975).

Trans-plutonium actinides (Am, Cm) have important III valences analogous
to the lanthanides, at least, through Bk. The only important Am (IV)
aqueous species may be Am(OH)s™ (Brookins, 1989). The same author gives
stability constants for carbonate complexes of trivalent Am and Cm.

The stability fields for the Am species with and without C (Brookins, 1988)
shows than the most important valence 1s III.

Observations of the distribution of 241 Am in marine environments indicate
that Am has a high affinity for solid surfaces (Shanbhag and Morse, 1982).

CURIUM

Thirteen isotopes of curium are known. The most stable, 247Cm, with a half-
life of 16 millions years, is so short compared to the earth’s age at any
primordial curium must have disappeared. Natural curium has never been
detected, not even in natural deposits of uranium (Weast, 1975).

The trivalent oxidation state is by far the most stable one for the curium
element (Baes and Mesmer, 1976).

The stability constants for carbonate complexes of trivalent Cm are given by
Brookins (1989).
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Ocean Resid. | rFresh W.” Ground Water
Stab. | Rocks Contents . ! ate
Isot (ppm) Minerals Contents | Time Contents Contents
(M) (years) (M) (M)
. ultramaphic r. 200-2000 olivine, pyroxene, anphibole, " 4 9 -
Ni granite, shale 0.5-85 spinel (clay minerals) 2-1010 810 810 Pogos 6 10
lausthalite (PbSe), gaiena g y Cigar Lake <3.8 107
Se | 79 |[shalesos cau . 02-2410% | 310¢ 0.2-910°
(pyrite, sphalerite, ...) diluted 1.2 - 12 107
Pogos 100-350 ! . " 6 "
Sr Berrocal <7 celestine, strontianite 910 410 0.2-80 10
7r Pogos 100-2500 zircon, baddeleyite (iimenite, 12 .30 10" Pogos <1.1 10°
Berrocal 50-65 rutile, perovskite) < UK <8 107
Nb 93 syenites 100 niobite (pyroxene, anfivoles, 100
Pogos 30-320 micas, cassiterite)
Tec 98  |Cigar Lake ore 8.5 107 Cigar Lake calculated <10°
olivine, bronzite, diopside, 13 B Oman 3-710*
Pd Pogos 0.4-26 serpentine, zircon 1.8-6610 510 brines 0.2 - 20 10°
§ blende, pyrite, 2 R Pogos 5 107
Ag Pogos 0.2-10 galena (40 ppm) 1-2310 510 UK <10°®
Pogos 5-20 cassiterite (pyroxenes, micas, 12 . "
Sn Berrocat <30 anphiboles, sulphides) 5-2010 210 UK25-8.410
T ]
[ 129 [Cigar Lake ore 1.4 10¢  |iodates, fluorapatite 2-5107 | 310° Cigar Lake < 7.8 10
UK 1.6-26 10
Aspd 3 ] Aspd 1.9 10°
Cs oiucite 2.3-3.710° 610°
Pogos 0.5 P Cigar Lake <5.2 107
- =7 b
Sm g':::se;jg Berrocal 2 monazite, bastnasite, cerite 27-6.810™ 200 510 .8 107 ji‘gze::‘il: 100‘;1bn1n§-s7
Pogos 2.5 monazite, bastnasite, cerite, 12 14 10 9
Eu Berrocal 0.06 plagioclase 06-1810 500 10%-210 0.16-40 10
Pocos 2 . . o 45 s
Ho Berocal 0.3 monazite, gadolinite 1-3610 8.7 10 <8.5 10
Ra 226 barite, celestine, anglesite 1.6-7101% <1012 <5102
granite 17 thorianite,thorite, (uraninite, 12 11 o 10
Th 2 |poecal7 zircon, monazite) 0.5-1510 50 410™-410 0.17-20 10
Pa 231 pitchblende (0.1 ppm) 107 - 10
uraninite, pitchblende, allanite, Oman 4 107
Berrocal 16.5 ; ' 410 310°
v apatite,... 1410 other 10°- 4 107
Np Cigar Lake calculated <10
Pu 239 |Cigar Lake ore 1.2 10°® 29107 210™-210"] Cigar Lake calculated <10
Am | 243
Cmj 247

Pogos: subvolcanic phonolite strongly altered by hydrothermal and supergene processes
Berrocal: two mica alkaline feldspar granite
Aspé: porphyritic granite-granodiorite with fine lenses of metabasalts, metavolcanites and pegmatites

Cigar Lake: water saturated sandstone at the unconformity contact with the high-grade metamorphic rocks

UK: chalk, limestonne and sandstone of several aquifers

* Rivers and lakes
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6.1

MEASURED RADIONUCLIDE
CONCENTRATIONS FROM SPENT FUEL
DISSOLUTION EXPERIMENTS. APPARENT
SOLUBILITY LIMITS.

Spent fuel dissolution (leaching) experiments are in principle designed to
obtain data concerning the dissolution rates and/or apparent solubility limits
for relevant radionuclides in a variety of solvents, under different
experimental conditions. The experiments are not designed a priori to
obtain equilibrium radionuclide solubilities, but because of the long
experimental periods involved steady state concentrations are reached which
can be interpreted in terms of apparent solubilities (Bruno et al., 1985).

Different experimental procedures are used and this has an impact on the
comparability of the reported data, although the conditions normally mimic
those expected in the various repositories. Among the different parameters,
the redox condition, the chemical composition of the leaching solutions, the
Surface/Volume ratio and the saturation effects have been identified as the
most significant. In spite of this, spent fuel dissolution data constitute an
excellent test-bed to compare with the calculated solubilities, particularly
for the transuranium radionuclides, where Natural System data is not

existing.

In this chapter we will present reported experimental results concerning
measured radionuclide concentrations from long-term spent fuel dissolution
test performed within the various national programs. The reported results
have been obtained in different laboratories: AECL in Canada (Tait et al.,
1991 and Stroes-Gascoyne, 1992), PNL in USA (Wilson and Shaw, 1987,
Gray, 1987, Wilson, 1990a, Wilson, 1990b), Studsvik in Sweden (Forsyth
and Werme, 1992, Forsyth and Eklund, 1995) and FZK in Germany
(Grambow et al., 1996).

The various sets of data are presented including a brief description of the
experimental procedure:

AECL

CANDU fuel, 2-cm segments

Contact time: 30 days

Leachant: DI water, Granitic GW, NaCl brine
Redox conditions: Ar-3%H2, Ar, Air
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Table 6-1. Radionuclides concentration from spent fuel dissolution
experiments performed in AECL, contact time 30 days.

Redox  Leaching log solution concentration
conditions solution (mol/kg)
U Te Pu Am Cm
Ar-3%H, DIW -5.90 -8.45 -9.20 -11.16 -13.26
Ar-3%H; DIW -6.40 -7.69 -9.01 -10.95 -13.08
Ar-3%H, DIW -6.65 -8.14 -9.09 -10.95 -13.08
Ar-3%H, DIW -8.44  -10.02 -10.49 -12.06 nm
Ar-3%H, DIW -8.06 -9.77 -11.65 -13.27 nm
Ar-3%H; DIW -7.11 -9.80 -8.90 -11.14 nm
Ar DIW -6.99 -9.05 -10.36 -12.13 -13.62
Ar DIW nm nm -9.63 -11.25 -13.40
Air DIW -4.82 nm -8.97 -10.99 -13.26
Air DIW -6.64 nm -9.65 -11.00 -12.54
Air DIW -3.43 -5.81 -7.14 -7.64 -9.46
Air DIW -3.38 nm -7.04 -7.44 -9.40
Ar-3%H, NaCl -5.75 -9.02 -8.15 -9.76 nm
Ar-3%H,  Granitic -5.44 -7.55 -8.03 -9.92 nm
[HCO3]
0.005 M
Ar-3%H,  Granitic -6.51 -8.20 nm nm nm
[HCO]
0.0011M
Air Granitic  -6.40 nm -9.37 -11.06 -12.99
[HCO3]
0.005 M
Air Granitic  -6.43 nm nm nm nm
[HCO3]
0.0011M

nm = not measured

Table 6-2. Radionuclides concentration from spent fuel dissolution
experiments performed in AECL. Contact time 500 days.

Redox  Leaching log solution concentration
conditions solution (mol/kg)
Cs Sr Te U
Ar-3%H,- DIW -8.00  -9.70 -9.22 -7.40
0.02%CO0;,
NaCl -6.22 -740 -8.22 -6.70

Granitic = -6.22 -7.40 -8.22 -7.10

[HCO7]

0.0011 M
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6.2

A large number of leaching experiments by using CANDU (CANada
Deuterium Uranium) fuel samples have been performed in this laboratory to
determine fission product and actinide release and to establish the main
factors which affect their release. Tables 6-1 and 6-2 show some of the
results obtained in a short and in a long leaching period respectively.

Measured uranium concentrations range between 10%3 to 10°* mol-dm™.
According to the authors, the fact that the values obtained are higher than
the expected radionuclide concentrations (Lemire and Garisto, 1989)
indicate that the redox condition of the system is more oxidising than
expected due to the combination of radiolysis and high temperatures effects.

The measured uranium concentrations were in general lower in bidistilled
water than in granitic groundwaters. However, the investigators did not
observe any correlation as a function of the different groundwater
compositions used as a solvent.

Measured Pu concentrations were in general lower than Pu concentrations
predicted by the model of Lemire and Garisto. The authors attributed these
differences to the fact that Pu concentrations in solution were limited by the
quantity released from the fuel and not by the solubility due to the short
time period of leaching (30 days).

Plutonium concentrations did not show a clear correlation with the
composition of the contacting solution.

The technetium concentrations obtained in the experiments, indicated a
redox control of this element, as expected from the redox behaviour of Tc.

Am and Cm concentrations appear to be , to some extent, dependent on the
redox condition. As we can see in Table 6-1, the oxidising conditions
caused an increase in the concentrations in solution, compared to the
measured levels under reducing conditions. Because of the insensitivity of
these elements to redox state, it has been postulated that the release of these
radionuclides is controlled by the dissolution of the UO, matrix.

The increase of these radionuclides concentration in solution depending on
the redox conditions seems to indicate the release of these elements
according to the dissolution of the UO, matrix.

Bearing in mind the objective of our work, we have only selected the 500
day contact time data (Table 6-2), for the purpose of our comparisons.

PNL & YUCCA MOUNTAIN PROJECT

Several dissolution tests have been performed by using oxidised PWR spent
fuel specimens, under different experimental conditions, temperature,
solvent and fuel samples. Some of the leaching results obtained are given in
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Table 6-3. These results are taken from Wilson, 1990a, 1990b and Gray,
1988.

By looking into the data from Table 6-3, we observe that the concentrations
of the different radionuclides determined in solution decrease with the
temperature of the system. This decrease in radionuclide concentrations at
higher temperatures has been attributed to the precipiiation of secondary
solid phases. In this context, Wilson (1990b) identified uranophane, a
calcium-uranium-silicate solid phase, in the experiments carried out at 85°C.

The fuel type used in the experiments had a slight effect on the measured U,
Am and Np concentrations, whilst Pu did not show this dependence. The
direct dependence of americium release on the fuel type used indicated that
the release of Am is controlled by the UO, matrix dissolution. On the other
hand and as it is shown in Table 6-3, the measured concentration of this
radionuclide is strongly dependent on the filtration process.

When the experiments were performed in the presence of iron and by using
NaCl brines (Gray, 1988) a decrease on the U and specially of Pu releases
(approximately two orders of magnitude) was observed. This is due to the
more reducing conditions imposed by the corrosion of iron in the system
under study.
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Table 6-3. Radionuclides concentration from spent fuel dissolution experiments obtained from PNL & Yucca Mountain project.

Solid Redox conditions Leaching solution T (°C) Contact log solution concentration
time (mol/L)
(days)
U Pu Am Np Cm Te
Bare fuel Air J-13 25 200 -5.39 9.1 -9.82 -8.62 -11.6
series 2 , A2 J
-5.1 -8.35
Bare fuel Air J-13 25 200 -5.9 -8.4 -9.8 -8.9 -11.3
series 3
Bare fuel Air J-13 85 200 -6.18 -10.38 -12.38 -9.17 -14.3 -5.94
series 3 J
-5.22
mean value -5.22 -0.1 9.8 -8.6
YM project d (0.4pm filt. sol.)
8.4 -11.3
(1.8pm filt. sol.)
Fragments Iron NaCl brine 30 180 =7 -9.8 -7.8
2 { \2
-6.3 -9 -6.8
Fragments no Iron NaCl brine 30 180 -4.9 -9 7.4
\2 2 2

-4.2 -1.3 -6




6.3 STUDSVIK
BWR and PWR fuel, 2-cm segments, 21-49 Mwd/kg U local burnup

Temperature: 20-25 °C
Contact time: 500-1000 days
Solvent: DI water, Granitic GW

Redox conditions: oxic (air), anoxic (Ar + 5% H»)

Table 6-4. Measured radionuclide concentrations from spent fuel dissolution
experiments performed in Studsvik.

Redox Leaching log solution concentration
conditions  solution (mole/L)
U Pu Np Te
oxic granitic -5.22 -9.15 -9.41
GW s \ s
-4.99 -8.27 -8.96
oxic DI water -8.00 -7.7 -8.6
anoxic granitic -7.22 -11.20  -11.37 -8.22
GW \: 2 \

-6.67  -10.09 -1041

Several long-term spent fuel leaching tests have been performed in this
laboratory by using BWR and PWR specimens, under different
experimental conditions.

The measured uranium, neptunium and plutonium are higher under
oxidising conditions than under reducing ones.

The effect of the solution composition on the measured uranium and
plutonium concentrations differs. Lower uranium concentrations are
measured in distilled water than in synthetic granitic groundwater, whilst the
measured plutonium concentrations are one order of magnitude larger in
distilled water than in granitic groundwater. This effect has been recently
rationalised in terms of solubility controls on Pu(IV) in granitic groundwater
by the precipitation of Pu(OH)s(am), following the release of metastable
Pu(IV) colloids (Bruno and Duro, 1996). This precipitation is not apparent
when spent fuel is dissolved in distilled water. In such case, Pu
concentrations remain around 107 mole-dm™, while in groundwater, Pu
concentrations reach an steady state level ranging between 10 and 107"
mole-dm?. The different solubility may be explained in terms of the
stabilisation of suspensions in different solutions. First of all we can
consider that a lower solubility may imply a larger particle size. On the
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other hand, the coagulation of suspensions is favoured at higher ionic
strengths (Stumm and Morgan, 1996), this could be the case of this
radionuclide in groundwater. Finally, according to Rai and Swanson (1981),
colloids tend to destabilise, and therefore, coagulate and precipitate when
increasing pH, which is the case of groundwater with respect distilled water.

6.4 FZK-INE
PWR fuel, 50.4 Mwd/kg U
Temperature: 25 °C
Contact time: 400 days
Solvent: NaCl 95%
Redox conditions: Ar, iron, carbonate free
Table 6-5. Radionuclides concentration from spent fuel dissolution
experiments performed in FZK.
Redox log solution concentration
Conditions (mole/kg)
U Pu Am Np Cm T¢ Sr Cs Sb Ag Eu Ru
Ar,iron -7.0 -9.3 -
10.4
Ar 60 -85 - -80 -94 -70 -80 -52 -81 -7.0 -81 -8.0
10.4
Ar -42 -71 -80 -80 -75 -7.0 -60 -50 -65 -7.0 -8.1 -8.0

Spent fuel leaching studies performed in FZK have been carried out in
brines.

The main trend in the results presented in Table 6-5 is an increase in the
concentration of dissolved radionuclides as a function of the surface
area/volume ratio, indicating a clear kinetic control.

Plutonium and uranium concentrations decrease in the presence of iron in
the system due to the higher reducing conditions caused by the corrosion of
Fe.

The lower uranium concentrations measured in comparison with results
from other laboratories are attributed to the absence of carbonates in their
system.

73



6.5 COMPARISON OF THE RESULTS OBTAINED IN THE
DIFFERENT PROJECTS.
The following tables show the different results grouped as a function of the
redox conditions, i.e. oxic and anoxic and as a function of the type of water
used as leachant, i.e. distilled water, granitic ground water and brines.
Table 6-6. Results obtained in granitic groundwater and oxic conditions.
Granitic Oxic log solution concentration
GW (mole/L)
U Pu Am Np Cm Te
AECL Air -6.43 -9.37 | -11.06 -12.99
\:
-6.40
PNL Air -6.18 -10.38 | -12.38 -9.17 -14.30 -5.94
3 \2 ¥ ! \ 2
-5.10 -8.35 -9.80 -8.62 -11.30 -5.22
STU Air -5.22 -9.15 -9.41
\2 N \A
-4.99 -8.27 -8.96
Table 6-7. Results obtained in granitic groundwater and anoxic conditions.
Granitic | Anoxic log solution concentration
GW (mol/L)
U Pu Am Np Cm Te
AECL Ar -6.51 -8.03 -9.92 -8.2
3%H, \! \
-5.44 -7.55
STU Ar -7.22 -11.20 -11.37 -8.22
(Pd) \ \) \
-6.67 -10.09 -10.41
Table 6-8. Results obtained in bidistilled water and oxic conditions.
DIW Oxic log solution concentration
‘ (mole/L)
Pu Np Am Cm Tec
AECL Air | -6.64 -9.65 -11.00 -13.26 -5.81
¥ 2 N
-3.38 -7.04 -7.44 -9.40
STU Air | -8.00 -7.7 -8.6
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Table 6-9. Results obtained in bidistilled water and anoxic conditions.

DIW | Anoxic log solution concentration
(mole/L)
U Pu Am Cm Te Sr Cs
AECL Ar -8.44 | -11.65 | -13.27 | -13.26 | -10.02 | -9.70 | -8.00
3%H, | 4 \ \ \ A
-5.90 -8.9 -10.95 | -13.08 | -7.69
FZK-INE| Ar -5.95 -7.48 -8.00 -10.47
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Table 6-10. Results obtained in brines and anoxic conditions.

Brine Anoxic log solution concentration
(mol/L)
U Pu Am Np Cm Te Sr Cs Sb Ag Eu Ru
AECL Ar -5.75 -8.15 -9.76 -9.02
3%H,
PNL Iron -7.0 -9.8 -1.8
\J { \)
-6.3 9.0 -0.8
No iron -4.9 -9 -1.4
4 ) \2
-4.2 -7.3 -6.0
FZK-INE Ar -7.0 -9.3 -10.4
iron
Ar -6.0 -8.5 -10.4 -8.0 -9.40 -7.0 -8.0 -5.22 -8.09 7.0 -8.09 -8.0




The concentrations of radionuclides measured in spent fuel leaching
experiments are dependent on redox conditions as it is expected for sensitive
redox actinides. In this sense for Uranium, Plutonium and Neptunium, the
concentrations measured under anoxic conditions are 1 and 2 orders of
magnitud lower than the ones measured under oxic conditions. In the case of
Americium and Curium similar concentrations are measured independent on
redox conditions.

The comparison of the results obtained under similar redox conditions but in
brine or in granitic groundwater seems to indicate that actinides
concentrations in brines are higher than those obtained in granitic
groundwater.
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SOLUBILITY CALCULATIONS

Solubility calculations have been performed by using the code EQ3NR
(Wolery, 1992). The database used has been the Nagra/SKB-97-TDB and is

described in chapter 10.

The correction of the ionic strength of the system has been performed by
using the b-dot equation (Helgeson, 1969). This equation is an extended
Debye-Hiickel model which add the b°xI term, the b-dot parameter depends
on the electrical charge of the species in question. This approach is used by
default by the EQ3NR code. Due to the relatively low ionic strength of the
granitic groundwaters, we judged this correction to be sufficiently accurate
for the purpose of the calculations.

The calculations have been performed by using three water compositions.
Their compositions are given in Tables 7-1, 7-2 and 7-3 respectively.

These waters correspond to three different environments, the first one is the
Aspd groundwater, with a low carbonate content (SKB, TR SR-95). This
water has been used in the previous sections as a reference water to
calculate both the conditional constants and the speciation and to perform
the sensitivity analysis (Section 8). The second one is a typical Finnsjon
fresh groundwater, with a high carbonate content (Ahlbom and Smellie,
1989) and the last one corresponds to a bentonite pore water based on the
work performed by Wanner and co-workers (1992) which simulates
groundwater composition after saturating and equilibrating with the
bentonite barrier in a repository system. The result is a higher pH, and a
larger carbonate and sulphate contents.

While this work was in progress, SKB changed the composition of the
reference Aspo and Finnsjon waters and added a third reference water;
Gided. The solubilities obtained according fo these reference waters will
be discussed later (Section 9).
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Table 7-1. Composition of the Aspd water used in the calculations.

Component  Concentration (mol-dm™) +G
Na 9.13-107 9-10°
Ca 4.75:102 5107
Mg 1.73:10° 8-10™
Fe 41210 4-10°
H,Si0, 1.46:10* 2:107
HCO3 (free) 1.64-10™ 8107
Cr 1.80-107 2:10
SO 5.73-107 6:10
s* 5.63-10°® 5107
PO 9.47-10° 9-10°8

pH 8.3 0.1

pe -5.07 0.4

Table 7-2. Composition of the Finnsjon fresh water used in the calculations.

Component Concentration (mol-dm™)
Na 1.00E-03
K 8.21E-05
Ca 1.90E-03
Mg 2.59E-04
Fe 1.61E-04
H,4SiO4 2.14E-04
HCO3 (free) 3.61E-03
F 3.16E-05
cr 1.72E-03
Br’ 3.75E-06
S04 9.27E-05
NOj 8.06E-06
pH 6.9
pe -3.38

Table 7-3. Composition of the bentonite water used in the calculations.

Component Concentration (mol-dm™)

Na 9.13E-02

Ca 1.00E-04

Mg 4.12E-05

HCO3 (grce) 4.75E-03

cr 1.92E-03

SO, 3.54E-02
pH 9.21
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Calculations have been also performed by equilibrating these waters with
magnetite and hematite in order to simulate redox conditions after
groundwater gets in contact with the canister corrosion products in the
repository system.

The solubilities have been calculated by taking into account the solubility
limiting solid phases obtained in th= solid speciation.

A basic principle in our calculations has been to assume that the less
crystalline metal hydroxide phases are kinetically favoured (Ostwald
Principle), and consequently they constitute the initial solubility
limiting phases. In spite of the fact, that more stable phases could form
in the system.

We have also assumed for radium the possibility that its solubility is limited
by co-precipitation with other alkaline-earth-elements, and for curium and
americium that their solubilities are limited by co-dissolution from the fuel
according to the lower concentrations measured in spent fuel leching tests.

If nuclides are released due to a failure in the repository system radium
could co-precipitate with strontium carbonate under groundwater
conditions. By using the molar fraction reported in a previous work (Cera et
al., 1995) based on natural systems determinations, we have calculated the
corresponding conditional solubility constant (K*) according to the co-
precipitation approach (Bruno et al., 1995).

logK: =logK, +logy 7-1

Under the same conditions, curium and americium will co-dissolve with
uranium. By taking measured values of nuclides in fuel samples (Guenther
et al., 1989) we have calculated the molar fractions (%) of Cm and Am with
respect to U. The solubilities have been calculated according to the co-
dissolution approach.

[TE]= 7 x [Me]
7-2

where [TE] is the concentration of the trace element (Cm or Am), y is the
molar fraction and [Me] is the concentration of the major element.

The molar fractions considered in the calculations as well as the conditional
solubility constant for radium are given in the following table.

7 logK, logK*
Cm 28810
Am 43210
Ra 0.001 -10.26 -13.26

The results of the solubility calculations as well as the aqueous speciation
are given in Tables 7-4 and 7-5 respectively.
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Table 7-4. Calculated solubilities and limiting solid phases.

ASPO (old) FINNSJON(o0ld) BENTONITE
pH 8.30 6.90 921
[HCO3 |free 1.64-10" 3.54-10° 4.75-10°
pe -5.07 -5.60* -3.38 -4.20% -3.38 -6.51%
ELEMENT Solubility (mole-dm™) / Limiting Solid Phase
Ni 3.68-10™ 3.68-10™ high high high high
NiO NiO NiO
Se 1.97-1071° 3.42-1071° 1.37-1071° 1.08-101 2.59-10?
FeSe FeSe, FeSe FeSe
Sr 231:10%8.51-10* 2.31-10%8.51-10™ 7.05-10™ 7.61-10* 1.21-10™ 1.21-10™
strontianite/celestite strontianite strontianite
Zr 2.49-10° 2.49-107 2.51-107 2.51-107° 2.50-10°° 2.50-107°
ZrOy(am) ZrO,(am) ZrO;(am)
Nb 1.96-10™ 1.96:10 2.14-10°7° 2.14-10° 1.37:107 1.37-103
Nb,Os(ac) Nb,Os(ac) Nb,Os(ac)
Te 714107 7.14-107 1.18-10® 1.18-10°% 7.57-107° 7.67:10°
TCOz’XHzo TCOz'XHQO TCOz'XHzO
Pd 4.1510° 4.15:10° 4.17-10° 4.17-10° 4.17-10° 4.17-107
PdO PdO PdO
Ag 528107 1.56:107" 5.79-10" 8.72-10°" 6.28:10" 4.64-10%
Ag(s) Ag(s) Ag(s)
Sn 9.48-1071° 9.48-1071° 44110 4.41-1071° 4.49-10° 4.49-107
Sn02 Sn02 SHOQ
Sm 7.00-107 7.00-107 4.17-107 4.20-107 8.03-107 8.03-107
Smyp(CO3)3 Smy(CO3)3 Smy(CO;3);
Ho 2.48-10°¢ 2.48:10°° 1.61-10°° 1.62:10°® 5.58:10° 5.58-10°
HOz(CO3)3 HOQ(CO3)3 HOz(CO3)3
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Table 7-4. Calculated solubilities and limiting solid phases (Cont.)

ASPO (old) FINNSJON (old) BENTONITE
pH 830 6.90 9.21
[HCO3 ] ree 1.64-10 3.54-107 4.75-107
pe -5.07 -5.60* -3.38 -4.20* -3.38 -6.51%
ELEMENT Solubility (mole-dm™) / Limiting Solid Phase
Ra 2.95-107 2.95-107 1.76:10° 1.91-10° 4.57-107 457107
RaSO4 RaSO4 RaSO4
Ra-copret. 2.95-107"° 2.95-107" 1.76:107 1.91-10° 45710 4.57-10™"
=107 Ra-copret Ra-copret Ra-copret
Th 2.40-1070 2.40-1071° 2.40-1071° 2.40-1071° 1.22:10° 1.22:10°
Th(OH), Th(OH)4 Th(OH),
Pa 3.15-107 3.15-107 3.17-107 3.17-107 3.16:107 3.16-107
Pa205 Pazos Pazos
4] 1.27-107 1.27-107 1.29-107 1.29-107 1.34-107 1.28-107
UO,(fuel) UO,(fuel) UO;(fuel)
Np 6.99-10 6.99-10 4.88-10° 9.39-10° 5.83-10° 5.87-10°®
Np(OH)4 Np(OH)4 Np(OH)4
Pu 1.92:1071 4.05-1071° 6.07-10® 4.07-107 1.04-1071° 1.38-10°1°
Pu(OH)4(am) Pu(OH)4(am) Pu(OH)4(am)
Am 2.37-107 2.37-107 6.37:107 6.40-107 9.34-10° 9.34-10°
AmOHCO; AmOHCO, AmOHCO;
Am-codiss. 5.49-107M" 5.49-10 5.57-10™M 5.57-10"! 5.79-10° 5.53-107"
v=4.32-1 0 Am-codiss. Am-codiss. Am-codiss.
Cm 5.52-10°® 5.52:10® 2.07-10® 2.12-10°% 1.66:107'° 1.66:1071°
CmOHCO; CmOHCO; CmOHCO;
Cm-codiss. 3.66:10"° 3.66:102 3.71-1012 3.71-1012 3.86-10"° 3.69-102
¥=2.88-107 Cm-codiss. Cm-codiss. Cm-codiss.

* pe assuming equilibrium with magnetite (constraint assigned to O fugacity) and hematite (constraint assigned to iron concentration)
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Table 7-5. Aqueous speciation.

ASPO (old) FINNSJON (old) BENTONITE
pH 8.30 6.90 9.21
[HCO3 e 1.64-10" 3.54-10° 4.75-107
pe -5.07 -5.60% -3.38 -4.20* -3.38 -6.51*
ELEMENT Aqueous speciation
Ni Ni*
NiCOs(aq)
NiCl*
Se HSe” HSe’ HSe’
Sr Sr** Sr** SrSO4(aq)
SrS04(aq) Sr**
Zr Zr(OH)4(aq) Zr(OH)4(aq) Zr(OH)4(aq)
Nb NbO;’ Nb(OH)s(aq) NbO;
Nb(OH)s(aq)
Te TcO(OH)2(aq) TcO(OH),(aq) TcO(OH),(aq)
TcOCOs(aq)
Tc(OH),COs3(aq)
Pd Pd(OH),(aq) Pd(OH)(aq) Pd(OH),(aq)
Ag AgCl™ AgCl(aq) AgCl(aq)
AgClL® Ag' Ag'
AgClZ‘ AgClz- AgCl?_-
Sn Sn(OH)s" Sn(OH)4(aq) Sn(OH)s™
Sn(OH)s(aq) Sn(OH)4(aq)
Sm SmCO;" SmCO;" Sm(CO;3);”
Sm** Sm(CO3)y”
Ho HoCOs" HoCO;" Ho(CO3);
Ho(CO3), Ho(CO3)y

+
Ho®
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Table 7-5. Aqueous speciation (Cont.)

AspO (old) FINNSJON (old) BENTONITE
pH 8.30 6.90 9.21
[HCO3 tree 1.64-10° 3.54-10° 4.75.103
pe -5.07 -5.60* -3.38 -4.20* -3.38 -6.51*
ELEMENT Aqueous speciation
Ra Ra”" Ra“" Ra”" RaSOy(aq)
RaS0y(aq) Ra*"
Th Th(OH)4(aq) Th(OH)4(aq) Th(CO3)s*
Th(OH)4(aq)
Pa Pa0O,0H(aq) Pa0O,0H(aq) Pa0O,0H(aq)
U U(OH)4(aq) U(OH)4(aq) U0,(CO3);" U(OH)s(aq)
Np Np(OH)4(aq) Np(OH);CO5’ Np(CO3),’ Np(OH);CO5’
Np(OH);COy’ Np(COs)y’ Np(OH);CO5° Np(OH)4(aq)
Np(OH)4(aq)
Pu Pu(OH)4(aq) Pu(OH)," PuCO;" Pu(OH),(aq) Pu(OH)4(aq)
Pu(OH)," Pu(OH)4(aq) pu* Pu(OH),"
Am Am(OH)," AmCO;5" Am(CO3)5>
AmOH*" Am(CO3)*
AmCO;"
Cm CmOH* CmOH* CmOH*"

* pe assuming equilibrium with magnetite (constraint assigned to O; fugacity) and hematite (constraint assigned to iron concentration)




7.1

7.1.1

DISCUSSION

In this section we will discuss the reported radionuclide sclubility limits, in
the light of the evidence from relevant Natural System Studies, as well as
the information collected from Spent Fuel Dissolution tests. The data from
Natural System studies includes the trace element concentration
measurements performed in connection with Natural Analogue studies in
Pogos de Caldas (Brazil), Cigar Lake (Canada) and El Berrocal (Spain).
Data on Pd measurements from the hiperalkaline environment in Oman are
also included. Other data that has been introduced in the comparison with
Natural Systems include the survey of UK groundwaters and seawater
concentrations, as a final reference. The data concerning uranium, fission
products and transuranium elements from spent fuel tests have been selected
from the previously set of data presented with the following criteria: in
principle only data collected in log term synthetic groundwater experiments
has been chosen. For uranium, the data selected is the one in nominally
anoxic or reducing conditions, to minimise alteration effects of the spent
fuel matrix. For the rest of the radionuclides, data in oxic conditions is
preferred. This is because we are interested in secondary solubility limits for
these radionuclides, and the long term oxic alteration of the spent fuel
matrix could in principle favour the maximum release of the nuclides from

the matrix.

Ni

We have assumed that under reducing, NiO(s) is the solubility limiting
phase. The precipitation of pure Ni(II) sulphides is not assumed due to the
competition of iron for the limited sulphide supply. The precipitation of
mixed Ni(IT)-Fe(II) sulphides is not considered, although these are probably
the most realistic phases to control the solubility of Ni(II) under reducing
conditions.

The calculated solubilities by assuming the precipitation of NiO(s) are
unrealistically high, if compared to the measured Ni(II) concentrations in
relevant natural systems. An upper Ni solubility limit of 10 mole dm>,
would appear to be reasonable if we take into account the data obtained in
Pogos de Caldas (Brazil), El Berrocal (Spain) and Swiss groundwaters.
Berner (1994) has arrived to similar conclusions. The Ni content in
groundwaters and sea water ranges from 6107 to 10 mole-dm™. See
Figure 7-1.

The free Ni** cation and NiCOj;(aq) are the predominant aqueous species
under the conditions of the calculations.
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7.1.2

1.E-03

CALC.,
1.E-04 |
1.E-05 |
Z 1.E06 |
1.E-07 |
1.E-08 | I
1.E-09 | " 8 N
0 c 7] <] -_ o — — = ]
S5 58 %8 2 28R EZ5
< € © o J g ©° 8 <
g E & 5§ 8§ x 3 = w cuﬁ %
w g S5 m D o § ©»
= (&) 2 w
_GQ) [4a]

Figure 7-1. Nickel concentrations calculated in this work and measured
values in Natural Systems.

Se

As we have already discussed (Section 4), the limiting solid phase for this
element is critically dependent on the redox state of the system. Under
reducing conditions, the solubility of selenium is limited by the precipitation
of selenides, mainly of Fe, Cu and Pb, keeping Se at low concentration
levels. Due to similarities of selenide in charge and ionic radius with
sulphide, substitution and co-precipitation of these anions can occur (Sellin
and Bruno, 1992).

In the range of waters considered in this exercise, the calculated solubilities
are not affected by the difference in compositions, ranging between 10® and
107'° mole-dm™. This is because all the groundwaters have a reducing redox
condition. Otherwise, we have to take into account that under oxidising
conditions, solubilities increase. However, even under oxidising conditions,
the reported Se levels in UK groundwaters (Edmunds et al., 1989) are in the
same range (1.2-10'8 to 3-1071° mole-dm"3). See Figure 7-2.

The other effect on selenium solubilities is the concentration of Fe in the
groundwaters, in such case, the solubility of the solid phase increases when
decreasing the iron concentration.

A realistic solubility limit is expected to be below 610" mole-dm™
calculated for FeSe, (Berner, 1994).

The predominant aqueous species is HSe" in all water compositions studied.
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Figure 7-2. Selenium, zirconium, niobium and tin concentrations calculated
in this work and reported values from Natural Systems and from spent fuel
dissolution experiments.

Sr

The calculated solubility limit for this element under the conditions of the
exercise, is imposed by the precipitation of either sulphate or carbonate
solid phases. The stability range of these phases is quite close under these
conditions, and the precipitation of a particular phase depends on the
aqueous [CO32']/ [SO4*] ratio. In Aspé groundwater (low carbonate content)
two solid phases can limit the solubility due to the close solubility values
obtained by considering this water composition. Solubility values obtained
are 2-8 10 mole-dm™ for strontianite and celestite, as calculated by using
the HARPHRQ code package (Brown et al., 1989). These values are in good
agreement with the measured levels at Aspo, 4-10™ mole-dm™ (SR 95).

The Sr** free cation is the dominant aqueous species in the waters studied.
However, due to the relatively high suphate content of the bentonite pore
water considered in this study the predominant aqueous phase becomes the

strontium sulphate.

The calculated solubilities decrease when increasing carbonate content in
solution due to the stabilisation of the strontianite.

As we will see in a later discussion, the solubility of these phases is highly
dependent on the system studied, obtaining solubility values for the same
phase ranging from 1:10™ to 4-10™ mole-dm™, depending on the calculation

approach.
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7.1.4

7.1.5

7.1.6

Zr

710, is the solubility limiting solid phase in all calculations. This solid
phase, presents different degrees of stability depending on crystallinity, a
common thread in many four valent metal oxides. Following the Ostwald
rule, we have considered the less crystalline (more soluble) to perform the
calculations. Zirconium contents in natural waters is in general much lower
than the calculated solubilities, this is mainly because Zr normally resides in
very weathering resistant silicates, and it dissolution is kinetically controlled
at the source. This fact is normally used in geochemistry to define the
background unaltered level in bedrock. Therefore, the calculated Zr
concentrations can be considered as a conservative but also a realistic
estimate of the behaviour of this element as it is released from the Zircalloy
elements (see Figure 7-2).

The dominant aqueous species in all the waters studied is Zr(OH)4(aq). This
complex is expected to be the dominant species in average granitic
groundwaters.

Nb

Solubility is limited by the Nb,Os phase, we again have selected the more
soluble phase compiled in the databases. The calculated solubilities increase
with pH. The changes in solubilities are basically associated to this
parameter.

The abundance of niobium in sea water is 107° mole-dm'3, this
concentration is lower than the solubilities obtained from the calculations
(see Figure 7-2 or 7-3). There are, to our knowledge, no data available of
niobium concentrations in river or ground waters.

The speciation in granitic groundwaters is dominated by NbOs™ and
Nb(OH)s(aq), depending on the pH of the groundwater considered.

Te

Under reducing conditions, the solubility limiting solid phase is the hydrous
technetium dioxide. The calculated solubilities are not affected by the
different water compositions considered. They are of the same order of
magnitude than experimental concentrations obtained from long term spent
fuel dissolution tests in granitic groundwaters, with the exception of the data
reported by PNL, which is higher due to the oxic conditions of the
experiments carried out. (see Figure 7-3)

The aqueous speciation is mainly dominated by TcO(OH), in the
groundwaters under study, however, in the Finnsjén water, dominant
aqueous species include also TcOCO3(aq) and Tc(OH);COs', as a
consequence of the higher total carbonate content of this water.
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Figure 7-3. Technetium, niobium and palladium concentrations calculated
in this work and reported values from Natural Systems and from spent fuel
dissolution experiments.

Pd

Palladium oxide is considered the limiting solid phase in the groundwaters
studied. The calculated solubilities are not affected by the different water
compositions assumed. Several insoluble palladium compounds, i.e.,
sulphides, elemental palladium can be considered under reducing conditions
as solubility limiting solid phases, however, these phases give unrealistically
low, due to their low solubility values (le'27 mole-dm™). The palladium
concentrations measured in the hyperalkaline Oman groundwaters (3-7-1 07
mole-dm™) are in good agreement with the solubilities obtained in this work.
Sea water levels are in the 10™° mole-dm™ range (see Figure 7-3).

The dominant aqueous complex is in all cases Pd(OH)z(aq).

Ag

The solubility limiting solid phase considered in these calculations has been
the Ag(s). The solubilities obtained are very low and initially we can
consider them independent of water composition. However, the calculated
solubilities in the Aspd waters are two orders of magnitude higher than in
Finnsjén and bentonite waters. This is mainly due to the higher chloride
content in Aspd waters.

The calculated solubilities are lower than the concentrations measured in
several natural systems (sea and groundwaters) which range between 1012
to 10”° mole-dm™. Therefore, an upper realistic limit for Ag(l) solubility
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7.1.9

7.1.10

would be given by the concentration measured in Pogos de Caldas, 107
mole dm™. The precipitation of metallic silver is probably hindered by
kinetic constrains.

An alternative solubility limiting phase is AgCI(s) which would imply larger
solubilities of the order of 10 mole-dm™ in Asp6 groundwater

The aqueous speciation is dominated basically by chloride complexes and
the Ag" free cation, depending on the chloride content.

Sn

Under reducing conditions SnO; is the solubility limiting solid phase while
the dominant aqueous species are Sn(OH)s(aq) and Sn(OH)s if we consider
the groundwaters studied.

The calculated solubilities increase with pH. The changes in solubilities are
basically associated to this parameter.

Calculated solubilities are in good agreement with measured concentrations
in several groundwaters, these values ranges between 10 t0-10°® mole-dm™

(see Figure 7-2).

Sm

The solid phase that limits the solubility of this element in all groundwaters
studied is the Smy(COs);. The formation of mixed hydroxocarbonato solid
phase similar to the ones formed by Am(III) has not been reported (Spahiu
and Bruno, 1995). Aqueous speciation is mainly dominated by samarium

carbonates.

The calculated solubilities are not affected by the different water
compositions assumed. Only a slight increase in solubility is calculated by

increasing pH.

Samarium contents in different natural waters ranges between 107 and 1072
mole-dm™ while calculated solubilities are slightly higher than the upper
limit given. Measurements of REE in spent fuel dissolution tests are scarce.
We have used a datum provided for Eu in leach tests at AECL for
comparison. In the overall, the reported solubilities can be considered as
conservative. (see Figure 7-4).
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Figure 7-4. Samarium and holmium concentrations calculated in this work
and reported from several Natural Systems and from spent fuel dissolution

experiments.

7.1.11 Ho

Holmium follows the same behaviour as Samarium. Therefore, the
solubility limiting solid phase is Ho,(COs)3(s), and the dominant aqueous
speciation is given by the holmium carbonates.

The calculated solubilities are not affected by the different water
compositions assumed. Only a slight increase in solubility is calculated by

increasing pH.

Holmium contents in natural waters are low in comparison with calculated
solubilities reported. Therefore, the calculated solubility limits have to be
considered as conservative (see Figure 7-4).

7.1.12 Ra

The aqueous speciation is dominated by the Ra®" free cation, however, in
waters with higher sulphate content, RaSO4(aq) becomes the dominant
aqueous species.

The solubility limiting solid phase in the groundwaters studied is RaSQu(s).
The equilibrium concentrations decrease when increasing pH.

Radium concentrations in natural waters do not exceed 10™* mole-dm™. The
226R a measured values in the ore zone at Cigar Lake are two order of
magnitude larger than the ones measured in other parts of the system,
although they are in the 5 10" mole-dm™ range. These values are low in
comparison with calculated individual solubilities reported in this work.
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7.1.13

Radium is usually either source term controlled or co-precipitates with other
major cations (Langmuir and Riese, 1985). Reported solubility values by
considering its co-precipitation are closer to the measured concentrations in
natural waters and could be considered as upper realistic levels to Ra(Il)
solubility in granitic environments. (see Figure 7-5)

CALC.

[Ra(I1)]
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Finnsjén
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Pocos
Cigar Lake ¥
Berrocal ‘
UK gw's |
Swiss gw's 4
Sea water —
SF AECL |
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Figure 7-5. Radium solubilities calculated in this work by assuming co-
precipitation and reported concentrations measured in Natural Systems.

Th

Th(OH)4(am) has been taken as the solubility limiting solid phase. The
calculated solubilities do not change between the Aspo and Finnsjon waters.

On the other hand, the calculated solubilities increase in the bentonite pore
water due to an increase in the carbonate content. This increase is given by
the stabilisation of the Th(CO3)56' which causes an increase in the solubility
of the solid phase.

The aqueous speciation is dominated by the complex Th(OH)s(aq) except in
the case of the bentonite pore water where the dominant aqueous phase is
Th(CO;)s™. The réle of mixed Th(IV)-hydroxo-carbonato complexes
(Osthols, 1994) is unclear, as they have not been included in the selected
data bases.

Calculated solubilities agree with the value reported by Berner (1994)
corresponding to the crystalline ThO, phase. The same author obtained a
value of 5-107 mole-dm? for the hydrous phase. The difference in the
solubility values obtained by this author and the values reported in this work
is due to the different thermodynamic data available in the data bases used,
as it was previously discussed.
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7.1.14

The calculated solubilities are in the range of the reported thorium content
in natural systems, including the Natural Analogue sites at Pogos de Caldas,
Cigar Lake and Berrocal. (1.75-10° 1.4.3-10” mole-dm™), see Figure 7-6.
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Figure 7-6. Thorium concentrations calculated in this work and measured
values in Natural Systems.

Pa

The aqueous speciation is dominated by PaO,OH, under all the conditions
of the calculations.

The solubility limiting solid phase is Pa;Os. The calculated solubilities are
not affected by the different water compositions assumed. Reported
solubilities agree with the calculations previously performed by Bruno and
Sellin (1992).

Protactinium is also a trace component in the reprocessed glass matrices
with a U:Pa ratio of 10°. By considering a congruent release of the
protacunlum with the uran1um and by taking a conservative estimate of the
uranium solubility of 107 mole-dm>, Berner calculated the dissolved
protactinium by obtaining a value of 107" mole-dm™. According to this
result, calculated solubilities reported in this work can be considered very
conservative.

Reported solubilities are hlgher than protactinium content found in natural
waters (10™7-10" 1 mole-dm™), see Figure 7-7. However, due to the fact that
this is one of the most scarce elements in Earth, source term control in
Natural Systems cannot be ruled out.
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Figure 7-7. Radionuclide solubilities calculated in this work and measured
concentrations in spent fuel dissolution experiments.

7.1.15 U

The dominant aqueous speciation is given by the complex U(OH), in Asp6
and Finnsjén groundwaters. However, in the case of the bentonite pore
water, because the composition of this water lies on a higher pH, pe domain,
the aqueous speciation is dominated by the uranyl tri-carbonato complex.

The solubility limiting solid phase is UO,(fuel). In general, there is not a
major variation in calculated solubilities within the water compositions

assumed.

However, the calculated solubility increases in the bentonite pore water at
pe=-3.38, due to the stabilisation of the U0,(COs)5".

In order to study the effect of the carbonate content in the solubility of this
solid phase, we have calculated the solubility curve depending on the
bicarbonate content in water (Figure 7-8). Calculations have been performed
by using the bentonite pore water composition, at pH=9.21 and pe=-3.38.
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Figure 7-8. Solubility curve of uranium as a function of the free bicarbonate
concentration.

As we can see in the graph, solubility markedly raises at a free bicarbonate
content of 10° mole-dm™.

The reported solubilities are in good agreement with measured uranium
concentrations in many natural systems, including Cigar Lake, Pocos de
Caldas , Stripa and El Berrocal. There is also quite a good agreement with
most of the reported uranium concentration measurements from spent fuel
dissolution test in granitic groundwaters. The high results form PNL are the
exception. (see Figure 7-9). Berner (1994), selected a realistic solubility
limit of 107 mole-dm™ for uranium, see Figure 7-9.
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Figure 7-9. Uranium solubilities calculated in this work and reported
measured concentrations from Natural Systems and from spent fuel
dissolution tests.
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7.1.16

Np

The aqueous speciation is dominated by the Np(OH)4 (aq) complex in the
Asp6 groundwater. However, when the carbonate content increases, as is the
case of the Finnsjén and bentonite waters, neptunium carbonates complexes
become the dominant aqueous species.

Np as well as Pu and the rest of actinides are expected to be in solid solution
with the UO; fuel and therefore a priori to be mobilized congruently with
the oxidative dissolution of the matrix. However, according to experimental
results (Forsyth and Werme, 1992), the release of neptunium and plutonium
are independent of the uranium release, indicating a secondary solubility
control for both phases.

Figure 7-10 illustrates the different Np/U ratio for the inventory of the fuel
samples and in solution for two different times (Experimental data extracted
from Forsyth and Eklund, 1995). The different ratios in solution with
respect the inventory as well as the fact that the solution concentrations
remain constant with time indicate a solubility control of the neptunium
release.
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Figure 7-10. Np/U ratios in the inventory and in solution for the
experiments of series 11, carried out in Studsvik (Forsyth and Eklund,

1995).

Therefore a solubility control has been considered for neptunium to
calculate the expected neptunium concentrations in the groundwaters

studied.

Under reducing conditions, Np(OH)4(s) is the solubility limiting solid phase.
The calculated solubilities increase approximately one order of magnitude in
Finnsjon and bentonite waters due to the increase in carbonate content. This
increase is provided by the stabilisation of carbonate complexes in solution.
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7.1.17

The calculated solubilities are of the same order of magnitude or one order
of magnitude larger than neptunium concentrations determined from spent
fuel leaching tests (see Figure 7-7) Therefore, the calculated values can be
taken as realistically conservative.

Pu

The predominant aqueous species are Pu(OH)s(aq) and Pu(OH),", with the
exception of the Finnsjon water where, due to the lower pH, Pu** becomes
the dominant aqueous species.

As for neptunium, a solubility control is expected for this actinide in
solution, The solubility is limited by Pu(OH)4(am), by applying the Ostwald
rule to this very dynamic system. Because of the stabilisation of the aqueous
Pu(Ill) species, the solubility increases when decreasing pH and
consequently, the higher solubilities have been calculated in Finnsjon
waters.

As we can see in Figure 7-11, the solubility of this phase is strongly
dependent on the pH under reducing conditions due to the stabilisation of
Pu(IIl) aqueous complexes as previously mentioned.

Or
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Pu(OH)d(am)
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5 6 7 8 9 10

pH

Figure 7-11. Solubility curve of Pu(OH)4(am) as a function of pH
(Finnsjon water, pe=-3-38).

Reported solubilities from Finnsjon water are 2 orders of magnitude larger
than the measured plutonium concentrations in spent fuel dissolution tests
(Werme and Forsyth, 1989). However, calculated solubilities from Asp
and bentonite waters are in the same range than reported solubilities from
these spent fuel dissolution tests (see Figure 7-12). Concentrations measured
in natural waters are in general lower, probably due to Pu(IV) sorption on
particles, or source term limitations.
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7.1.18
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Figure 7-12. Plutonium concentrations calculated in this study and reported
values from spent fuel dissolution tests.

Am

Am(III) hydroxides are the predominant aqueous complexes in the Aspo
reference water. Americium (III) carbonates become, the dominant aqueous
species in the Finnsjon and bentonite waters due to their higher carbonate

content.

AmOHCO; (s) is the solubility limiting phase in all the waters studied. The
solubility limiting phase is independent on the different water compositions.
However, the solubility of americium increases slightly in the more acidic
Finnsjon waters.

There are not reported values of americium content in natural waters.
However, measured americium concentrations in spent fuel dissolution
experiments are approximately 3 orders of magnitude lower than reported
solubilities of this work (see Figure 7-7). This could either be the result of a
different solubility limiting phase in the spent fuel leaching tests, or more
probably that the release of Am is controlled by the dissolution of the spent
fuel matrix. An estimate of the Am(III) levels obtained by assuming the
congruent dissolution of Am(IIT) with the dissolved uranium gives us
solubilities in the 10! mole dm™ range, in satisfactory agreement with the
measured concentrations in Spent Fuel leach tests. At any rate, the
calculated individual solubilities can be treated as conservative.
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7.1.19

Cm

The aqueous speciation is dominated by the complex Cm(OH)*" in all the
waters studied.

The solubility limiting solid phase is CmOHCOs(s). The calculated
solubilities decrease when increasing carbonate content, and consequently
the lower solubilities are obtained in bentonite pore waters.

The release of Cm(I1I), similarly to the behaviour of Am(III) will be mainly
controlled by the dissolution of the spent fuel matrix. Therefore, we have
calculated the expected solubilities by assuming the co-dissolution with the
UO, matrix. The calculated Cm(III) concentrations fall in the same range as
the Cm(I1I) measured in spent fuel dissolution tests, 1072 mole dm?, as it
can be seen in Figure 7-7.
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SENSITIVITY ANALYSIS

The sensitivity analysis has been performed in order to study solubility
changes associated to the analytical errors in the determination of the main
parameters, pH, Eh and bicarbonate content of the water.

The groundwater composition used in these calculations corresponds to the
reported in Aspd (SR 95) (Table 7-1). The calculations have been performed
by using the same code package as in the case of aqueous and solid
speciation. No ionic strengh effects have been considered.

Solubility changes are reported in two ways; 1) as percentages of error
associated to the analytical error of each main parameter (Table 8-1) and 2)
as the mean standard deviation (Table §-2).

We have considered a weak influence if percentage of error is lower than
30%. In opposite, a percentage of error higher has been classified as a strong
influence. This last case is indicated in bold in Table 7-6.

As a general trend the solubilities of metal oxides and hydroxides studied
are not influenced by the analytical error in groundwater compositions.
However, there are some elements which are slight influenced by the
uncertainties on pH determinations as we can see in Table 8-1. These
elements are Ni, Sn, Pu and Am.

Holmium has a larger uncertainty on pH measurements. This influence is
associated to the various predominant solid phases as a function of water
composition (see solid speciation). The precipitation of holmium hydroxide
is also strongly influenced by analytical error on carbonate determination,
this is mainly due to the higher stability of the carbonate solid phase with
respect the hydroxide. The carbonate solid phase is only slightly influenced
by pH and carbonate analytical errors due to its higher stability.

The uncertainty on Eh determinations has a clear effect on the solubility of
phases which have a strong redox dependency in the measured Eh range in
Aspd: Se, Pd, Ag and also Pu.

Finally, as expected, carbonate solid phases are influenced by the analytical
error on the carbonate determination. Because of the interconnection
between the carbonate system and pH, the carbonate phases are also
dependent on pH variations. However, in general this influence is lower
than the influence on carbonate.
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Table 8-1. (I). Percentage of error in calculated solubilities associated to the
analytical errors in groundwater determinations.

Parameters
pH=8.3+0.1 | pe=-5.07+0.4 HCOs=
1.64-10*+8-10°7
Element Solid Phase | Solubility | pH-c pH+c | pe-c  petc |HCO;- HCOs+c
(6]
(mol-dm'3) % of error
Ni NiO 2.17-100 | 32 31 19 16
Se FeSe 1.03-107 | 20 19
FeSe, 7.51-101° | 20 20 57 60
Se 1.10:10° | 20 21 82 84
Sr SrCO; 4.1810% | 21 21 49 32
SrSO; 527-10"
Zr ZrOy(c) | 2.51-1072
ZrOy(am) | 2.51:107
Nb  NbOs(ac) | 8.1410° | 18 26
Tc  TcOpxH,0 | 7.24:10°
Pd PdO 4.17-107
Pd(m) 3.98:10% | 37 37 84 84
Ag Ag(s) 3.37-10°° 60 60
AgCI(s) 1.26:107
Sn SnO, 8.1610° | 10 11
Sm  Smy(COs) | 1.80-107 9 8 29 15
Ho Ho(OH)sj(am)| 1.82:107° | 34 32 51 38
Ho(OH)s(c) | 7.63-10% | 34 33 49 37
Hox(COs); | 7.18:107 6 5 24 11
Ra RaSO; 1.40-107
RaCO; 4.5810° | 20 20 47 32
Ra-SO4-cop | 1.40-107"°
Ra-COs-cop | 4.75:10% | 21 20 49 32
Th ThOx(c) | 7.59-107°
ThOy(am) | 4.79-10°
Th(OH)4(am) | 2.40-107*°
Pa Pa,Os 1.58107
U UOy(am) | 9.12:10°
UO,(fuel) | 1.86:107
U0, (c) 1.05:107"°
Np NpOi(c) | 4.36:1078 12 10
Np(OH); | 6.92:10° 12 10
Pu PuOy(c) | 4.41-10%7 | 18 13 33 20 2 2
Pu(OH), | 1.57-10"° | 18 13 33 20 2 2
Am Am(OH)(am)| 6.38:10° | 28 27 10 9
Am(OH)s(c) | 1.01-107 | 28 27 10 10
Am(OH)COs | 1.03:107 | 10 7 43 25
Cm CmOHCO; | 1.02:10% | 21 20 49 32
Cm-copret. | 6.47-107° | 21 21 49 32

Bold numbers indicate a % of error greater than 30%.
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Table 8-2. (II). Calculated solubilities and standard deviations.

Element Solid Phase Solubility +o
(mol-dm-3)
Ni NiO 2.17:107 7.81-10°
Se FeSe 1.03-107° 3.16-1071
FeSe, 7.51:107"° 6.30-107°
Sr SrCOs 41810 2.40-10™
SrSO, 5.27-10%
Zr ZrO»(am) 2.51-107
Nb Nb,Os(ac) 8.14:107 3.08:107
Tc TcO,.xH,0 724107 1.41-10™M
Pd PdO 4.17-107
Ag Ag(s) 3.37-10°" 5.03-10"
AgCl(s) 1.26-107
Sn SnO, 8.16:1071° 1.27-10710
Sm Smy(CO3)3 1.80-107 4.52:10°®
Ho Ho(OH)3(am) 1.82:10° 1.04-10°
Ho,(CO3)s 7.18:107 1.36-107
Ra RaSO, 1.40-107
RaCOs 4.58-107 2.52:10°
Ra-SO4-cop 1.40-107"°
Ra-CO;3-cop 4.75-10° 2.74-10°
Th Th(OH)s(am) 2.40-107"°
Pa Pa,0s 1.58-107
U UO,(fuel) 1.86:107
Np Np(OH), 6.92:10° 1.15:10°
Pu Pu(OH), 1.57-107"° 4.04-10™M"
Am AmOHCO; 1.03-107 4.53:10°
Cm CmOHCO;3 1.02:10°® 5.93-107
Cm-copret. 6.47-10"° 3.73-1071°
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9.1

SOLUBILITY LIMITS IN ASPO, FINNSJON
AND GIDEA GROUNDWATERS

In order to complete the previous solubility calculations presented, we have
considered three groundwater compositions corresponding to the three
hypothetical sites finally selected by SR97 for the HNLW repository in
Sweden. These sites are located in Aspd, Finnsjén and Gideé.

SELECTED GROUNDWATERS

The groundwater compositions used in the calculations are given in Tables
9-1, 9-2 and 9-3 respectively. These groundwaters have been selected to
represent the deep groundwater at the three hypothetical sites used in the
performance assessment study SR 97.

The first one is the Asp6 groundwater, with a low carbonate and a high
chloride and sulphate contents (SR 95). The second one is a typical Finnsjon
fresh groundwater, with a high carbonate and a low chloride and sulphate
contents and the last one corresponds to the Gidea groundwater with lower
carbonate, chloride and sulphate concentrations and with a higher pH with
respect the previous ones (Alhbom and Smellie,1989).

Two different redox states have been considered in order to perform the
calculations as indicated in Tables 9-1, 9-2 and 9-3.
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Table 9-1. Composition of the Aspd water used in the calculations.

Component  Concentration (mol-dm™)

Na 9.13-107
K 2.05:10™
Ca 4.73-107
Mg 1.73-107
Fe’" 43010
Mn* 5.2810°°
NH, 2.14-10°°
H,SiO;4 1.46:10*
HCO5 (tree) 1.64:107
F~ 7.89-10°
Ccr 1.81-1071
Br 5.01-10*
SO& 5.83-10°
HS 45510
PO 1.61-107
NO5 7.14-107
pH 7.7
pe -5.21/-1.24

Table 9-2. Composition of the Finnsjén water used in the calculations.

Component Concentration (mol-dm™)
Na 1.20-107
K 5.13-10°
Ca 3.55-107
Mg 6.99-10*
Fe** 3.22:107
Mn** 2.37-10°
NH, 6.43-10°
H,SiO4 1.99-10*
HCO3 (free) 4.56-107
F 7.89-10°
Cr 1.56:1072
o 5.10-10™
NO;5 1.43-107
pH 7.9
pe -4.23/-1.16
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9.2

Table 9-3. Composition of the Gide& water used in the calculations.

Component  Concentration (mol-dm™)

Na 457107
K 5.13-10°
Ca 5.25-10™
Mg 4.11-107
Fe*" 8.95-107
Mn** 1.82:107
NH, 7.14-107
H,Si0, 1.67-10%
HCO3 (free) 2.95-10™
F~ 1.68-10*
Cr 5.01-107
I 1.10-10°®
SO& 1.04-10°
HS 3.03-107
PO 2.58107
NO5 6.43-107
pH 9.3
pe -3.41/-1.01

SOLUBILITY CALCULATIONS

As in the previous section (Section 7), solubility calculations have been
performed by using the code EQ3NR (Wolery, 1992). The correction of the
ionic strength of the system has been performed by using the b-dot equation
(Helgeson, 1969). This approach is used by default by the EQ3NR code.
The thermodynamic data base used has been the Nagra/SKB-97-TDB
decribed in the next chapter.

As in the previous calculations, the basic principle that the less crystalline
metal hydroxide phases are kinetically favoured (Ostwald Principle), and
consequently they constitute the initial solubility limiting phases has been
assumed.

We have also assumed for radium the possibility that its solubility is limited
by co-precipitation with other alkaline-earth-elements, and for curium and
americium that their solubilities are limited by co-dissolution from the fuel
according to the lower concentrations measured in spent fuel leaching tests.
The co-precipitation approach has been also applied in the present
calculations for Ni.

pe values have been selected in order to cover pe ranges expected in these
groundwaters, the pe boundaries have been used in the calculations.
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The results of the solubility calculations as well as the aqueous speciation
are given in Tables 9-4 and 9-5 respectively.
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Table 9-4. Calculated solubilities and limiting solid phases.

ASPO FINNSJON GIDEA
pH 7.70 7.90 9.30
[HCO53 e 1.64-10* 4.56-10° 2.95-10°
pe -5.21 -1.24 -4.23 -1.16 -3.41 -1.01
ELEMENT Solubility (mole-dm™) / Limiting Solid Phase
Ni 1.09-107° 1.09-107" 1.51-107 1.51-107° 5.15:107° 5.16:107°
NiSiOs NiSiO; NiSi03
6.12-10" 6.87-107' 6.41-10" 4.6510" 1.94-10% 1.41-10%
NiF6204 NiF6204 NiFCzO4
5.15107 5.15-107 9.73-107 9.73-10” 2.07-107 2.07-107
NiO NiO NiO
Ni-copret 5.15-10° 5.15:10" 9.73-10° 9.73-10° 2.07-10°° 2.07-10°
v=10" Ni-copret Ni-copret Ni-copret
Se 7.34-107" 1.65-107"° 3.52-107"" 5.98-107" 9.80-107"° 1.27-10°
FeSe Se FeSe Se FeSe, Se
Sr 1.11-107 1.11-10” 3.09-10” 3.09-10”
celestite celestite
6.88:107 6.88-107 7.14-10° 7.14-107 3.05-107 3.08-107
strontianite strontianite strontianite
Zr 2.48-107 2.48:-107 2.51-107 2.51-107 2.51-107 2.51-107
ZrOy(am) ZrO,(am) Z1rOy(am)
Nb 6.08-10” 6.08:10° 7.44-107 7.44-107 1.39-107 1.40-107
Nb,Os(ac) Nb,Os5(ac) Nb,Os(ac)
Tec 7.14-107 7.17-107 7.92:107 8.12:10” 7.27-107 2.09-10™
TCOz'XHzO Tc02~xH20 TCOz'XHzO
Pd 421-107 421-107 4.17-107 4.17-107 4.18-107 4.18-107
PdO PdO PdO
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Table 9-4. Calculated solubilities and limiting solid phases (Cont.).

ASPO FINNSJON GIDEA
pH 7.70 7.90 9.30
[HCO53 | free 1.64-10™ 4.56:10° 2.95-10*
pe -5.21 -1.24 -4.23 -1.16 -3.41 -1.01
ELEMENT Solubility (mole-dm™) / Limiting Solid Phase
Ag 3.88-10" 3.63-107" 1.21-107° 1.43-10°"° 2.16:107"° 54110
Ag(s) Ag(s) Ag(s)
2.96:10° 3.02-107 9.39:1077 9.39-107 7.12:107 7.12:107
AgCl(s) AgCl(s) AgCl(s)
Sn 552-10°° 5.52-107° 6.03-10 6.03-10° 4.68107 4.69107
Sn02 Sn02 SI’IOz
Sm 2.13-10° 2.13-10° 2.69-107 2.69-10" 291107 291107
sz(CO3)3 sz(CO3)3 sz(CO3)3
Ho 6.27-10° 6.27-10° 1.5210° 1.52-10° 1.97-10° 1.9710°
HOz(CO3)3 HOz(CO3)3 HOz(CO3)3
1.68-10°¢ 1.68:10°°
Ho(OH)s;(am)
Ra 2.86:107 2.86'107 5.02-107 5.03-107 1.20-107 1.22-10°
RaSO, RaSO, RaSO,
Ra-copret. 2.86:107"° 2.86:10™"° 5.02:10°1° 5.03-107° 1.20-107 1.22:107
=107 Ra-copret Ra-copret Ra-copret
Th 2.40-10 2.40-10 1.17-107 1.17-107 2.40-10™ 24010
Th(OH)4 Th(OH), Th(OH),
Pa 3.16-107 3.16:107 3.16-107 3.16:107 3.16:107 31610
Pa205 P3.205 Pa205
U 1.27-107 1.30-107 1.29107 9.45-10° 1.29-107 5.23-10°
UO,(fuel) UO,(fuel) UO,(fuel)
4.01-1071° 4.08-10"° 3.01-1071° 2.56-107 4.76-1071° 1.34-107
Coffinite Coffinite Coffinite
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Table 9-4. Calculated solubilities and limiting solid phases (Cont.).

ASPO FINNSJON GIDEA
pH 7.70 7.90 9.30
[HCO3 ] tree 1.64-10" 4.56:10° 2.95-10"
pe -5.21 -1.24 -4.23 -1.16 -3.41 -1.01
ELEMENT Solubility (mole-dm™) / Limiting Solid Phase
Np 7.00-10” 7.01:107 1.05-107 1.04-10°7 8.39-10” 8.47-107
Np(OH)4 Np(OH)4 Np(OH)4
Pu 6.56-107 1.04-10™ 5351077 1.0410™ 1.03-10°™ 1.0310™°
Pu(OH)4(am) Pu(OH)4(am) Pu(OH)s(am)
Am 6.87-10" 6.87-107 936-10° 936107 4.89-10° 491-10°
AmOHCO, AmOHCO; AmOHCO,
Am-codiss. 5.49-107" 5.62:10™"! 5.57-10™"! 4.08:107 5.57-10'1 226107
v=4.32-10" Am-codiss. Am-codiss. Am-codiss.
Cm 222107 221107 2.02-107 2.02-10° 9.01-10°™ 9.11-10™
CmOHCO; CmOHCO; CmOHCO,
Cm-codiss. 3.66-10712 3.74-107"2 3.71-10712 2.72:1071° 3.72-10"2 1.51-10°
x=2.88-107 Cm-codiss. Cm-codiss. Cm-codiss.
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Table 9-5. Aqueous speciation.

AspPO FINNSJON GIDEA
pH 7.70 7.90 9.3
[HCO5 Jree 1.64-10* 4.56:10° 2.95-10™
pe -5.21 -1.24 -4.23 -1.16 3.41 -1.01
ELEMENT Aqueous speciation (%)
Ni Ni*' (74) NiCO;(aq) (41) NiCOjs(aq) {52)
NiCl" (10) NiHCO;" (26) Ni(CO3),” (40)
NiHCO;" (5) Ni(CO3),* (24) Ni** (5)
Ni** (8)
Se HSe (100) HSe (100) HSe™ (100) Se0;” (91)
HSecO; (9)
Sr Sr** (91) Sr*" (92) Sr*7 (99)
SrSO4(aq) (9)
Zr Zr(OH)4(aq) (100) Zr(OH)4(aq) (100) Zr(OH)4(aq) (100)
Nb NbO; (74) NbO; ™ (79) NbO; ™ (99)
Nb(OH)s(aq) (26) Nb(OH)s(aq) (21)
Tc TcO(OH),(aq) (95) TcO(OH)1(aq) (86) TcO(OH)(aq) (94)  TcOq4 (100)
Pd Pd(OH),(aq) (99) Pd(OH),(aq) (100) Pd(OH),(aq) (100)
Ag AgCl;*(46) AgCly (53) AgCl(aq) (49)
AgCl? (33) AgCl(ag) (39) AgCly (21)
AgCly (20) AgCL™ (6) Agl (20)
Ag' (6)
Sn Sn(OH),(aq) (76) Sn(OH)4(aq) (70) Sn(OH)s (91)
Sn(OH)s™ (24) Sn(OH)s™ (30) Sn(OH)4(aq) (9)
Sm SmCO;" (43) Sm(CO0s); (59) Sm(CO3), (67)
Sm** (39) SmCO;" (40) SmCOs* (27)
SmSO4" (7)
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Table 9-5. Aqueous speciation (Cont.).

ASPO FINNSJON GIDEA
pH 7.70 7.90 9.30
[HCO3 ] sree 1.64-10™ 4.56-10° 2.95-10°*
pe -5.21 -1.24 -4.23 -1.16 -3.41 -1.01
ELEMENT Aqueous speciation (%)
Ho HoCO3" (52) Ho(CO3), (74) Ho(CO3), (70)
Ho>* (30) HoCO;5" (25) HoCOs" (14)
HoF*" (5) Ho(OH)3(aq) (12)
Ra Ra”" (86) Ra“" (92) Ra”" (99)
RaSO4(aq) (11) RaSO4(aq) (6)
Th Th(OH)4(aq) (100) Th(HPO4);~ (79) Th(OH)4(aq) (100)
Th(OH)4(aq) (20)
Pa Pa0,0H(aq) (100) Pa0,0H(aq) (100) Pa0,0H(aq) (100)
U U(OH)4(aq) (100) U(OH)4(aq) (100)  UO»(COs);™ (81) | U(OH)4(aq) (100) UOL(CO3);5™ (55)
UOy(CO3), (18) (UO2)3(OH); (27)
UO0,(CO4),* (15)
Np Np(OH)4(aq) (75) Np(HPO4)s™ (50) Np(OH)4(aq) (62)
Np(OH);CO;5™ (25) Np(OH);CO;5” (44) Np(OH);CO;5™ (35)
Np(OH)4(aq) (5)
Pu Pu’™ (58) Pu(OH)4(aq) (99) PuCO;" (66)  Pu(OH).(aq) (100) Pu(OH)4(aq) (100)
Pu(OH)," (21) Pu(OH)4(aq) (19)
PuOH*" (11) Pu(OH)," (9)
PuCO;" (8)
Am AmOH™ (47) AmCO;" (63) Am(OH)," (88)
Am(OH)," (17) Am(CO3), (29)
AmCO;" (16)
AmSO;" (5)
Am*" (5)
Cm CmOH"" (99) CmOH" (99) CmOH" (100)




9.3

9.3.1

9.3.2

DISCUSSION OF THE RESULTS OBTAINED

In this section we will discuss the reported radionuclide solubility limits. A
comparison of the results obtained depending on the groundwater
composition will be done as well as with the solubility calculations
performed in the previous sections.

Ni

We have initially assumed that under reducing conditions NiO(s) is the
solubility limiting phase. However, the calculated solubilities are
unrealistically high, if compared to the measured Ni(II) concentrations in
relevant natural systems. Most probably, Ni(Il) is associated with Fe(III)-
oxyhydroxides, as indicated by recent natural systems observations
(Zielinski et al., 1983). Therefore, in the present calculations, we have also
assumed the co-precipitation of Ni with Fe(IlI)-oxyhydroxides, obtaining
more realistic solubility values for this radionuclide.

As in the previous calculations the precipitation of pure Ni(Il) sulphides is
not assumed due to the competition of iron for the limited sulphide supply.

The precipitation of NiSiOs(s) and trevorite (NiFe;O4(s)) have been also
considered in the present calculations, although these phases do not control
the solubility of Ni(Il) at low temperatures. However, experimental results
showed the precipitation of trevorite at temperatures around 60°C (Duro,
personnal communication).

The free Ni** cation and NiCOs(aq) are the predominant aqueous species
under the conditions of the calculations.

Se

As we have discussed in the previous sections, the limiting solid phase for
this element is critically dependent on the redox state of the system. Under
the most reducing conditions, the solubility of selenium is limited by the
precipitation of selenides, keeping Se at low concentration levels. By
considering a higher pe (Table 9-4) the limiting solid phase will be Se(s).
This phase also keeps this element at low concentration levels, with the
exception of the Gideé& groundwater, in such case, the solubility obtained is
1.27-10® mole-dm™.

The predominant aqueous species is HSe" in all water compositions studied.
However, by assuming the highest pe measured in the Gideé groundwater,
SeO;% becomes the predominant aqueous phase with the corresponding
increase in solubility.
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9.3.3

9.34

9.3.5

The calculated solubilities depend mainly on the pe of the system and they
are not affected by the difference in groundwater compositions. These
solubilities are in the same range than the ones obtained in the previous
calculations.

Sr

The calculated solubility limit for this element is imposed by the
precipitation of either sulphate or carbonate solid ghases. The precipitation
of a particular phase depends on the aqueous [CO3”] 1/[SO4*] ratio.

The calculated solubilities decrease when increasing carbonate content in
solution due to the stabilisation of strontianite (Table 9-4).

The Sr** free cation is the dominant aqueous species in the waters studied.

As previously indicated the solubility of these phases is highly dependent on
the system studied, obtaining solubility values for the same phase ranging
from 1-107 to 3:10 mole-dm™ (Aspd groundwater), depending on the
calculation approach. The solubility of celestite calculated by using the
HALTAFALL based INPUT/SED/PREDOM code package developed by
Puigdomenech (1983) and by con51der1ng the Aspo groundwater has been
2.78-107 mole-dm™. This concentration is in good agreement w1th the
measured strontium concentration in this groundwater, 3.99 10 mole-dm™.

Zr

ZrOy(am) is the solubility limiting solid phase in all calculations. We have
considered the less crystalline phase to perform the calculations according
to the Ostwald rule. The calculated Zr concentrations are in the same range
as in the previous calculations. The calculated solubilities are the same
independently on the composition of the groundwater.

The dominant aqueous species in all the waters studied is Zr(OH)a(aq). This
complex is expected to be the dominant species in average granitic
groundwaters.

Nb

Solubility is limited by the Nb,Os(ac) phase, we have selected the more
soluble phase compiled in the databases. The calculated solubilities increase
with pH. The changes in solubilities are basically associated to this
parameter.

Calculated Nb concentrations are in the same range than the values obtained
in the previous calculations.

The speciation in the groundwaters studied is dominated by NbO;".
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9.3.6

9.3.7

Te

The solubility limiting solid phase is the hydrous technetium dioxide. The
calculated solubilities are not affected by the different water compositions
considered. They are of the same order of magnitude than solubilities
obtained in the previous calculations.

The aqueous speciation is mainly dominated by TcO(OH)>(aq) in the
groundwaters under study.

In the present calculations we have obtained a high solubility value when
we have calculated the solubility of this phase by considering the more
alkaline Gidea groundwater at the highest pe (pe=-1.01). Under these
conditions, the dominant aqueous species is TcOy', this change in the
aqueous speciation implies a higher solubility of this solid phase. We have
observed the same behaviour for Se.

Figure 9-1 illustrates the increase in the solubility of TcO,'xH,0(s) when
increasing the pe of the system and depending on the pH considered.

Or Gidea
pH=9.3 ’
e
L //
Finnsjon .” /;‘spo
el pH=7.g// pH=7.7
27
logS TCOZXHZO <. —_ ,:,/
- 10 -
- 1 5 1 1 1 1 i 1 i i
-6 -4 -2 0 2

Figure 9-1. Solubility curve of TcO,xH,O(s) as a function of pe.

Pd

Palladium oxide is considered the limiting solid phase in the groundwaters
studied. The calculated solubilities are not affected by the different water
compositions assumed. The palladium concentrations calculated agree with
the solubilities obtained in the previous section (Section 7).

The dominant aqueous complex is in all cases Pd(OH)»(aq).
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9.3.8

9.3.9

9.3.10

Ag

The solubility limiting solid phase initially considered in these calculations
has been the Ag(s). The solubilities obtained are very low and they depend
basically on both the redox conditions and the pH of the groundwaters
studied.

In addition, another may be more realistic solubility limiting phase has been
considered in these calculations, AgCI(s). This solid phase implies larger
solubilities of the order of 10”° mole-dm™ in Aspé groundwaters and 107
mole-dm™ in Finnsjén and Gide4 groundwaters. This solubility range is in
good agreement with the concentration measured in Pogos de Caldas, 107
mole-dm™.

The calculated solubilities in the Aspd waters are two orders of magnitude
higher than in Finnsjon and Gidea waters. This is mainly due to the higher
chloride content in Aspd groundwater which stabilise the aqueous chloride
complexes in solution with respect the other ones.

The aqueous speciation is dominated by chloride complexes, depending on
the chloride content of the groundwaters.

Sn

SnOx(s) is the solubility limiting solid phase and the dominant aqueous
species are Sn(OH)s(aq) and Sn(OH)s” if we consider the groundwaters
studied.

The calculated solubilities increase with pH. The changes in solubilities are
basically associated to this parameter.

Calculated solubilities are in good agreement with the calculations
performed in the previous section.

Sm

The solid phase that limits the solubility of this element in all groundwaters
studied is the Smy(CO3)3(s). Aqueous speciation is dominated by samarium
carbonates.

The main parameters which affect the calculated solubilities are both the pH
and the carbonate content of the groundwaters studied. A slight increase in
solubility is observed by increasing pH (see Finnsjon and Gided in Table 9-
4).

The calculated solubility obtained in Aspd groundwater is one order of
magnitude higher than in Finnsjon and Gidea groundwaters. This higher
solubility is given by the different aqueous speciation as we can see in Table
9-5. The predominance of the different carbonate complexes will depend on
both the pH and the carbonate concentration in groundwaters.
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9.3.11

9.3.12

9.3.13

Reported solubilities are in the same range than calculations performed in
section 7.

Ho

Holmium follows the same behaviour as Samarium. The solubility limiting
solid phase is Ho2(COs)3(s), and the dominant aqueous speciation is given
by the holmium carbonates.

Ho(OH)s;(am) has been also considered as limiting solid phase in Gidea
groundwater since the stability of this phase is very close to the stability of
Hoy(COs)3(s) under these conditions as we can see in Table 9-4.

As in the case of samarium, a slight increase in solubility is calculated by
increasing pH in Finnsjon and Gideé groundwaters. The higher solubility
calculated in Aspé groundwater is given by the different aqueous speciation
as we can see in Table 9-5.

Reported solubilities are in the same range than calculations performed in
the previous section.

Ra

The solubility limiting solid phase in the groundwaters studied is RaSO4(s)
and the aqueous speciation is dominated by the Ra®" free cation. The main
parameter which affects the solubility of this solid phase is the sulphate
content in groundwaters. Equilibrium concentration in Gidea groundwater is
higher than in Asp6 and Finnsjén groundwaters due to its lower sulphate
content with respect the other ones.

Reported solubility values by considering its co-precipitation are closer to
the measured concentrations in natural waters and can be considered as
upper realistic levels to Ra(Il) solubility in granitic environments.

Th

Th(OH)4(am) has been taken as the solubility limiting solid phase. The
calculated solubilities do not change between the Aspo and Gideé waters.

On the other hand, the calculated solubilities increase in the Finnsjon
groundwater due to the phosphate content. This increase is given by the
stabilisation of the Th(HPO4)s*” which causes an increase in the solubility of

the solid phase.

The aqueous speciation in the other cases is dominated by the complex
Th(OH)4(aq).

The calculated solubility in Aspd groundwater is the same as in the previous
results. However, in the Finnsjon groundwater, the solubility has increased
with respect the previous calcualtions due to the higher pH of this water.
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9.3.14

9.3.15

9.3.16

The higher pH is the responsible of the predominance in solution of the
phosphate complex in the present calculations with respect the previous
ones as we can see by comparing the aqueous speciation in both cases.

Pa

The solubility limiting solid phase is Pa,Os(s). The calculated solubilities
are not affected by the different water compositions assumed. Reported
solubilities agree with the calculations previously performed.

The aqueous speciation is dominated by PaO,OH(aq), under all the
conditions of the calculations.

U

The solubility limiting solid phase considered in these calculations is
UO,(fuel), (see section 4.20). By comparing the results obtained for the
most reducing pe in the three water compositions assumed, we can see that
there is not a variation in calculated solubilities. The dominant aqueous
speciation in such cases is given by the complex U(OH)4(aq).

The reported solubilities are in good agreement with the solubility
calculations previously performed. These concentrations also agree with
measured uranium concentrations in many natural systems and with
reported uranium concentrations measured in spent fuel dissolution tests as
it was discussed in the previous sections.

On the other hand calculated solubilities increase if we consider a higher pe
in the system (Table 9-4). This increase is due to the stabilisation of the
uranyl carbonate complexes, as we can see in the aqueous speciation (Table
9-5). Both carbonate content and pH in the range of pe considered
(-1.24<pe<-1.01) and for the three water compositions assumed, lead to an
stabilisation of uranium (VI) in solution.

Finally, coffinite has been also considered as the limiting solid phase in the
present calculations. Reported solubilities are low if we compare with
measured concentrations in natural systems. However, the solubility
calculated in Gidea groundwater (4.76~10’10 mole-dm™) agree quite well
with the measured uranium concentration in this groundwater (8.40-1 010
mole-dm™), this could be an indication that this phase may limit the
solubility of uranium in this system, taking into account its reducing
environment. Nevertheless, the thermodynamics and kinetics of the
coffinitation of UO; are largely unknown at low temperatures.

Np

Np(OH)4(s) is the solubility limiting solid phase. The calculated solubilities
increase approximately one order of magnitude in Finnsjén groundwater due
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9.3.17

9.3.18

to the higher phosphate content in solution with respect the other
groundwaters assumed. This increase is provided by the stabilisation of the
Np(HPO,)s® complex in solution (Lemire and Garisto, 1989), although we
have some reservations about the stability of this comlex.

The aqueous speciation is dominated by the Np(OH)s(aq) complex in the
Asp6 and Gided groundwaters.

The calculated solubilities are of the same order of magnitude or one order
of magnitude larger than neptunium concentrations determined from spent
fuel leaching tests as we have discussed in the previous sections.

Pu

The solubility is limited by Pu(OH)4(am), by applying the Ostwald rule for
all the groundwaters and redox conditions assumed. Because of the
stabilisation of the aqueous Pu(IIl) species, the solubility increases when
decreasing pe and pH. Consequently, the higher solubilities have been
calculated in Aspd and Finnsjon waters, with the lower pe assumed.

This effect can be observed in the aqueous speciation (Table 9-5) where we
can see that in both cases Pu(IIl) species are the dominant aqueous
complexes in solution. The predominant aqueous species in the rest of cases
assumed is Pu(OH)4(aq).

Calculated solubilities are in the same range than reported solubilities from
Asp6 and bentonite waters calculated in the calculations presented in
previous sections.

Am

AmOHCOs(s) is the solubility limiting phase in all the waters studied. The
solubility limiting phase is independent on the different water compositions.
However, its solubility slightly increases when decreasing pH.

Am(III) hydroxides are the predominant aqueous complexes in the Aspé
and Gided reference waters. Americium (III) carbonates become the
dominant aqueous species in the Finnsjon groundwater due to its higher
carbonate content.

As it was discussed in previous sections, these concentrations are
approximately 3 orders of magnitude higher than reported solubilities from
spent fuel dissolution experiments. Therefore, as in the previous work, we
have assumed a congruent dissolution of americium with the dissolved
uranium, giving solubilities in the 107" mole-dm™ range (Table 9-4), in
satisfactory agreement with the measured concentrations in spent fuel
dissolution tests.
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9.3.19

9.4

Cm

The solubility limiting solid phase is CmOHCOs(s). The calculated
solubilities increase when decreasing carbonate content and pH,
consequently the higher solubilities are obtained in Aspd groundwater.

The aqueous speciation is dominated by the complex Cm(OH)*" in all the
waters studied.

The release of curium, in analogy to americium will be mainly controlled by
the dissolution of the spent fuel matrix. Therefore, we have calculated as in
the previous section the expected solubilities by assuming the co-dissolution
with the UO, matrix. The calculated curium concentrations fall in the same
range as the concentrations measured in spent fuel dissolution tests, 102
mole-dm™.

CONCLUSIONS RELATED TO THE RESULTS IN SR 97
SITES

The calculated solubilities of the radionuclides taken in this section by
considering the Aspo and the Finnsjén groundwaters are, in general, in the
same range than reported solubilities in the previous sections.

However, some variations have been observed by taking into account the
composition of the selected Finnsjén groundwater, mainly due to the highest
pH considered in the present calculations with respect the previous ones.

The higher pH taken, with the effect of a higher phosphate content in
comparison with the rest of the groundwaters selected, has given an
stabilisation of Th and Np phosphate aqueous complexes with the
consequent increase in the solubility of the limiting solid phases, with
respect the previous calculations.

The pH and the carbonate content in groundwaters are the main parameters
of groundwater compositions affecting the solubility of the radionuclides,
such is the case of Ni, Sr, Nb, Sn, Sm, Ho, Am and Cm.

Some redox sensitive radionuclides have also given different solubilities
depending on the pe assumed in the calculations.

For selenium, different solubilities have been calculated depending on the
solubility limiting solid phase assumed. The solid phases have been selected
taking into account their different predominance as a function of the pe of

the system.

On the other hand, the aqueous speciation depends on the pe of the system
for some redox sensitive radionuclides, such is the case of U and Pu.
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Uranium increases its solubility when assuming the higher pe of the system
in the calculations, due to the predominance of U(VI)-carbonate compiexes
in solution. Plutonium increases its solubility when the lower pe is assumed
due to the predominance of Pu(IIl) complexes in solution.

Sr solubility is very sensitive to the calculation approach used. Reported
solubilities in the Aspd groundwater are in good agreement with measured
Sr concentrations in the same groundwater.

The application of the co-precipitation/co-dissolution approaches for Ra,
Am and Cm, has given more realistic values, by comparing their
concentrations in natural systems and spent fuel dissolution experiments.
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10 THERMODYNAMIC DATABASE

The original thermodynamic data used has been taken from the NTB91-17
and 91-18 databases, plus iron minerals and magnesite. Uranium data from
Puigdomenech & Bruno (1988); plutonium data from Puigdomenech &
Bruno (1991); technetium data from Puigdomenech & Bruno (1995); REE
data from Spahiu & Bruno (1995) and neptunium data from Spahiu (1996).
However, some modifications have been done, after checking the
thermodynamic databases available (Hatches v.7.0) and according to a
review exercise of the concerning literature (Baes and Mesmer, 1976,
Lemire and Garisto, 1989, Puigdomenech and Bruno, 1991, Grenthe et al.,
1992, Eriksen et al., 1993, Osthols, 1994, Silva et al., 1995, Spahiu and
Bruno,1995). We have called this database as Nagra/SKB-97-TDB.

10.1 NICKEL

The thermodynamic database selected for this element in the calculations
has been the NTB91-17.

10.2 SELENIUM

We have selected also the NTB91-17 thermodynamic database which is in
agreement with the Hatches v.7.0 (Cross and Ewart, 1989). However, due to
the lack of some thermodynamic data, mainly solid phases, with respect the
Hatches database, the NTB91-17 has been extended by including the
following solid phases:

FeSe + 4H,0 = SeO,” + Fe** + 8H" + 8¢  logK=-88.2 10-1 (Mills, 1974)

FeSe, + 8H,0 = 2Se0,> + Fe** + 16H" + 14¢ 1ogK=-178.8 10-2 (Baeyens
and McKinley, 1989)

10.3 STRONTIUM

As in the previous cases, the thermodynamic database used in the
calculations has been the NTB91-17. However, the strontium phosphate
aqueous complex has been added to this database. The logK value has been
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10.4

10.5

10.6

extracted from the Hatches v.7.0 database (Cross and Ewart, 1989). The
reaction is:

SrPO, +H" = Sr** + HPO,* logk=8.17 10-3 (Benson and
Teague, 1980)

ZIRCONIUM

We have taken the NTB91-17 database in these calculations. However, we
have included the data for ZrO;(am) selected from the Hatches v.7.0. This
amorphous solid phase has been included in the database to perform the
solubility calculations, since the solubility limiting solid phase has been
taken according to the Ostwald's step rule as we have seen in the previous
section.

The dissociation reaction of ZrO,(am) with the corresponding logarithm of
the solubility constant taken is as follows:

ZrOy(am) + 4H" = Zr*" + 2H,0 logK=1.1 10-4 (Cross et al., 1992)

NIOBIUM

The thermodynamic database considered in these calculations has been the
NTB91-17 database. However, as in the case of zirconium, we have selected
the reported "active" Nb,Os solid phase from Baes and Mesmer (1976) in
contrast to the more stable one, as the solubility limiting solid phase.
Therefore, this solid phase has been included in the database used in this

work.

The dissociation reaction of Nb,Os(ac) with the corresponding logarithm of
the solubility constant taken is:

Nb,Os(ac) + H,O = 2NbO;" + 2H" logk=-24.4 10-5

TECHNETIUM

The thermodynamic database used in the calculations is the NTB91-17. In
addition, recent thermodynamic data determined by Eriksen and co-workers
(Eriksen et al., 1993) have been compared and/or included in the NTB91-17

database.
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10.7

10.8

10.9

The thermodynamic data included in our database have been:
TcO(OH)HCOs(aq) + H' = TcO*" + HCO;3™ + H,0 logK=-5.34 10-6

TcO(OH),LHCO; + 2H" = TcO*" + HCO5™ + 2H,0 logK=2.92 10-7

PALLADIUM

The NTB91 -17 has been the thermodynamic database used in the
calculations.

SILVER

The thermodynamic database used in the calculations has been the Hatches
v.7.0. (Cross and Ewart, 1989). The thermodynamic data used have been
included in the database in order to perform the solubility calculations since
no thermodynamic data of this metal was available in this database.

The aqueous complexes and sohd phases included have been AgOH(aq)
Ag(OH)y, Ag(OH)s*, Ag(OH)s™ ; AgCl(aq), AgCly, AgCl:™, AgCL”,
AgNOs(aq), Agl(aq), Agly', Agls?, Ag(s), AgCl(s) and Ag>S(s).

TIN

The thermodynamic database used has been the NTB91-17. However, four
hydroxo- Sn(IV) complexes have been added to this database due to the lack
of this data. The selected data have been extracted from Baes and Mesmer
(1976). The thermodynamic data added to our database are:

SnOH*" + H' + 2¢” = Sn** + H,0 logK=4.68 10-8
Sn(OH),>* + 2H" + 2¢"=Sn** + 2H,0  logK=4.62 10-9
Sn(OH);" +3H" +2e =Sn”" +3H,0  logK=4.89 10-10
Sn(OH)4(aq) + 4H" + 2¢" = Sn*" + 4H,0 logK=6.11 10-11
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10.10

10.11

10.12

10.13

SAMARIUM

The REE-TDB (Spahiu and Bruno, 1995) thermodynamic database has been
used in the calculations.

HOLMIUM

REE-TDB (Spahiu and Bruno,1995) is the thermodynamic database used in
these calculations.

RADIUM

The thermodynamic data have been selected from the Hatches v.7.0 (Cross
and Ewart, 1989). These data have been included in the NTB91-17 database
to perform the solubility calculations since no thermodynamic data were
available in this database.

The aqueous complexes and solid phases included have been: RaOH",
RaSOq(aq), RaCl", RaCOs(aq), RaHCO;", RaPOy, RaS04(s), RaCOs(s) and
RaCly-2H,0(s).

THORIUM

The thermodynamic data used in these calculations have been selected
combining the NTB91-17 database for the aqueous species, and the Hatches
v.7.0 (Cross and Ewart, 1989) for the solid phases including the
modifications presented below. In addition, thermodynamic data for
phosphate complexes have been selected from recent experimental work
(Osthols, 1994).

The thorium database has undergone a substantial revision, particularly for
the stability of Th(IV) oxide and hydroxide solid phases.

As it is shown in the next table (Table 10-1), solubility constants disagree
substantially between the values reported in the EQ3/6NTB and in the
Hatches v.7.0 databases.
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Table 10-1. Solubility constants reported for Th(IV) oxide and hydroxide
solid phases.

TogKso EQ3/6NTB HATCHES v.7.0
Th(OH)s(c)+4H =Th* +4H,0 13.8 11.3
Th(OH)4(am)+4H " =Th*+4H,0 9.4
ThO,(c)+4H =Th* +2H,0 1.8
ThO,(am)+4H ' =Th**+2H,0 6.3 7.6

Bruno and Duro (1995) observed in a previous work that solubility
constants selected in the Hatches v.7.0 for Th(OH)4(c) and Th(OH)4(am)
gave unrealistically high solubilities. These data came from the Critical
Stability Constants (1964). However, by considering the value of
logK=6.3 taken from the compilation of Baes and Mesmer (1976), these
authors observed that this new value gave estimates of the thorium
solubility, which were in good agreement with measured dissolved Th(IV)
in natural analogue sites like Cigar lake, El Berrocal and Pogos de Caldas.

Therefore, according to the results obtained in their work, we have
considered the formation of Th(OH)s(am) with a value of logK =6.3. The
crystalline phase has been included in the database used, but its formation is
restrained invoking the Ostwald's step rule.

Finally, the modifications on the NTB91-17 database have been the addition
of four thorium aqueous complexes, three phosphate complexes and one
carbonate complex, and the inclusion of three solid phases. The reactions
considered with the corresponding logK values and the source are given in
the following table (Table 10-2).

Table 10-2. Dissociation reactions for thorium aqueous complexes and solid
phases.

Reaction logK Source
Th(COs)s* +5H =Th" +HCO;3" 16.5 Cross and Ewart, 1989

Th(H,PO4), > =Th*+2HPO, > +2H" 244 Osthols, 1994
Th(H,PO4)4(aq)=Th*" +4HPO, > +4H" -40.8 Osthols, 1994
Th(OH);PO4 +5H'=Th*+HPO/ +4H,0  27.25 Osthols, 1994

Th(OH)4(s)+4H+=Th4++4H20 6.3 Baes and Mesmer, 1976

ThO(c)+4H=Th*"+2H,0 1.8 Cross and Ewart, 1989

ThO,(am)+4H'=Th*"+2H,0 7.6 Cross and Ewart, 1989

10.14 PROTACTINIUM

Hatches v.7.0 (Cross and Ewart, 1989) has been selected as the
thermodynamic database for the calculations, due to the lack of
thermodynamic data available in the NTB91-17 database.

127



10.15

10.16

10.17

The aqueous complexes and solid phases included have been: PaOH*",
Pa(OH),*", Pa(OH);*, PaO(OH) **, Pa0,(OH)(aq), Pa;,Os(s) and PaOs(s).

URANIUM

Thermodynamic database has been selected from the SKBU database
(Bruno and Puigdomeénech., 1989). The thermodynamic constants of the
aqueous complexes and solid phases taken in the calculations agree with the
NEA-TDB (Grenthe et al., 1992).

The solubility constant for the UO,(fuel) solid phase has been changed with
a value of logK=-1.6 according to the experimental work of Bruno et al.
(1986).

NEPTUNIUM

The selected database for this element is based on the compilation of Lemire
and Garisto (1989). However, in addition, we have incorporated recently
determined thermodynamic data from Eriksen and co-workers (Eriksen et
al., 1993). These new data includes:

Np(COs), + 2H" =Np** + 2HCO; + ¢ logK=-4.67 10-12
Np(OH);CO;5 + 4H" = Np** + HCO;5 + 3H,0 logK=6.5  10-13

The aqueous complex Np(OH)s™ has been removed from the database
according to the results which were obtained in the previous sections.

A mistake has been found in the logK value of the complex (NpO2)3(CO3)¢’.
The dissociation reaction given by the database is:
(NpO,)3(CO3)® + 12H" = 3Np*" + 1.50, + 6HCO;™ + 3H,0 10-14

with a logK=-84.77. However, this value is erroneous since it corresponds
to the dissociation reaction written as a function of carbonate. Therefore, the
new value according to the definition of the dissociation reaction (10-14) is
logK=-22.79.

PLUTONIUM

The thermodynamic database used in the calculations is in agreement with a
previous compilation performed by Puigdoménech and Bruno (1991).
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10.18

10.19

The stability constant of the PuCO;" aqueous complex has been taken from
the Hatches v.7.0 with a value of logK=-3.83 (Allard, 1982) for the
following reaction:

Pu** + HCO; = PuCO;™ +H* 10-15

This change has been done according to the analysis of the data and later
discussion performed in the previous sections.

AMERICIUM

The thermodynamic database selected for the solubility calculations has
been extracted from the NEA Compilation (Silva et al., 1995). Therefore,
the thermodynamic data included in the database have been updated
according to this compilation.

A new phosphate aqueous complex, AmHPO," has been added to the
database since it is included in the NEA Compilation as selected data. On
the other hand, the hydroxo-carbonate aqueous complexes have been
extracted from the original NTB91-17 database since these species have not
been selected by this compilation.

In addition, three solid phases have been added to the database also
extracted as selected data from the NEA Compilation, Am(OH)s;(am),
Am,(CO;3);3(c) and AmOHCOs(c).

CURIUM

The thermodynamic database used for this element has been the Hatches
v.7.0 (Cross and Ewart, 1989). Due to the lack of thermodynamic data for
this radionuclide in the NTB91-17 database, the main aqueous complexes
and solid phases have been included in this database for the solubility
calculations previously performed. The species included have been:
CmOH*, CmCI**, CmCL", CmF**, CmF,", CmF3(aq), CmSO,*, Cm(SO4),,
CmNO;*", Cm(NO3);", Cm(OH)3(s), CmOHCO3(s) and CmOy(s).
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11

11.1

UNCERTAINTIES ASSOCIATED TO
CALCULATED SOLUBILITIES

In this section we will focus our discussion on the uncertainties associated
to the data generated previously.

Radionuclide solubilities calculated previously can be considered upper
bounds but realistic values, on the source term in the Performance
Assessment exercise. These statements are based in two facts.

Firstly the solid phases selected as solubility-controlling phases of the
different radionuclides have been well-defined thermodynamically.
Thermodynamic databases have been checked and updated with a recent
selection of the thermodynamic data for critical radionuclides, U, Pu, Np, Tc
and REE’s.

Secondly the solubilities have been calculated and selected from a
conservative point of view. In this sense, these values have been compared
with spent fuel dissolution data obtained from leaching tests in laboratories
and in the cases where such experimental data are lacking, solubilities have
been constrained by measured concentrations of these radionuclides in
natura)] systems. This point has been extensively discussed in the previous
sections.

A sensitivity analysis has been previously performed (Section 8) in order to
determine the uncertainties associated to the analytical errors in
groundwater determinations of the main aqueous ligands. At present, the
uncertainties associated to the main parameters of groundwater composition,
i.e. pH and carbonate content, will be extensively treated as well as the
uncertainties associated to the redox conditions and the temperature of the

system.

DEPENDENCIES ON OTHER PARAMETERS

According to the previous results, solubilities change in a more and less
degree depending mainly on groundwater composition. This variability has
been extensively discussed for each radionuclide.

Taking into account the previous results, we have considered mainly three
groundwater parameters which influence in a major extent the solubilities.
These parameters are Eh, pH and carbonate content in water. In addition,
temperature has been also considered to study its influence on the
solubilities of the different radionuclides.
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Therefore, changes in solubilities for the main radionuclides as a function of
these parameters have been studied, in order to determine how these
parameters can influence the solubilities of the different radionuclides. For
this purpose a sensitivity analysis has been carried out.

The reference water used in these calculations corresponds to the Aspd
groundwater composition (Table 3-1). The calculations have been
performed by using the EQ3NR code package (Wolery, 1992) as before.

Solubilities have been calculated by varying the value of one of the main
parameters, i.e. pH, and by keeping the other parameters fixed for each run,
according to the Aspd groundwater composition. By this procedure, we
have treated the different parameters as no dependent variables.

To perform the sensitivity analysis we have chosen an interval of values for
each parameter. The selected intervals include the values found in a major
extent in typical granitic groundwaters, therefore, the ranges studied have
been:

— pH from 7 to 9. The pH of the Aspé groundwater was 7.7.

— Total carbonate content in groundwater from 10 t0 5:10° mole-dm”.
The total carbonate content of the Asps groundwater was 2.19-10°
mole-dm>.

— Reducing environment, pe from Aspé groundwater (pe=-5.21) until pe=-
1. We have not taken into consideration oxidising conditions since most
of the granitic environments are reducing.

— Temperature between 15 and 60°C. Previous calculations were performed
at room temperature, 25°C.

In addition, calculations have been also performed by equilibrating solid
phases with the Gideé groundwater previously equilibrated with bentonite
(Bruno et al., 1997). The resulting water composition is given in Table 11-1.
As we can see in this table, the pH is 1.7 logarithmic units larger than the
higher pH taken in the interval considered for this parameter, carbonate
content and pe are also larger and lower respectively than the limits taken in
the intervals considered in this work. The high pH and carbonate content of
this water is mainly given by equilibrium with calcite (Bruno et al., 1997),
the low calcium content of the Gidea groundwater leads to a major
dissolution of this mineral.

As we mentioned before, the intervals taken in the sensitivity analysis
include typical granitic groundwater compositions without considering any
previous interaction with a barrier of the repository system designed for the
spent nuclear fuel. However, these calculations have been carried out in
order to obtain solubilities according to the expected groundwater which
will enter into contact with the spent fuel in the repository system.
Therefore, these solubilities have been taken as a limit of the solubility
values expected in the repository system.
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Table 11-1. Water composition obtained by equilibrating Gide&
groundwater with bentonite (from Bruno et al., 1997).

Component Concentration (mole-dm™)
Ca 7.40-10°
Mg 4.00-10°¢
Na 2.35:107

K 1.67:10°
Fe 1.54-10°
SO~ 1.56:10°
Cl 5.00-107
CO5*(tot.) 9.18:107
pH 10.7
pe -7.5

We have selected one limiting solid phase for each radionuclide to perform
the sensitivity analysis. This selection has been based on the results
previously obtained.

Only pure solid phases have been taken into consideration, co-precipitation
and co-dissolution approaches have not been used, despite for some
radionuclides, i.e. Am, Cm, Ni, Ra, we have considered that these processes
could limit their concentration in the selected groundwaters. However, the
uncertainties associated to the solubilities obtained by these processes can
be easily and directly calculated. For this reason, in the present work, we
have considered pure solid phases from the most conservative point of view.

In this sense, we have also taken non crystalline solid phases for some
radionuclides, i.e. Nb, Np, Pu, Th, U, Zr although the effect of the
crystallinity has also an important influence on the solubility of the different
solid phases considered. This effect has been studied previously where we
have compared the solubilities obtained for some radionuclides by
considering crystalline and non crystalline solid phases (Table 8-1).
However, according to the Ostwald rule, we have calculated the solubility of
the kinetically favoured solid phases, obtaining higher solubilities than the
ones calculated by considering crystalline phases, but more realistic values
by comparing with radionuclide concentrations measured in natural systems
and in spent fuel leaching experiments as it has been previously dicussed.

In addition, in the case of selenium, the limiting solid phase varies
depending on the pe of the system (Section 4-4), in such case, we have
taken the predominant one under Aspd groundwater conditions,
consequently, FeSe(s) has been chosen. The radionuclides studied as well as
the selected solid phases are given in Table 11-2.
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11.2

Table 11-2. Radionuclides and selected solid phases to perform the
sensitivity analysis.

Radionuclide Solid Phase Radionuclide Seolid Phase
Ag AgCl Ra RaSOg4

Am AmOHCO; Se FeSe

Cm CmOHCO; Sm Sm,(CO3);
Ho Ho,(CO3)s3 Sn SnO,

Nb Nb,Os(ac) Sr SrCO;

Ni NiO Te TcO,xH,0
Np Np(OH)4 Th Th(OH)4
Pa Pa,Os U UOz(f)

Pd P4do Zr ZrOy(am)
Pu Pu(OH)4

The results obtained are given later, solubility changes are reported as
percentage of variation with respect the calculated solubility, associated to
the new value considered for each influencing parameter. The analytical
formula applied has been:

if 5'<s (1 —S—) %100 = %
S
11-1
if 5">s (1 -i,) x 100 = %
S

where s is the solubility obtained from the reference groundwater and s is
the new solubility calculated by changing the value of one influencing
parameter.

The results are given in Table 11-3 for pH uncertainties, in Table 11-4 for
carbonate uncertainties, in Table 11-5 for pe uncertainties and in Table 11-6
for temperature uncertainties.The total standard deviation is also included in

these tables.

INFLUENCE OF PH

Table 11-3 shows the percentages of variation in the calculated solubilities
associated to the different pH taken in the sensitivity analysis.

As a general trend, the solubilities of metal carbonates and hydroxo-
carbonates are largely influenced by pH, this fact is reasonable due to the
interconnection between the carbonate system and the pH. However, there
are also other radionuclides which are influenced by this parameter, Nb, Ni,
Se and Pu. Their variability is mainly due to the different predominant
aqueous speciation depending on the pH studied.
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In general, a slight influence is observed for oxides and hydroxides, this fact
is due to the narrow range of pH variation (basic range) considered in this
analysis.

Table 11-3. Percentages of variation and standard deviation in calculated
solubilities associated to pH.

pH
7 8 9

Radionuclide % of variation G

Ag 12 1 2 2.57-10°°
Am 90 46 67 3.84:10°®
Cm 86 50 92 9.11-107
Ho 89 41 60 3.14-10°
Nb 59 42 93 4.93-10™
Ni 96 74 100 7.58:10
Np 2 0 9 4.18-1071°
Pa 0 0 0 1.15:107
Pd 19 1 1 8.86:1071°
Pu 100 87 98 1.70-10°¢
Ra 28 3 6 7.63-10°%
Se 82 50 94 2.23-107
Sm 91 46 78 1.30-10°
Sn 19 19 82 1.45-107
Sr 85 50 92 2.44-10°
Tc 1 0 1 5.13-10™M
Th 4 0 0 5.77-10
U 0 0 0

Zr 0 0 0 5.77-1012

11.3 INFLUENCE OF TOTAL CARBONATE

In Table 11-4 , we have shown the percentages of variation of the calculated
solubilities associated to the different total carbonate contents assumed in
the sensitivity analysis.

As expected, carbonate and hydroxo carbonate solid phases are in a major
extent influenced by total carbonate content in groundwater.

Other radionuclides are slightly influenced by this parameter, Ni, Np, Pu
and Th, the major variation in solubilities is obtained with the highest total
carbonate content in groundwater, this is mainly due to the predominance of
carbonate aqueous complexes in solution.
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Table 11-4. Percentages of variation and standard deviation in calculated
solubilities associated to total carbonate content.

Total carbonate (mole-dm™)
1.00-10*  1.00-10° 5.00-107

Radionuclide % of variation o

Ag 3 2 2 8.96:107
Am 54 66 77 7.63-107
Cm 59 79 96 3.04-107
Ho 61 66 75 8.2610°°
Nb 1 0 0 3.46107
Ni 2 10 39 1.72:10°
Np 15 51 89 3.01-10°®
Pa 0 0 0 5.02-10
Pd 0 0 0

Pu 2 21 63 6.26:107
Ra 9 5 6 2.75:10%
Se 2 1 11 4.67-10™1
Sm 64 7 85 3.26:10°°
Sn 0 0 0 1.15-102
Sr 59 79 96 8.83-107
Te 0 2 11 4.78-1071°
Th 0 1 33 6.67-107!
8] 0 0 0

Zr 0 0 0

114 INFLUENCE OF PE

The uncertainty on redox potential of the system has only an effect on the
solubility of phases which are redox sensitive, Np, Pu, Se, Tc, U.

As we can see in Table 11-5, the percentage of variation as a function of the
different pe assumed in the system is only important in the case of Pu. This
radionuclide has a large influence on the pe, although the range of pe
considered is reductant, since the predominant aqueous species depend in a
large extent on this parameter.

Table 11-5. Percentages of variation and standard deviation in calculated
solubilities associated to pe.

pe
3 -1

Radionuclide % of variation )
Np 0 1 42410
Pu 98 98 3.04-10"
Se 0 0 7.07-10
Tc 0 2 7.78-1071
U 0 5 495107
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11.5

11.6

INFLUENCE OF TEMPERATURE

The influence of the temperature on calculated solubilities has been studied
only for ten radionuclides, see Table 11-6, which thermodynamic data as a
function of several temperatures was available.

In general, it has been observed a large variation on calculated solubilities as
a function of this parameter, the different influence observed is basically
due to the dependence of the solubility constants and association constants
for the solid phases and predominant aqueous complexes respectively on the
temperature.

Table 11-6. Percentages of variation and standard deviation in calculated
solubilities associated to the temperature.

T (°C)
15 60

Radionuclide % of variation G
Ni 27 59 3.31-107
Pd 16 41 2.70-107
Pu 69 79 1.43-10°®
Ra 46 84 1.26:10°¢
Se 11 56 6.14-1071°
Sn 74 100 9.97-10°¢
Sr 16 46 3.03-107
Tc 45 84 2.94-10°%
Th 15 33 8.49-107!
U 28 83 1.10-107

INFLUENCE OF PH/CARBONATE VARIABILITY

As we have seen in the previous sub-sections (11-2 and 11-3), pH and
carbonate content in the reference groundwater have been treated as no
dependent variables. However, as we know, these two parameters are
interconnected. In a granitic environment, carbonate content in groundwater
will be limited by equilibrium with calcite. Consequently, last calculations
of the sensitivity analysis have been performed by changing the pH, and by
considering the reference groundwater with a carbonate content given by
equilibrium with calcite. Figure 11-1 shows the solubility curve of calcite as
a function of pH, taking a total calcium concentration equal to 4.73-107
mole-dm™ which corresponds to the calcium concentration determined in
Aspo groundwater.
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11.7
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Figure 11-1. Solubility curve of calcite (CaCOs(s)) as a function of pH,
[Cal=4.73-107 mole-dm™.

The solubility results obtained for each radionuclide are given in the next
sub-section.

RANGES OF SOLUBILITIES

As we have seen in the previous tables (Tables 11-2 to 11-6), radionuclide
solubilities have different variations depending on the main parameters
considered. In some cases, only an small change in a determined parameter,
i.e. pH change of 0.3 logarithmic units can vary the solubility of a
determined solid phase, i.e. strontianite (SrCOs(s)) until 50%. Consequently,
it is very difficult to give an interval for each parameter for which the
punctual solubility data previously reported is valid.

However, it is possible to give a range of solubilities for each radionuclide,
as a function of the interval of values taken for the main parameters, these
ranges of validity are given in the next table (Table 11-7). A short
discussion about the ranges considered for each radionuclide is also given.

The ranges of solubilities shown in the table also include solubilities taken
by equilibrating solid phases with Gide&/bentonite water composition. Only
in two cases, silver and radium, the intervals given in Table 11-7 do not
include solubilities calculated with Gided/bentonite water since the variation
obtained for both radionuclides is due to other components of the system,
chloride and sulphate respectively.
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Table 11-7. Ranges of calculated solubilities depending on the intervals
considered for the influencing parameters; pH between 7 and 9, total
carbonate content ranging from 10™ to 5-10” mole-dm™, and equilibrated
with calcite, pe of the system (pe=-5.21) until -1 and temperature between

15 and 60°C.
log[Rn] (mole:dm™) log[Rn] (mole:dm™)

Radionuclide from to Radionuclide from to
Ag -4.53 -4.47 |Ra -6.79 -5.71
Am -6.89 -5.16 |Se -10.39 -8.39
Cm -10.93 -5.79 |Sm -6.48 -4.63
Ho -5.80 -424 |Sn -9.84 -4.85
Nb -4.61 -1.41 Sr -6.24 -1.35
Ni -4.88 -0.88 | Tc -8.40 -7.34
Np -8.27 -7.21 |Th -9.79 -9.31
Pa -6.50 -6.50 |U -7.66 -6.75
Pd -8.43 -8.11 |Zr -8.61 -8.60
Pu -10.00 -5.53

11.7.1 Silver

Only a slight variation on the solubility of AgCl(s) has been observed as a
function of pH and total carbonate content in groundwater (Figure 11-2).
This variation is mainly due to small differences in the percentage of
predominant aqueous species in solution.

In the previous work, Ag(s) was considered as the limiting solid phase of
this radionuclide from a very conservative point of view. According to the
solubilities obtained, ranging between 1-107 and 3-10"" mole-dm™, the
solubility of this solid phase depends basically on both the pH and the redox
conditions of the system.

The solubility obtained by equilibrating the solid phase with the
Gide&/bentonite water is around two orders of magnitude lower than the one
obtained by equilibrium with the reference groundwater. This difference is
due to the highest chloride content in the reference groundwater with respect
the Gided/bentonite water. The different concentration of chloride implies a
different aqueous speciation. The formation of tri- and tetra-chloride
aqueous complexes in the Aspd groundwater produces a lower
concentration of the chloride anion with the consequent silver concentration

increase in solution.

The range of concentrations assumed in Table 11-7 for this radionuclide
does not include the lower solubility obtained by equilibrium with
Gidea/bentonite water, since in that case, solubility variation is due to
chloride content, which is a different component of the main influencing
parameters assumed in the sensitivity analysis.

Figure 11-3 shows AgCI(s) solubility variations due to changes in pH, when
carbonate content is given by equilibrium with calcite. As we can see,
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solubilities are in the same range than previous calculations performed by
considering all parameters as no dependent variables.

The interval of solubilities calculated in the sensitivity analysis can be
considered negligible in the PA exercise, therefore, we may consider an
individual solubility value independently of the variation in the influencing
parameters taken in this sensitivity analysis.
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Figure 11-2. Solubility of AgCI(s) as a function of pH and total carbonate
content respectively. Solid and dashed lines perform the calculated
solubilities of this solid phase equilibrated with the reference groundwater
and the Gide&/bentonite water respectively.
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Figure 11-3. Solubility of AgCI(s) as a function of pH, total carbonate
content given by equilibrium with calcite. Dashed lines give the interval of
solubilities calculated in the sensitivity analysis.

140



11.7.2 Americium

The solubility of AmOHCO;(s) solid phase decreases when increasing both
pH and total carbonate content in grovndwater (Figure 11-4). This is due to
the stabilisation of this solid phase in basic and carbonated waters.

Figure 11-5 shows AmOHCOs(s) solubility variations due to changes in pH,
when carbonate content is given by equilibrium with calcite. In these
calculations, the higher the pH, the lower the carbonate content (Figure 1-1),
consequently, we can observe two different trends in the solubility of this
solid phase when increasing pH, depending on the relative weight of each
parameter (pH and carbonate concentration) on the solubility of this solid
phase. However, the solubilities are in the same range than previous
calculations performed by considering all parameters as no dependent
variables.
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Figure 11-4. Solubility of AmOHCOs(s) as a function of pH and total
carbonate content respectively. Solid and dashed lines show the calculated
solubilities of this solid phase equilibrated with the reference groundwater
and the Gided/bentonite water respectively.
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11.7.3
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Figure 11-5. Solubility of AmMOHCO;(s) as a function of pH, total
carbonate content given by equilibrium with calcite. Dashed lines give the
interval of solubilities calculated in the sensitivity analysis.

Solubility changes as a function of both pH and carbonate content variations
are approximately 1.5 orders of magnitude. Consequently a range of
solubilities may be taken into consideration in the PA exercise (Table 11-7).

Curium

As in the previous case, the solubility of CmOHCOs(s) solid phase
decreases when increasing both pH and total carbonate content in
groundwater (Figure 11-6). This is also due to the stabilisation of this solid
phase in basic and carbonated waters.

As it is shown in Figure 11-6, dashed line, the solubility of this solid phase
decreases four orders of magnitude in equilibrium with Gideé&/bentonite
water, this is due to the sum of two effects, the highest pH and carbonate
content considered in this water. The same effect has been observed in the
previous case, for americium.
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11.7.4

Figure 11-6. Solubility of CmOHCOs(s) as a function of pH and total
carbonate content variations. Solid and dashed lines perform the calculated
solubilities of this solid phase equilibrated with the reference groundwater
and the Gide&/bentonite water respectively.

Figure 11-7 shows CmOHCOs(s) solubility variations due to changes in pH,
when carbonate content is given by equilibrium with calcite. The same
effect as in the case of americium has been observed in these calculations.
However, in that case, only an slight solubility change has been observed
depending on the pH taken.

Solubilities are in the same range than previous calculations performed by
considering all parameters as no dependent variables.
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Figure 11-7. Solubility of CmOHCOs(s) as a function of pH, total carbonate
content given by equilibrium with calcite. Dashed lines show the interval of
solubilities calculated in the sensitivity analysis.

Solubility changes due to the influencing parameters, pH and total carbonate
content, are approximately 5 orders of magnitude. Consequently, as in the
case of americium, a range of solubilities may be taken into consideration in
the PA exercise (Table 11-7).

Holmium

As we can see in Figure 11-8, the solubility of Ho,(COs);(s) is affected by
both pH and total carbonate content in groundwater. The calculated
solubilities follow the same behaviour as americium and curium, therefore,
the solubility of this solid phase decreases when increasing both influencing
parameters. This is mainly due to the stabilisation of this solid phase in
carbonated waters.

Holmium-carbonate complexes become the predominant aqueous species
when increasing pH or carbonate concentration in groundwater, these
species are less stable than the free cation in solution, this implies an
stabilisation of the solid phase with the consequent solubility decrease.
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On the other hand, a highest solubility has been calculated by equilibrating
this solid phase with Gide&/bentonite water (dashed line, Figure, 11-8). This
fact is because of the stabilisation of hydroxo-aqueous complexes,
Ho(OH)s(aq) when increasing pH with the consequent increase in the
solubility.

In Figure 11-9, we can see the effect of pH increase on the Ho,(CO3)3(s)
solubility, when carbonate content is given by equilibrium with calcite. The
higher the pH, the lower the total carbonate content in the system. In such
case, the solubility of this solid phase increases with pH, the opposite trend
than in Figure 11-8. This behaviour is given by the stabilisation of different
aqueous species in solution; at pH 7 (high carbonate concentration),
carbonate aqueous species are predominant, at pH 9 (low carbonate
concentration), hydroxo aqueous species become the predominant ones,
with the consequent solubility increase.

Despite the different trend observed in the last calculations, these
solubilities are in the same range than previous calculations performed by
considering all parameters as no dependent variables.
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Figure 11-8. Solubility of Ho,(COs)3(s) as a function of pH and total
carbonate content variations. Solid and dashed lines plot the calculated
solubilities of this solid phase equilibrated with the reference groundwater
and the Gided/bentonite water respectively.
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Figure 11-9. Solubility of Ho(COj3)s(s) as a function of pH, total carbonate
content given by equilibrium with calcite. Dashed lines show the interval of

solubilities calculated in the sensitivity analysis.

As it is shown in the previous figures, solubility changes due to the
influencing parameters considered in this exercise are approximately 1.5
orders of magnitude. Consequently, the range of solubilities given in Table
11-7 for this radionuclide may be taken in the PA exercise.

Niobium

As it was expected, Nb,Os(ac) is only affected by changes in pH (Figure 11-
10), its solubility increases when increasing pH, due to the destabilisation of
this solid phase. Therefore, as it was expected, no variations have been
observed in calculated solubilities as a function of pH, when considering the
total carbonate content of the system given by equilibrium with calcite.
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Figure 11-10. Solubility of Nb,Os(ac) as a function of pH and total
carbonate content changes. Solid and dashed lines perform the calculated
solubilities of this solid phase equilibrated with the reference groundwater

and the Gide&/bentonite water respectively.
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According to this trend, the highest solubility has been calculated in
equilibrium with the Gided/bentonite water, with a pH greater than 10
(Figure 11-10, dashed line).

Solubility changes approximately 3 orders of magnitude in the pH range
studied. Consequently, the range of solubilities given in Table 11-7 for this
radionuclide may be considered in the PA exercise.

Nickel

As it is shown in Figure 11-11, the parameter which affects in a major
extent the solubility of NiO(s) is the pH. Its solubility increases dramatically
when decreasing pH due to the destabilisation of the nickel oxide. As we
can see, this solid phase is very sensitive to changes in the pH of the system.

On the other hand, only an slight effect has been observed in carbonate
concentration and temperature variations of the system.

The solubility obtained by equilibrium of NiO(s) with Gided/bentonite water
is lower than the one calculated by using the reference water. However, the
decrease in solubility is not so large as expected according to the pH of this
water (pH=10.7). This effect is due to the high carbonate concentration of
this water which leads to a destabilisation of the solid phase.

The same behaviour as the one obtained due to pH variation in Figure 11-11
has been observed when increasing the pH of the system, with a carbonate
content given by equilibrium with calcite (Figure 11-12). Calculated
solubilities are in the range obtained in the previous calculations, where all
parameters were considered as no dependent variables.

According to the results obtained, the range of solubilities given in Table
11-7 may be taken for a PA exercise. However, this range can be narrower
if we assume lower pH variations in the system (see Figure 11-12).
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Figure 11-11. Solubility of NiO(s) as a function of pH, total carbonate
content and temperature changes. Solid and dashed lines show the
calculated solubilities of this solid phase equilibrated with the reference
groundwater and the Gided/bentonite water respectively.
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Figure 11-12. Solubility of NiO(s) as a function of pH, total carbonate
content given by equilibrium with calcite. Dashed lines show the interval of
solubilities calculated in the sensitivity analysis.

Neptunium

As it is shown in Figure 11-13, the solubility of Np(OH)4(s) is mainly
affected by changes in total carbonate content in groundwater. Its solubility
arises when increasing the total carbonate concentration of the system, this
fact is due to the stabilisation of neptunium-carbonate aqueous complexes.

On the other hand we can also observe an slight decrease in the solubility of
this solid phase at the higher pH (pH=9). This is due to the stabilisation of
the neptunium hydroxide solid phase when increasing the pH of the system.

This effect has been also observed when equilibrating this solid phase with
Gidea/bentonite water (Figure 11-13, dashed line). Despite the highest
carbonate content which leads to an increase in the solubility, the highest pH
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stabilise the solid phase with the consequent increase in the solubility but
not so high as expected due to the influence of carbonate.

The interval of pe considered in the system (Figure 11-13) does not change
the solubility of this solid phase. This radionuclide is not redox sensitive to
the pe range considered in this exercise.

Solubilities obtained in the last calculations (Figure 11-14) decrease when
increasing the pH of the system, this behaviour is due to the lower carbonate
content when increasing pH (Figure 11-1) with the consequent stabilisation

of the solid phase.

The solubility of this solid phase changes around 1 order of magnitude with
the ranges of the influencing parameters taken. Therefore, the range of
solubilities given in Table 11-7 may be considered in a PA exercise.

-7.10 1
Gid._benton. GW

7830 - = =" ® = == == mans=e = I

_3)

-7.50 |

7.70 |
refer. GW
-7.90 |

log[Np] (mole-dm

-8.10 |

'850 A . : " + .-. : L : L .
7 8 9 0.0001 0.001 0.005 -3 -1
pH variation carbonate variation pe variation

Figure 11-13. Solubility of Np(OH)4(s) as a function of pH, total carbonate
content and pe changes. Solid and dashed lines show the calculated
solubilities of this solid phase equilibrated with the reference groundwater

and the Gidea/bentonite water respectively.
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Figure 11-14. Solubility of Np(OH)4(s) as a function of pH, total carbonate
content given by equilibrium with calcite. Dashed lines show the interval of
solubilities calculated in the sensitivity analysis.

Protactinium

As it is shown in Figure 11-15, the solubility of Pa;Os(s) is not affected by
any influencing parameter considered in this exercise. This unvariation
includes calculations performed by using Gided/bentonite water. Therefore,
a solubility value may be considered in the PA exercise (solid line in the
figure).
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Figure 11-15. Solubility of Pa,Os(s) as a function of pH and total carbonate
content changes. Solid line gives the mean value.

Palladium

As it is shown in Figure 11-16, the solubility of PdO(s) is slightly affected
by the lower pH and the temperature of the system assumed. The solubility
increases at lower pH due to the destabilisation of the palladium oxide. On
the other hand, the solubility of this solid phase decreases when increasing
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the temperature of the system. Total carbonate content does not have any
effect on the solubility of this solid phase.

Therefore, as it was expected, no variations have been observed in
calculated solubilities as a function of pH, when considering the total
carbonate content of the system given by equilibrium with calcite.

Due to the slight solubility changes by influencing parameters, we may take
a mean solubility value for this radionuclide which could correspond to the
solubility calculated by considering the reference system (Figure 11-16).
Therefore, we may consider solubility changes calculated in the sensitivity
analysis negligible in the PA exercise.
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Figure 11-16. Solubility of PdO(s) as a function of pH, total carbonate
content and temperature changes. Solid line shows the calculated solubilities
of this solid phase equilibrated with the reference groundwater and the
Gideé/bentonite water.

Plutonium

The solubility of plutonium hydroxide changes depending on the
influencing parameters taken in the sensitivity analysis (Figure 11-17). The
solubility of this solid phase is affected in a major extent by changes in the
pH and in the pe of the system.

The solubility increases when decreasing either pH or pe of the system, this
fact is due to the stabilisation of the aqueous Pu(IIl) species at lower pH and
pe values (Bruno et al., 1997). At higher pH or pe values, aqueous Pu(IV)
species become the predominant complexes in solution, with a consequent
decrease in the solubility.

Carbonate variations have only an slight effect in the solubility of this solid
phase. The solubility increases when increasing carbonate concentration of
the system due to the stabilisation of aqueous plutonium-carbonate
complexes (Bruno et al., 1997).
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The temperature of the system also has an important influence on the
solubility of this radionuclide. As it is shown in Figure 11-17, the
concentration of this radionuclide in solution decreases with temperature.

Due to the slight influence of the carbonate content on the solubility of this
solid phase, the solubilities calculated by assuming equilibrium of the
system with calcite (Figure 11-18), are the same as the previous ones
calculated by assuming the pH as a no dependent parameter (Figure 11-17).

According to the results obtained in the sensitivity analysis, the range of
solubilities given in Table 11-7 may be taken in a PA exercise. However,
this range could be narrower if we assume lower pH variations in the system

(see Figure 11-18).
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Figure 11-17. Solubility of Pu(OH)4(s) as a function of all the influencing
parameters; pH, total carbonate content, pe and T. Solid and dashed lines
show the calculated solubilities of this solid phase equilibrated with the
reference groundwater and the Gideéd/bentonite water respectively.
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Figure 11-18. Solubility of Pu(OH)4(s) as a function of pH, total carbonate
content given by equilibrium with calcite. Dashed lines show the interval of

solubilities calculated in the sensitivity analysis.
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Radium

The solubility of RaSO4(s) slightly increases when decreasing pH or
carbonate content parameters. However, the solubility is affected in a major
extent by the temperature of the system. A highest increase can be observed
when increasing this parameter (Figure 11-19).

The solubility obtained by equilibrating the solid phase with the
Gideéd/bentonite water is around three orders of magnitude higher than the
one obtained by equilibrium with the reference groundwater. This difference
is due to the highest sulphate content in the reference groundwater with
respect the Gided/bentonite water.,

The range of concentrations assumed in Table 11-7 for this radionuclide
does not include the lower solubility obtained by equilibrium with
Gided/bentonite water, since in that case, solubility variation is due to
sulphate content, which is a different component of the main influencing
parameters assumed in the sensitivity analysis.

Figure 11-20 shows RaSQO,(s) solubility variations due to changes in pH,
when carbonate content is given by equilibrium with calcite. As we can see,
solubilities are in the same range than previous calculations performed by
considering all parameters as no dependent variables.

By neglecting temperature effects, a mean value of the solubility may be
considered in a PA exercise, according to the results obtained in this
analysis. This solubility may correspond to the solubility calculated in the
reference system (solid line in Figure 11-19). However, if temperature
effects is considered in the PA exercise, the range of solubilities given in
Table 11-7 could be taken.
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Figure 11-19. Solubility of RaSOu(s) as a function of pH, total carbonate
content and T. Solid and dashed lines show the calculated solubilities of this
solid phase equilibrated with the reference groundwater and the
Gideé/bentonite water respectively.
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Figure 11-20. Solubility of RaSO4(s) as a function of pH, total carbonate
content given by equilibrium with calcite. Dashed lines show the interval of
solubilities calculated in the sensitivity analysis.

Selenium

According to Figure 11-21, the parameter which affects in a major extent
the solubility of FeSe(s) is the pH. Its solubility decreases when increasing
the pH of the system. The predominant aqueous complex is HSe’, therefore,
the lower the pH the higher the stability of the aqueous species with the
consequent increase in the solubility of the solid phase.

According to this trend, the solubility obtained when equilibrating this solid
phase with the reference groundwater is higher than when equilibrating with
the Gided/bentonite water.

As it was expected, carbonate concentration does not affect the solubility of
this radionuclide. Consequently, no variations have been observed in
calculated solubilities as a function of pH, when considering the total
carbonate content of the system given by equilibrium with calcite.

The range of pe considered does not affect the solubility of this solid phase
despite selenium is a redox sensitive radionuclide, this fact is because
aqueous speciation does not change in the range of pe studied.

As it was mentioned before, other solid phases can limit the concentration of
this radionuclide in solution at pe around -1. However, we have considered
FeSe(s) in all the pe range studied as the limiting solid phase from a
conservative point of view.

Finally, only an slight effect has been observed depending on the
temperature of the system. The solubility of this radionuclide increases at
higher temperatures.
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Figure 11-21. Solubility of FeSe(s) as a function of the influencing
parameters; pH, total carbonate content, pe and T. Solid and dashed lines
show the calculated solubilities of this solid phase equilibrated with the
reference groundwater and the Gidea/bentonite water respectively.

As we can see in Table 11-7, according to the sensitivity analysis
performed, the solubilities can vary 2 orders of magnitude, therefore, a
range of values may be taken in a PA exercise. Although, if the range of pH
can be narrower, also a narrow interval of solubilities can be considered.

Samarium

As we can see in Figure 11-22, the solubility of Smy(CO3)s(s) is affected by
both pH and total carbonate content in groundwater. The calculated
solubilities follow the same behaviour as holmium, therefore, the solubility
of this solid phase decreases when increasing both influencing parameters.
This is mainly due to the stabilisation of this solid phase in carbonated

waters.

Samarium-carbonate complexes become the predominant aqueous species
when increasing pH or carbonate concentration in groundwater, these
species are less stable than samarium free cation in solution, this implies an
stabilisation of the solid phase with the consequent solubility decrease.

A solubility increase has been observed in equilibrium with Gided/bentonite
water (Figure, 11-22). This fact is because hydroxo-aqueous complexes,
Sm(OH);(aq), lead to predominant aqueous species when increasing pH
with the consequent increase in the solubility.
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Figure 11-22. Solubility of Smy(COs)5(s) as a function of pH and total
carbonate content variations. Solid line shows the calculated solubilities of
this solid phase equilibrated with the reference groundwater and the
Gideéd/bentonite water.

In Figure 11-23, we can see the effect of pH increase on the Smy(CO3)3(s)
solubility, when carbonate content is given by equilibrium with calcite. The
higher the pH, the lower the total carbonate content in the system. In such
case, the solubility of this solid phase increases with pH. This behaviour is
given by the stabilisation of different aqueous species in solution; at pH 7
(high carbonate concentration), carbonate aqueous species are predominant,
at pH 9 (low carbonate concentration), hydroxo aqueous species become the
predominant ones, with the consequent solubility increase.

However, solubilities are in the same range than the ones obtained in the
previous calculations when considering pH and carbonate as no dependent
variables.
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Figure 11-23. Solubility of Sm»(CO3)3(s) as a function of pH, total
carbonate content given by equilibrium with calcite. Dashed lines show the
interval of solubilities calculated in the sensitivity analysis.
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Solubility changes due to the influencing parameters considered in this
exercise are approximately 2 orders of magnitude. Consequently, the range
of solubilities given in Table 11-7 for this radionuclide may be taken in the

PA exercise.
Tin

The parameters studied affect in different extents the solubility of this
radionuclide (Figure 11-24).

As expected, carbonate concentration does not affect the solubility of
SnO;,(s). On the other hand, the solubility increases when increasing pH,
this behaviour is due to the stabilisation of Sn(OH)s™ aqueous complex in
basic solutions. The calculated solubility in equilibrium with
Gided/bentonite water arises due to the highest pH assumed in this system.

Solubility variations due to changes in pH, when carbonate content is given
by equilibrium with calcite are the same as solubilities obtained by
considering all parameters as no dependent variables.

Temperature is the parameter which affects in a major extent the solubility
of this radionuclide. As we can see in Figure 11-24, the solubility increases
four orders of magnitude when increasing the temperature of the system.

According to the results obtained, a range of solubilities may be taken for a
PA exercise. However, because of the large variation in solubilities due to
temperature changes in the system, these values could be neglected because
they can be considered unrealistic. This fact is because at highest
temperatures, another solid phase, SnS, could limit the solubility of this
radionuclide. In such case, a narrower range of solubilities may be taken
than the one given in Table 11-7.
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Figure 11-24. Solubility of SnO,(s) as a function of pH, total carbonate
content and temperature variations. Solid and dashed lines show the
calculated solubilities of this solid phase equilibrated with the reference
groundwater and the Gide&/bentonite water respectively.
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Strontium

As it is shown in Figure 11-25, the solubility of strontianite decreases with
increasing pH, carbonate content and temperature of the system.

The effect of carbonate concentration on the solubility of strontianite is due
to the stabilisation of this solid phase in caroonated waters. Because of the
interconnection between the pH and the carbonate system, the effect is the
same when increasing pH.

Consequently, the solubility obtained for strontianite in equilibrium with
Gideé/bentonite water is the lowest one calculated (dashed line, Figure 11-
25) due to the highest pH and carbonate concentration of this system.

On the other hand, a slight variation can be also observed due to
temperature changes.

Figure 11-26 shows SrCOj;(s) solubility variations due to changes in pH,
when carbonate content is given by equilibrium with calcite. In these
calculations, the higher the pH, the lower the carbonate content (Figure 1-1).
The effect on the solubility of this solid phase is only an slight solubility
variation as a function of the pH as it is shown in the figure.

Solubility changes due to the influencing parameters considered in this
exercise are approximately 2 orders of magnitude. Consequently, the range
of solubilities given in Table 11-7 for this radionuclide may be taken in the
PA exercise.
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Figure 11-25. Solubility of SrCOjs(s) as a function of pH, total carbonate

content and temperature variations. Solid and dashed lines show the

calculated solubilities of this solid phase equilibrated with the reference
groundwater and the Gide&/bentonite water respectively.
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Figure 11-26. Solubility of SrCOs(s) as a function of pH, total carbonate
content given by equilibrium with calcite. Dashed lines show the interval of
solubilities calculated in the sensitivity analysis.

Technetium

According to the results obtained (Figure 11-27), the solubility of
TcO,xH,0 is mainly affected by temperature changes in the system. The
technetium concentration in solution increases when increasing temperature.

As expected, pH does not affect the solubility of this solid phase. Only an
slight effect has been observed on carbonate increase, due to the presence of
hydroxo-carbonate aqueous species in solution. Consequently, solubility
increases when this solid phase is equilibrated with Gidea/bentonite water
(dashed line in Figure 11-27).

Although this radionuclide is redox sensitive, in the range of pe studied, this
parameter does not have any effect on its solubility. However, according to
the results obtained before, in this interval of pe, the solubility of this solid
phase increases if a higher pH is considered, this is due to a change in the
aqueous speciation, at pH around 9 and pe of -1, TcO4 becomes the
predominant aqueous species, with a consequent solubility increase (logs=-
4.76).

From the sensitivity analysis, we have obtained a solubility change of
approximately 1 order of magnitude, this interval is given in Table 11-7.
However, if we neglect temperature changes, a mean value for technetium
solubility may be considered in a PA exercise. Otherwise, it will be
important to take into account that at higher pH and pe values, the solubility
will increase dramatically, this last case is not considered in the interval of
solubilities given before.
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Figure 11-27. Solubility of TcO,'xH,0(s) as a function of pH, total
carbonate content, pe and temperature variations. Solid line is the solubility
of this solid phase by considering Aspt groundwater composition.

Thorium

Only a slight variation on the solubility of Th(OH)4(s) has been observed as
a function of total carbonate content in groundwater (Figure 11-28). This
variation is mainly due to the predominance of Th-carbonate aqueous
complexes in solution at high carbonate concentrations.

An slight change on the solubility has been also observed with temperature
(Figure 11-28). In that case, solubility decreases when increasing the
temperature of the system.

The solubility obtained in equilibrium with the reference groundwater is the
same as the one calculated by using the Gide&/bentonite water. The high
carbonate concentration of the Gidea/bentonite water could stabilise
thorium-carbonate aqueous species in solution like it occurs when changing
carbonate content in the sensitivity analysis (Figure 11-28), with the
consequent increase in the solubility. However the high pH stabilise
hydroxo aqueous complexes and consequently, the solubility does not
increase with respect the one calculated by assuming pH and carbonate as
no dependent parameters.

In Figure 11-29, we can see the effect of pH increase on the Th(OH)4(s)
solubility, when carbonate content is given by equilibrium with calcite. The
higher the pH, the lower the total carbonate content in the system.
Consequently, at the lowest pH, the solubility increases, due to the
predominance of carbonate aqueous complexes in solution.

As we can see in Figure 11-29 (dashed lines), the range of solubilities
obtained from the sensitivity analysis is 0.5 logarithmic units approximately.

However, these variations can be considered negligible in the PA exercise,
therefore, we may consider an individual solubility value independently of
the variation in the influencing parameters taken in this sensitivity analysis.
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This value may be the solubility obtained by using the reference system,
solid line in Figure 11-28.
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Figure 11-28. Solubility of Th(OH)4(s) as a function of pH, total carbonate
content and temperature variations. Solid line shows the calculated
solubilities of this solid phase equilibrated with the reference groundwater
and the Gide&/bentonite water.
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Figure 11-29. Solubility of ThOH4(s) as a function of pH, total carbonate
content given by equilibrium with calcite. Dashed lines show the interval of
solubilities calculated in the sensitivity analysis.

Uranium

According to the sensitivity analysis (Figure 11-30), they are not changes in
the solubility of UO(fuel) as a function of pH, total carbonate concentration
and pe of the system; only an slight increase has been observed, at pe=-1.
The reason is that we have studied the influence of the different parameters
under reducing conditions, therefore, U(OH)4(aq) is the predominant
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aqueous species in solution, consequently, changes in pH and in carbonate
concentration do not affect the stability of this complex. The slight increase
in the solubility observed at the highest pe taken (pe=-1) is because at this
value, a percentage of U(VI) in solution can be found, with a consequent
increase in the solubility of the solid phase considered.
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Figure 11-30. Solubility of UO,(fuel) as a function of pH, total carbonate
content, pe and temperature variations. Solid line shows the calculated
solubilities of this solid phase equilibrated with the reference groundwater
and the Gidea/bentonite water.

On the other hand, the solubility of uranium decreases when increasing the
temperature of the system.

From the sensitivity analysis, we have obtained a solubility change of
approximately 1 order of magnitude, this interval is given in Table 11-7.
However, if we neglect temperature changes, a mean value for uranium
solubility may be considered in a PA exercise. This solubility may
correspond to the solubility calculated in the reference system (solid line in

Figure 11-30).
Zirconium

As it is shown in Figure 11-31, the solubility of ZrO,(am) is not affected by
any influencing parameter considered in this exercise. This unvariation
includes calculations performed by using Gided/bentonite water. Therefore,
a solubility value may be considered in the PA exercise (solid line in the

figure).
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Figure 11-31. Solubility of ZrO,(am) as a function of pH and total
carbonate content changes. Solid line shows the mean value of the
solubility.

CHARACTERISATION OF UNCERTAINTIES

The uncertainties associated with the data can be classified as:

Uncertainties associated with natural variations in site groundwater
chemistry

This point has been previously discussed with the sensitivity analysis of the
main groundwater parameters performed in the section before.

Conceptual uncertainties of the model used to perform the calculations

EQ3NR is a speciation solubility code for modelling the thermodynamic
state of an aqueous solution. It involves an static calculation based on water
chemistry and analysis. This kind of models are better used when they are
employed to test the degree of disequilibrium of heterogeneous reactions
than when they are forced to assume that such reactions are in equilibrium.

This code package has been also verified and validated in some exercises
through inter-code comparison studies by different groups, i.e., Chemval
Project.

Calculations have been performed by using the b-dot approach (Helgeson,
1969) for the ionic strength correction. This approach is used by default by
the EQ3NR code. However, it has been considered sufficiently accurate
taking into account the low ionic strength of the groundwaters considered.

A limitation of the model found during calculations has been that a solid
phase only can be equilibrated with one component, i.e., we can not
equilibrate calcite with calcium and carbonate at the same time, in the same
input. This fact is an important constraint to simulate heterogeneous
equilibrium in natural systems. To solve this limitation, we can precipitate
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calcite until equilibrium with the EQ6 code package, otherwise in such case,
pH could not be maintained fix during the calculation.

Uncertainties associated to the thermodynamic data needed to perform
the calculations

The uncertainties associated to the thermodynamic data are primarily related
to the availability of this information. This work has been previously done
(Section 10) with the selection of both the aqueous complexes and the
limiting solid phases that were relevant to the conditions of interest.

In this sense, the selection of the solid phases given in Table 11-2 to
perform the sensitivity analysis has been based on the results previously
obtained.

Nevertheless, a lack of information has been found related to the
dependency on temperature of the thermodynamic data. In this sense,
temperature dependence has been only available for ten radionuclides, as it
has been presented before.

The temperature dependence of Nb,Os(ac) solubility constant selected in the
previous work was available in the selected database. However, this
influence has not been considered in the present study since the temperature
dependence on the solubility constant of this solid phase gave a variation of
25 logarithmic units in the solubility constant. Taking into account that the
solubility constant is an estimated value (Baes and Mesmer, 1976), we
preferred to neglect temperature dependence on these calculations.

Another important source of uncertainty in the solubilities is still associated
to the accuracy and consistency of the thermodynamic data available.
Evaluating the accuracy of thermodynamic data is a complex task, as
evidenced by the NEA/OECD effort in compiling a selected set of
consistent thermodynamic data for inorganic aqueous species and solid
phases of uranium (Grenthe et al., 1992) and americium (Silva et al., 1995).

Because such evaluations are unavailable for many radionuclides, we could
take for the purpose of this work an uncertainty of +0.5 logarithmic units in
solubility calculations associated to the inaccuracy of thermodynamic data.
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12.1

12.2

CONCLUSIONS AND RECOMMENDATIONS

In this section we will attempt to draw some conclusions and
recommendations concerning both methodological aspects of the
calculations as well as some of the implications from the calculated
solubilities.

METHODOLOGICAL CONCLUSIONS

Concerning the use of the conditional constants approach, the proposed
methodology does not substitute the use of computer aided equilibrium
calculations. However, the conditional constant calculations give a feeling
for the main chemical variables of the system, and hopefully help to
minimise the risk of running the codes beyond the helm of reality. These
calculations provide an initial insight on the sensitivity of the various
radionuclides to the variations in groundwater compositions and the
associated analytical uncertainties.

The use of information related to trace element occurrence in Natural
Systems, as well as radionuclide concentrations from spent fuel dissolution
experiments has proven to be very useful in order to bracket realistic
solubility limits for the concerned radionuclides. This approach is highly
recommended in any assessment involving trace element solubility limits.

The application of the co-precipitation/co-dissolution approaches for sub-
trace elements like Ra, Am and Cm has given more realistic estimates of
their solubilities, as compared to their occurrences in Natural Systems and
spent fuel dissolution experiments.

The evaluation of the uncertainties associated to the analytical errors in
groundwater determinations should be used to encourage better accuracy in
the analytical work, as well as to set the limitations arising the establishment
of radionuclide solubility limits. As expected, the determination of key
master variables (Eh and pH) as well as carbonate concentration, appear to
be critical.

THERMODYNAMIC DATA BASE CONCLUSIONS

The use of the EQ 3 NTB data base as main source of thermodynamic data
has been helpful. The data base has proven to be up to date and includes
many of the latest compilations done within the NEA-TDB project as well
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as the data base work done within the SKB programme. The main
amendments and modifications done have been:

— for Th(IV) the stability of the Th(OH)s(am) phase has been corrected to
be compatible with the observations from Natural Systems. The
recommended datum from Bases and Mesmer (1976) has been selected.

— for Pu(I1l), the stability of the PuCO3;" complex has been corrected, to be
compatible with the stability trends observed in other Ac(III) systems.

— for Np(IV) the non-existent Np(OH)s” complex has been removed from
the data base, to be consistent with the ample evidence from Ac(IV)-
hydrolysis studies.

COMPARISON WITH PREVIOUS EXERCISES

In the case of Ni, the solubilities calculated for Aspd groundwater are in the
same range as the ones calculated for SKB91 (Bruno and Sellin, 1992).
Berner (1994), gives a high solubility to Ni(II) for the Kristallin-I
assessment. The Ni(II) levels calculated are neither consistent with the
observed concentrations in groundwaters, nor with the reported association
to iron-sulphides in these environments. Therefore, work has to be directed
to provide the necessary data and laboratory evidence to pin down the
geochemical behaviour of Ni in granitic groundwaters. The Aspé hard-rock
laboratory would constitute and excellent site for such an effort.

The calculated Se solubilities in Aspd groundwater are in the 10710
mole-dm range, if the formation of Fe-selenides is assumed. These are of
the same order of magnitude as the ones proposed in SKB91 for reducing
groundwaters. In Kristallin-I the realistic solubilities are assumed to be in
the 10 mole-dm™ range, while conservative values are two orders of
magnitude higher. This is another trace element in which we could improve
much of our geochemical knowledge by using the Aspé laboratory as test
site, particularly at redox interfaces.

For Sr, the calculated solubilities in Aspd groundwaters show an
encouraging agreement with the measured Sr concentrations at the site. Sr
solubilities have not been previously calculated in the SKB91 or Kristallin-I

exercises.

The calculated Zr solubilities are in the range 10°-10"" mole-dm™
depending on the crystallinity of the ZrOz(s) phase assumed. Calculated
solubilities in SKB 91 (10 12 mole-dm™ ) fell w1th1n this range, while Berner
(1994) reported higher solubilities: 10 mole- dm in the realistic case,
while a conservative value of 5-10”7 mole-dm™ was given. These large
solubilities are hardly expected from Zr(IV) which has a tendency to build
very refractory phases.
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For Nb(V) the calculated solubilities in the Aspd groundwaters are higher
than the ones previously calculated for the SKB91 exercise The values
reported for the Kristallin-I exercise are one order of magnitude higher and
fall in the 10 mole-dm™ range. This is obviously due to the effect of
increased alkalinity on the calculated solubility. The calculated solubilities
are undoubtedly conservative and most probably unrealistic. Nb(V) is
another element where we could improved our knowledge by appropriate
field experimentation at Aspé.

Tc solubilities are in the same range as the ones calculated for SKB91,
under reducing conditions. The reported Tc solubilities for Kristallin-I are
one order of magnitude higher for the realistic case, in spite of the fact that
they all have been calculated by using the same basic data from Eriksen et
al. (1993).

Pd solubilities are three orders of magnitude lower than the ones reported in
the SKB 91 exercise. This is because a more crystalline Pd-oxide phase has
been used. They fall within the realistic solubility limits proposed by Berner
(1994) for the Kristallin-I case, while the 10 mole-dm™ limit was
considered by this author to be conservative. Much could be gained for this
element by field experimentation at the Asp® site.

Silver was neither contemplated in the SKB91 exercise nor in the Kristallin-
I assessment.

Tin(IV) solubilities are one order of magnitude lower than the ones
previously calculated for SKB 91. The proposed Sn(IV) solubilities for
Kristallin-I are four orders of magnitude larger, which probably reflect the
difference in crystallinity of the selected solid phase. Tin is another
candidate for a more detailed study if its solubility behaviour under field
conditions.

Samarium and Holmium solubilities are calculated to be lower in the Asps
groundwaters than in previous calculations fro SKB91 or Kristallin-I. This
is a case where our improved knowledge on REE geochemistry has
narrowed down the uncertainties from previous calculations.

The application of the co-precipitation approach to Ra(ll) solubilities has a
clear effect on getting these values closer to realistic estimates which are in
accordance to observations from Natural Systems. The same approach had
been used by Berner (1994) in his solubility calculations for Kristallin-I,
obtaining similar values.

The calculated Th(IV) solubilities are identical to the ones previously
calculated for SKB91, and in the same range as the realistic estimates for
Kristallin-1 (Berner, 1994).

The calculated Pa(V) solubilities are the same as the ones already proposed
in SKB91. However, Berner (1994) proposed a lower solubility limit based
on the assumption of congruent dissolution (co-dissolution) with
components of the glass matrix.
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Uranium solubilities are in the same range as the ones predicted for SKB91,
under reducing conditions. For the Kristallin-I exercise a realistic U
solubility limit was estimated in the same range (Berner, 1994), while a
conservative value of 10° mole-dm™ was proposed. The proposed
conservative values stems from measurements of the solubility of
amorphous UO,(s) under anoxic conditions (Bruno et al, 1986). We have
recently demonstrated that in neutral to alkaline pH values anoxic
conditions do not prevent the formation of soluble U(VI) species, and
therefore these measurements are not representative of the behaviour of U
under reducing conditions.

Np solubilities in Aspd groundwaters are in the 10" mole dm™ range, in
agreement with the previous calculations for reducing waters in SKB91.
This is a similar value to the one proposed by Berner (1994) as realistic
solubility limit for Kristallin-I.

Pu solubilities in Aspd groundwaters are two orders of magnitude lower
than the ones previously proposed for reducing conditions in the SKB91
exercise. This is the result of our improved knowledge on the evolution in
crystallinity and solubility of the amorphous Pu(IV) hydroxide. The value
proposed by Berner (1994) is two orders of magnitude larger, following our
previous estimates.

Individual Am(III) solubilities in Aspd groundwaters are in the 107
mole-dm™ range, one order of magnitude larger than the ones previously
proposed for SKB91. This is a consequence of the difference in carbonate
concentration between the two water compositions. Berner (1994) gave a
much higher solubility limit, as it is already discussed by the author this was
the result of shortcomings of the Am(III) database available at that point.
The Am(III) TDB compilation and selection performed later on by the NEA
has settled this issue in much firmer grounds (Silva et al., 1995).

The calculation of Am(III) solubility limits by assuming its congruent
dissolution with the fuel matrix results in a decreased Am(III) concentration
and a better agreement with the observations from spent fuel dissolution

tests.

Cm(III) individual solubilities in Aspd groundwaters are in agreement with
the realistic values calculated for Kristallin-1 (Berner, 1994). The
assumption of congruent dissolution with U from the fuel decreases the
predicted concentrations and is in better agreement with the measured
Cm(III) concentrations in long-term spent fuel dissolution tests.

UNCERTAINTIES CONCLUSIONS

The variability of the groundwater chemistry; pH and carbonate
concentration, and redox conditions and temperature of the system have
been considered the main factors affecting the solubilities. In this sense, a
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sensitivity analysis has been performed in order to study solubility changes
as a function of these parameters.

In summary, the following analysis has been carried out for each

radionuclide studied:

— Silver: We can consider a solubility value independently of the
variability of the influencing parameters.

— Americium: The solubility of this radionuclide changes as a function of
both pH and carbonate content approximately 1.5 orders of magnitude.

~ Curium: The solubility of this radionuclide changes as a function of both
pH and carbonate content approximately 5 orders of magnitude.

~ Holmium: The solubility of this element changes as a function of both
pH and carbonate content approximately 1.5 orders of magnitude.

— Niobium: Its solubility changes approximately 3 orders of magnitude in
the pH range studied. Nb,Os(ac) is not affected by changes in carbonate
content in groundwater.

~ Nickel: The parameter which affects in a major extent its solubility is pH.
The solubility changes 4 orders of magnitude.

— Neptunium: The solubility of this radionuclide changes around 1 order of
magnitude within the ranges of the influencing parameters taken.
Carbonate content is the parameter which affects in a major extent the
solubility of Np(OH)4(s) in the ranges studied.

— Protactinium: Its solubility is not affected by any influencing parameter
considered in this exercise.

— Palladium: This solubility is only slightly affected by pH and the
temperature of the system. Therefore, a mean solubility value can be
considered for this radionuclide.

— Plutonium: pH is the variable which affects in a major extent (around 4
orders of magnitude) the solubility of this radionuclide, by considering
the ranges of the different parameters taken in this exercise.

— Radium: It is slightly affected by pH and carbonate content in
groundwaters, a larger effect has been observed as a function of the
temperature of the system. Therefore, by neglecting temperature
variations, a mean value for its solubility could be considered.

— Selenium: pH is the parameter which affects in a major extent its
solubility, the interval of pe considered does not affect its solubility.
Solubility varies 2 orders of magnitude approximately according to the
intervals taken in the sensitivity analysis.

— Samarium: The solubility of this element changes as a function of both
pH and carbonate content approximately 2 orders of magnitude.

— Tin: SnO;, is slightly affected by pH, However, its solubility changes
dramatically when increasing the temperature of the system, another
solid phase may limit the solubility of this radionuclide at this
temperature.

— Strontium: Solubility changes due to the influencing parameters
considered, pH, carbonate content and T, are around 2 orders of
magnitude.

— Technetium: A solubility variability of 1 order of magnitude has been
obtained in the sensitivity analysis mainly due to temperature changes in
the system.
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— Thorium: Only an slight influence has been observed as a function of the
different parameters taken in this analysis, Therefore, a mean solubility
value can be considered.

— Uranium: A solubility variability of 1 order of magnitude has been
obtained in the sensitivity analysis mainly due to temperature changes in
the system. The pe of the system does not affect its solubility since we
have only considered reducing conditions.

— Zirconium: This radionuclide is not affected by any influencing
parameter considered in this exercise.
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COMPARISON OF CALCULATED
SOLUBILITIES OBTAINED BY USING THE
HALTAFALL OR THE EQ3NR CODES

Some minor discrepancies have been observed in the calculated solubilities
by using the HALTAFALL or the EQ3NR codes. These differences are
mainly due to the effect of the ionic strength correction.

As we have discussed, the aqueous and solid speciation as well as the
sensitivity analysis have been performed without taking into account the
effect of the ionic strength of the system studied by using the HALTAFALL
code (Puigdoménech, 1983). On the other hand, the solubility calculation
exercise performed by taking different groundwater compositions has been
done by using the EQ3NR (Wolery, 1992) code and by considering the
effect of the ionic strength in the system under study.

However, in some cases we have detected some large differences (Table
Ap.]) which have been atributed to the different systems considered in each

calculation.

The HALTAFALL code is very limited since it only can accept a maximum
number of nine components in the system while the EQ3NR code is
unlimited.

According to the number of components considered the speciation slightly
change due to the different reactions taken in each system. In some cases,
the different speciation is reflected with discrepancies in the calculated
solubilities of the trace metals studied, by using different codes, i.e. Sr, Nb,

Sm and Ho.

Therefore, as a final solubilities, we have taken the values obtained by the
EQ3NR code which give us a more complete and exhaustive description of
the system under study.
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Table 14-1. Comparison of calculated solubilities obtained by using the
HALTAFALL and the EQ3NR codes.

Element Solid Phase @ HALTAFALL EQ3NR % difference

(moldm™)  (mol-dm™)
Ni NiO 2.17-107 3.6810™ 41
Se FeSe 1.03-1071° 1.97:1071° 48
Sr strontianite 4.18-10™ 1.71-103 75
celestite 5.27-10% 1.13-107 53
7r ZrO,(am) 2.51-107 2.49-10° 0.8
Nb Nb,Os(ac) 8.14-107 1.96:10° 58
Te TcO,.xH,0 7.24-10° 7.14-10° 1.3
Pd PdO 4.17-10° 4.15107 0.5
Ag Ag(s) 3.37-10°0 5.28:10" 36
Sn SnO, 8.16-1071° 9.48-1071° 14
Sm Smy(CO3)s 1.80-107 7.00-107 74
Ho Ho,(CO3)s 7.18:107 2.48:10° 71
Ra RaSO, 1.40-107 2.95:107 52
Ra-SO4-cop 1.40-107"° 2.95-107"° 52

Th Th(OH)4(am) 2.40-107° 2.40-107"°
Pa Pa,0s 1.58-107 3.15-107 50
U UO,(fuel) 1.86:107 1.27-107 32
Np Np(OH), 6.92:10° 6.99-107 1.0
Pu Pu(OH), 1.51-107° 1.86:107° 19
Am AmOHCOs5 1.03-107 2.37-107 56
Cm CmOHCO; 1.02-10° 5.52-10°® 81
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