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PREFACE

This study is a part of the R & D programme for safe disposal of spent nuclear fuel in
Finnish bedrock. The programme was started by the power company, Teollisuuden
Voima Oy (TVO), and is now conducted by Posiva Oy.

This study was a collaboration between three parties: the Technical Research Centre of
Finland (VTT) Chemical Technology, the University of Helsinki Laboratory of
Radiochemistry and the Geological Survey of Finland (GSF) each of which was
responsible for certain elements.

VTT Chemical Technology:
Ulla Vuorinen Am, Np, Cm, Th, Pd, Sm, Ho and I
Torbjorn Carlsson Ni

University of Helsinki Laboratory of Radiochemistry:
Seija Kulmala Pu, Pa, Tc, Se, Sn, Nb, Zr, Cs
Martti Hakanen Ra and Sr

Geological Survey of Finland:
Lasse Ahonen Cu, Fe, Cl and C

VTT Chemical Technology (Ulla Vuorinen) was the chief editor and was also
responsible for all the modelling with EQ3/6.
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1 INTRODUCTION

In the Finnish performance assessment for safe disposal of spent nuclear fuel, TILA-99,
solubility values are needed for various elements. In this work all other radionuclides
and elements of importance, except uranium, are dealt with. Uranium solubility values
for TILA-99 are presented in an other report by Ollila & Ahonen (1998).

Both Finland and Sweden have similar disposal concepts for spent nuclear fuel. The
spent fuel is placed inside strong copper-coated (5 cm) iron canisters, which are placed
in a repository at a depth of about 500 m in the granitic bedrock. Each canister is placed
in a separate borehole bored in the bottom of the repository gallery and compacted
bentonite clay is used to seal up the space between the canister and bedrock in the
borehole. The galleries are filled with bentonite mixed with crushed rock.

In the beginning of this report the reference conditions chosen for TILA-99 are dealt
with briefly. The reference conditions cover both the near- and far-field as well as
reducing and oxidizing conditions. A more detailed presentation of the reference
conditions is found in Vuorinen & Snellman (1998). After giving the reference
conditions a general discussion on the important parameters (e.g., pH, Eh, T, limiting
solid, etc.) affecting solubility is presented. Organic complexants (e.g., humic and fulvic
acids) have not been discussed or considered in this report. Data on such species is
available only from one depth at one site (Olkiluoto) indicating low levels (0.01-0.02
mg/L) of humic acids (Laaksoharju et al. 1994).

The former recommended solubility values (Vuorinen & Leino-Forsman, 1992) that
were used in the TVO-92 performance assessment were based only on model-computed
values, the only exceptions being those elements, which did not have data in the
thermodynamic database used. Correspondingly, as for TVO-92, in this work
thermodynamic data and codes (EQ3/6) were also used to compute and evaluate some
solubility values and speciation. However, also additional data on the concentrations of
elements and their chemical homologues in natural terrestrial waters, inter alia oceans,
wells and groundwater, was looked up in the literature, but a great deal of the data was
also found in Bruno et al. (1997). Data from natural analogue sites, especially Palmottu
in Finland, and from the Finnish site investigations were used. Some laboratory
experiments were also referred to, including some more recent data on spent fuel
experiments. The radionuclides and elements to be regarded in TILA-99 have been
prioritized and only those given the highest priority were covered in greater detail. At
the outset it was also agreed to refer to more recent literature and to a few references,
Kristallin-I (Berner 1995), SR'97 (Bruno et al. 1997), SITE-94 (Arthur & Apted 1996),
dealing with relevant radionuclide solubilities concerning the Finnish performance
assessment.

The data on concentrations of elements in natural waters rarely include information
about solubility limitations, but nevertheless, are of interest as an implication of the
variations encountered in natural conditions. Such data has to be considered carefully
though and cannot be used directly to set a solubility limit, as the concentration is more
likely to be a function of availability and sorption of the element in the environment. On
the other hand, it is not justified to propose much lower solubility values unless a very
good understanding exists, and reason for scientific basis can be given. One point to be
noted here is also the data obtained by modelling, which can include an erroneous
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assumption of a solid phase controlling the solubility, e.g. high temperature phases
which do not exist or form in the anticipated conditions. The quality of published
solubility data has been investigated, e.g. by Grauer (1994, 1997).

In this work, the recommended solubility values for TILA-99 are presented. The
presented values should be regarded as the most reasonable values that could be
obtained from:

- evaluation of the available literature and
- using the present thermodynamic data for computation.

The recommended solubility values have been chosen to represent solubilities in the
reference waters at about pH 8.

Additionally it should be noted that, especially in the near-field, solubilities have
generally been assessed without considering the effect of other concurrent elements,
e.g., uranium.
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2 REFERENCE CONDITIONS AND SAFETY RELEVANT ELEMENTS

The Finnish reference conditions were chosen based on site investigation data from the
four candidate sites studied for final disposal of spent nuclear fuel; Olkiluoto in
Eurajoki, Hastholmen in Loviisa, Romuvaara in Kuhmo and Kivetty in Aanekoski.
Table 2-1 shows the composition of the granitic reference groundwaters.

Table 2-1 Composition of the granitic reference groundwaters (RE referring to
reducing conditions and OX to oxdizing conditions) (Vuorinen & Snellman
1998). (Note: Blank spaces in the Table indicate missing values =not analyzed or

included in the composition).

Depth
Eh measured
Ionic strength
PH
Alkalinity
DIC
SiO2

TOC
Ca
Na
Ms
K
Fe(tot)

Al
Mn
Ba
Sr
Cs
B
NH4

Cl
F
Br
I
NO3

NO2

PO4

S(-II)tot
SO4

H-3
U(tot)
U-234/U-238
Rn
C-14

CO2(g)
H^g)
CH4(g) _
TDS

m
mV
M

meq/L

mg/L
mg/L
mg/L
mg/L
mg/L
mg/LH

I
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

mg/L
mg/L

mg/L
mg/L
mg/L
mg/L
TU

Bq/L
pM
ml/L
ml/L
ml/L
ml/L
mg/L

ALLARD

Basic

8.3
2

8

18
52
4.3
3.9

53

9.6

=150

FRESH-RE

logpCO2=-4.0

= 0.006
8.8 ••)
1.07

0.8

5.1
52
0.7
3.9

max. 2.7 ••)
0.67
0.68
0.55
0.20
0.034

0.15
52
5.2

0.41

1.1*)
max. 3 *•)
9.6 *•)

=140

FRESH-OX

logpCO2=-3.5

= 0.006
8.4 *•)
1.49

1.4

10
52
2.8
3.9

0.67
0.68
0.55
0.20
0.034

0.15
47
5.2

0.41

1.1*)

9.6

=140

BRACKISH-RE

HH-KR3
336
-216
= 0.2
7.7
1.61
19.4
8.3
1.3
680
2 600
340
26
2.3
2.3
0.030
2.3

6.99
0.004
0.2
1.4
5 290
1.6
16
0.05
0.02*)
0.02*)

0.11
710
0.8
7.52
5.22
2 200
15
40.0 *)
1.14*)
0.003 *)
0.025 *)
=9 800

SALINE-RE

OL-KR1
613.5
-270
= 0.5
8.3
0.3

3.3
2
4 000
4 800
56
21
0.92
0.77
0.056
0.61
<0.5
35
<0.02
0.92
0.24
14 800
1.2
105
0.85
0.02 *)
<0.02 *)
0.17*)
0.03
0.84
2.8
0.02

44*)
43.6
38 ***)

26,2
=24 000

BRINE-RE

OL-KR4
861
-3#)
= 1.3
7.8**)
0.2
1
5.3

15 700
9 750
110
22
2.45
2
0.003
2.2

160
0.12
0.9
0.03
43 000
1.6
348
0.6

0.04*)
0.05
<1
0.8
0.054
1.27

3
480
0.05
268
990
=70 000

#) uncertain value due to technical problems
*) uncertain values due to analytical problems.

**) these parameters are affected by the redox buffers acting in the system.
•**) due to lack of sound knowledge
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For estimating the near-field reference conditions, experimentally measured laboratory
data of bentonite-groundwater interaction was used. Table 2-2 shows the near-field
reference waters and the range of pH values to consider. The chosen pH range is large
and is based on the variations encountered in natural groundwater and the effects seen in
the bentonite groundwater interaction experiments.

Table 2-2 First-stage composition for the two near-field reference waters (Vuorinen
& Snellman 1998). Fe and Cu are not included, as their concentrations
will be discussed in the context of the elements and their solubility values.

Eh chosen
Eh measured

pH
Alkalinity

Ionic strength
TDS
SiO2

m ...
K
Ca
Mg

Al
Mn
Ba
Sr
Cs
B

NH4

Cl
F

Br
I

NO3
NO2
PO4

s(-n)tot

so4

mV

meq/L
M

mg/1
mg/L

ff

ff

tf

- " -

ff

tr

rr

tf

ff

ff

ft

n

ft

ft

ft

ft

ft

tf

H

ff

FRESH-
NEAR-OX

Np(V)
-350-+110
7.0-10.0

7.0
=0.3

=14 500
23

4400
50
190
58
0.8
0.7
0.8
0.3
0.04
0.3

420
6.2
3.0
0.5
0.3?
0.1?
1.37

9 400

FRESH-
NEAR-RE
UO2/U4Oc,

0.2

4.0

SALINE-
NEAR-OX

Np(V)
-290-+121

7.0-9.0
1.4

=1.1
=34 500

10
12000

90
1600
340
0.2
2.6
2.7
67
0.2
1.7

17000
3.5
140
2.3

0.7?
0.1?

[_ 0.2?

3 200

SALINE-
NEAR-RE

ucyuA

0.2

4.0

?) questionable values due to analytical problems in analysis of the groundwater samples

Modelling of the chemical conditions of pore water in bentonite has given pH values
ranging from 8 to 10 (Nagasaki et al. 1994). However, also lower pH values have been
predicted by modelling, e.g., from 7.5 to 9.4 (Ohe & Tsukamoto 1996) and for Allard
water in contact with compacted bentonite the computed pH value decreased with time
to 6.8, and for Aspo (in Sweden) groundwater even lower pH values, = 6, were
predicted (Wieland et al. 1994). Nevertheless, as yet there is not a profound
understanding of the processes governing the attainment of equilibrium in the bentonite-
groundwater system (more discussion in Vuorinen & Snellman 1998). Lehikoinen et al.
(1995) have verified and discussed the modelling results and parameter selection of
Wieland et al. (1994), fully agreeing with them that no final conclusions regarding the
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validity of a near-field model for describing the interaction between bentonite and
groundwater is to be made until more experimental data for compacted bentonite-
groundwater systems is available and all the associated uncertainties are carefully
addressed.

The redox conditions were chosen so that neptunium is present as Np(V) in oxidizing
conditions and in reducing conditions uranium (IV) predominates over U(VI) and the
stability of UO2 or U4O9 can be anticipated. This ensures that, in oxidizing conditions,
all the important redox-sensitive elements are at their higher oxidation states and in
reducing conditions they exhibit the lower oxidation states.

The reference waters were chosen to bracket the conditions in the expected final
disposal conditions. It was assumed that the near-field waters would in the long run
gradually evolve towards the contacting groundwater. A more detailed discussion of the
reference conditions chosen and obtained for modelling is given in Vuorinen &
Snellman (1998). Here only a short reference is given to the approach used to deal with
the redox and saturation of calcite in the chosen pH range of =7 - 10.

Due to the choice of each reference water having a range of pH, oversaturation of calcite
occurred at higher pH values. In order to avoid having an oversaturation of calcite in the
reference waters they were equilibrated in respect of calcite. This, on the other hand,
resulted in somewhat lower values of alkalinity in the high-pH area than has been
encountered in the sampled high-pH groundwaters.

The near-field reference waters, especially fresh water, indicated a high saturation of
calcite. As presently there is not enough knowledge of the bentonite-porewater system,
the high saturation was accepted, but alongside also calcite-limited Ca and Ctot
(inorganic) concentrations were used in some cases in modelling the solubilities. The
contents of Ca and Ctot obtained in the modelled calcite-equilibrated near-field waters
are given in Table 2-3, which shows that at high pH the calcium content in the fresh
near-field water decreases to trace level, whereas in the saline near-field water very little
carbonate remains in the water.

Table 2-3 Values of pH, Ctot and Ca when assuming calcite saturation in the fresh
and saline near-field reference waters.

pH

7.3

8.1

9.0

10.0

Fresh near-1

QoJM]

7.4-10"3

4.M0"3

3.0-10"3

2.810'3

leld

Ca[M]

4.7-10"3

1.4-10"3

2.8-10-4

6 .110 5

PH
7.1

8.0

8.4

9.9

Saline near-1

C«[M]

1.4-10"3

1.9-10"

8.8-1O'5

I.3-105

field

Ca[M]

4.0-10'2

3 .910 2

3.9-10"2

3.9-10 2
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The redox potential was obtained by modelling (EQ3/6) for the chosen pH range of the
reference waters. For the far-field reference waters in reducing conditions, the redox
constraints used were based on the redox processes interpreted to occur at the
investigation sites, Table 2-4. For the near-field waters the assumed redox control was
assigned to equilibrium between magnetite (similar corrosion products are anticipated in
the corrosion of the canister, see Chapter 5) and hematite fixing the oxygen fugacity in
the system. Magnetite is stable only under strong reducing conditions and oxidizes to
hematite near the lower limit of water stability (Garrels & Christ 1965).

The redox control for oxidizing conditions was more difficult to decide upon. The
choice was made after short scoping modelling including Np, for which the predominant
oxidation state in the oxidizing reference waters should be the five state, Np(V). The
modelling exercise resulted in choosing the redox constraint to be given as the fugacity
of O2 having the value of 10"10, for all oxidizing reference conditions. This choice
resulted in high Eh values in modelling. It has to be noted though, that it was Np(TV)
phosphate complex which was very stable at low pH needing high Eh conditions before
disappearing. Some discussion on the given phosphate concentrations of the reference
waters will be presented later in this report, doubting the level for being too high.

Table 2-4 Modelled (EQ3/6) Eh values (25 °C) at the pH range considered and the
controlling redox processes indicated.

Reference water

fresh near-field oxid.

- " - red.

saline near-field oxid.

- " - red.

fresh far-field oxid.
- " - red.

brzaVish far-field red.

saline far-field red.

redox control

log fO2 = -10

magnetite/hematite

logfO2 = -10

magnetite/hematite

logfO2 = -10

sulphide/sulphate/pyrite

goethite/Fe

sulphide/sulphate/pyrite

pH

7.0 - 10.0

7.0 - 10.0

7.0 - 9.0

7.0 - 9.0

7.0 - 10.0

6.9 - 10.1

7.2 - 9.0

7.0 - 9.2

Eh[V]

0.667 - 0.490

-0.254 - -0.413

0.667 - 0.549

-0.254 - -0.373

0.667 - 0.490

-0.205 - -0.418

-0.205 - -0.343

-0.195 - -0.340

The elements to be considered in this study have been prioritized by performance
assessors. The prioritization takes into consideration the importance of the canister
materials and radionuclides and the role that the solubility limits may play in their
release and transport (Table 2-5). The solubility of uranium is dealt with in another
report (Ollila & Ahonen 1998).

Table 2-5 Prioritization of the elements for -which solubility limits are estimated.

Priority

1

2

3

Elements

U, Pu, Np, Am, Pa, Se, Tc, Pd, Sn, Ra, Nb, Zr, Cu

Cm, Th, Sr, Ni

Cs, I, Ho, Sm, C, Cl, Fe
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The choice of reference conditions in this work covers a large pH range for both the
near- and far-field waters. The recommended solubility values selected represent the
reference waters at about pH 8. The slightly basic pH values are quite common values
measured in groundwaters at the Finnish investigation sites at the depth of interest. The
uncertainties in the solubility values are largely related to the possibility of lower and
higher pH values (in the case of pH-dependent behaviour), variation in the Eh value (in
the case of redox sensitivity) and the carbonate content, but altogether element-
dependent chemical behaviour is the determining factor.
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3 FACTORS AFFECTING SOLUBILITY

The most important groundwater parameters that affect solubility are the carbonate
content and pH. Additionally, the redox state in the groundwater is essential for
elements with several oxidation states.

Temperature:

The effect of temperature on solubility primarily depends on the enthalpy change (AH)
of the solubility equilibrium. Endothermic reactions (AH°r > 0) consume heat and,
according to the principle of Le Chatelier, an increase in temperature promotes the
reaction, while exothermic reactions (AH°r < 0) behave in the opposite way. The
hydrolysis of water has a relatively high positive enthalpy (55.8 kJ/mol) and,
consequently, the activity of H+ increases with increasing temperature. Temperature has
a strong effect on pH and hence on the solubilities of hydrolyzable elements.

The temperature in the near-field of the spent fuel repository will rise to a maximum of
about 100 °C within a few decades and will then gradually decrease towards the ambient
temperature of about 15 °C within a few thousands of years (Raiko 1996). Nevertheless,
the probability of the corrosion-resistant canister leaking before cooling down is very
low.

In this work it was decided to consider only one temperature, 25°C, the reasons being
the databases used for solubility calculations, as well as the available measured data,
which more often has been measured at ambient room temperatures (~ 20 - 25°C). The
lower temperature of » 15 °C may slightly enhance some solubilities, e.g., carbonates
but more often a slight reduction in solubility is expected.

Redox potential andpH:

In natural water systems one of the most important reactions establishing pH is
dissolved CO2, which is often also the main buffering system in the pH range of most
natural waters. In some waters, the pH may be held at levels considerably below the
buffering range of dissolved carbon dioxide species by redox reactions, such as the
oxidation of pyrite. At the Finnish investigation sites, the observed carbonate contents
range from 10"4 M, or below, to 71O'3 M. The lowest values are exhibited in the most
saline groundwaters at Olkiluoto and Hastholmen. The high-pH values (= 9 - 10.2)
encountered in the Finnish bedrock groundwater samples are associated with the
presence of mafic and ultramafic rocks (Ruskeeniemi et al. 1996, Pitkanen et al. 1996a),
otherwise the pH values at the investigation sites for final disposal of spent nuclear fuel
range from about 7 to 9.

In redox reactions, electrons are transferred from one atom to another. Often such
reactions may be very slow, indicating that apart from equilibrium chemistry also
kinetics plays an important role. The kinetic processes are often mediated by bacterial
catalysis, (e.g., sulphate reduction by organic matter), which is known to significantly
increase the progress of the reactions. Some reactions do not even occur without
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bacteria. The number of dissolved redox and mineral phases whose stability is
influenced by redox conditions is overwhelming. Furthermore, many redox reactions are
also strongly influenced by pH.

In the Finnish site investigation programme, also the redox potential of various
groundwater samples has been measured, but, due to problems in the field
measurements, instead the interpreted redox conditions were relied upon and were used
here.

Important ligands in final disposal conditions:

Many ligands in groundwater are strong complexing agents, the most important ones in
the final disposal environment being hydroxide and carbonate, but to some extent also
chloride, sulphate, sulphide, and phosphate may play a part if their concentrations
become high enough. Many organic ligands are known to have strong complexing
properties, but presently specific knowledge of the amount and the nature of organic
complexing agents present in the Finnish disposal conditions is scarce. One measured
result is available from one site (Olkiluoto) at the depth of interest (« 613 m) indicating
low concentrations of humic acids (=10ppb) though (Laaksoharju et al. 1994).
Competition between the various ligands present in the considered disposal systems is
anticipated.

One of the important boundaries in the terrestrial system is the one between S(-II) and
S(VI) species. The Eh/pH diagram in Figure 3-1 (Brookins 1988) gives an indication of
the domain of the S(-II) species.
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Figure 3-1 Eh-pH diagram for part of the system S-O-H (25 °C, 1 bar) (Brookins
1988).
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It has to be noted though that only species of major importance have been included in
Figure 3-1 and those of short or metastable existence (e.g. sulphites, tiosulphites) have
been ignored. In the reducing conditions of deep disposal, sulphides and metastable
polysulphides (Ahonen 1995) may be important in affecting the speciation of certain
metallic elements (e.g., Fe, Cu, Pd and Ni).

The sulphur system has been found to be important in controlling the redox in
groundwaters at the Finnish investigation sites (eg. Pitkanen et al. 1996a).

The high concentrations of sulphate anticipated to prevail (no microbial reduction
occurring (Vuorinen & Snellman, 1998)) in the near-field reference waters may be
important in complexing some of the elements.

Phosphate complexation increased the model-calculated solubilities of some elements
provided with the appropriate data, e.g. Th and Np (more discussion is given later in the
context of the elements in question). The phosphate concentrations used in the model
calculations ranged in the reference waters from 0.17 mg/L (saline far-field water) to
1.3 mg/L (fresh near-field water). The higher values were high enough in the model
calculations to cause increased solubilities, in some cases by about an order of
magnitude.

It is known that in lithosphere, phosphorus occurs chiefly in apatite (Caio(P04)6(OH,F)2)
and on weathering, the liberated phosphate is largely adsorbed on clay minerals, which
play an important role in phosphate fixation. The strong bond of phosphate with clay
minerals and metal hydroxides, particularly iron hydroxide, as well as the biological
cycle, are the causes of the low concentrations of phosphate in groundwater (tenths or
hundredths of a milligram per litre) (Matthes 1982, Yariv & Cross 1979). Co-precipita-
tion is also a major solubility control of phosphorus (Hem 1989). Based on this
geochemical knowledge, on the observed oversaturation of hydroxy- and fluorapatites in
modelling and the the problems experienced in phosphate analysis, it was felt that the
high values are somewhat erroneous and should rather be about 0.1 mg/L (= MO"6 M).

On the role of carbonate and phosphate complexation, Johannesson et al. (1995b) have
concluded in their studies that carbonate ions at elevated concentrations serve only to
enhance the dissolved concentrations of REEs (rare earth elements) in neutral to alkaline
natural waters through the formation of dissolved REE carbonate complexes Phosphate
ions, though, tend to lead to the removal of the REEs from solution by the formation of
REE-phosphate salts. However, Byrne et al. (1991) have stated that REE phosphate
complexation is a significant process in natural freshwater systems that are neutral to
mildly basic (pH 7 - 9 ) when the concentration ratio [HPO42"]/[HCO3] is greater than
approximately MO"3.

Ionic strength:

The ionic strength of a solution is a measure of the strength of the electrostatic field
caused by the ions and can be computed from the expression
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/ Ym,Z,
2

where TM is the concentration of a given ion in M and
z is the charge on that ion.

The ionic strength can also be approximately computed from the measured specific
conductance of the solution, provided that some knowledge of the principal dissolved
species in the solution is available (Hem 1989).

The ionic strength of fresh water is normally less than 0.02, while oceanic seawater has
an ionic strength of about 0.7 (Appelo & Postma 1993). The ionic strengths of the
reference waters considered in this study range from about 0.005 for the fresh
groundwater to about 1.5 for brine. The brackish reference water has an ionic strength of
about 0.2 and the saline water about 0.5, whereas the near-field fresh and saline
reference waters have ionic strengths of about 0.3 and 0.6, respectively. Element
equilibrium in electrolyte systems is affected to some extent by medium effects, but
some of the largest changes may occur in complexation reactions. For example, apparent
complexation constants for reactions involving highly charged species can change by
several orders of magnitude if the concentration of a background electrolyte is increased
from about 0.01 mol/kg to greater than 2.0mol/kg (Lemire 1988). Even in very dilute
solutions of electrolytes, the charged ions exert long-range electrostatic forces upon one
another with the result that the values of activity coefficients are lowered. Initially, as
the ionic strength increases, the activity coefficients of ions decrease, but at still higher
ionic strengths, the activity coefficients of ions may increase or decrease (Figure 3-2),
depending on the specific ion and the nature and concentrations of other ions in the
solution (Lemire 1988).

The reference waters are electrolyte systems that strongly depart from an ideal system
(infinite dilution) in which ion concentrations can be considered equal with activities of
ions. Operational equilibrium constants obtained from the solubility experiments
performed in constant and rather high concentrations of inert ions are strictly applicable
only to solutions having the same ionic strength and solute composition as the system
that was investigated. For deviating concentration ranges, conversion of the
concentrations to activities by means of an appropriate equation and use of equilibrium
constants applicable at zero ionic strength provides the most versatile approach.

It should be remembered though, that even if a number of different electrolyte models
(e.g., Debye-Hvickel, Davies, B-dot, Pitzer) have been developed for the estimation of
activity coefficients, a self-consistent theory of ionic solutions is still to be awaited, and
until such a theory is available provisional models have to be relied upon (Grenthe et al.
1997).
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Co-precipitation:

Co-precipitation with a carrier substance is one very probable process for solubility
control of a trace element. Trace amounts of substances can be co-precipitated from
solution with a carrier, which can be physically similar in its function (chemically
indifferent), or chemically similar (isochemical) or isotopic (radionuclides) (Benes &
Majer 1980). Co-precipitation is a well-known chemical phenomenon. It is a widely
used process in chemical separations for removing dissolved chemical species of trace
elements from solution, particularly used in enrichment processes, and it is also a
process well-known in the natural environment (e.g. iron, carbonate and phosphate
precipitates). Although a well-known phenomenon, co-precipitation is encountered in
literature under a considerable number of definitions as various processes, e.g., lattice
substitution (=solid solution formation), non-lattice inclusion, and adsorptive removal
(scavenging), to name some. The definitions may also be contradictory, depending on
the scientific roots and taste of the researchers, as stated by Curti (1997).
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Not until recently has the co-precipitation of radionuclides become acknowledged as
one of the key questions in the estimation of solubilities for the performance assessment,
especially, in obtaining more realistic solubility values. It is known that solubility limits
based on pure radio-element phases easily lead to over estimations, but unfortunately,
our current knowledge of co-precipitation reactions is limited because of a lack of data.
In a recent report, Curti (1997) deals with many aspects of co-precipitation, also
pointing out that up to date there has still been very little effort to understand and
quantify co-precipitation processes, except in a few cases, e.g., Bruno et al. 1995, Bruno
et al 1996. Thus, it is obvious that much work, both experimental and model
development, lies ahead if co-precipitation is going to be seriously considered in the
estimation of solubilities of trace radio-elements in the final disposal of spent nuclear
fuel. The various processes contributing to co-precipitation can only be distinguished by
appropriate measurements. A major obstacle in the experimental work is the very small
amount of trace solids or trace elements in solids, which would have to be identified and
analyzed, but not always feasible methods are available for such measurements.

As the current situation is, estimating solubilities by taking co-precipitation into account
is difficult; a decrease in solubilities is anticipated but the magnitude of the effect is
unknown.

Colloids:

Natural waters always contain colloids, which can be inorganic or organic by nature.
Thus, many radionuclide ions, especially the transuranium ions, released from spent fuel
are expected to undergo sorption, resulting in the formation of pseudocolloids acquiring
the behaviour of the natural colloids. On the other hand, hydrolysis, which is one of the
primary reactions that accompanies the dissolution of a metal compound in water, also
produces colloidal species through nucleation or polynucleation of the hydroxide
phases. Such colloids of pure radionuclide origin are termed true colloids and those of
polymeric hydroxide phases can be very small (<lnm) and may not grow (Ann 1996).
True colloids may be formed in laboratory experiments but their formation in natural
environments is not anticipated. Colloid formation can, like complex formation, be
important in controlling solubility and should be considered, but information on the
presence of colloids and their role is often lacking or difficult to ascertain. As for co-
precipitation, at present there is not enough knowledge to take into account the possible
effects of colloids on solubility values.

It should be mentioned that colloidal forms of radionuclides might significantly affect
their transport in groundwater, if the sorption of radionuclides was irreversible, but this
would be illogical as sorption on rock has been demonstrated to be a reversible process
(Bradbury & Bayens 1997). Bentonite in the near-field of the Finnish concept is
expected to act actively as a filter for possible colloidal forms as well. As has been
mentioned before, the available data on inorganic colloids (less than = 360 ppb) and
humic acids (= 10 ppb) in Finnish groundwater (Laaksoharju et al. 1994) are indicative
of low concentrations as well as is the data on Swedish groundwater colloid properties
(Laaksoharju et al. 1995).
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Solubility-limiting solid:

The crystallinity of a solid has a significant effect on its solubility and therefore is an
important parameter when solubility is studied and measured. Often in laboratory
experiments when measuring solubility, a steady state instead of equilibrium is typically
reached, and thus the measured solubility may be clearly higher, corresponding to a less
crystalline (amorphous) phase, which will become more crystalline with time.
Especially for the highly oc-radioactive actinide solids, the ageing process involves
conflicting processes as formation of a more crystalline phase is hampered by self-
irradiation. Runde et al. (1992) addressed the somewhat larger solubility products
obtained for Ani2(CO3)3 and AmOHCC>3 solids compared with the solubility products of
respective solids of the chemical homologues, Nd and Eu, to be an effect of alpha
radiation of Am-241.

When considering the spent fuel matrix itself it can be anticipated that in the first period
the solubility of elements expected to be present as oxides in solid solution with
uranium dioxide will be limited by matrix dissolution, and only after some time will the
saturation of various secondary phases further govern their solubility.

As solubilities are also evaluated by modelling, it should be mentioned that the choice
of the solubility-limiting phase should be relevant to the conditions under consideration.
This, on the other hand, may require such knowledge, which is not always clear and
available or may also be disputable.
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4 SPENT FUEL EXPERIMENTS

Dissolution experiments with spent fuel have been conducted in several countries. Only
some experiments are presented here in order to give insight into some of the results
obtained, especially those that give information about the transuranium actinides and
their behaviour. Concentrations on some other elements (e.g. Sr, Tc and Cs) and some
transuranium actinides from the spent fuel experiments are reported in Ollila & Ahonen
(1998).

Sweden:

A recent summary report (Forsyth 1997) presents the results obtained in the Swedish
programme of corrosion studies on spent nuclear fuel, which were initiated in 1982 at
Studsvik Nuclear AB. The objective was primarily the identification of the corrosion
process in which generally the involvement of three chronological overlapping
processes are considered:

• the rapid dissolution of water-soluble fission products released to fuel fragment
and clad surfaces

• selective attack at grain boundaries giving enhanced release of the segregated
species

• and fuel matrix dissolution.
In these studies, U and other actinide as well as lanthanide concentrations were
measured. Tests were run in deionized water and the SKB reference simulated
bicarbonate groundwater. Here, only results on the actinide and lanthanide in simulated
groundwaters in oxidizing and anoxidizing conditions are considered. Some collected
concentrations for U, Np, Pu, Cm, La, Ce, Pr, Nd and Eu together with the measured pH
and carbonate content from the various test series are given in Appendix 1. Only the
maximum and minimum values have been included in the table and grouped according
to the measured carbonate content and sample series. These values were collected to
give an overview of the obtained concentrations in the tests. A clear difference was seen
between the oxic and anoxic concentrations of the redox-sensitive elements U, Np, and
Pu; one to two orders of magnitude lower concentration in anoxic conditions, while the
other elements exhibited more random differences (Appendix 1). Table 4-1 summarizes
the observed ranges.

Table 4-1 Concentration ranges in M for the actinide and lanthanide elements
measured in Studsvik spent fuel corrosion tests (Forsyth 1997).
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Werme & Spahiu (1998) point out that, in the Swedish spent fuel experiments, the data
confirms that in the absence of complexing ligands (deionized water) considerably
lower U concentrations were exhibited in the solution. The effect in the case of Np and
Pu was rather the opposite. The levelled-off concentrations were similar for both
elements; in deionized water below 10~8 M and in simulated groundwater about 10"9 M.
In simulated groundwater, due to the flowing reducing atmosphere used in one set of
experiments, carbonate precipitation and increase in pH occurred and may have resulted
in the co-precipitation of actinides with calcite. This has not yet been confirmed though.

Werme & Spahiu (1998) made a comparison between calculated solubilities of
predicted phases and the measured data in the spent fuel experiments. The calculated
solubilities were obtained with EQ3NR using SKB's database, which is based on
Nagra's database, but supplemented with other data for U, Pu and Am. In the case of Pu,
the calculated results were in fair agreement with the measured ones, even if they failed
to reflect the differences measured in groundwater, deionized water and groundwater
under anaerobic conditions. In the case of Np, the result was somewhat discouraging as
the predicted limiting phase Np(OH)4(am) overestimated the actual concentration at
least by a factor of 100. In synthetic groundwater, the calculated Am concentration was
at least a factor of 50 higher than measured in the experiments. The authors express in
their opinion that the calculations and the observations of spent fuel behaviour under
laboratory conditions must be clarified since predicted radionuclide solubilities are used
in the performance assessments, and the selection of solubilities and speciation has a
significant effect on the outcome of a performance assessment. Additionally,
experiments aimed at measuring the solubilities of actinide phases, especially those with
mixed composition in specific well-controlled systems are needed. Such measurements
will of course pose considerable analytical difficulties and be time-consuming, as the
actinide concentrations are low.

USA:

In the USA in the Yucca Mountain Project (YMP), specimens prepared from
pressurized water reactor fuel rod segments have been tested in sealed stainless steel
vessels in the Nevada Test Site J-13 well-water (composition given in Appendix 3) at
25°C and 85°C (Wilson 1990a) under ambient hot cell air conditions. After an early
peak, the actinide (U, Pu, Am, Cu and Np) concentrations declined to steady-state
levels. The rapidly reached maximum concentrations in the tests where the water-to-fuel
ratio and recharge rates were large relative to those likely to occur in a failed waste
package in the repository suggest that actinide release will be solubility-limited and not
depend on the actual dissolution rate of the fuel. No secondary phases (collected on
0.4-um filters) controlling Np, Pu, Am and Cm concentrations were identified though.
The approximate steady-state actinide concentrations measured in bare-fuel tests are
presented in Table 4-2, which also gives the computed (EQ3/6) predictions of the
concentrations.

Wilson (1990a) attributes the lower actinide content in solution at 85°C to faster
kinetics for formation of solubility-limiting secondary phases at higher temperature. The
decrease in concentration in higher temperature is more pronounced for Am and Cm.
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The measured data also suggests that a large portion of Am and Cm was associated with
suspended phases at 25°C, while no filtration effects were noted for U or Np and only a
very minor portion of Pu appeared to be associated with the suspended phases.

Table 4-2 Comparison of the measured and EQ3/6 (with 3270R13 thermodynamic
database) predicted actinide concentrations in the YMP-project in
oxidizing conditions (Wilson 1990a) inJ-13 well-water, closely resembling
Allard water (Appendix3, Table A3-1).

U

Np
Pu

Am

Cm

Measured
25°C
(0.4|im)

1.3-10"6
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schoepite

NpO2

PuO2

Pu(OH)4

AmOHCO3

Am(OH)3

*) log fO2 values in the simulation: -0.7=atmospheric

In general, the model-predicted concentration values are higher, which may partly be
due to processes such as the precipitation of Am and Cm with other trivalent light
lanthanides (inter alia Ce, Pr, Nd, Pm, Sm, Eu) present in the fuel, or actinides
precipitating at low concentrations in the uranium-bearing precipitates, or sorption on
colloids and other surfaces. Such processes were not considered in the geochemical
simulation. The increase in Np concentration with temperature in the modelling
simulation not supported by the experimental results indicates a need to critically
evaluate the thermodynamic data for Np at elevated temperatures. The computed Np
concentration was highly dependent on solution Eh and pH.

On predictive modelling, Wilson (1990a) states that it is not currently reasonable to
expect a geochemical model to accurately predict the effects of all potential
concentration-controlling processes, but neither is it practical to conduct long-term
dissolution tests for all potential fuel and solution chemistry states in the repository.
Identification of the phases and processes that control solution concentrations, and
obtaining reliable thermodynamic data for these phases and processes, are important
data needs if geochemical models are to be used to predict potential radionuclide
concentrations. Detection and characterization of actinide-bearing secondary phases may
be difficult because of the extremely small masses involved, and the precipitates formed
may also be amorphous, colloidal, or in some other less than perfectly crystalline state.

In Wilson's tests, also the more soluble fission product and activation product
radionuclides (e.g., Tc-99, Cs-137, 1-129, Sr-90, C-14) were studied and their
concentrations generally tended to increase continuously with time, the rates exceeding
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v510' of inventory per year. Only Sr showed significant indications that its concentration
was limited by solubility.

In an other test series, Wilson (1990b) used bare spent fuel specimens in J—13 well-
water in unsealed fused silica vessels under ambient hot cell air conditions (25°C).
Similar behaviour to that presented above was also found in this series. The actinide
concentrations appeared to rapidly reach steady-state levels during each test cycle. Pu,
Am and Cm concentrations were found to depend on filtration, which was more
prominent with Am and Cm, suggesting that these elements may have formed colloids.
As an additional important purpose of the dissolution tests has been to provide
validation data for computer codes being developed to simulate dissolution of spent fuel
under Yucca Mountain site-specific conditions, also the results in this test series were
compared with those calculated using EQ3/6, Table 4-3. In the calculations, atmospheric
CO2 gas fugacity was assumed. Corresponding arguments to those given above were
also presented for these results in comparison.

In both studies Wilson (1990a, 1990b) found the measured Pu concentrations to be in
fair agreement with those reported by Rai and Ryan (1982), who measured the solubility
of PuO2 and hydrous PuO2-H2O in water at 25°C.

Table 4-3 Comparison of the measured (approximate steady-state concentration) and
EQ3/6 (with 3245R54 thermodynamic database) predicted actinide
concentrations in oxidizing conditions (Wilson 1990b).
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Buck et al. (1998) have studied Np retention in uranyl alteration phases formed during
spent fuel corrosion with two types of unsaturated tests (water vapour at 90°C and
"high-drip" test). The tests were performed in oxidizing conditions with the high-drip
test continuing for nearly 5 years. The studies demonstrated that the release of Np may
be controlled by uranyl alteration phases (dehydrated schoepite, UO3-0.8H2O) formed
during the corrosion of oxide spent nuclear fuel in an unsaturated environment.
Although schoepite is only a transient phase in paragenesis of uraninite, it has been
demonstrated that the schoepite in weathered uraninite deposit has lasted for over
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250 000 years, suggesting that the retention of Np in dehydrated schoepite during
vapour phase corrosion may not be ephemeral.

Other studies:

In Germany, Loida et al. (1996) have studied the effect of iron present in anoxic
corrosion tests of high-burnup spent fuel samples in 95% NaCl solution. This solution is
not relevant for the Finnish conditions but only the effect of added iron is considered
here. Loida et al. (1996) inserted metallic iron into the reaction vessels in order to
simulate the simultaneous corrosion of iron and fuel. Throughout the experiments,
metallic iron and its corrosion products were present simultaneously. In the presence of
iron, the solution concentration of all radionuclides except Cs was found to decrease.
The strongest effect was observed for the actinide elements;

• Pu concentrations decreased by more than a factor of 100 (probably from
reduction to Pu(FV)

• Am was present in solution only in colloidal form
• Ionic Am species and Np-237 were no longer detectable in solution
• Pu-239/40 was found enriched on the corroded iron by a factor of 65 with

respect to the activities in solution
• The amount of Am-241 on the iron is 1 550-fold higher than in solution
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5 CORROSION OF CANISTER: COPPER AND IRON SOLUBILITIES

5.1 Copper

5.1.1 Corrosion of canister

Possible corrosion processes of the copper canister have been described in detail by
Ahonen (1995), including the references to the thermodynamic stability constants
presented below. It was concluded that the extent of corrosion is controlled by the
availability of oxidizers (electron acceptors) and by the availability of the chemical species
able to form thermodynamically stable corrosion products. The formation of the oxidic
corrosion product (CU2O) is thermodynamically impossible in pure water, free from
oxygen and other strong electron acceptors (Eriksen et al. 1989). The reaction is inhibited
by trace amounts of hydrogen:

2Cu0 + H2O = Cu2O + H2(aq) log K =-19.2

In oxygen-free water, dissolved sulphide is the most important corrosive agent for the
canister, and the most important corrosion products are cuprous sulphides Qi2-xS,
corresponding to the mineral phases, chalcocite and djurleite. The solubilities of these
phases are less than MO"10 M.

By assuming a redox equilibrium system with a hypothetical, infinite electron acceptor,
copper corrosion process can be defined as a function of the electron activity of the system
pE (pE = -log[e-]), or the Eh ( = 0.059 V • pE, at 25°C). The primary step of corrosion
would be the oxidation of metallic copper

Cu° = Cu+ + e" log K = -8.8

The 'solubility' of the copper canister is thus a function of pE, being less than 2-10"9 M at
all negative pE values. At pE values higher than 2.7 (Eh = 0.160 V, at 25°C), the corrosion
of copper metal would lead to the formation of divalent copper, and the 'solubility' of the
canister at pE 2.7 would be about 8-10'7 M:

Cu° = Cu2+ + 2e- log K =-11.5

However, if the salinity (chloride concentration) is very high, i.e., of the order of 1 M,
stable cuprous chloride complexes form, increasing the 'solubility' of the canister as a
function of pE by several decades. The corrosion equation is

Cu° + 3 Cr = G1CI32" + e log K25 = -3.4
logKioo = -1.8

The 'solubility' of metallic copper as a function of pE becomes high, especially at high
temperatures increasing with pE, as also noted by Beverskog and Puigdomenech (1998):

log[CuCl3
2"] = -1.8 + 3 log[Cl] + pE (at 100 °C)

There are, however, no indications of the existence of an infinite electron acceptor, which
would maintain the system at a constant equilibrium potential. The only realistic electron
acceptor available in an 'infinite' amount in the system is water. This corrosion process
was thoroughly discussed by Ahonen (1995), as well as the possibility that ferric
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oxyhydroxide would be the electron acceptor. No realistic possibilities were seen for
canister corrosion in saline solutions.

Detailed studies on the behaviour of copper and its corrosion products in crystalline
bedrock and in contact with groundwater are lacking to date. The Hyrkkola U-Cu
mineralization located in south-western Finland is assessed with reference to the
corrosion mechanisms affecting the stability of native copper and the time-scales of
corrosion processes (Marcos & Ahonen 1998). At Hyrkkola the native copper has been
(and still is) in contact with the evolving groundwater (or different groundwater-types)
over a long period of time since it precipitated within granite pegmatites about 1 700 Ma
ago. Copper sulphides, copper-iron sulphides, and copper oxides have also been (and
still are) in contact with groundwater. The present groundwater conditions are slightly
acidic and oxidizing and thus the sulphidization has occurred a long time ago.
According to the recent evaluation of U-series disequilibrium studies, the end of
sulphidization and/or remobilization of sulphide may have occurred earlier than 200 000
to 350 000 years ago, and the oxidation process may have been active since then.

5.1.2 Copper in natural waters

In the following discussion, solubility limits for dissolved copper in natural waters in
general are outlined, assuming that the availability of dissolved copper does not control the
concentration. Consequently, the following consideration does not apply to the canister
corrosion, which is dependent on the availability of an electron acceptor (oxidant) and on
the availability of chemical compounds forming stable corrosion products with oxidized
copper.

The average copper concentration in ocean water is of the order of 1-10"9 M to 1-10"8 M,
while the concentration in fresh water (e.g., rivers) is about 1 decade higher (Boyle 1979).
The average copper concentration is about 13 ppb in granitic rocks, and 110 ppb in basic
rocks (Mason 1966). The geological availability of copper in the bedrock is thus of the
same order of magnitude as that of sulphur and chlorine.

Figures 5-1 and 5-2 show the copper concentration in Finnish wells as a function of pH.
The data is extracted from the groundwater database of the Geological Survey of Finland
(GTK) (Lahermo et al. 1990). The dug wells (Figure 5-1) are normally a couple of meters
deep, excavated in the till or other quaternary material. The conditions are oxidizing and
the pH is in most cases near the neutral region. Usually these near-surface waters are fresh
and their content of total dissolved solids (TDS) is low (the median value of the measured
electrical conductivity in till-hosted wells is 19.5 mS/m and 32.7 mS/m in clay-hosted
ones). Increasing residence time (and the decreasing particle size of the mineral material)
increases TDS and, at the same time, also the pH of the water increases. Thus, it can be
concluded that the waters with the highest TDS and pH are closer to the equilibrium with
the mineral material. Consequently, here only the quartile with the highest TDS
(corresponding to electrical conductivity of 26.0- 800.0 mS/m) is plotted in Figure 5-1,
which shows Cu concentrations in the more evolved waters as a function of pH.
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Figure 5-1 Copper concentration in Finnish dug wells as a function of the pH
(Lahermo et al. 1990). The line indicates the solubility limit of CuO
assuming that [HCO3] = 10"3. Only the quartile of wells with the highest
TDS (corresponding to electrical conductivity of 26.0 -800.0 mS/m) is
included.

Drilled wells (Figure 5-2) generally reach a depth of some tens of meters in the crystalline
bedrock. As a rule, water in drilled wells has a higher pH and the TDS is slightly higher
than in the dug wells. Drilled wells may have slightly higher copper concentrations than
dug wells, possibly indicating that the residence time of water (time for water-rock
interaction) may have an effect on the copper concentration. The fresh oxidizing
groundwaters in contact with native copper at depths of about 30 - 70 m in the Hyrkkola
(Marcos & Ahonen 1998) study site have copper concentrations similar to those in typical
Finnish drilled wells (Figure 5-2), in which the mean value is 0.4 \iM and the median
value is 0.14 ^M (Lahermo et al. 1990).

There is little data on copper concentrations in deep saline waters. This is at least partially
due to the low concentration of copper, which made it impossible to analyze before
modern analytical techniques. During the hydrogeological studies of the deep drillholes in
the Mantsala gabbro (Ruskeeniemi et al. 1996), copper was also analyzed. The copper
concentration in the upper, fresh drillhole water is about 4-10"7M, but decreases with
depth with increasing salinity and pH to about 510'8 M (Figure 5-3). It is thus evident that
the copper concentration in this water is limited by its solubility. The observed decrease in
copper concentration can be due either to the increase in pH or due to the more reducing
conditions deep in the bedrock. Data from a near-by drillhole (Mha-2) indicates that the
copper concentration decreases with increasing depth with more reducing conditions even
if the salinity and pH remain about constant.

Deep saline waters studied within the site selection programme of Posiva mainly have
copper concentrations below
(Vuorinen & Snellman 1998).
copper concentrations below M0"7 M, with the highest values at about 2-10'7 M
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Figure 5-2. Copper concentration in Finnish drilled wells as a function of the pH
(Lahermo et al. 1990). The line indicates the solubility limit of CuO
assuming that [HCOj] = 10~3. Open circles indicate copper
concentrations analyzed in drillholes of the Hyrkkold native copper
occurrence (Marcos & Ahonen 1998).
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Figure 5-3. Copper concentration in nM (•), sulphate (in yM, u), chloride (in mM, A)
andpH as a function of depth in the deep drillhole (Mha-1) in the Mdntsdld
gabbro, Southern Finland (Ruskeeniemi et al. 1996).
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5.1.3 Copper solubility and speciation

In this section, the solubility of copper is estimated, mainly based on the analyzed
concentration presented in Ch 5.1.2.. The maximum concentration of copper possibly
released from the copper canister was discussed earlier in Ch. 5.1.1.

Copper has two common oxidation states, cuprous Cu(I), and cupric Cu(II). At high
copper concentrations (about M0"5M), Cu(I) becomes unstable and disproportionates to
Cu(II) and metallic copper. Cupric copper has a strong tendency to form complexes with
carbonate and ammonium. Many organic ligands also form strong complexes with Cu(II).
Cuprous copper (Cu(I)) has a strong tendency to form complexes with chloride. In basic
solutions Cu(IT) hydrolyzes, while Cu(I) forms hydroxide complexes only at high
temperatures. In fresh waters, free from organic ligands, Cu(H) predominantly forms
carbonate complexes (Figure 5-4).

o
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2"

CuCOs° ^

y S Cu(OH)2
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Figure 5-4. A speciation diagram for the system Cti2* - H2O - HCO3. Predominance
boundaries are based on the thermodynamic data presented in Ahonen
(1995).

In sulphide-free fresh waters, copper solubility may be controlled by hydrolytic
precipitation as Cu(OH)2(s) or as the dehydrated form CuO, having the mineral name
tenorite. The more soluble greenish carbonate mineral (malachite) is also commonly
observed as a corrosion product of copper in contact with the atmosphere, but both
minerals are rare in the bedrock. The solubility of tenorite, which is much lower than that
of malachite, can be approximated by the equations

Thus
and

pH<7.9:
pH>7.9:

atpH<7.9
atpH>7.9

CuO + 2H+ + HCO3" = CuHCO3
+ + H2O log K = 11.7

HCO 3 =CuCO 3 °(aq) + H2O l o g K = 3.8

log [CuHCO3
+] = 11.7 + log[HCO3'] - 2 p H

log [CuCO3°(aq)] = 3.8 + log[HC03~] - pH
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The solubility limit defined by these equations was drawn in Figure 5-1. The most copper-
rich well-waters seem to have concentrations approaching equilibrium with tenorite. The
mineral tenorite (CuO) fits well to represent the solubility-controlling phase for copper in
oxidizing conditions. In the drilled-well data, there are copper analyses indicating
oversaturation with respect to CuO. These may be explained by the erroneous value of pH
due to CO2 degassing after sampling, because in some cases only the laboratory-measured
pH value was available.

In the system Cu(I) - H2O, the solubility-controlling solid phase is G12O (cuprite). In the
absence of chloride, dissolved Cu(I) is predominantly uncomplexed. In pure water the
solubility of cuprite is dependent on pH

log K =-1.55

Thus log[Cu+] = -1.55/2 - pH

At chloride concentrations of M0"3M and higher, chloride complexes increase the
solubility of G12O. The copper solubility and speciation in sulphide-free water is shown in
Figure 5-5. In very saline waters copper is soluble up to concentrations of the order of
MO"3 M at a pH of about 7 - 8 , meaning that hydrolytic precipitation would not occur.

0.01 -a

o

10-4 0.001 0.01 0.1 110-5

Figure 5-5 C112O solubility in activity unit (solid line) in sulphide-free water as a
function of total Cl activity, • = Palmottu deep drillhole (containing
sulphide). Dotted curves indicate the distribution ofCu(Cl)n '" (n is shown in
the figure) The analytical detection limit is indicated by the broken line. The
algorithm used to calculate the diagram was presented in Ahonen (1995).

Deep, saline, reducing waters probably also contain sulphide. In the presence of sulphide,
copper may precipitate as cuprous sulphide, chalcocite (Q12S). The solubility of chalcocite
is extremely low



35

Cu2S + H+ = 2Cu+ + HS" log K = -34.1

Thus the solubility decreases with increasing pH and increasing sulphide concentration

log[Cu+] = -17.05 - 0.5 log [HS"] - 0.5 pH

Chalcocite is insoluble even in concentrated chloride solutions (Figure 5-6). However, the
observations indicate that sulphide-bearing waters can be clearly supersaturated with
respect to chalcocite. Consequently, cuprous oxide (G12O) is a more realistic solubility-
controlling phase even in sulphidic waters. The formation of cuprous oxide takes place via
hydrolytic reactions also in reducing conditions, thus only requiring the presence of water
molecules, while the precipitation of cuprous sulphide may be kinetically inhibited at low
temperatures and low sulphide concentrations.
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Figure 5-6 C112S -solubility in activity unit (solid line) as a function of total chloride
activity in the presence of 104 M sulphide. • = Palmottu deep drillhole
(containing sulphide). The dotted curves indicate the distribution of
Cu(Cl)n '" (n is shown in the figure). The analytical detection limit is
indicated by the broken line. The algorithm used to calculate the diagram
is a modification of the one presented in Ahonen (1995).

5.1.4 Recommended solubility values and conclusions

In oxidizing conditions, cupric oxide (CuO) is the most realistic solubility-controlling
phase. The choice is mainly based on the observed fit with the copper concentrations in
natural waters. The solubility of cupric oxide is dependent on pH. In reducing conditions,
cuprous (O12O) oxide is the solubility-controlling phase. In the reducing, sulphidic
conditions of the near field, the solubility of oxidized copper metal is controlled by G12S,
which is very insoluble.
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Recommended values

In all oxidizing and reducing waters waters having a chloride concentration less than about
10 mM the recommended solubility values are those defined by the solubility of cupric
and cuprous oxides, respectively:

Oxidizing (CuO) Reducing (Cu2O)
pH7 H0-6M 2-l(r8M
pH8 H0"7M 2-10'9M
pH9-10 5-10-9M 2-10-10M

In chloride-containing reducing waters the solubility of copper increases remarkably, due
to the formation of cuprous chloride complexes. The solubility of copper is dependent on
the chloride concentration and pH:

0.1 M (CT) 0.5 M (Cl") 1-2 M (CQ
pH7 510'5M ~540^M 110"2M
pH8 510"6M 510"5M 110"3M
pH9-10 5-107M 5 1 0 ^ l lO^M

The solubility of copper in reducing, sulphidic conditions is less than 1-10"10 M, if cuprous
sulphide is the solubility-controlling phase.

5.2 Iron

The release of iron from the near-field materials is discussed in the following, mainly
based on theoretical calculations. Subsequently, the behaviour of dissolved iron in the
far field is discussed based on the comparison of the observed iron concentrations in
natural waters and theoretical thermodynamic calculations. The thermodynamic data
used is consistent with that of the database SR '97. The data for minerals not included in
the SR '97 database is taken from Robie and Hemingway 1995, if not otherwise
indicated.

5.2.1 Iron corrosion

In contrast to metallic copper, the corrosion of metallic iron is thermodynamically possible
in oxygen-free water. In the case of failure of the copper canister, the inner iron canister
corrodes forming ferric and or ferrous compounds. The corrosion product may be ferric-
ferrous oxide, represented here by magnetite. Anoxic corrosion of iron may take place as
follows

3Fe° + 4 H2O (1) = Fe3O4 + 4 H2 (aq) log K = -1.2

The reaction may proceed, if [H2 (aq)] < 0.5.
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Magnetite - like hematite - is a common high-temperature rock-forming mineral, but
generally not considered to be able to precipitate at low temperatures. These oxides may
affect the near-field redox conditions. The dissolution of magnetite releases both tri- and
divalent iron, in the pH range from 7 to 9 and at alkalinity of less than about 2-10"3

equivalent.

Fe3O4 + 2 H+ + 2H2O = Fe2+ + 2 Fe(OH)3 (aq) log K = -15.1

Thus log[Fe2+] + 2 log[Fe(OH)3(aq)] = -15.1 - 2 pH

According to the stoichiometry, [Fe(OH)3(aq)] = 2[Fe2+]

log[Fe2+] + 2(log2) + log[Fe2+] = -15.1 - 2 pH

log[Fe2+] = -5 - 2/3 pH and Fe (aq,tot) = 3 [Fe2+]

pH7, Fe(aq,tot) = 6-10-10M
pH8, Fe(aq,tot)=11010M

Magnetite is insoluble in water. It is also known to be resistant against oxidative corrosion,
being commonly found as detrital grains in sand. The near-field release of iron, if
controlled by the solubility of magnetite, is extremely low. The formation of a variety of
other solid corrosion products is also thermodynamically possible, for example, iron
monosulphide in reducing conditions

2Fe° + 2HS" = 2FeS + H2(aq),

The release of iron into the water phase is controlled by the solubility of the solid
corrosion products. The solubility of iron monosulphide - which is discussed in Chapter
5.2.3 - is much higher than that of magnetite. The molar volumes of these oxidic and
sulphidic corrosion products are about 2 times and 2.5 times the molar volume of iron
metal, respectively.

5.2.2 Iron in natural waters

Iron is the sixth most common element (1.4 weight-%) in the average granitic crust of
the earth, while the concentration of dissolved iron in different regimes of hydrosphere
is low. Iron has two common oxidation states (ferrous Fe(II) and ferric (Fe(IH)). Ferrous
iron is easily oxidized by oxygen and other oxidizers. Ferric iron has a strong tendency
to hydrolyze and precipitate as ferric hydroxide and oxyhydroxide. In general, the
solubility of ferric iron is lower than that of ferrous iron.

According to Mason (1966), the average iron concentration in seawater is about 2-10*7 M.
This value, however, probably also contains suspended colloidal ferric iron, and represents
near-shore conditions. The concentration of iron in seawater is known to decrease with
increasing distance from the shore (Wu and Luther 1996). The off-shore concentrations of
iron in filtered seawaters are of the order of 110'9 M (e.g., Wu and Luther 1994). Iron has
an essential role in the biochemical processes. In the near-surface seawater, uptake by
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phytoplankton is an important factor that affects the iron concentration (Behrenfeldt et al.
1996).

The average iron concentration in river waters and springs is of the order of M0"5M
(Mason 1966, Lahermo et al. 1990). In the bedrock groundwaters with a pH of about 8 or
higher, the iron concentration is in most cases below the detection limit (generally about
10'7 M).

Figures 5-7 and 5-8 show the iron concentrations in Finnish wells and drillholes as a
function of the pH. The data is extracted from the groundwater database of the Geological
Survey of Finland (GTK) (Lahermo et al. 1990) and from the database obtained in the
Posiva site studies (Pitkanen et al. 1994,1996a, 1996b, 1998).

In Figure 5-7 (corresponding to the copper Figure 5-1) the iron concentration of Finnish
dugg wells is plotted against pH. According to the same principles as given in the context
of copper (Ch. 5.1.2), the same quartile of the database (Lahermo et al. 1990) with the
highest TDS values (corresponding to electrical conductivity of 26.0 - 800.0 mS/m) was
used. The concentration of iron was of interest in the more evolved waters closer to
possible equilibrium concentrations.

Figure 5-7 Iron concentration in Finnish dug wells as a function ofpH (Lahermo et
al. 1990). The curve and line approximately indicate the solubility of a)
Fe(OH)3 and b) FeCOz, respectively (see text for discussion). Only the
quartile of wells with the highest TDS (corresponding to electrical
conductivity of 26.0 -800.0 mS/m) is included.
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Posiva's site data (Figure 5-8) (Pitkanen et al. 1994, 1996a, 1996b, 1998) comprises a
wide range of natural water samples from near-surface (fresh, acidic waters in soil and
shallow boreholes) to very deep (1 000 m) saline bedrock waters (pH around 8).
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Figure 5-8 Measured iron concentrations as a Junction of pH from Posiva's site
investigation studies (Pitkanen et al. 1994, 1996a, 1996b, 1998). The three
lines depicted approximately indicate the solubilities of A) Fe(OH)3, B)
FeCO3 and C) FeS ([HS]~ = Iff6) (see text for discussion).

5.2.3 Iron solubility and speciation

Ferric iron is the predominant dissolved form only in extremely oxidizing conditions. In
the pH range from 7 to 9, the solubility of ferric iron is determined by the solubility of
ferric hydroxide, oxyhydroxide or oxide phases, which can be considered members of a
dehydration sequence as follows:

Fe(OH)3(s) = FeOOH + H2O = 0.5Fe2O3 + 1.5 H2O

Formally, the same solubility equation can be applied to all these phases, if the activity of
water is assumed to be 1. The solubility products for ferric oxyhydroxide minerals fall
within the range 37.3 < pKs < 44.1 (Grenthe et al. 1992, and references therein). Thus, the
solubility of ferric iron can be approximated as follows (7 < pH < 9)

Fe(OH)3(s) =Fe(OH)3(aq) log K«-7.9 => log K«-14.7
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The solubility of the predominant ferric form thus varies approximately between MO8 M
and 2-10"15M, the fine-grained freshly precipitated Fe(OH)3(s) being the most soluble
phase and hematite (F^Oj) being the most insoluble one. During ageing and
recrystallization to thermodynamically more stable phases (e.g., goethite, lepidocrocite),
the ferric iron concentration will decrease. At a pH of below 7, the predominant ferric
species is Fe(OH)2+, and the solubility of ferric iron increases by one decade for each unit
decrease in pH

Fe(OH)3(s) + H+ = Fe(OH)2
+ + H2O

As for the above-mentioned reaction, the stability constants for this reaction vary from log
K= -1 to log K = -7.8 depending on the solid phase considered. The maximum solubility is
thus

log [Fe(OH)2
+] = -1.0 - pH (=> pFe(m)« pH + 1)

The solubility of ferric hydroxide in the form of dissolved ferric species is approximately
presented as a curve in Figures 5-7 and 5-8. The solubility was exaggerated by using the
pKs -value of 37.0 instead of 37.3 for the most soluble ferric hydroxide. Thus, also the
contribution of minor ferric species was accounted for. It can be seen from the Fe(OH)3(s)
solubility curve in Figure 5-7 that many of the dug well-water samples are clearly
supersaturated even with respect to the most soluble ferric hydroxide precipitate, if
dissolved iron is in ferric form. This is in agreement with the observation that iron-rich
well-waters tend to acquire a brownish hue when in contact with the atmosphere.

Ferric iron has a very strong tendency to hydrolyze; hydrolyzed species Fe(OH)3(aq) can
further polymerize to macromolecules forming ferric colloids before precipitation of
Fe(OH)3(s). On the contrary, the hydrolysis of ferrous iron only takes place in very
alkaline (pH >9.5), carbonate-poor waters. Ferrous iron has a tendency to complex with
bicarbonate and carbonate ions. At chloride activity higher than 1O~078, ferrous chloride
complex prevails.

The speciation of ferrous iron is presented in Figure 5-9. It can be seen from the diagram
that FeCO3(aq) becomes the predomim
equivalents and pH higher than about 8.5.
that FeCO3(aq) becomes the predominant ferrous species at an alkalinity of 2-10"3

Small amounts of ferrous carbonate, siderite has been occasionally found in detailed
fracture mineral studies. It is also known that low-temperature calcite can contain up to
about 5 mole-per-cent iron as a solid solution (Chang et al 1996). The solubility of siderite
is defined by

FeCO3(s) + it = Fe2+ + HCO3\

According to the solubility studies of solid ferrous carbonate (Bruno et al. 1992, and
references therein), the stability constant for this reaction is log K « -0.5 ± 0.2. The
solubility of ferrous iron from siderite is thus a function of bicarbonate activity and pH

log [Fe2+] = -0.5 - log[HCO3"] - pH
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This solubility boundary is depicted in Figures 5-7, and 5-8. At about pH = 9 and [HCO3~]
= 10"3, FeCO3(aq) becomes predominant, and the iron carbonate solubility is determined
by

FeCO3(s) = FeCO3(aq), log K =-6.45

giving a non-pH-dependent solubility of about 4-10"7 M.

Figure 5-9
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Speciation of ferrous iron as a function ofpHand total carbonate (log-
activity). The dotted line shows the predominance area of ferrous
chloride complex ([CT] = 1). Thermodynamic data defining the
predominance boundaries is given in the table below.

Fe'* +HCO3'

FeHCO3*

Fez* +HCO3'

Fe"* + W2O

FeOhf+HCOj

FeOhf + H* + CO3~

Fe~ + CT

Reaction

FeHCO3*

= FeCO3 (aq) + hT

= FeC03 (aq) + ht

FeOH* + H*

= FeCO3 (aq) + H2O

= FeCO3 (aq) + H2O

= Fecr

LogK

LogK

LogK

LogK

LogK

LogK

LogK

logK

2

-7.95

-5.95

-9.5

3.55

73.88

0.78

In Figure 5-10, the relationships between ferrous carbonate, ferric oxyhydroxide and
dissolved ferrous iron are shown as a function of pE and pH. The solubility limits
between the solid phases and the dissolved ferrous iron were drawn for ferrous iron
concentrations of MO"6 M and 1-10"5 M. The solid phases considered were ferric
hydroxide (pKs = 39) and ferrous carbonate (pKs = 0.5).



42

As indicated by the figure, ferric hydroxide is the thermodynamically favoured solid
phase at high redox-potentials. In oxygenated groundwaters, ferric hydroxide is the most
probable solubility-controlling phase for iron. The oxidation of ferrous iron to ferric
hydroxide requires an effective electron acceptor as a rule, and only free oxygen may be
considered. In the absence of a strong oxidant, iron remains in ferrous form, and the
probable solid to precipitate is iron carbonate.
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Figure 5-10 pH^pE diagram for iron at 25° C, [HCO3] - 10~3. The phase boundaries
between solid and solution are drawn for soluble Fe(II) concentrations of
Iff6 M (solid line) and Iff5 M (hatched line) The solubility product (pKs)
for the Fe(0H)3 phase is 39. The phase boundaries were calculated from
the following three equations:

Fe(OH)3
 J

FeCO3 +

FBCO3 +

t-3H* + e-

3H2O

Reaction
Fe'* + 3 H2O

Fe'* +HCO3,

Fe(OH)3 + HCO3- + 2H* + e-

LogK

LogK

LogK

logK
16.0

-0.5

-16.5

In very reducing conditions, sulphide-bearing groundwaters are often encountered; in
the presence of dissolved sulphide, ferrous iron precipitate as iron monosulphide (FeS).
Like the rock-forming mineral pyrrhotite (Fei.xS), iron monosulphide precipitate may
also be iron-deficient (e.g., greigite Fe3S4). Iron monosulphide solubility is given by

pH > 7 FeS + HT = Fe2+ + HS"
pH < 7 FeS + 2H+ = Fe2+ + H2S

pH > 7 log[Fe2+] = -3.9 - logtHS"] - pH
pH < 7 log[Fe2+] = 3.1 - log[H2S] - 2pH

logK = -3.9
logK= 3.1
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[HS-] = 1 0 6 :
[HS-] = 1 0 6 :
[HS-] = 1 0 6 :

pH
pH
pH

6.5
7
9

=>
=>
=>

[Fe2+]
[Fe2+]
[Fe2+]

= 1.3-
= 2.5-
= 1.3-

lO"4

io-5

io-7

The FeS solubility limit is presented in Figure 5-8. Iron monosulphide has not, however,
been commonly observed as a secondary precipitate in contact with groundwaters, while
the iron disulphide pyrite (FeS2) is a common fracture mineral in crystalline rocks. Iron
monosulphides are commonly found in sulphidic sediments rich in organic material
(e.g., Berner 1981). Pyrite probably forms as a result of the mild oxidation of the
sulphide entity to disulphide (Rickard & Luther 1997). Pyrite is much less soluble in
water than iron monosulphide. Due to the instability of the dissolved disulphide entity,
non-oxidative dissolution of pyrite would lead to a disproportion of disulphide to
sulphide and elemental sulphur

FeS2 + IT = Fe2+ + S° + HS' log K = -17.6

Pyrite is practically insoluble in reducing conditions

log[Fe2+] = -17.6 - log[HS] - pH

Maximum solubility is obtained, if the system is free from hydrogen sulphide, except for
that released in dissolution. Then

log[HS] = log[Fe2+] and log[Fe2+] = -8.8 - 0.5pH

Pyrite is insoluble, even in strong, non-oxidizing acids (pH = 0).

High salinity has only a minor effect on the iron monosulphide solubility;

FeS + H+ + Cl" = FeCl+ + HS" log K= -3.12

log [FeCl+] =-3.12 - log [HS] - pH

By assuming [Cl]=l and [HS-] = 10"6 at pH 7 => [Fe2+] = 1.5 10"4

5.2.4 Conclusions and recommendations

The recommended solubility-controlling phase for iron in oxidizing conditions is ferrous
carbonate, even though the less soluble ferric hydroxide is the phase most probably
precipitating in oxygenated waters.

The main reasons for the choice are: 1) many of the studied shallow well-waters seemed to
indicate supersaturation with respect to ferric hydroxide, even while the redox conditions
in shallow wells are considered to be oxidizing (however, there are very few reliable redox
measurements available); 2) even though a system may have attained (soluble) ferrous iron
- (solid) ferric hydroxide equilibrium, the addition of more ferrous iron would not
necessarily cause precipitation of ferric hydroxide, if the addition of more oxidant were
not to have taken place at the same time.
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In reducing sulphidic environments, iron monosulphides are the probable solubility-
controlling minerals of iron. The solubility of iron monosulphide is of the same order of
magnitude as that of ferrous carbonate, if the sulphide concentration of the water is about
MO"6 M, and the solubility decreases with increasing sulphide concentration.

The solubility of iron is mainly a function of pH. Ferrous carbonate or ferrous
monosulphides are the solubility-controlling phases both in oxidizing and reducing
conditions. A decrease in bicarbonate and increase in sulphide slightly decrease the
solubility.

Recommended solubility

AtpH = 7 3-10"5MasFe2+

AtpH = 8 SlO^MasFe2*
AtpH = 9 4-10"7MasFe2+



45

6 MODELLING (EQ3/6) OF SOLUBILITIES - GENERAL ASPECTS

Solubility and speciation calculations in the various reference conditions were carried
out with the EQ3NR code (Wolery 1992a) in the geochemical software package EQ3/6
(Wolery 1992b). The EQ3NR code computes an aqueous speciation-solubility model for
a system of interest. The code version used was 7.2b. All solubility calculations were
carried out at the temperature of 25 °C.

The correction to ionic strength was made using an expanded version of the extended
Debye-Hiickel equation, the B-dot equation (Wolery 1992a),

iogr,=

where y stands for the activity coefficient for the /-th species,
z refers to charge, /denotes ionic strength,
a represents * 's hard-core diameter,
Ar and By are the temperature-dependent Debye-Hiickel parameters,

B refers to the temperature-dependent B-dot parameter.

The expansion in the equation is the term h I. This equation is useful only for relatively
dilute solutions (1=1 molal).

Most of the reference waters considered in this study are sufficiently dilute. Only the
saline and saline near-field reference waters have somewhat higher ionic strengths,
-0.5-0.6 M. The data files included in the EQ3/6 code package also include two
alternative thermodynamic databases for the use of Pitzer coefficients to calculate the
activity coefficients for high ionic-strength solutions. The use of these databases is
limited because of the lack of relevant data for most actinide and fission-product
species. Hence, also solubility in the saline near-field conditions was calculated using
the B-dot equation with the supporting database. These solubility values must be
considered with some regard.

Pearson & Berner (1991) have made some comparisons between the various equations
usually used in geochemical codes for calculating the activity coefficients. Figure 6-1
shows calculated logy values for Cl" and Mg2+ versus ionic strength (mol/kg), which
gives some idea of the differences, brought about by using differing activity coefficient
calculation. The upper figure shows that for Cl" there is quite good agreement between
the Pitzer, WATEQ, and B-dot equations at all ionic strengths, whereas for Mg2+ the
Pitzer and WATEQ equations agree well, but the B-dot and extended Debye-Huckel
equations give lower values at higher ionic strengths. Comparing the calculated logy
values around 1.1 molal solution, no great deviations are seen between the values
obtained by using the Pitzer or B-dot equation.

Much criticism has in recent years been directed towards the quality of thermodynamic
data and the concept of estimating radionuclide solubilities based on thermodynamic
equilibrium calculations using pure phases as solubility-controlling solids. The criticism
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is justified, but on the other hand, our limited knowledge (e.g. of solid solutions) does
not allow much scientific improvement at this stage.
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Figure 6-1 Variations of the activity coefficients for CT (upper) and Mg2* (lower)
calculated using various equations (Pearson & Berner, 1991).

All thermodynamic data is uncertain to some degree and much data is missing. This has,
in recent years, brought about much effort, on an international level (Organisation for
Economic Co-operation and Development/Nuclear Energy Agency, OECD/NEA) to
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improve the quality and consistency of the databases, but also on a national level to
produce new data, e.g. for higher ionic-strength systems, reducing systems and organic
complexes. As new data and knowledge is appearing continuously, there is a need to
update the existing databases; fortunately such updating work is also included in the
NEA-TDB-project.

Evaluation of the thermodynamic data used was beyond the scope of this work, but
some discussion will be provided later in the context of the calculated solubility values,
and when available the NEA-TDB was used (in this work only Am). Otherwise, no
standpoint is taken on the quality of the data in the two thermodynamic databases used.

The two thermodynamic databases used in modelling were:
1. DataO.com.R2 generated by GEMBOCHS.V2-JEWEL.SRC.R3 02-Aug-1995, which

is the accompanying database in the EQ3/6 code package (Wolery 1992b). The
dataO.com.R2 file including 79 elements, 971 aqueous species, 941 minerals,
1 liquid, 87 gases and 12 solid solutions is quite comprehensive and hence applicable
for use in modelling solutions of compositional complexity.

2. SR '97-TDB, an extended and updated database by Bruno et al. (1997 and references
therein), which is modified from the Nagra PHREEQE Database File
NAG_CP02.PQD FJP 4—Aug-1994 generated by CV_2EQ3 8-Aug-1994 (Pearson,
Jr. & Berner 1991, Pearson, Jr. et al. 1991). The main deviations from the Nagra
database are

• the incorporated data for Np (In Bruno et al. 1997: Eriksen et al. 1993)
and Cm (In Bruno et al. 1997: Cross & Ewart, 1989),

• the extracted data for Am from the NEA compilation (In Bruno et al.
1997: Silvaetal. 1995),

• the data for Sm and Ho (Spahiu & Bruno, 1995),
• the revised data for Th by combining aqueous species from the Nagra

database and solid phases from Hatches v.7.0 database (In Bruno et al.
1997: Cross & Ewart, 1989) and selecting thermodynamic data for
phosphate complexes from experimental work by Osthols (In Bruno et
al. 1997: Osthols 1994)

Two databases were used because the first one did not include any data for Cm, Ho, and
Sm. Another reason was to gain comparative results. The calculated results between the
two databases exhibit different solubility values and speciation. In Appendix 2 some log
K values for the phosphate and hydroxide species of Np, Pu, U and Th in the two
databases are presented. (NOTE: Some of the presented log K values in the two databases for
the same species exhibit quite large differences because the corresponding reactions in the two
databases are not equal. In this work, however, no measures could be taken to clarify what the
corresponding log K values would be.)

When modelling Np solubility, the aqueous species Np(OH)5" was omitted from the
model, because no evidence of such a species existing has been gained in the
experimental works by Pryke & Rees (1986) and Rai & Ryan (1985). The corresponding
species of uranium is lacking in the evaluated (NEA) uranium database (Grenthe et al.
1992). By analogy, when computing Pu solubility, the corresponding Pu(OH)5" species
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was not included in the model. Omitting Pu(OH)s" and Np(OH)s" in computing does not
necessarily improve the aqueous speciation model of Np and Pu, even if agreement
between the experimental and computed values is improved, Figures 6-2 and 6-3,
(Arthur & Apted, 1996).
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In both figures, inclusion of the pentahydroxide anion in the model overestimates the
computed Pu(0H)4 and Np(OH>4 solubilities compared with the experimental values.

In order to determine the solubility of an element, it is not enough to model the system
with a geochemical code and a more or less arbitrarily chosen set of data. It is important
to realize that even the most accurate thermodynamic database may lead to erroneous
solubility limits for an element, if data for the actual solubility-limiting phase or data for
relevant aqueous complexes is missing. Therefore, estimation of solubility cannot solely
rely on modelling. Additional data has to be collected from natural groundwaters and
experimental studies.

Note: The discussed speciation in the context of the computed results refers to the
EQ3/6 DATA0.COM database if not otherwise noted in the text.
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7 SOLUBILITY OF FIRST- PRIORITY ELEMENTS

7.1 Americium

Americium exhibits several oxidation states (HI, IV, V, VI, VII) of which only the
trivalent state is stable in aqueous conditions. Most knowledge of Am complexes is
related to the trivalent state, and the stability of Am3+ complexes in many cases is
similar to that of complexes of lanthanides (e.g., Nd) of equal ionic radius (Katz et al.
1986). Americium easily forms colloids and is known for its strong adsorption on
surfaces.

Measured concentrations

Solubility measurements of Am in Na+/C17HCO37CO3
2" media (0.1 M and 4 M NaCl)

indicated radiolytic oxidation of Am(m) to Am(V) causing an increase in Am solubility
(Fig 7-la) which, by adding metallic iron (as a reducer), was found to decrease again.
Am2(CO3)3(s) was interpreted to control the solubility of Am(in) and NaAmO2CO3(s)
that of Am(V). Chloride was not found to markedly influence Am solubility at 21°C and
70°C, Figure 7-1 (Giffaut & Vitorge 1993).
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Some data is available for the naturally encountered REEs of which Nd is a close
analogue for Am. Table 7-1 summarizes some measured values for both Am and Nd,
indicating the nature of the medium and pH values, if given in the references. In the case
of Nd, mainly naturally occurring concentrations are presented, whereas for Am, whose
origin is anthropogenic, the data originates from solubility measurements.

Table 7-1 Measured concentrations of Am and Nd in various media at different pH
values. (Solubility measurements indicated with *).

Medium

concrete waters
»)
>)
> j

well waters
J-13

UE-25p#l
NaClCV UE-25p#l

well waters
lake waters

alkaline saline lake
alkaline lakes

acid lake
groundwaters

Gohy-73
Gohy-1061
hyper saline
acid, hyper sal.
Finland

ocean waters
- " -deep

synthetic brine

Element

Am*

»)
»»

11

Nd
Am*

*•

Nd

11

19

19

»»

11

11

19

11

11

*»

»»

11 _ _

Nd*

pH range

7.0-10.5
>10.5

8
13

6.0-8.4
7.36

6.0-8.4
6.0-8.5
6.9-8.6

=10
8.5 - 9.7

3.6
7.0-7.6
5.5-6.8

7.8
8.2

= 3.2-4.2
= 2.9 - 3.4
= 7.1-9.4

6.4-10.4

Concentration
M

= 1 1 0 5 - 110 8

- MO"11

= 1-10"5

- M 0 1 1

-M(T 9-2- l f f 9

3.44-10"12

= 3-10"6-3-10"7

= 6106-3-10-1 0

= 2-10-12-8-10-12

= (4-8)-10-10

«(1 -7)-101 0

1.3-10"8

= 3-10"n-4-10"10

= 1.4-10"8-3.3-10"7

= 2.310'8

3-10"7

"2-Uf-hVX*
= (l-8>10"7

= M0'8-6-10'7 #)
= (l-3)-10-n

(2.3-3.4)-HT"
= 1103-310-8

I

0.007

0.02
0.18

0.7

= 7.8

Reference

Thomason & Williams 1992

Pryke & Rees 1986
91

Nitscheetal. 1993
Johannesson et al. 1995a
Nitsche et al. 1994b
Torretto et al. 1995
Johannesson et al. 1995a

Johannesson & Lyons 1994
Johannesson et al. 1995b

Johannesson et al. 1995b
11

Kim 1993
- " -
Johannesson et al. 1995a
Johannesson et al. 1995b
Vuorinen & Snellman 1998
Choppin 1989
Whitfield & Turner 1987
Khalili et al. (1994)

#) some analytical uncertainties, possibly colloidal species included

The generally observed trend in the concentration of Am and Nd decreases with
increasing pH as well as with increasing alkalinity (lake-waters). It must be pointed out
that, e.g. strong complexing agents or extreme ionic strengths may cause differing
behaviour (e.g. Gohy groundwaters). Thus it is obvious that there is always a need to
know the composition of the medium very well when drawing conclusions or making
generalizations.

has been identified as limiting Nd solubility in marine and natural waters
(Choppin 1989). Khalili et al. (1994) has determined the solubility of Nd in synthetic
brine (I = 7.8) at different pHs (6.4, 8.4, 10.4 and 12.4). The solubility-limiting phase at
pH 6.4 and 8.4 was amorphous Nd(OH)3 n-H2O and at the higher pHs Nd2(CO3)3 n-H2O.
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In the Swedish SITE-94, Arthur & Apted (1996) calculated at 25°C (EQ3/6) the
solubility of Am for the limiting solid AmOHCO3 (Note, the Am database used was not
the NEA evaluated database). They compared the results with some relevant
experimental data, Figure 7-2, stating the data showed good overall agreement with the
data of Bernkopf and Kim (1984), and also pointing out the slight overestimation of the
calculated solubilities over the measured values at neutral to weakly alkaline pH, Figure
7-2.
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• - - Felmy et al. (1989)
Silva and Mitzche (1984)

8.5 9.5

Figure 7-2 Comparison of calculated and experimental Am0HC03 solubility:
Reducing conditions at 25°Q solid line=calculated values (Arthur & Apted
1996).

Calculated values

From the NEA-TDB work (Silva et al. 1995) it is evident that AmCO3OH(s) (also
written A111OHCO3) is the solubility-limiting phase under normal granitic groundwater
conditions, Figure 7-3.

Both databases (COM and SR'97) contained the same thermodynamic data (NEA data)
for Am and thus no large discrepancies were expected in the modelled results. The
observed speciation (not presented) showed several discrepancies between the databases
though, arousing some doubts of the Am data being exactly the same. The computed
solubility values in the reference conditions are presented in Tables 7-2 and 7-3, for the
near-field and far-field conditions, respectively.

A general trend in the solubility of Am0HC03 is its decrease with increasing pH and
carbonate. The computed solubility of AmOHCC>3 in the saline and fresh reference
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water as a function of pH, including the changes in the carbonate contents of the waters
as pH increases are shown in Figure 7-4.
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Figure 7-3 Calculated solubility and predominance area diagram Am(III) hydroxide-
carbonate system (Silva et al. 1995)
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Near-field:

Both in oxidizing and reducing fresh reference water the high content of carbonate
(Ctot= 7.0 mM) keeps the predominant speciation of Am as carbonates (over 90%) at all
the other pH values except the low one (=7.0). At the low pH value, the high sulphate
content (~ 0.1M) causes the Am sulphate species (54%) to dominate over the carbonate
species. Am solubility at the low pH is about an order of magnitude higher than the
solubility at the higher pHs (8.0 - 10.0). If carbonate concentration is assumed to be in
equilibrium with calcite in the fresh near-field water the value of Ctot decreases to about
3 mM from 7 mM. This will cause a decrease in the calculated solubility of Am, about
an order of magnitude (to 10"8 M) as the hydrolysis species become more dominant. The
differences in the obtained solubility values with the two databases are seen at pH 7 in
reducing conditions and at pH 10 in oxidizing conditions. The reason is probably the
different speciation exhibited by the two databases; in SR '97 the lack of sulphate
species at pH 7 and stronger Am(0H)2+ complex at pH 10.

In saline near-field reference water the carbonate content is (Ctot =1.4 mM) low enough
to give predominance of Am3+ species (28% to 33%) at low pH (=7.0) and
predominance of Am hydrolysis species (~ 80%) at high pH (=9.0). Even though the
sulphate content is clearly lower («0.03M) it is still high enough to bring about
consequential sulphate complexation (= 23%) in oxidizing conditions at low pH. When
compared with the fresh near-field reference water a more pronounced decrease in Am
solubility is seen as the pH is increased. In saline water the stepwise increase of pH first
from 7.0 to 8.0 and then to 9.0 increases the Am solubility with about an order of
magnitude at each step as the hydrolysis species are stabilized.

Table 7-2 Calculated Am solubility for the near-field reference conditions.

Reference
water

fresh-ox
- " -

fresh-re
it

saline-ox
- " -

saline-re
tt

Eh range
mV

+667 -

-254 -

+667 -
*

-254 -
4

- +490
' -

- -413
' -

- +490

- -373
' -

pH

7.0
-

7.0
-

7.0
-

7.0
-

range

- 10.0
tt

- 10.0
ft

- 9.0
" -

- 9.0
"-

Limiting
solid

AmOHCO3

- " -

(«

t t

tt

t t

K

Solubility
M

110"7 -

9-lff8 -

210"7 -

1-lff7 -

610"8 -
ti

610"8 -
6-10* -

range

2-10"6

2-lff6

2-10"6

7-lff7

310"6

3 10"6

2-lff6

Database

DATA0.COM

SR '97
DATA0.COM

SR '97
DATA0.COM

SR '97
DATA0.COM

SR '97

Far-field:

The calculated solubility in fresh reference water at pH 7 differs by about an order of
magnitude from the higher pH values. In oxidizing conditions the lower solubility value
is due to the predominance of carbonate complexation (AmCC>3+ ~ 78%), while in

•2+ -3+reducing conditions hydrolysis species (AmOH ~ 39%) and Am (== 17%) dominate.
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At the higher pHs (8.0-10.1) all solubility values are in the order of 10 M as the
speciation is shifted more to the predominance of Am(0H)2+ and Am(COs)2". In
oxidizing conditions the higher solubility obtained with the SR '97 database at pH 7 and
10 are probably due to the differences in speciation: in SR '97 the presence of fluoride
complexes at pH 7 and at pH 10 the lack of carbonate complexes.

In the brackish reference water the calculated solubility values of AmOHCO3 are within
two orders of magnitude 10"7 - 10"6 M. However, at high pH, Am speciation is entirely
composed of hydrolysis species, indicating more probable solubility control by
Am(OH)3 solid with a solubility of about 10"8 M.

Low alkalinity (0.3 mM) of the saline reference water does not very well support
Am0HC03 as being the limiting solid at the higher pH values (8.1-9.2) where
hydrolysis speciation predominates (87% to 100%). At these pH values, Am(OH)3

would consequently be a more probable limiting phase, leading to about two orders of
magnitude lower solubility values, within the range of 10"8 M. At low pH, both solid
phases lead to high solubility values within the range of 10"6 M.

In the modelling calculations the hydroxycarbonate solid was the chosen solubility-
limiting solid, but if phosphate was present in the reference waters even at a low
concentration of about 0.1 mg/L, AmPC>4(am) showed supersaturation. By assuming the
formation of AmP04 solid, the calculated solubilities of Am would drop several orders
of magnitude to a level of 10"11 M.

Table 7-3 Calculated Am solubility for the far-field reference conditions.

Reference
water

fresh-ox
- " -

fresh-re
- " -

brackish-re
- " -

saline-re
- "-

Eh

+667

-205

-214

-195

range
mV
- +490

- " -

- -418
tt

- -343
- "-

- -340

pH

7.0
-

6.9
-

7.2
-

7.0
-

range

- 10.0
" -

- 10.1
tt

- 9.0
"-

- 9.2
t<

Limiting
solid

AmOHCO3

- " -
«(
tt

t (

- " -

- " -

- " -

Solubility
M

6-10"7 -

5-lff7 -

3-Iff* -
3 Iff8 -

7-Iff7 -
7-1 Or7 -

210"6 -
2 Iff6 -

range

310"8

Jiff6

210"6

llff6

MO"6

1-lff6

910"6

9-lff6

Database

DATA0.COM

SR '97
DATA0.COM

SR '97
DATA0.COM

SR '97
DATA0.COM

SR '97

In the Swiss Kristallin-I, the calculated solubility value in the reducing far-field was
2-10"7M, whereas the proposed realistic and conservative value in the reducing and
oxidizing near-field conditions was 10*5M (Berner 1995). Bruno et al. (1997) has
calculated Am solubility (AmOHCO3 solid) in reducing conditions for the Swedish
reference groundwaters ranging from 4.9-10" M to 6.9-10' M and for bentonite-
equilibrated reference groundwater «-10'7 M.
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Recommended values

M0"7M
2-10"7M
M0"7M
7-10"8M
4-10"7M
2-10"6M
H0~5M

oxidizing and reducingyres/i near-field
oxidizing and reducing saline near-field
oxidizing fresh far-field
reducing fresh far-field
reducing brackish far-field
reducing saline far-field
reducing brine far-field

The recommended solubility values in TVO-92 (Vuorinen & Leino-Forsman 1992) were
not calculated with the recently reviewed NEA database (Silva et al. 1995). The
solubilities recommended then (depending on the water chemistry) were about one to
three magnitudes lower than recommended here (above). The low alkalinity of the more
saline groundwaters causes an increase in Am solubility as well as decreasing pH in
general (see the model-calculated results).

7.2 Neptunium

Neptunium displays complex chemical behaviour through its several well-characterized
oxidation states (HI to VII). In some respects the chemistry of neptunium resembles that
of uranium, particularly in the behaviour of neptunium ions in solution, but also many
solid compounds are isomorphous with the corresponding uranium compounds (Katz et
al. 1986). In natural groundwater conditions the oxidation states of importance are DI,
IV and V.

Measured concentrations

Np has a strong preference of forming the relatively non-complexing and poorly
hydrolyzed NpC>2+ cation, which dominates pH regions = 8 unless the free carbonate
concentration is high enough (ca. 10"4 M) for carbonate complexation to take place. The
NpCV cation is negligibly adsorbed by soil particles. The mobility of Np in soil and
uptake by plants is contrasting behaviour in comparison with the other actinides (von
Gunten & Benes 1994). Stabilization of the NpO2+ cation can lead to high solubilities
( lO^- lO^M) also under normal geochemical conditions (Choppin 1991). The
immobility of Np(IV) in low-Eh groundwaters reflects its occurrence in highly insoluble
oxide and hydroxide solids (e.g., NpO2(c) and Np(OH)4(am)). Both Np(IV) and Np(V)
form strong carbonate complexes, which may predominate over the hydroxide
complexes above roughly pH 6 and 8, respectively (Langmuir 1997).

The redox behaviour of Np in natural Finnish granitic groundwater in anoxic conditions
has been studied by Hakanen & Lindberg (1995). The Np concentrations used in the
study (3-10"13 M) were lower than the expected solubility of Np(OH)4. In these studies
Np(V) was found effectively to become reduced to Np(IV). The reduction was nearly
complete in natural groundwater or when the groundwater had been equilibrated with
pyrite-rich rock, or when intact rock or crushed rock (possibly containing reducing
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minerals) was present. The reduction resulted in almost the complete removal of Np
from solution, which was due to sorption.

Cui & Eriksen (1996) have stated that, in deep reducing groundwater conditions, the
solubility of Np will be controlled by precipitation of the tetravalent hydrous Np oxide
(=NpO2nH2O or Np(OH)4(s)), which Eriksen et al. (1993) have studied both in
carbonate-free and carbonate-containing solutions. In carbonate-free solution in
reducing conditions they demonstrated that the solubility of NpO2nH2O stayed below
10"8 M and was invariant in the pH range 6-12 .3 . In the case of carbonate being
present (10~3 - 10"1 M), the solubility of NpO2nH2O increases with increasing carbonate
content, e.g. at pH 9.2 and 11.2 in Figure 7-5.

Table 7-4 shows the solubility of Np(IV) hydrous oxide in aqueous solutions in reducing
conditions measured by several researchers. Both over- and undersaturation methods
have been used. By using different reductants, Nakayama et al. (1996) obtained
somewhat varying results. The higher solubilities could not be attributed to the presence
of Np(V), which leaves the reason for the difference in the measured values unclear.
However, some observations might support the sorption of Np on fine iron particles.
Decreased solubility could be attributed to the change of the physico-chemical state of a
precipitate (amorphous=>more crystalline), but to quantitatively relate the variation in
solubility of Np(IV) hydrous oxide to the change in the physico-chemical state of the
precipitates is difficult because of the low solubility of the solid. Nakayama et al. (1996)
could not demonstrate such a relation even if, e.g. Stickert et al. (1984) have found that
initially X-ray-inactive precipitates of Np(IV) hydrous oxide showed X-ray diffraction
peaks corresponding to crystalline NpO2 within one month.

1.E-06

1.E-07
o

I
oo
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• 5.0E-02M
• 1.0E-03M
• 2.5E-03M

Figure 7-5 Np(FV) concentration in 0.5 MNaClOj in equilibrium with Np(OH)4(s) at
different pH and total carbonate concentration (indicated in legend) at
Eh ~ -630 m V (SCE) (based on data in Eriksen et al. 1993).

The solubility of Np(V) has been measured in oxidizing conditions by Nitsche et al.
(1993, 1994b) and Torretto et al. (1995) in the pH range of 6.0-8.5, Table 7-5. The
low-pH solubility values are around 10"3M, while the slightly basic values are about
10"5M.
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Table 7-4 Solubility of Np(IV) hydrous oxide in the presence of reducing agents
(NOTE: o=oversaturation, u=undersaturation, o&u= both over- and undersaturation).

Solution

0.05M Na2S2O4

water
concrete water

0.1MNa2S2O4

not reported

water
0.1MNaClO4

lMNaC104

Deionized water
0.5M NaC104 *)

Meth
-od
u

u
0

0

0

o & u
o & u

u
o & u

Reductant

0.05M Na2S2O4

Fe.Zn

Na2S2O4

0.1MNa2S2O4

not reported

0.05M Na2S2O4

0.05M Na2S2O4

Fe
Cu
Cu
Na2S2O4

Na2S2O4

°C

25
25
25
25
25
R T#)

RT#>

pH

=11.2-14.
2

=6.2-8.4

=9.9-13.0

=8.5-12.5

=6.1-12.1

=7.9-13.7

=8.3-13.6

=7.2-12.1

=7.9-11.4

=8.4-9.4

=5.3-11.4

6.1-12.1

8.1-12.1

Solubility (M)

<510"9

<5-10"9

7.9-10'9

= (2.5-4.0)-10"9

= (3.1-9.0)10-9

=(1.0-3.4)-10-8

< MO"9

=(0.2-5.1)-10"8

=(1.4-6.2)-10"8

=(0.8-5.9)-10"9

< 1.3-10"9

(2.0-9.8)-10"9

(0.1-7.3)-10-7

Reference

Rai & Ryan 1985

- " -
Ref [3] in Nakayama
etal. 1996
Ref [4] in Nakayama
etal. 1996
Ref [5] in Nakayama
etal. 1996
Nakayama et al. 1996

it

II

II

II

it

Eriksen et al. 1993
fi

*) total carbonate concentration of 10"3 - 10"3 M
#) RT = room temperature

Table 7-5 Np(V) solubilities in oxidizing conditions measured in the Yucca Mountain
Project (NOTE: o=oversaturation).

Water

J-13
UE-25p#l
0.18MNaClO4

Meth
-od

0

o
0

°C

25
25
25

pH

=6.0-8.5
=6.0-8.5
=6.0-8.5

Solubility (M)

= 4.4-10"5-5.3-10"3

= 7.0105-2.9 10"3

= 1.510"5-3.8-10"3

Reference

Nitsche et al. 1993
Nitsche et al. 1994b
Torretto et al. 1995

Neck et al. has studied the hydrolysis behaviour of Np(V) in carbonate-free solutions
(1992) and in carbonate solutions (1995). The solubility of NpC^OH was measured in
carbonate-free solutions (NaClO,*, three ionic strengths; 0.1,1.0 and 3.0 M) showing the
dependency on pH, Figure 7-6. Upon ageing, the neptunyl hydroxide solid indicated the
formation of a thermodynamically more stable modification of the solid, which resulted
in a somewhat lower solubility, Figure 7-6 b; The solid liquid-equilibria of Np(V) in
NaQC>4 (0.1-5 M) carbonate solutions was studied as a function of carbonate
concentration, Figure 7-7. At higher carbonate concentrations, the formation of Np(V)
carbonate complexes becomes evident from the increase in the solubility curves. In
0.1 M NaClC>4 solution NaNpC^COs was found to be the stable solid phase over the
whole CO32" concentration range, whereas at the higher ionic strength solutions, solid-
phase conversion to less soluble Na3NpO2(CO3)2 occurred, Figure 7-8.
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Figure 7-6 Solubility ofNpO2OH in carbonate-free NaClO4 solution at 25 °C. a) 1=0.1
Mb) 1=1.0 M c) 1=3.0 M (Neck et al. 1992).
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b) in 3 M NaClO4 under pCO2=10'352 atm; c) in 5M NaClO4 under
pCO2=10~352 atm; d) in 5MNaClO4 underpCO2=JO'200 atm (Necket al
1995).

The results from Np(V) studies (Neck et al. 1995) enabled calculation of the stability
regions of the Np(V) solid phases in the system NaC104 - CO32", Figure 7-9.

pH

0 -

-1 -

6.5 7 7.5 8 8.5 9 9.5 10

Na3N^O2(C03)2(s)

- 1

NaNpO2CO3(s)

10

1 ' ' ' I ' ' ' '

-9 -8 -7 -6 -5 -4 -3 -2 -1

.2

r 0.1

0.01

log [CO3
2-]

Figure 7-9 Stability regions of the Np(V) solid phases in the system NaClO4 -CO32-

r3.52(pC02=l(T-" atm) at 25 °C (Neck et al. 1995).
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Calculated values

In solubility measurements in oxidizing conditions the steady-state solubility-limiting
phase of Np has been identified to be sodium neptunyl carbonate type phases containing
water (Nitsche et al. 1993). The databases used in this work contained only one such
phase, NaNpO2CC>3 3.5H2O, which was used as the solubility limiting phase. In
reducing conditions the solubility-limiting solid was Np(OH)4. The computed results are
given in Table 7-6 for the near-field and Table 7-7 for the far-field.

Oxidizing conditions: For the considered oxidizing conditions Np exhibits the (V)
oxidation state with NpC>2+ species dominating at pH 7 and 8. An exception is the fresh
near-field water in which Np carbonate species become equally dominant at pH 8. The
computed solubility values are high with both databases, the general trend of solubility
being slightly decreasing as pH and carbonate content increase. An exception is the high
pH of 10 in fresh near-field as NpO2(CO3)35" species becomes prevalent concurrently
resulting in a somewhat higher solubility.

Reducing conditions: All the reference waters containing phosphate (not brackish)
exhibited Np(IV) phosphate complexation (Np(HPO4)5

6\ log K = -52) increasing the
solubility by about even three orders of magnitude (up to about 10'6 M) at low pH when
compared with phosphate-free water. The phosphate complex in question and the data
seem questionable since the NEA-reviewed uranium database (Grenthe et al. 1992) does
not include the corresponding phosphate complex. On the other hand, if fluorapatite is
controlling the phosphate content in the reference waters, the concentration of phosphate
will decrease down to 10" M keeping also Np solubility at the same level as the
dominant species exhibited is Np(OH)4(aq). Both databases behave similarly, giving
computed solubility values in the same order of magnitude, but carbonate speciation
given by SR '97 is more prominent. (Appendix 2 gives some log K values in the
databases for the phosphate complexes.)

Table 7-6 Calculated Np solubility for the near-field reference conditions. (Note: The
values include phosphate complexation in reducing conditions).

Reference
water

fresh-ox
-"-

fresh-re
- " -

saline-ox
tt

saline-re

Eh
i

+667
-

-254
-

+667
-

-254
-

range
nV
- +490
"-

- -413
"-

- +490
tt

- -373
"-

pH range

7.0 -
-

7.0 -
-

7.0 -
-

7.0 -
-

• 10.0
" -

• 10.0
t(

- 9.0
" -

- 9.0
" -

Limiting solid

NaNpO2CO3 3.5H2O
tt

Np(OH)4
tt

NaNpO2CO3 3.5H2O
-"-

Np(OH)4

-"-

Solubility
M

410"5 -
5-lff4 -

310"6 -
3 Iff6 -

510"5 -
llff3 -

2-10"9 -

2-lff8 -

range

810"6

8-lff4

210"9

4-lff8

610"6

4 Iff5

3-10"7

5-lff7

Database

DATA0.COM

SR '97
DATA0.COM

Si? '97
DATA0.COM

SR '97
DATA0.COM

SR '97
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Table 7-7 Calculated Np solubility for the far-field reference conditions. (Note: The
values include phosphate complexation in reducing conditions).

Reference
water

fresh-ox
-"-

fresh-re

brackish-re
-"-

saline-re
- " -

Eh range
mV

+667 - +490

-205 - -418
-"-

-214 - -343

-195 - -340
it

pH range

7.0 - 10.0
it

6.9 - 10.1

7.2 - 9.0

7.0 - 9.2
-"-

Limiting solid

NaNpO2CO3 3.5H2O
-"-

Np(OH)4

-"-

- " -
tt

<(

a

Solubility range
M

MO"4 - 3-Iff3

high

210"9 - MO"6

l-10f8 -2 Iff6

2-10"9

61ff9 - 2-lff8

2-10"9- 3-Iff7

6 Iff9- 3-Iff7

Database

DATA0.COM

SR '97
DATA0.COM

SR '97
DATA0.COM

SR '97
DATA0.COM

SR '97

Berner (1985) proposed for the Swiss Kristallin-I reducing near-field conditions the
realistic solubility of Np to be 10"10M and the conservative one 10'8 M, stating that the
selection was rather speculative due to little and not very reliable data. For the oxidizing
conditions in the near-field he proposed the realistic value of 10'9 M and for far-field
reducing the calculated value was 4-10"12 M. In reducing Swedish far-field conditions,
Bruno et al. (1997) have computed the solubility of Np to range from 7-10"9M to
M0"7M while 7-10"8M is obtained for the bentonite-equilibrated reference water.
Arthur & Apted (1996) calculated Np solubility to be about 10"9 M, which compared
with the experimental values, is somewhat low, Figure 6-3. Besides, Eriksen et al.
(1993) have suggested that carbonate complexing of Np(IV) species could increase
Np(OH)4 solubilities by one or more orders of magnitude depending on the total
dissolved carbonate concentration (points indicated in Fig. 6-3).

Recommended values

8-10'6M
6-10"6M
2-10-9M

2-10"9M
3-l(r9M

oxidizing fresh far-field
oxidizing./^/* near-field
oxidizing saline near-field
reducing./?*^ and saline near-field and reducing fresh far-
field
reducing brackish far-field
reducing saline and brine far-field

The considered solubility-limiting solid is Np(OH)4(s), except in oxidizing conditions
for which it was assumed to be NaNpOaCOs 3.5H2O solid, based on measured
solubilities in oxidizing conditions (Nitsche et al. 1993, and Torretto et al. 1995). Based
on geochemical modelling, a number of researchers have concluded though that the least
soluble Np phase in near-neutral, oxidized groundwater, such as occurs at Yucca
Mountain, is Np(IV) oxide or hydroxide and not the more soluble Np(V) phase
(Langmuir 1997). In addition to hydroxide species, carbonate species are expected in the
reference waters with higher carbonate content, see Figure 7-6.
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Figure 7-10 Stability fields of predominant aqueous species ofNp (Nptot (aq)=10~8M) in
the system NP-O2-F-SO4-CO2-H2O at 25 °C and I bar (Langmuir 1997).

7.3 Niobium

Niobium belongs to the second transition metal group, like zirconium and technetium.
The main oxidation state is V; also IV oxidation state exists but it has very strong
reducing property so in the aqueous phase the only existing oxidation state is V.

Measured concentrations

Kulmala & Hakanen (1993) have measured the solubility of niobium in NaOH solutions
f different pH (pH 9 - 1 3 ) and Olkiluoto and Hastholmen brackish groundwaters. The
niobium concentration was also measured in concrete waters prepared from the
Olkiluoto and Hastholmen groundwaters by equilibrating them with concrete for seven
days. These experimental values are presented in Figure 7-7. The Nb concentration
showed strong dependence of pH, especially in experiments with NaOH solutions
(oversaturation experiments). The great difference between the results from the
oversaturation and undersaturation experiments is probably caused by the differences in
waters (undersaturation experiments were made with concrete waters) and the short
equilibration time (one week).

Calculated values

Heath et al. (1993) have modelled the distribution of Nb in a cementitious repository.
The modelling calculations used the HARPHRQ (Brown et al. 1991) computer program
based on the geochemical modelling program, PHREEQE (Parkhurst et al. 1985).
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Thermodynamic data was obtained from the HATCHES database (version 4.2) (Cross &
Ewart, 1990). The results are presented in Figure 7-7. The solubility-limiting solid phase
is Nb2Os and the main species in solution are NbCV, Nb(OH)s and Nb(OH)6" (Heath et
al. 1993).

Covers at.
• undersat.
O modelled

Figure7-ll The concentration ofNb with pH in NaOH solution (oversat.) and in WO
and TVO groundwaters and concrete waters (undersat.) (Kulmala &
Hakanen 1993) and modelled solubility values of Nb in IVO and TVO
concrete waters (modelled) (Heath et al. 1993).

v5Bruno & Sellin (1992) have modelled solubility limits for niobium of MO M in saline
and fresh groundwaters (pH =7) independent of the redox conditions. In bentonite
porewater in reducing conditions, Berner (1995) has obtained a modelled solubility of
8.7-10"4 M for niobium, NbaOs as the solubility-limiting solid phase, and recommends
the solubility limit of 10 M as a realistic, as well as, conservative value. In Bruno et al.

,-5-(1997) the solubility of niobium is estimated to be in the range of 2.5-10 M to
3.9-10 M in reducing Swedish reference waters.

Recommended values

M0"3M
l-104M

fresh near- and far-field
brackish, saline and brine both
near-sad far-field

7.4 Palladium

Palladium is remarkably stable in the terrestrial environment like the other platinum
group metals (ruthenium, osmium, rhodium, iridium) and occurs in two forms, as
metallic Pd(0) and the divalent ion, Pd(II). As a consequence of the noble character,
Pd(II) can be reduced to the metal relatively easily. PdO is metastable with respect to
Pd(OH)2 under normal conditions (Brookins 1988). Under repository conditions it is
unknown whether a transformation of Pd(OH)2 -» PdO takes place (Berner 1995). As a
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soft acid, Pd forms strong complexes with soft ligands (e.g., sulphide, chloride,
bromide, cyanide, amine) and weak complexes with hard ligands (e.g., carbonate,
sulphate, nitrate, fluoride). The mobility of Pd is due to the mobile chloride complex.

Measured concentrations

Table 7-8 Measured concentrations ofPd in natural waters.

Medium

seawater
groundwater Oman hyper alkaline
geothermal brine (300 °C)

pH
range

5.4

Concentration
M
(0.18~0.66)-10"lz

(3-7)-10-9

(0 .2- 20)-10i<

Reference

Whitfield& Turner 1987
McKinley et al. 1988
McKibben et al. 1990

Calculated values

Palladium solubility was modelled only with one database (SR '97). The limiting solid
in all conditions was PdO. The computed solubility values were within an order of
magnitude, 4 - 610"9 M, except in the case of low pH 7 in both near-field and far-field
conditions in the saline reference water. The high chloride content (> 14 000mg/L)
brings about the complex PdCU2", which increases palladium solubility by about an
order of magnitude to 5 - 9-10" M. Otherwise the speciation exhibited is predominantly
Pd(OH)2.

Berner (1985) proposed for the Swiss Kristallin-I the realistic solubility value of Pd in
reducing near-field conditions to be insoluble (10~nM) and in oxidizing near-field
<10"nM, while the conservative solubility in reducing near-field conditions was
10"6M. The calculated reducing far-field values ranged from about 10'9M to 10~6M.
The computed solubility value by Bruno et al. (1997) for Pd both in reducing near- and
far-field Swedish conditions is about 4-10"9 M.

Recommended values

6-10"9M
5-10"7M

all near- and far-field conditions
except far-field brine.

7.5 Plutonium

The aquatic chemistry of plutonium is rather complicated. It has four different oxidation
states, HI, IV, V and VI in solution. All these aqueous oxidation states have comparable
redox potentials which means that the conversion from one oxidation state to another is
relatively easy. As a consequence, it is possible for all four plutonium oxidation states to
be present in solution at the same time. Nevertheless, it can be said that in oxidizing
conditions Pu in solution is mainly in oxidation states V and VI, while in reducing
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conditions IV is dominant, whereas in very reducing conditions (Eh < -300 mV) Pu(HI)
dominates.

In solution, plutonium is easily hydrolyzed. (The main species in solution are Pu3+, Pu4+,
PuO2

+, PuO2
2+ and Pu(OH)4 (aq)). The solubility-limiting solid phase is Pu(0H)4(am)

polymer in both near-field and far-field conditions. In very reducing near-field
conditions also Pu(OH)3 could occur. In solutions with high carbonate concentrations,
Pu(OH)4 polymer contains some carbonate, probably PuC>2(CO3) or Pu(OH)4(COs)
(Nitsche et al. 1994a).

Measured concentrations

The best-estimate solubility values presented here are based on a limited literature
survey of experimental plutonium solubility studies. The literature collected is mainly
published after 1992.

The solubility of plutonium in oxidizing groundwater conditions has been extensively
studied by Nitsche & Edelstein (1985) and Nitsche et al. (1992a, 1992b, 1993, 1994a
and 1994b). The summary of the results for plutonium solubility from these reports is
presented in Table 7-9 and in Figure 7-12, which gives the oxidation state distribution of
plutonium in solution after the experiment. In the experiments the Eh values at steady-
state varied from +126 mV to +348 mV. The waters J-13 and UE-25p#l are typical
groundwaters from Yucca Mountain region and H-17 is synthetic brine. The
compositions of these waters are presented in Appendix 3.

Table 7-9 A summary of results for solubility experiments on plutonium in 0.1 M
NC1CIO4 solution (Nitsche & Edelstein, 1985), J-13 groundwater (Nitsche
et al, 1992a, 1992b, 1993), UE-25p#l groundwater (Nitsche et al, 1992a,
1994b) and H-17 synthetic brine (Nitsche et al., 1994a) at 25 °C.

DH

6

7

8.5

0.1 M NaCIO,

d.3±0.7V10"7M

H-17

(1.8 ± 0.4V KT7M

J-13

(1.1 ± 0.4V 10-6M

(2.3±1.4V10"7M

(2.9 ± 0.8V 10"7M

UE-25D#1

(8.3±0.4VW7M

(4.5±0.4V10"7M

(1.0±0.1V10-6M

Especially Pu(VI) is stabilized by the carbonate content of the groundwater. The
solubility of Pu(VI) increases with increasing carbonate concentration.

Pashalidis et al. (1997) have studied the solubility of Pu(VI) in 0.1 M NaClO4 solution
at pH 7 in both 100% and 1% atmospheric concentration of CO2. Neu et al. (1997) have
similar results, with a free carbonate concentration of 10"4 - 10"3 M; the solubility of
Pu(VI) was 210"4 - 2-10 3 mol/kg. The results of Pashalidis et al. (1997) are presented
in Figure 7-9 which also gives for comparison the solubility values for Pu(IV) in similar
conditions (Yamaguchi et al. 1994). These values for Pu(IV) are about three decades
lower than those measured for Pu(VI).
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Figure 7-12 Oxidation state distribution ofplutonium at pH 8.5 at 25 °C in NaClC>4
solution (Nitsche & Edelstein, 1985), J-13 groundwater (Nitsche et al.,
1992a, 1992b, 1993), UE-25p#l groundwater (Nitsche et al, 1992a,
1994b) and H-17 synthetic brine (Nitsche etal. 1994a) (NaClO4 andH-17,
pH7).
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Figure 7-13 Solubility of plutonyl carbonate in 0.1 M NaClO4 as a function of
carbonate concentration under 1% and 100% CO2 atmosphere (Pashalidis
et al. 1997). Also the concentration ofPu(IV) carbonate (Yamaguchi et al.,
1994) is shown.

In reducing conditions, one of the most important factors that influences the solubility of
plutonium is the salinity of the water and pH. At pH =8, the corresponding solubility
values are 10"', 10 and 10 M. According to Felmy et al. (1989), the solubility of

,-9.0 •Pu(IH) (Eh < -300 mV, pH = 9) in deionized water was about 10'y u M, for PBB1-brine
V7.5(NaCl-brine, I « 6) about 10"/:> M and for PBB3-brine (MgCl2-brine, I « 10) about

10'45 M. For Pu(m) there are only a few measured solubility values. Puigdomenech &
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Bruno (1991) have gathered information of measured Pu solubility and compared it with
calculated Pu solubilities.

Calculated values

In modelling, the Pu(OH)4 (am) phase was chosen as the solubility-limiting phase in all
reference conditions. In near-field oxidizing conditions the calculated solubility (COM)
ranged from 8-10'9 M at high pH to410"7 M at low pH. The difference in the calculated
solubility values with the two databases ranged roughly from one to two orders of
magnitude, the lower values being obtained with the SR '97 data. The computed
solubility values are presented in Tables 7-10 and 7-11. (Note: solubility calculations
were performed only for one solid phase, Pu(OH)4, also in the reducing near-field
conditions for which the recommended solubility given is based on the trivalent
plutonium hydroxide phase, Pu(OH)3. In computing, the trivalent hydroxide phase
resulted in much too high concentrations of Pu.)

Oxidizing conditions: In saline near-field, the pentavalent PuO2+ and the tetravalent
Pu(OH)4(aq) species dominate, whereas the SR '97 database exhibits the presence of
several carbonate complexes of the various oxidation states of Pu (IV, V, VI and VII).
The same is valid for the fresh near- and far-field waters, with the exception of the high
pH of 10 in the fresh water, which shows Pu speciation being dominated by
Pu(OH)4(aq). Additionally, the COM database gives fluoride complexes of Pu (VI and
VII) at pH 7.

Table 7-10 Calculated Pu solubility for the near-field reference conditions.

Reference
water

fresh-ox
- "-

fresh-re
it

saline-ox
tt

saline-re
-"-

Eh range
mV

+667 - +490
ft

-254 - -413

+667 - +490
tt

-254 - -373
tt

pH range

7.0 - 10.0
tt

7.0 - 10.0

7.0 - 9.0

7.0 - 9.0
tt

Limiting
solid

Pu(OH)4
tt

a

- " -

a

- " -

- " -
tt

Solubility
range

M
410"7 - 8 1 0 9

2-lff8 - 3-lff8

4-Iff5 - 2-10"9

5-Iff7 - l-lff'°

5-10-7 - 8-10"8

1-lff8 - 7-Iff10

7-10"5 - 2-10"8

5-Iff7 - 2-lff10

Database

DATA0.COM

SR '97
DATA0.COM

SR '97
DATA0.COM

SR '97
DATA0.COM

SR '97

Reducing conditions: With both databases the Pu(III) state is stabilized at pH 7 both in
the near-field and far-field, which results in an increase in Pu solubility, in agreement
with the results of Felmy (1989), where the main speciation exhibited is Pu3+ and
PuOH2+. In reducing conditions SR '97 does not exhibit any sulphate complexes, which
in the case of the COM data file may further increase the solubility of Pu at low pH.
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Table 7-11 Calculated Pu solubility for the far-field reference conditions.

Reference
water

fresh-ox
tt

fresh-re
-"-

brackish-re

saline-re
-"-

Eh range
mV

+667 - +490

-205 - -418
tt

-214 - -343
tt

-195 - -340
tt

pH range

7.0 - 10.0
- " -

6.9 - 10.1

7.2 - 9.0
t(

7.0 - 9.2
it

Limiting
solid

Pu(OH)4
tt

a

- " -

««

- " -

- " -

Solubility range
M

610"7 - 310"9

9-icr9 - 2-icr10

910"7 - 210"8

4-iff8 - l-icr10

710"7 - 210"9

llff8 - 1-10'10

410"6 - 210"9

5-Iff8 - llff10

Database

DATA0.COM

SR '97
DATA0.COM

SR '97
DATA0.COM

SR '97
DATA0.COM

SR '97

Berner (1995) suggested 10~8 M as a realistic solubility for plutonium and 10~6 M as a
,-10conservative value. The corresponding values by Bruno et al. (1997) are 10" M and

3-10 M. Bruno & Sellin (1992) recommended solubility values for plutonium for saline
groundwater of 5-1O"8 M in reducing (-200 mV) conditions and 3-10"8 M in oxidizing
conditions, and for fresh groundwater of 3-10 M and 2-10" M, respectively. In
SITE-94, Arthur & Apted (1996) calculated solubility values for plutonium of
7-10"9/l-10"9 M in reducing conditions at low temperatures in brackish water.

Recommended values:

2-10"7M
M0"7M
2-10"8M
5-10"9M

l-10"7M
l l O ^ M

oxidizingyrasT* near- and far-field and
reducing saline near- and far-field
oxidizing saline near-field
reducing fresh near- and far-field and reducing brackish far-
field
reducing saline far-field
reducing brine far-field

7.6 Protactinium

Protactinium in aqueous solution can occur in two oxidation states, Pa(IV) and Pa(V).
Both oxidation states show a strong tendency to hydrolyze in the absence of other
complexing agents. The dominant oxidation state is Pa(V), because Pa(IV) is
thermodynamically unstable in the aqueous phase without strong complexing agents.
The increase in pH favours the oxidation of Pa(IV) by the more extensive hydrolysis of
Pa(V). The oxidation of Pa(IV) is decreased by the presence of complexing anions. The
tendency to form complexes with Pa(V) follows the order: F > OH" > SO42" > Cl" > Br"
> T > NO3" > C1O4\

Pa(V) occurs in aqueous solution only in hydrolyzed or complexed form. At low pH
(=3), the predominant species is PaO(OH)2

+ but at higher pH, the neutral species
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Pa(OH)5 begins to form. The solubility-limiting solid phase for Pa(IV) is PaO2 and for
Pa(V) it is Pa2O5.

Measured concentrations

According to Davydov and Pal'shin (1970) the solubility of Pa hydroxide in water at
pH7 is about 10"6M. Saarinen & Suksi (1995) have measured Pa concentrations of
about 10"13 M in groundwater from Palmottu uranium deposition in Finland.

Calculated values

Bruno & Sellin (1992) have calculated the solubility of Pa M0"6M (pH8-9) as a
conservative value. The same value was used in Bruno et al. (1997). Berner (1995)
suggested a solubility value of 10"10 M as realistic value and 10"7 M as conservative
value for Pa solubility (pH 9). Vuorinen & Leino-Forsman (1992) have estimated the
solubility value of 10"5 M for protactinium.

Recommended values

2-10"7 M oxidizing near- and. far-field
2-10"9 M reducing near- and far-field

7.7 Radium

Radium is the heaviest earth-alkaline. It shows a very weak tendency to hydrolyze (Baes
&Mesmer 1986).

Measured concentrations

Some measured Ra concentrations in Finnish groundwater are presented in Table 7-12.
The measured groundwater concentrations of Ra are low, M0~ 1 5 M- M0~12M
(Asikainen & Kahlos 1979). The values for Romuvaara (RO) and Kivetty (KI)
groundwaters are typical for drill-water (fresh groundwater) in Finland, whereas the Ra
concentrations in Olkiluoto (OL) groundwaters are for brackish groundwaters. The
concentrations at Olkiluoto are higher than in freshwater in areas of about the same
uranium concentration in rocks. This is at least partly due to the lower sorption of
radium in the brackish groundwater conditions.
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Table 7-12 Measured Ra-226 groundwater concentrations in the site investigation
areas (Snellman et al. 1995a, 1995b, 1995c). The maximum value
measured in drilled wells in Finland (Asikainen & Kahlos 1979) and a
value for groundwater in the Palmottu uranium deposit (Saarinen & Suksi
1995) are also given.

borehole
R0-KR3
KI-KR1
KI-KR2
KI-KR3
KI-KR4
KI-KR5
OL-KR1
OL-KR1
OL-KR4
OL-KR5

Vartioharju, Helsinki
Palmottu U-deposit

sampling depth fin]
415-476
300 - 345
190 - 250
85 - 130

430 - 500
735 - 853
76 - 126
612-618
107-132
446-550

50
124 - 128

Ra-226 [Ml
3-10"15

3-10"15

9-1014

2-10"14

M0" 1 4

6-10"14

3-10-13

5-10-13

7-10-13

7-10-13

MO"12

MO"14

Radium solids (e.g. RaSC>4) have been found only near some oil fields (Gmelin 1977).
Factors influencing the solution concentrations are complicated and include the low
dissolution of uranium minerals producing Ra, as well as high sorption of Ra on mineral
surfaces.

Estimation of solubility limiting solids

The co-precipitation of earth-alkalines with calcite has recently been reviewed by Curti
(1997) who presents low partition coefficients, 0.05-0.07. The phase diagrams of
orthorombic earth-alkaline carbonate also show limited mixing of the Ca, Sr and Ba
carbonates (Speer 1990). For Ca(Ra)CO3 a recently published value of partition
coefficient was about 0.013 (Gnagnaprasam 1995). Thus, high amounts of nearly
quantitatively precipitating calcium carbonate are needed to markedly effect the solution
concentration of Ra. In the bedrock conditions studied, no such precipitation of calcite is
expected. In fact, the fracture wall calcites contain very low amounts of Ra. Hence,
calcite is not regarded as a potential solubility-controlling solid for Ra.

Co-precipitation of radium with barium sulphate from uranium milling effluents is
widely used (IAEA). The distribution factors favour Ra to Ba in solid solution formation
of Ba(Ra)SO4 (Doerner & Hoskins 1925). Barium sulphate crystals have been found in
Olkiluoto fluid inclusions (Blomqvist et al. 1992) but not as a fracture wall mineral,
although barium is fairly abundant in rock-forming minerals. In the far-field, the Ra
concentrations in groundwater are not be expected to be controlled by insoluble salts of
barium.

The amount of Ba in fresh spent uranium fuel is about 1.6 kg/Ut, and after the decay of
caesium to barium it is about 3kg/Ut. The Ba/Ra molar ratio, when there has been no
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out-leaching of Ba, is about 1 000 when Ra is in radioactive equilibrium with the
elevated concentration of U-234 in the fuel. Therefore, there is some potential that in
sulphate-containing waters, Ra solubility is controlled by the Ba(Ra)SO4 solid. In the
case of BaSCU precipitation the solution concentration of Ra would be about 0.001
times that of Ba. This would be applicable in only the nearest vicinity of uranium fuel as
long as there is B a in excess of Ra.

According to the general chemistry of the earth-alkalines and the compositions of the
reference waters, only sulphates and carbonates of Ra and Sr are regarded as potential
solubility-limiting solids.

Estimation ofRa solubilities

Seidell (1940) has collected solubility values of earth-alkaline carbonates and sulphates
in different electrolyte media. These values can be used to derive solubility products for
the earth-alkaline carbonates and sulphates in very low ionic-strength solutions; in
addition, the ionic-strength correction factors are obtained for the sulphate or carbonate
concentrations, which gives a robust means for estimating the Ra solubilities.

It is well recognized that the following estimations are conservative. The low mass
amount of Ra is in fact not expected to form pure solids in the near or far-field
conditions.

The solubility products of Ra-sulphate and Ra-carbonate, and the sulphate and carbonate
concentrations in the reference waters readily show that the solubility-limiting solid is
RaSO4 in all considered reference conditions. In addition, the co-precipitation of Ra
with barium as Ba(Ra)SO4 in the near-field is possible.

Near-field:

RaSO4 as solubility-limiting solid.
1) Fresh near-field

SO4 = 110"1 M, correction for I = *5 => solubility of Ra is 2-10"9 M
2) Saline near-field

SO4 = 3.3-10"2 M, correction for I = *6 => solubility of Ra is 7-10"9 M

Ba(Ra)SO4 as concentration limiting solid.
For the solubility of BaSO4 the correction for ionic strenghth is the same as that
used for radium. Assuming that the Ba/Ra molar ratio in the solid is 1 000 the
maximum Ra concentrations are
1) Fresh near field 8-10"12M
2) Saline near-field 2.7-10"1 x M.

Far-field:

RaSO4 is the Ra solubility-limiting solid. Estimated solubilities in Table 7-13.
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Table 7-13 Estimated Ra solubilities in the reference waters.

Reference waters

Allard basic
Fresh-ox
Fresh-re

Brackish-re
Saline-re
Brine-re

Correction for I

*1.2
*1.2
*1.2
*5
*6
*6

Ra[M]

4.8-107

4.8-10"7

4.8-10'7

2.5-108

2.7-105

2.7-105 *)
*)SO4

2' concentration was assumed to be the same as in the saline water

The Ba concentrations of the fresh reference waters are 2 to 4 times higher than if the
solubility were limited by BaSO4 without oversaturation. Therefore, it is possible that
the concentrations are limited by BaSO4. This could mean that the Ra concentrations are
limited by Ba(Ra)SO4. This is, however, impossible to verify even when this has been
found elsewhere (Pardue & Guo 1998).

Recommended solubility ofRa:

2-10'9M
7-10"9M
5-10'7M
3-10'8M
3-10"5M
3-10'5M

oxidizing and reducing fresh near-field
oxidizing and reducing saline near-field
oxidizing and reducing fresh far-field
reducing brackish far-field
reducing saline far-field
reducing brine far-field

7.8 Selenium

Selenium occurs in the oxidation states -II, 0, IV and VI. The selenide anion (Se2") is
very similar to the sulphide anion and many minerals similar to the sulphides of the
same cations.

Measured concentrations

Selenium minerals are highly insoluble. In oxidizing conditions the selenide is easily
oxidized to selenite (SeO3

2"), whereas the oxidation of selenite to selenate (SeO4
2') is

slow. Both selenite and selenate compounds are very soluble in water. The Eh-pH
diagram for the system Se-O-H is presented for instance in Suter (1991) according to
Brookins (1988), Figure 7-14.

Calculated values

Bruno & Sellin (1992) have presented the solubility value of HO"4 M in reducing saline
groundwater conditions, MO""9 M in reducing fresh groundwater conditions and high
solubility in oxidizing conditions for both groundwaters. The selenium species in
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solution are HSe" and SeO4\ respectively. Berner (1995) has proposed for selenium the
solubility value of 10"8 M as realistic and 6-10"7 M as conservative in reducing
conditions. Vuorinen & Leino-Forsman (1992) have calculated selenium solubility
values in reducing conditions for saline, brackish and fresh groundwaters to be 4-10"7 M,
2-10"6 M and 4-10"6 M, respectively. In oxidizing conditions for all these groundwaters
the solubility of selenium was calculated to be high.

Recommended values

M0~7M
high

reducing near-field and far-field
all oxidizing conditions

The solubility-limiting solid phase in the range from oxidizing conditions to reducing
conditions follows the order SeC>2 / Se / FeSe2 (ferroselite) / FeSe. In the presence of
iron, selenium may be co-precipitated with pyrite or may form the mineral ferroselite.
The species in solution is HSe" in reducing conditions, SeO3" in mildly oxidizing and
SeCV in highly oxidizing conditions.
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Figure 7-14 Eh-pH diagram for the system Se-O-H (Brookins 1988).

7.9 Technetium

Technetium has several oxidation states (0, n, HI, IV, V, VI and VIT). In the aqueous
phase, Tc(VII) and Tc(IV) are the dominant species, while the lower oxidation states are
stable only in the presence of suitable complex formers. In oxidizing conditions,
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technetium Tc(VII) is in solution as pertechnetate anion, TcO4" which has a very high
solubility. The second important oxidation state, Tc(IV), usually occurs in hydrolyzed
form, as TcO2+ or Tc(OH)2

2+, TcO(OH)+ and TcO(OH)2 (Suter 1991).

Under reducing conditions, with the oxidation state IV, technetium is precipitated as
TcO2-xH2O, which has very low solubility.

Measured concentrations

The solubility of TcC>2 increases with increasing pH and hydrocarbonate concentration
(Eriksen et al. 1992). With carbonate-free solutions, the solubility of TcO2 is pH-
independent in the range 6 < pH < 9.5. With high pCO2 the pH-independent range was
from pH 6 to pH 8. At higher pH the solubility of TcO2 increases with increasing pH
such that at pH 10 with 10% pCO2 the solubility of TcO2 was about 1.5 decades higher
than at pH 8.

Calculated values

Bruno & Sellin (1992) have calculated for technetium solubility values of 2-10"8 M in
reducing conditions for both saline and fresh groundwaters. For oxidizing conditions
there was no solubility limitation. Berner (1995) has recommended 10"7 M as a realistic
value and high as a conservative value for technetium solubility under reducing and
oxidizing conditions, respectively. Vuorinen & Leino-Forsman (1992) have modelled
the technetium solubility value of 3-10"8M in TVO-92 for all reference waters under
reducing conditions. Under oxidizing conditions there was no solubility limit.

Recommended values

1 • 10"8 M reducing near-field
4-10"8M v&ducingfar-field
high oxidizing near- and far-field

The solubility-limiting solid phase at reducing conditions is TcO2xH2O and at very
reducing conditions (Eh < -500 mV, pH 8) also elemental Tc° which has about five
decades lower solubility than TcO2 (Berner 1995).

7.10 Tin

Tin can occur in several oxidation states ranging from -IV to IV, but only the II and IV
states are important in aqueous media. The IV state is particularly stable in natural
environments and its main form is cassiterite, SnO2.



76

Measured concentrations

The solubility values recommended here are mainly based on the recent experiments by
Amaya et al. (1997). Their results are reproduced in Figure 7-15.

0 1 2 3 4 5 6 7 8 9 10 11 12 13
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Figure 7-15 The concentration of Sn with pH in dilute NaClO4 solution at 25 °C
(Amaya et al. 1997).

Calculated values

Berner (1995) recommends for tin the solubility limit of 10~5 M as a realistic as well as
conservative value. Bruno et al. (1997) have presented a solubility range of 1.5-10"10-
1.5-10'5M for tin for Swedish reference waters. In SITE 94, Arthur & Apted (1992)
estimated a solubility limit of 2-10"8M for tin under reducing conditions at low
temperatures. Vuorinen & Leino-Forsman (1992) have calculated the solubility limit to
be 2-10"8 M in saline groundwater and 3-10"8 M in brackish and fresh groundwater.
There were no differences between oxidizing and reducing conditions, Sn(IV) is
dominant when Eh > -400 mV, pH > 6.

Recommended values

110"6M
5 1 0 6 M

all conditions except =>
reducing fresh far-field

The solubility-limiting solid phase is SnC>2 and the speciations in solution Sn(OH)4,
Sn(OH)5" and Sn(OH)6

2" depending on pH (Amaya et al. 1997).

7.11 Zirconium

Zirconium is a IVA transition metal, with oxidation states HI and IV. In aqueous
solution Zr usually only occurs in oxidation state IV.
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Measured concentrations

Kulmala & Hakanen (1993) have measured the concentration of zirconium for TVO
brackish groundwater (pH 7.87) to vary from 2-10"7 M to 1-10'8 M, depending on the
separation of the solid and the liquid phase (Figure 7-12). In TVO concrete water
(brackish groundwater equilibrated with concrete) the Zr concentration was <3-10'9 M.
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Figure 7-16 The concentration ofZr in Olkiluoto brackish groundwater and concrete
water (Kulmala & Hakanen 1993) and modelled solubility values ofZr in
Olkiluoto and Hdstholmen concrete waters (Heath et al. 1993).

Calculated values

Heath et al. (1993) have calculated solubility values of 3,7-10'9M, 8.M0"9M,
4.0-10"9 M and 8.7-10"9 M for IVO brackish groundwater equilibrated with concrete, pH
12.5 and pH 13.0, and for TVO brackish groundwater equilibrated with concrete, pH
12.5 andpH 13.1, respectively.

Bruno et al. (1997) have presented the solubility limit of 2.5-10"9 M for zirconium
(ZrO2(am)) in the pH range 5 < pH < 10. Berner (1995) has modelled a solubility value
of 1.6-10"9 M for ZK>2 and recommend the value of 5-10'9 M as a realistic value and
5-10"7 M as a conservative value for the solubility limit of Zr.

Recommended values

110'8M all near- and far-field conditions

The solubility limiting solid phase is ZrO2 and the speciation in solution is Zr(OH)4 and
Zr(OH)5\
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8 SOLUBILITY OF SECOND PRIORITY ELEMENTS

8.1 Curium

The most important characteristic of curium that distinguishes it from the lighter
actinides is the great stability of the in state with respect to oxidation or reduction. The
HI state dominates almost exclusively in aqueous solutions. The solution reactions of
Cm resemble those of the trivalent lanthanides and actinides.

Measured values

In the spent fuel experiments (see Chapter 4) quite low concentrations of Cm have been
measured, showing a range from about 10"15 M to about 10"10 M. However, this does not
at this stage allow a straightforward proposal of such solubility limits, because a deeper
understanding of the controlling processes of the transuranium element behaviour in
spent fuel experiments is lacking.

Calculated values

Cm solubility values were calculated only with the SR '97 database, because the COM
database did not have data on Cm. The obtained results are given in Tables 8-1 and 8-2,
for the near-field and far-field, respectively. Curium exhibits somewhat similar
behaviour to americium, where increasing pH shows decreasing solubility, as well as if
carbonate content is increased.

Near-field:

The solubility controlling solid phase was Cm0HC03 giving somewhat lower solubility
for Cm (MO"10 - 4-10"9 M) when compared with those of Am (6-10"8 - 2-10"6 M). This
discrepancy may be a result of the displayed speciation as Cm unlike in the case of Am
exhibited no carbonate complexes (not included in the database). The main speciation of
Cm is the hydroxide CmOH2+, only at low pH Cm3+ species with fluoride complexes
appear. Additionally, sulphate complexes are seen in the oxidizing fresh reference
water.

Table 8-1 Calculated Cm solubility fort the near-field reference conditions.

Reference
water

fresh-ox
fresh-re
saline-ox

saline-re

Eh
i

+667

-254

+667

-254

range
mV
- +490

- -413

- +490

- -373

pH range

7.0 -

7.0 -

7.0 -

7.0 -

- 10.0

- 10.0

- 9.0

- 9.0

Limiting
solid

CmOHCO3

-"-

-"-

-"-

Solubility range
M

4-lff8

3-Iff7

3-lff8

3 Iff7

- l-lff10

- l-lff10

- 4-lff9

- 4-lff9

Database

SR '97

SR '97

SR '97

SR '97
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Far-field:

Similar speciation to the near-field is also displayed in the far-field conditions, with the
exception of missing sulphate species due to lower sulphate content. The computed
solubility values of Cm range from 7-10"nM to 2-10"6M. Especially in the saline
reference water is high solubility caused by the low alkalinity. The same effect is also
seen in the brackish reference water at high pH.

Table 8-2 Calculated Cm solubility for the far-field reference conditions.

Reference
water

fresh-ox
fresh-re

brackish-re

saline-re

Eh range
mV

+667 - +490

-205 - -418

-214 - -343

-195 - -340

pH range

7.0 - 10.0

6.9 - 10.1

7.2 -9.0

7.0 - 9.2

Limiting
solid

CmOHCO3

-"-

-"-

Solubility range
M

9-lOr8 - 7-lOr"

9-lff8 - 7-1 Or"

8-lff8 - 9-lOr8

21ff6 - 5-lff7

Database

SR '97

SR '97

SR '97

SR '97

In the Swiss reference conditions, Berner (1995) has chosen a realistic solubility value
of 6-10 M and a conservative value of 10" M., based on analogy with Am. The realistic
value is estimated by multiplication with the Cm/(Cm+Am) ratio in the waste. In this
work, the highest computed value is 2-10" M. If a similar evaluation by the ratio of the
other trivalent homologues (Am, Nd, Sm) in the spent fuel is used, the corresponding
ratio gets a value of about 102, which gives a solubility of 2-10"8 M. In Swedish
reference waters for SR '97, Bruno et al. (1997) have calculated the solubility of Cm in
granitic groundwaters ranging from 9-10"10M to H 0 ' 7 M and for the bentonite

,-7-equilibrated granitic groundwater, 2-10 M.

Recommended values

3-10'9M
3-10"8M
4-10'9M
9-10"8M
5-10"7M
510~6M

oxidizing and reducing_/rej/j near-Jield
oxidizing and reducing saline near-field
oxidizing and reducing fresh far-field
reducing brackish far-field
reducing saline far-field
reducing brine far-field

Carbonate concentration and pH have a similar effect on Cm solubility as is seen for the
other trivalent REEs and actinides - in the low-alkalinity reference waters solubility is
increased.

8.2 Thorium

The stable oxidation state of thorium in natural conditions is the tetravalent state. In
geological material, thorium is encountered as a trace constituent in solid solution in
phosphate, oxide and silicate minerals, and sorbed onto clays and other soil colloids. It
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occurs as a major species only in a few rare minerals, such as thorianite (TI1O2) and
thorite (ThSiCU). Thorianite is isomorphous with uraninite (UO2), and thorite with
zircon.

Measured concentrations

The solubility of thorianite in pure water is low (computed = 410"11 M) (Langmuir &
Herman 1980), but concentrations by several orders of magnitude higher than that of
crystalline ThO2 have been measured in alkaline lakes (Osthols et al. 1994 and ref.
therein). Some conflicting conclusions are found in the literature, e.g., Langmuir &
Henman (1980) who concluded that thorium carbonate complexes are unlikely to be of
any significance; on the other hand, it has long been known (Cleve, 1874 in Osthols et
al. 1994) that the presence of carbonates increases the solubility of TI1O2. It has also
been pointed out that the existence of U(IV) carbonate species would clearly indicate the
possibility of Th-carbonate complex formation (Grenthe et al. 1992b and ref. therein),
but quantitative data on Th complexation with carbonates is scarce (Osthols et al. 1994).
A recent paper by Felmy et al. (1997) discusses the carbonate complexation of
tetravalent actinides, pointing out the disagreement existing about the magnitude of the
complexation.

Felmy et al. (1991) has obtained solubilities of hydrous thorium(IV) oxide (Th(OH)4) in
chloride media (0.6 M - 3.0 M) over a broad range of hydrogen ion concentration and
equilibration times ranging from 8 days to more than a year, Figure 8-1. The solubility
decreases rapidly over the pCH+ range from 4 to 7, and at higher values appears to
become independent of hydrogen ion concentration. An interesting feature is the three to
four orders of magnitude higher solubility in 0.6 M NaCl compared with the results
obtained by Ryan & Rai (1987) in 0.1 M NaC104, Figure 8-1. The authors explained this
discrepancy by aqueous phase ion interactions or ion-complexation reactions. The
solubility values obtained above pH ~ 7 in the measurements of longer duration scatter
over about two orders of magnitude, 10"8 - 10"6 M.

Wierczinski et al. (1997), using ThO2(am) in solubility measurements with simulated
cement pore water (22°C, low-free-carbonate), obtained Th concentrations less than
10"9 M. In concrete water Thomason (1992) obtained Th concentrations of about
4-10"9M.

Thorium complexation with phosphates has been studied by Engkvist & Albinsson
(1994). Their geochemical modelling showed almost total precipitation of tetravalent
actinide phosphates, even in groundwaters with low-phosphate concentrations (ppb-
level). To validate and/or revise the stability constants for tetravalent actinide phosphate
complexes, Th was chosen because it is the only actinide with a stable tetravalent state
in aerobic conditions. The experimental results (at pH 8 and 9) did not give good
agreement though. Nevertheless, Engkvist & Albinson (1994) concluded that their new
set of stability constants were more reliable than those of Moskvin et al. (1967) and
indicated that tetravalent actinides are hydrolyzed and not fully complexed with
phosphate in common Swedish granitic groundwater conditions (pH 6 - 8 ,
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[PO4]tot<l-10"9 M), also claiming this being true in rich hydroxyapatite or vivianite rock
formations ([PO^tot" MO"8 M).

Because of its stable IV oxidation state, Th is often proposed as a suitable analogue for
other tetravalent actinides. Measured data on Th content exists for oceans and lakes in
many cases where data for other actinides is lacking. In Table 8-, some collected data on
thorium concentrations are given.

Table 8-3 Th concentrations measured in terrestrial waters.

Medium

Fresh surface water

Surface seawater

groundwater
Gohy(low-high DOC)

Oceanic water

Surface seawater

Hyperalkaline Oman gw
Natural analogue sites

Cigar Lake gw
Pocos de Caldas gw

El Berrocal gw

Palmottu gw, Finland

Hyrkkola gw, Finland
*) references in Brunot et al.

pH
range
= 5 - 8

8.1

7.8-8.2

1997

Concentration
M

= 4 .3 -10 n -4 .3 -10- 9

= 2.8-10"12

2.4-10-9-l . l-10"7

= 5 - 1 0 1 4 - 1 . 5 1 0 1 6

2.5-10"12

<2-10"10

< 1.5-109

0.6-1.4-10-8

*2-10" n

= 9-10"9

<910" 9

References

Langmuir & Herman 1980

Kim 1993
Whitfield & Turner 1987 *)

Choppin & Stout 1989 *)
McKinley etal. 1988*)

Cramer etal. 1994*)
Bruno etal. 1992*)
Gomez et al. 1995 *)

Suksi et al. 1992

Marcos et al. 1998

In the Finnish site investigation programme, also U and Th contents in groundwater
have been analyzed, Table 8-4. Uncertainties in the analyzed values of U and Th are
indicated in bold italics. The measured values of Th vary between 7.9-10"9 M and 1.3-10"
7 M. The calculated ratio of U/Th varies from 0.004 to 22.

Table 8-4 Measured groundwater concentrations for U and Thfrom the Finnish site
investigation programme for final disposal of spent fuel. (RO=Romuvaara,
KI-Kivetty, OL=Olkiluoto, KRno.=borehole no., Tno.=sampling section no. /
T7=uppermost Tl=deepest) (Vuorinen & Snellman 1998). (NOTE: The measured
concentrations may also include colloidal forms.)

Area code-
borehole/level
RO-KR3/T1
RO-KR4/T6
RO-KRS/T4

KI-KR1/T6

KI-KR3/T7
KI-KR4/T1
KI-KR5
OL-KR1/T7
OL-KR1/T3
OL-KR4/T5
OL-KR5/T1

Sec.up
m

415
160
305
300
85

430
735
76

612
107
446

E h measured
mV
-170

*)
*)
*)
*)

-35
-75

-120
-270

*)
-250

PH
8.9
9.4
10.1
7.8
8.1
8.3
8.8
7.6
8.3
7.6
8.5

Alkalinity
meq/L

1.0
1.4

1.7
2.1
1.2
1.5
1.3
6.1
0.3
1.5
0.1

V
M

2.1-10"9

1.9-10'9

1.0-lff9

2.9-107

4.7-10"8

1.5-10"7

1.5-108

3.9-10"8

1.8-1010

7.3-10"8

5.6-10"10

Th | U/Th
M i

7.9-10"9

2.2-10*
3.8-10-*
1.3-1O"8

1.6'lff8

9.6-10"9

6.1-10"9

7.9-109

4.7-10"8

1.3-10"7

3.2-10"8

0.266
0.088
0.027

21.957
2.984
15.418
2.485
4.989
0.004
0.574
0.017

*) technical problems in measurement (Ruotsalainen & Snellman 1996)
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Figure 8-1 Hydrous Th(IV) oxide solubilities in (a) 0.1 MNaClO4 and 0.6 MNaCI
solutions; (b) in 1.2 MNaCl; and (c) in 3 MNaCl (Felmy et at. 1991).

Calculated values

Choppin (1989) has tested the value of the geochemical speciation modelling (EQ3/6)
by calculating, inter alia, the solubility of Th in seawater by assuming crystalline ThO2

(pKsp=3.15) to be the solubility-limiting solid. Choppin concludes that the modelled
solubility values were so much less («810"15M) than the measured solubility

(= 510 M), that part of the error probably lies in the constants used. On the other
hand, if thorium is in equilibrium with a solid thorium compound, it is more likely to be
hydrated amorphous TI1O2 with higher solubility. In this work, the solubility of Th was
calculated assuming Th(OH)4 solid (COM: pKsp= 9.65, SR'97: pKsp= 6.30) as
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solubility control. The computed results for the near-field are given in Table 8-5 and for
the far-field in Table 8-6. The presented values are computed with the original
phosphate content of the reference waters. The main difference in Th speciation between
the two databases is the presence of Th carbonate species, Th(CO3)s6" in SR '97, which
in the case of the COM database is lacking. Also the phosphate species, ThH3(PO4)3 and
ThH2(PO4)2, exhibited by SR '97, differ from the one brought about by COM database,
Th(HPO4)3

2\ For comparison, some Th data on solids and phosphate species is listed for
both the databases in Appendix 2.

Near-field:

In oxidizing conditions the modelled (COM) solubility values in both reference waters
are within two orders of magnitude, at pH 7 about 10"6 M and 10'7 M at pH 10, while
SR '97 gives lower values especially at higher pHs. The dominant species exhibited by
the COM database is Th(OH)4(aq) (>90%) in all other cases except at the pH 7 in the
fresh reference water which indicates 88% speciation of Th(HPO4)32". Like in the case
of Np also here the phosphate complex in question and the data seems questionable
since the NEA reviewed uranium database (Grenthe et al. 1992b) does not include the
corresponding phosphate complex. When the phosphate content is decreased to levels of
apatite equilibrium solubility of Th is diminished to the same level with the higher pH
solubility values (« 10' M). In reducing conditions the Th solubility stays at 4-10 M
whereas SR '97 gives lower solubility ranging from 2-10"10 M to 2-10"8 M.

Table 8-5 Calculated Th solubility fort the near-field reference conditions. (Note: The
presented values include phosphate complexation).

Reference
water

fresh-ox
« {

fresh-re

saline-ox

saline-re

Eh range
mV

+667 - +490
i t

-254 - -413

+667 - +490
- " -

-254 - -373
- " -

pH range

7.0 - 10.0

7.0 - 10.0

7.0 - 9.0
- " -

7.0 - 9.0
-"-

Limiting
solid

Th(OH)4
i f

tt

a

ti

- " -

- " -

- " -

Solubility range
M

1 106 - 4-lff7

Mff7 - 5-Iff10

4-10'7 - 4-10"7

2-Iff8 - MO"9

3.Iff6 _ 4.iff7

21CT7 - 21ff'°
4.10T7 - 4.iff7

7-10r'° - 2-lff10

Database

DATA0.COM

SR '97
DATA0.COM

SR '97
DATA0.COM

SR '97
DATA0.COM

SR '97

Far-field:

In the far-field the computed solubility values are of the same order of magnitude as in
the near-field. The speciation and behaviour exhibited are also comparable to those
observed in the near-field; lowering the phosphate content to near the apatite
equilibrium will decrease the low pH solubilities.
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Table 8-6 Calculated Th solubility for the far-field reference conditions.

Reference
water

fresh-ox

fresh-re
a

brackish-re
<«

saline-re

Eh range
mV

+667 - +490

-205 - -418

-214 - -343

-195 - -340

pH range

7.0 - 10.0

6.9 - 10.1

7.2 - 9.0

7.0 - 9.2
(C

Limiting
solid

Th(OH)4

««
a

- " -

tt

a

- " -

Solubility range
M

2-10-6 - 410'7

710"7 - 210"10

2-10"6 - 410"7

MO"7 - 2-10-10

4 1 0 - 7 - 410" 7

2-10"10 - 2-10"10

4-ia7 - 4-icr7

6-10r"> - 2-10r">

Database

DATA0.COM

SR '97
DATA0.COM

SR '97
DATA0.COM

SR '97
DATA0.COM

SR '97

In the Swiss Kristallin-I, Berner (1995) proposed in the near-field both in oxidizing and
reducing conditions the realistic solubility of 5-10"9M for Th, while the conservative
reducing solubility was 10"7M, and the calculated far-field reducing value was 3-10"10M
(ThO2 solid). In the Swedish SITE-94, Arthur & Apted (1996) the solubility of hydrous
thorium oxide (Th(OH)4 = ThO2-2H2O) was modelled at 25°C and compared to relevant
experimental data (according to the authors), stating that the calculated concentrations
are reasonably consistent with both sets of experimental data at low pH, but
considerably over-predict the solubilities (« 10"6M) at pH > 7, Figure 8-2. The dominant
speciation in the calculations was Th(OH)4(aq). Also Bruno et al. (1997) propose (in
SR'97) a solubility of about 3-10"10M in reducing groundwater, but for bentonite
equilibrated groundwater about an order of magnitude higher value, MO"9 M (limiting
solid Th(OH)4).

u

on

.3

-3

-4

-5

•6

-10

-i • 1 ' 1 ' r

| H Ryan and Rai (1987)

Rai and Felmy (1991)
dKudntsNabivanets and Kudntskaya (1964)

DataO.com.R22

I . I i I 1 L

7

pH

10

Figure 8-2 Comparison of calculated and experimental Th(OH)4 solubility: Reducing
conditions at 25°C. (Calculated concentration EQ3/6 DATA0.COM.R22)
(Arthur & Apted 1996).
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Recommended values

4-10"7M oxidizing fresh and saline near-field
4-10"8M reducing near- and far-field

For TVO-92, the recommended solubility value of «10~10M was based merely on
modelling that used the crystalline ThO2 as the limiting solid. In this work, also
measured concentrations and experimental work have been considered, indicating the
possibility of higher concentrations and doubt over whether the limiting solid is less
crystalline. At low pH (=7), an uncertainty of about an order of magnitude higher
concentration cannot be completely ignored, even if doubts about the right phosphate
concentrations in reference waters and the strength of Th phosphate complexes causing
the increase are strong.

8.3 Nickel

The aqueous chemistry of nickel is relatively simple. It is dominated by only one
oxidation state (II) and, thus, the oxidation state is insensitive to the redox state of
groundwaters. In short, the main possible simple nickel solids that a priori may form are
sulphides, iron-nickel compounds and, at high pH, hydroxide.

Measured concentrations

Typical concentrations of nickel in natural waters are about 10~8 M (Wedepohl 1978).
The average nickel concentration in the groundwater from Pocos de Caldas is about
6-10"7 M (Bruno et al. 1997). In a review of the chemical behaviour of nickel, analyses
of a number of groundwater samples showed nickel concentrations in the range of
1010 - 10~6 M (Savage 1995). The following nickel concentrations have been measured
in groundwater from Hastholmen, Loviisa: fresh groundwater 1.4-10"9 — 3.4-10~7M,
brackish groundwater: 1.2-10"8- M0~6M (Snellman and Helenius 1992). Similar con-
centrations were reported for brackish groundwater from Olkiluoto, <5.1-1O"8 M and
Hastholmen 3.4-10"8 M in a study by Kulmala and Hakanen (1993). Some Ni values
have also been measured in the early phase of the Finnish site investigations. In the fresh
groundwater in Romuvaara the values were below the detection limit < 1.7-lO^M and
in Kivetty the highest value was 1.2-10"4 M, whereas, in Olkiluoto the values measured
were in the range of 1.7-10"4 - 1.0103 M. However, these clearly higher concentrations
may include colloidal species.

There is relatively little experimental data relevant to the type of waters and conditions
of interest in this work. Ochs et al. (1998) determined the solubility if nickel in
simulated cement porewaters and found nickel solubilities that were lower than
predicted by thermodynamic data. The measured solubility values in porewaters
corresponding to fresh cement were 3-4-10~7 M (pH 13.2). The solubility was slightly
lower in porewater corresponding to leached cement (pH 12.5). The nickel solubility
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measured by Kulmala and Hakanen (1993) was somewhat dependent on the technique
used:

- centrifuged Olkiluoto groundwater: 1.5 • 10"5 M,
- filtered Olkiluoto groundwater: 1.9-10"7 M,
- centrifuged Hastholmen groundwater: 4.6-10"5 M,
- filtered Hastholmen groundwater: 1.7-10"5 M.

Preliminary results from studies of the nickel solubility in Olkiluoto brackish
groundwater under anaerobic conditions seem to indicate that even higher solubility can
be observed (Carlsson et al. 1998). Further information about the nickel solubility is
found in, for example, Carlsson (1998).

Calculated values

The best solubility estimate given below has been obtained after making a limited
survey of the literature, mainly based on the works by Berner (1995), and Bruno et al.
(1997) and references therein. Berner (1995) gave a high solubility for nickel. Bruno et
al. (1997) calculated nickel solubilities under different groundwater compositions. It
was found that the calculated nickel levels neither were consistent with the observed
concentrations in groundwater, nor with the reported association to iron sulphides in
these environments. In THA-96 (Vieno & Nordman 1996), the solubility value of nickel
was MO"3 M in non-saline waters under reducing conditions. In the case of modelled
solubility data, the criticisms by Grauer (1994,1997) and by Thoenen (1999) were taken
into consideration. One example of the difficulties associated with solubility modelling
is given in a work by Bruno et al. (1991), where four groups of modellers were given,
among other things, the task of calculating the nickel solubility in one particular type of
water. The measured nickel concentration was 5-10'9 M but the modelled results varied
between 2.7-10"2 M and 3.0-10"14 M. The extreme deviation from reality was caused by
unrealistic choices of solubility-limiting phases (NiO, Ni(0H)2 and NiFe2O4). The
example clearly demonstrates that modelled results do not always produce factual values
of, for example, the solubility of nickel. Further details concerning the above case as
well as other examples are found in Grauer (1997). According to Grauer (1997), there is
little hope of calculating nickel solubility in an oxide system; natural hematite and
goethite are impure phases that also contain other transition metals as well as nickel.
Under reducing conditions and in the presence of sulphide, the trace concentrations of
nickel may lead to the formation of impure low-solubility sulphides. However, in a
comprehensive paper on the pitfalls in the determination of solubility limits for nickel in
sulphidic groundwaters, it is concluded that "at the present state of knowledge,
solubility limitation of dissolved Ni by sulphide minerals cannot be relied upon in safety
assessment" (Thoenen 1999).

Recommended values

1 • 10"5 M in all the reference waters
1 • 10'6 M - M 0"4 M is the uncertainty interval.
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9 SOLUBILITY OF THIRD PRIORITY ELEMENTS

9.1 Carbon

Carbon in groundwater occurs mainly as bicarbonate (HCO3") anion in the pH range of
7 - 1 0 . Undissociated carbonic acid (H2CO3) form is predominant in acidic waters (pH
below about 6.5), while the carbonate (CO32") is predominant in alkaline waters (pH
higher than 10.3).

Recommended solubility

The solubility of C as HCO3" is controlled by the solubility of carbonate minerals,
mainly calcite, being thus dependent mainly on the pH and Ca (+Mg) concentration. The
groundwater inorganic carbon concentration is in most cases between (1—3)-10"3M.
Low-calcium (10 mM) waters in equilibrium with calcite (system closed to air) may
have bicarbonate concentrations up to 5-10'3 M, while saline waters in general have
bicarbonate concentration below MO*3 M.

9.2 Cesium

Cesium belongs to the IA alkali metal group having only one (I) oxidation state. In
aqueous solutions caesium occurs as Cs+ ion. In groundwater conditions caesium is
highly soluble. Neither pH nor the redox conditions of the repository affect the solubility
of caesium.

Measured concentrations

Table 9-1 Measured Cs concentrations from groundwaters at the Finnish
investigation sites.

Medium

groundwaters
Olkiluoto (brine), Finland

Olkiluoto (saline), Finland
Hastholmen (saline), Finland
Olkiluoto (brackish), Finland

Hastholmen (brackish), Finland
Kivetty (fresh), Finland

Romuvaara (fresh), Finland

pH range

= 7.8
8.0-8.9
7.0-8.0
7.3-8.5
6.9-7.8
7.6-8.8
7.7 -10.2

Concentration
M

9.0-10"7

7.5-10""-1.5-10"6

1.3-10"7

1.5-10"-7.5-10""
3.9-10"7-6.3-10"7

7.5-10"9-2.6-10"7

1.5-10""-2.2-10"7

References

Vuorinen & Snellman 1998
»»
j i

» »

_ " _

Recommended values
high all reference conditions
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9.3 Chlorine

Chlorine occurs in groundwater as a univalent anion (Cl") showing a general trend which
increases with depth. The solubility of chloride is not controlled by any solid phase in
groundwater. Isotopic exchange is anticipated with Cl" present in the disposal system
otherwise.

Recommended values
high all reference conditions

9.4 Holmium and samarium

Holmium and samarium are REEs whose dominant oxidation state in aqueous solution
at 25°C is the HI state. However, under extremely reducing conditions, Sm may be
exhibited also at the II state. Spahiu & Bruno (1995) state that the most important
potential solubility-limiting solids in many natural systems include hydroxides,
carbonates, hydroxycarbonates, fluorocarbonates, fluorides and phosphates, but very
little data on these phases of Ho and Sm exists in the literature or the agreement may
often be poor, spanning several orders of magnitude. By analogy to Am, Cm and Nd
hydroxycarbonate phases, similar phases should also be exhibited by Ho and Sm, but
presently such data was not found in the literature.

Measured concentrations

Some experimentally measured data in terrestrial waters on Ho and Sm concentrations is
presented in Table 9-2. The high value, 4.5-10"8 M, in the table is attributed to the high
concentration of humic acids present in the Gohy groundwater in question. In alkaline
lakes, Ho and Sm concentrations are one to two orders of magnitude lower than in
acidic lakes. The concentrations measured in the Finnish site investigations are rather
high compared with the other data measured (Note:The presence of colloidal material in
the samples can not be ruled out.)

Table 9-2 Measured Ho and Sm concentrations in terrestrial waters.

Medium

Deep ocean water

groundwaters

- " -(UK)
- " - ( U K )

- " -Finland
- " - Finland

Gohy(low - highDOC)
Lakes alkaline

>>

acidic lake
»»

Element

Ho
Sm
Ho
Sm
Ho
Sm
Ho
Sm

- " -
Ho
Sm
Ho
Sm

pH range

7.0-7.6

5.5-6.8

7.1-8.9

7.8 - 8.2
8.5 - 9.7

3.6

Concentration [M]

(1.8-3.6>1O'1Z

(4.4-6.8)-10"12

= M01 2-3-10"n

==51012-9-10-n

= 2-4-10-10

= 1 -310"9

^2-7-lOf8 *)
"4-Kf-l-m7 *)
2.4-10-10-4.5-10-8

= 8-10-12-3-1010

«5-10n-2-10"1 0

«6-10"9

= MO"9

Reference

Whitfield& Turner 1987

Johannesson et al. 1995b
51

j )

» »

Vuorinen & Snellman 1998

Kim 1993
Johannesson et al. 1995b

))
» j

99

*) some analytical uncertainties, possibly colloidal species included
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Calculated values

Holmium and samarium are homologues of americium and curium. Their solubility
values were computed only with SR '97 database, which had data for these elements.
The database did not include a hydroxycarbonate phase (MOHCO3) corresponding to
those used as limiting solids for Am and Cm. The computed solubility values are
presented for the near-field in Table 9-3 and for the far-field in Table 9-4. The presented
values are given for both elements for a limiting solid of the form M2(CC>3)3.

Near-field:

The computed solubility values for Ho range from 2-10"6M to 110~5M and for Sm,
from 410"7 M to 4-10"6 M, which displays about an order of magnitude difference. One
would expect closer behaviour as both elements belong to the rare earth elements
exhibiting stable trivalent oxidation state. Carbonate speciation (MCO3

+ and M(CO3)2")
is dominant (over 79%) at pH 8 and above. At pH 7 in oxidizing saline reference water
the M3+ species is stabilized increasing the solubility. In oxidizing fresh reference water,
sulphate species appear at pH 7. In reducing conditions, phosphate complexes are
displayed at high pH increasing the solubility in the fresh reference water by about an
order of magnitude.

Table 9-3 Calculated Ho and Sm solubility values for the near-field reference
conditions. (Note: These values include phosphate complexation at high pH).

Reference
water

fresh-ox

fresh-re
tt

saline-ox
tt

saline-re

Eh range
mV

+667 - +490
tt

-254 - -413

+667 - +490

-254 - -373
tt

pH range

7.0 - 10.0
tt

7.0 - 10.0
tt

7.0 - 9.0

7.0 - 9.0
tt

Element

Ho
Sm

Ho
Sm

Ho

Sm

Ho

Sm

Limiting
solid

Ho2(CO3)3

Sm2(CO^3

Ho2(CO3)3

Sm2(CO^3

Ho2(CO3)3

Sm2(CO3)3

Ho2(CO3)3

Sm2(CO3)3

Solubility
range

M
3-10"6 - MO"5

91a7 - llff6

2-10'6 - MO"5

51ff7 - 2-lff6

MO'5 - 310"6

4-icr6 - 4-icr7

910"6 - 310'6

3.Iff6 - 4-Iff7

Database

SR '97
SR '97

SR '97
57? '97

SR '97

SR '97

SR '97
SR '97

Far-field:

In reducing conditions, carbonate speciation is dominant in fresh reference water.
Additionally, phosphate species (>19%) are present at pH values above 8. The solubility
values differ again by about an order of magnitude between the two elements. In the
low-alkalinity brackish and saline reference waters- high pH (9) is dominated by
hydroxide complexes (M(OH)3, M(OH)2+ and M0H2+), rather suggesting the
trihydroxide to be a more probable solubility control resulting in lower solubility values,
in the order of 10"8 - 10"9 M. At pH 7 in the saline reference water the M3+ is stabilized,
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whereas in the brackish reference water carbonate species are predominant resulting in
lower solubility, by about an order of magnitude.

In oxidizing conditions carbonate speciation is predominant, except at pH 10 where,
similar to the reducing conditions, phosphate complexation is high, over 90%. If
phosphate concentration is determined by apatite equilibrium, the main speciation will
change to hydroxide complexes, which would in turn suggest the trihydroxide solid for
solubility control, resulting in lower solubility, around 10'8 M.

Table 9-4 Calculated Ho and Sm solubility values for the far-field reference
conditions. (Note: These values include phosphate complexation at high pH)

Reference
water

fresh-ox

fresh-re

brackish-re

saline-re

Eh range
mV

+667 - +490

-205 - -418

.214 - -343

-195 - -340

pH range

7.0 - 10.0

6.9 - 10.1

7.2 - 9.0

7.0 - 9.2

Element

Ho

Sm

Ho
Sm

Ho
Sm

Ho

Sm

Limiting
solid

Ho2(CO3)3

Sm2(CO3)3

Ho2(CO3)3

Sm2(CO3)3

Ho2(CO3)3

Sm2(CO3)3

Ho2(CO3)3

Sm2(CO3)3

Solubility range
M

410"6 - 9-lff6

MO"6 - M O 6

4-10" 6 - 1 1 0 s

91ff7 - 9-lff7

3 1 0 " 6 - 1 1 0 5

91ff7 - 2-lff6

6-Iff5 - high
31ff5 - 4-lff5

Database

SR '97

SR '97

SR '97

SR '97

SR'97
SR '97

SR'97

SR '97

Recommended values

Samarium:

Holmium:

510"'
7-10"7

4-10"7

MO"6

8-10"6

HO"5

510"6

2-10"6

4-10"6

210"5

4-10"5

M
M
M

M
M
M

M
M

M
M
M

oxidizing and reducing saline near-field
reducing /̂re.y/2 near-field,
oxidizingyrasT* near-field and oxidizing and
reducing fresh far-field
reducing brackish far-field
reducing saline far-field
reducing brine far-field

oxidizing and reducing^mTz near-field
oxidizing and reducing saline near-field and
fresh far-field
reducing brackish far-field
reducing saline far-field
reducing brine far-field
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9.5 Iodine

Iodine is the only halide that possesses more than one oxidation state in the stability
field of water, namely iodine (I") and iodate (IO3). In the terrestrial environment, iodide
is the predominant species, but in seawater iodate appears to be the thermodynamically
more stable species, as demonstrated by the presence of iodide only in the upper layer of
seawater (Wong & Brewer 1977). Iodide can be converted to elemental iodine by
photochemical oxidation and the elemental iodine can contribute to disproportions,
which might explain the presence of both iodide and iodate in seawater (Hem 1989).

According to Sugawara et al. (1958), iodide ions can be co-precipitated with iron and
manganese and aluminium hydroxides. Iodide is not expected to sorb on granitic
minerals or clay minerals to any greater extent. Minor amounts of iodide have been
found to adsorb on kaolinite, montmorillonite and bentonite, but the presence of
dissolved calcium salts was found to decrease the adsorption ability of the two latter
clay types (Raja & Babcock 1961). However, a slight retention on certain lead and
copper ores has been evidenced. The adsorption of iodide by G12O, CuO and Cu has
been demonstrated as well as the formation of Cul (Christensen 1990 and references
therein), but currently this knowledge is not enough to assume other than the high
solubility of iodine in the disposal conditions.

Measured concentrations

Data on groundwater samples, e.g., in Finland and Canada, have shown that there is a
general trend for higher groundwater concentrations of I (and Cl) with depth as well as
total dissolved solids (TDS), Figure 9-2. Table 9-5 presents some measured values of
iodide concentrations including values measured in the Finnish site investigation
programme.

Table 9-5 Measured iodine concentrations in terrestrial waters.

Medium

groundwaters
New Zealand

North Carolina (phosphorite
deposit)

Whiteshell, Canada
Olkiluoto (brine), Finland
Olkiluoto (saline), Finland

Hastholmen (saline), Finland
Olkiluoto (brackish), Finland

Hastholmen (brackish), Finland
Kivetty (fresh), Finland

Romuvaara (fresh), Finland
oilfield waters

California
Michigan (brine)

Vienna Basin
western Urals

brines

pH range

= 7.8
8.0-8.9
7.0-8.0
7.3 - 8.5
6.9-7.8
7.6-8.8
7.7 -10.2

- 6

Concentration [M]

= 6-10 10"8

= 0.2-1.610"6

l.SlQr'-lAW4

4.7 10"6

3.2 10"7-1.5 10"5

7.1 10"7 - 3.0 10"6

7.9 10"8-6.3 10"6

3.9 10 7 -6 .3 10"7

7.9 10"8-3.2 10-6

, _ 7.9 10"8 - 8.7 10"7

» 0.5 10"4

« 0.4 10"3

< = 0.610"3

« 0.4-0.6 10"3

= 4 10"4

References

Dean 1963
Brown 1958

Sheppard & Gascoyne 1997
Vuorinen & Snellman 1998

«

— " -

— " -
- " -

Fethetal. 1961
Scott & Barker 1962
Krejci-Graf 1963a

Hem 1989
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Figure 9-2 Iodide concentrations in response to TDS in Canadian shield
groundwaters (Sheppard & Gascoyne 1997).

Recommended values

high all reference conditions

9.6 Strontium

Strontium is by atomic number the mean of the earth-alkalines. It shows only a weak
tendency to hydrolyze (Baes & Mesmer 1986). The most important isotope in used
uranium fuel is Sr-90, which has a half-life of about 30 years.

Measured concentrations

Most groundwaters contain measurable concentrations of strontium. Table 9-6
summarizes the analyzed concentrations of Sr in the Finnish site investigation
programme.

Table 9-6 Measured Sr concentrations in groundwater at the Finnish investigation
sites.

Medium

groundwaters
Olkiluoto (brine)

Olkiluoto (saline)
Hastholmen (saline)
Olkiluoto (brackish)

Hastholmen (brackish)
Kivetty (fresh)

Romuvaara (fresh)

pH range

= 7.8

8.0-8.9
7.0-8.0
7.3-8.5
6.9-7.8
7.6-8.8

Concentration [M]

1.8 10"3

2.0-10-4-6.4-10"4

•SA-W*-5.510)*
1.4-10"5-9.9-10"5

5.6-10"5-8.0-105

2.4-10-7-2.2-10"6

7.7-10.2 | 3.4-10-8-2.2-10"6

References

Vuorinen & Snellman
1998

_ " -
it

- " -

- " -
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SrCC>3 has been found in fracture fillings, suggesting that in some case the Sr
groundwater concentration may be controlled by strontianite. The low partition
coefficients (0.04 - 0.08) in the co-precipitation of Sr with calcite indicate that it is not a
very probable solubility control for Sr. This is also suggested by the limited mixing of
orthorombic carbonates (Speer 1990). The solubility products and solubilities of
carbonate and sulphate of strontium collected in Seidell (1940) clearly show that, in the
reference waters of this study, the strontium solubilities are controlled by SrCO3 or
SrSO4 as a simplistic and conservative approach. Solubilities of SrCCh in different
electrolytes have been collected (Seidell 1940). Because of the pH-dependency of
carbonate in solution, the solubility estimations made by computational method were
preferred.

Calculated values

The solubilities of strontium were estimated by using the carbonate concentrations at
different pHs of near-field waters and alkalinity-derived carbonate concentrations of far-
field waters, and by using the solubility product of SrCO3 (9-10"10 mol2 to 3-10"9 mol2).
The solubilities of SrSC>4 were also calculated using the sulphate concentrations and
solubility product values (3-10"7 mol2 to 3.7-10"7 mol2). The solubilities at different ionic
strengths were derived by multiplying the solubilities at 0 ionic strength by factors
derived from the solubilities of SrCCb and SrSO4 in different electrolyte solutions
(Seidell 1940).

The solubilities of Sr were also derived from the Ca concentrations of the reference
waters by using the ratios of solubility products of the Ca- to Sr-carbonate by assuming
that the waters are saturated with Ca-carbonate. This approach allows the same possible
oversaturation for Sr and Ca. The calculated results are given below in Tables 9-7 and
9-8.

Table 9-7 Sr solubilities obtained using SrSC>4 as the solubility-limiting solid and
correction for ionic strength (I).

Reference waters

NEAR-FIELD
Fresh
Saline

FAR-FIELD
Allard

Fresh-ox
Fresh-re

Brackish-re
Saline-re
Brine-re

SO4 [M]

M0'1

310"2

M0"4

M0"4

MO"4

7.4-10"3

8.8-10"6

8.8-10"6

Correction for
I

*5
*6

*1.2
*1.2
*1.2
*5
*6
*6

Sr[M]

1.5-10"5

6-105

(3.6-4.8)-10"3

(3.6-4.8)-103

(3.6-4.8)-103

(2.0-2.6)-10"4

(2.0-2.6)-10"1

(2.0-2.6)-10"1
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Sr solubilities obtained using SrC03 as the solubility-limiting solid and
correction for ionic strength (I).

Reference waters

NEAR-FIELD
Fresh

Saline

FAR-FIELD
Allard

Allard basic
Fresh-ox
Fresh-re

Brackish-re
Saline-re
Brine-re

pH

7.3
8.1
9.0
10.0
7.3
8.1

9.0

10.0

CO3 [Ml

7.4-10"5

1.2-10"4

5.4-10"4

7.0-10"4

1.4-10"'
5.7-10*

1.610*

3-10"6

MO"4

MO"4

910"'
3.2-10"'
1.5 10 '
2-10"*

Correction
for I

*1.5
*1.5
*1.5
*1.5
*3
*3

*3

*3

*1

*1
*1

*1.2
*1.5
*5

Sr fM]

(3-9)-10"5

(2-5)-10*
(5-13)-10"6

(3-9)-10"6

(3-9)10"'
(9-27)-10"4

(3-9)-10"3

(1.5-4.5)-10"3

(2-5)-10"'

(2-5)-10"5

(2-6)-10*
(6-18)-10"'
(2-5)-10"4

(4-13)-10"3

Derived from Ca
concentrations

Sr [Ml

2.4-10"4

7.0-10"'
1.410"'
3.1-10"*
2.0-10"3

2.010"3

2.0-10"3

2.0-10"3

2.3-10"'
MO"4

6.410*
8.510"4

5-10"3

2-10"2

Recommended values

8-10"6M
8-10"5M
5-10'5M
l-lO^M

4-10'3M

oxidizing and reducing^,?/* near-field
oxidizing and reducing saline near-field
oxidizing and reducing fresh far-field
reducing brackish far-field
reducing saline far-field
reducing brine far-field

In the fresh near-field, the solubility-limiting solid is SrSO4 or SrCOs; the estimated
solubilities are about the same within the uncertainty at a pH lower than 10. At pH 10
the solid would be SrCC>3. In the saline near-field, the solubility-limiting solid is SrSC>4
for the whole pH range.

In the far-field, the solubility-limiting solid is SrC03 in all other conditions, but
probably in the brackish water where the solubility of SrSC>4 is about the same or
slightly lower than that of SrCO3.
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10 DISCUSSION AND RECOMMENDATIONS

The assessment of the recommended solubility values for TILA-99 included
consideration of several different data sources, inter alia concentrations encountered in
natural environments, concentrations measured in various solubility and other
experiments, including spent fuel experiments. Solubility values were also computed in
the case of some elements. Using data of different origin gave a broad spectrum of the
versatility of concentrations in different environments and by modelling the effects of
some key parameters in the range of the reference water conditions could be considered.
The versatile data sources did not, however facilitate the solubility assessment, because
each data source considered has specific advantages and disadvantages. Some have been
elucidated below, giving insight into the variability of considerations needed in this kind
of work as well as uncertainties involved.

• Concentrations met in natural environments may often be controlled by the
availability of the element rather than by a limiting solid, but even if a limiting solid
was responsible, rarely any information on it is presented. On the other hand, in
natural environments geological time scales have been met. Many processes (e.g.
redox, sorption, co-precipitation, microbiological processes) are involved in
controlling the natural concentrations, but altogether the natural system is ill-
defined. The concentrations may show quite large ranges but the causal connections
for the variations may remain unclear, even if certain trends can sometimes be
detected. Small particles and colloids are ubiquitous in natural waters and can be
included in some measured consentrations (sufficient data is often lacking on the
exact sampling procedure). Research results, especially from natural analogue sites
(e.g. uranium deposits) can be valuable as well as can the results from the sites
under consideration for final disposal of spent fuel.

• Solubility measurements in well-controlled conditions and well-known systems give
information about the limiting solids formed and controlling solubility in the
systems. However, these kinds of experiments are hampered by the fact that the
obtained solid generally represents poorly crystallized or amorphous phase
(kinetically favoured) with a higher solubility than the more crystalline phase into
which it may be transformed in the long run. In the case of highly a-radioactive
elements (e.g. Am), the solids formed may give higher solubility values than
expected (based on their chemical homologues) as the ageing process may be
governed by the contradictory processes; self-irradiation and increase in crystallinity
with time. Another shortcoming is that until now mostly pure phases have been
investigated when nature usually presents complex phases.

• In the spent fuel experiments the actual waste form is present, but often the primary
objective has been to obtain knowledge on dissolution and corrosion mechanisms of
the fuel rather than data on the solubilities and limiting solids of the various
elements (other than uranium). Altogether, the spent fuel experiments are quite
complicated systems in which great difficulties are encountered both in defining and
maintaining the exact chemical conditions (e.g. oxidizing or reducing), in
establishing the processes involved and in analyzing the very small amounts of
dissolved elements. In the case of the formed solids, there is hardly anything tangible
to analyze and appropriate methods are often lacking.
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• The computed solubility values are based on chemical thermodynamics, which is a
well-established scientific discipline, and the equilibrium thermodynamics used can
be defended for geological time scales. Important problems in chemical modelling
are the consistency of the thermodynamic data used, its reliability as well as lacking
data. A great deal of international effort (NEA TDB-project) has been directed
towards improving the databases and good results have already been obtained (U
(Grenthe et al. 1992b) and Am (Silva et al. 1995) databases), but for the time being
the evaluated data does not include phases other than pure ones. The evaluation of
solubility and speciation by modelling is necessary, especially in assessing the
sensitivity of the solubilities to changes of important system parameters (e.g. pH,
Eh, temperature, content of carbonate and other complexing agents, ionic strength).

As a last point it can be added that, if solubilities are to be categorized according to
conservative and realistic values, it is evident from the short discussion above that the
values recommended here are generally more conservative than realistic. There are
processes that are known, or believed to decrease element concentrations, especially
when trace amounts are in question, but the magnitude and precise nature are neither
clear nor quantifiable. Berner (1995) has pointed out that determining the behaviour of
trace elements in a natural heterogeneous system is a very difficult task, as a variety of
unknown processes and/or processes with still unknown thermodynamic characteristics
will influence the system. It also has to be noted that in this work the solubilities were
considered without other concurring elements, especially uranium, the major element in
spent fuel.

The solubility values estimated in this task are presented in Table 10-1 for near-field
conditions and in Table 10-2 for far-field conditions and recommended as solubility
values for TILA-99. The values given in these tables represent reference water
conditions at pH of about 8, which is commonly measured in deep groundwater
conditions at the Finnish investigation sites. Great uncertainties are related to the near-
field pH conditions though, but as yet, the bentonite-groundwater system is not well
understood. In general, the uncertainty in the recommended solubility values is about an
order of magnitude (mainly due to the variations in the pH, Eh and carbonate content).

The spent fuel experiments demonstrated low concentrations of Np, Pu, Am and Cm.
However, the present stage of knowledge has not allowed much weight to be given to
the results yet. The recommended solubilities of Am and Np are largely based on the
theoretically obtained values supported by the experimentally measured data, whereas
Pu solubility is mainly based on the experimental results, which agree well with the
theoretical values. Cm solubility is based on the theoretical values. Th is the only
actinide for which natural concentrations from some analogue sites and the site
investigation sites were available. The recommended model-based Th solubility values
represent the naturally encountered higher concentrations. Very little data was available
for Sm and Ho, thus the recommended solubility values are based on the computed
values, as well as those of Pd. Experimentally measured solubility values are the basis
for Sn, Zr and Nb recommendations, whereas Tc and Se recommendations are based
more on other sources in the literature. Pa recommendations are based on general
literature on Pa and on some Pa concentrations measured in groundwater.
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The recommended values for the alkaline-earth elements, Ra and Sr, were derived from
the measured solubilities of Ra, Ba and Sr sulphate and carbonate in electrolyte
solutions of various ionic strenghts and the solubility products in the literature. The
solubilities of Sr carbonate at different pH were verified by computation. The
recommended Sr values are slightly higher than those measured in the groundwater
samples in the site investigation studies.

No solubility limit is recommended for cesium, carbon, chlorine and iodine, which have
high natural concentrations. The recommended values for Ni are based on the data for
natural waters and the results from various modelling studies.

Because the copper iron canister is one main component of the technical barrier system,
also Cu and Fe were considered in this study. The main function of the canister is to
resist corrosion, i.e. to keep its metallic form. The concepts of metal corrosion and
element solubility in the strict sense were distinguished in this study. The recommended
solubility values are based on estimation of the concentration limits observed in natural
groundwaters.
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Table 10-1 Proposed solubility values for near-field conditions for TILA-99. The
limiting solid is given in the element column if it is the same for all
conditions, otherwise it is given in the solubility column below the
solubility value.

element

Am
AmOHCQi
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- - : • • • • !
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Solub
Fresh-OX 1 Fresh-RED
MO"7

M O 7

CMO

MO"3

8-10"6

NaNpO2COr3.5H2O
2-10"7

6-10"9

2-107

Pu(OH)4(am)
210-9

high
ScO2

MO"6

high

M O 8

3-10"9

3-105

110 s

4-107

4-107

5-10"6

8-10-6

high

MO"7

2-10"9

Cu2O

1-10"3

2-10"9

Np(OH)4

2-10"9

PaO2

610"9

MO'9

Pu(OH)3

2-10"9

1-10"7

l-lO"6

MO"8

MO"8

3-10"9

3-106

M O 5

4-10'8

7-107

5-10"6

8-10"6

high

Hity [M]
Saline-OX
2-107

M O 7

CuO
MO"4

6-10"6

NaNpO2CO3-3.5H2O
2-10"7

610-9

2-10-*
Pu(OH)4(am)
7-10"9

high

MO"6

high

1-10*

3-108

3-10"*

1-10"5

410"7

5-10"7

2-10"6

810 s

high

Saline-RED
2-10"7

5-10 s

Cu2O
MO"4

210"9

Np(OH)4

210"9

PaO2

610"9

2-108

Pu(OH)3

7-10"9

1-10"7

M O 6

M O 8

1-10"8

3-108

3-10"6

1-10"5

4-10"8

5-10"7

2-106

810 s

high
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Table 10-2 The proposed solubility values for far-field conditions for TILA-99. The
limiting solid is given in the element column if it is the same for all
conditions, otherwise it is given in the solubility column below the
solubility value.
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Fresh-OX

1-10"7

1-10'7

CuO

MO"3

3-10"4

NaNpO2CO?3.5H2O
2-10"7

610"9

2-10"7

510"7

high

MO"6

high

1-10"*

410"9

3-10"6

1-10"5

4-10*

4-10"7

2-10"6

5-10"5

high

Solu
Fresh-
RED
7-10*

2-10"9

Cu2O

MO"3

2-10"9

Np(OH)4

2-10"9

PaO2

6-10"9

5-10"9

5-10"7

MO"7

5-10"6

4-10*

MO*

410"9

3-10"6

1-10"5

4-10*

410"7

2-10"6

510"5

high

bility [M]
Brackish
-RED
410"7

510"6

Cu2O

1-10"4

2-10"9

Np(OH)4

2-10"9

PaO2

6-10"9

5-10"9

3-10*

MO"7

MO"6

4-10"*

MO*

910*

3-10"6

MO"5

4-10*

MO"6

4-10"6

MO"4

Saline-RED

2-10"6

510"5

Cu2O
1-10"4

3-10"9

Np(OH)4

2-10"9

610"9

MO"7

3-10"5

MO"7

1-10"6

4-10*

1-10"8

5-10"7

310"6

MO"5

410*

8-10"6

2-10"5

810"4

high | high

Brine-
RED
MO"5

MO"3

Cu2O

MO"4

310"9

Np(OH)4

210"9

5-10"7

MO"4

3-10"5

MO"7

MO"6

4-10"*

MO"*

5-10"6

3-10"6

110s

410*

MO"5

4-10"5

4-10"3

high
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APPENDIX 1: Some results on SKB spent fuel experiments

Some chosen results on centrifugates in simulated
For the simulated GW the nominal carbonate content =

GW, SKB spent fuel experiments at Studsvik (Forsyth 1997).
123 ppm at pH = 8.0 - 8.2

measure
carbonate [ppm]

103-125

120-154

58-179

257-279

<6-20

125-156

106-150

104-164

98-157

115-122

116-170

44-69

45-63

50-81

d
pH

7.3-8.4

8.0-8.5

8.2-9.9

8.8

7.9-8.5

8.3-8.6

7.8-8.6

8.4-8.6

8.3-8.6

7.6-8.5

7.6-9.1

9.4-9.9

9.1-9.8

9.1-9.6

GW-OX
sample

3.2
sample

3.3
samples
3.23-3.24
sample

3.25
samples
7.1-7.2

samples
7.3-7.6

samples
11.1-11.5
samples

11.10-11.12
sample
11.16

GW-ANOX

sample
7.7-7.12
sample

7.13-7.14
sample

11.6
sample

11.9
sample
11.15

min.
max.
mm.
max.
mm.
max.
mm.
max.
mm.
max.
mm.
max.
mm.
max.
mm.
max.
mm.
max.

mm.
max.
mm.
max.
mm.
max.
mm.
max.
mm.
max.

U
M

2.E-07
2.E-05
2.E-06
6.E-05
4.E-09
3.E-05
2.E-05
4.E-05
5.E-06
2.E-05
3.E-06
2.E-05
2.E-06
5.E-05
2.E-06
1.E-05
3.E-06
1.E-05

4.E-08
1.E-05
1.E-07
5.E-06
3.E-08
6.E-07
4.E-08
5.E-06
8.E-08
2.E-06

Np
M

3.E-09
1.E-09
1.E-09
2.E-09
2.E-11
6.E-09

9.E-09

5.E-09
3.E-09
5.E-09
1.E-11
7.E-09
6.E-11
2.E-09
7.E-11
2.E-09

3.E-11
7.E-11
4.E-12

II

5.E-12
5.E-11
5.E-12
7.E-11
1.E-11
7.E-11

Pu
M

2.E-10
6.E-09
4.E-10
1.E-08
7.E-11
3.E-09
1.E-09
3.E-09
2.E-09
5.E-09
9.E-10
9.E-09
5.E-10
9.E-09
1.E-09
9.E-09
2.E-09
8.E-09

3.E-14
2.E-12
4.E-11
3.E-10
3.E-11
2.E-10
1.E-11
2.E-10
1.E-11
2.E-10

Am
M

Cm
M

2.E-13
2.E-12
2.E-13
1.E-11
3.E-14
2.E-12
1.E-12
3.E-12
4.E-12
1.E-11
9.E-13
2.E-11
1.E-13
9.E-12
2.E-12
6.E-11
1.E-12
2.E-11

5.E-10
9.E-10
2.E-14
5.E-12
8.E-14
2.E-12
5.E-13
7.E-12
7.E-13
3.E-11

La
M

7.E-10
1.E-09
3.E-09
3.E-09
2.E-11
2.E-10

3.E-09

1.E-09
3.E-10
1.E-09
2.E-11
4.E-08
5.E-11
6.E-09
8.E-11
2.E-09

5.E-10
9.E-10
2.E-11

7.E-13
1.E-09
6.E-11
1.E-09
8.E-11
5.E-09

Ce
M

2.E-11
9.E-10

1.E-08

3.E-09
2.E-10
3.E-09
8.E-11
2.E-09
2.E-11
1.E-09
5.E-10
2.E-09

2.E-09
2.E-10
9.E-10

2.E-10
2.E-09
9.E-11
2.E-09
2.E-10
4.E-09

Pr
M

2.E-11
6.E-10
1.E-09
2.E-09
2.E-11
1.E-10

2.E-09

1.E-09
3.E-10
1.E-09
5.E-11
3.E-08
3.E-11
5.E-09
1.E-10
2.E-09

2.E-10
4.E-10
4.E-10

it

8.E-13
4.E-10
2.E-11
8.E-10
2.E-12
3.E-09

Nd
M

2.E-09
II

8.E-09
6.E-09
8.E-11
9.E-10

9.E-09

3.E-09
7.E-10
3.E-09
7.E-11
1.E-08
2.E-10
3.E-08
1.E-09
1.E-10

8.E-10
3.E-10
7.E-10

9.E-12
1.E-09
6.E-11
2.E-09
7.E-11
1.E-08

Eu
M

3.E-11
3.E-10
3.E-10
5.E-10
7.E-12
5.E-11

6.E-10
6.E-11
6.E-10
5.E-11
7.E-10
2.E-11
5.E-09
4.E-11
2.E-09
5.E-11
8.E-10

2.E-11
4.E-10
4.E-11
5.E-10
1.E-11
3.E-10
1.E-10
2.E-10
5.E-11
1.E-09
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Some logK values

Some data on species of Np, U, Pu and Th and their log K values (25°C) given in the DATA0.COM. R2 (Wolery 1992a) and SR '97 (Bruno et al. 1997) databases (no
aqueous phosphate species for U in SR '97).
NEPTUNIUM
AQUEOUS SPECIES

Np(H2PO4)2
+

NpH2PO4
2+

Np(H2PO4)3(aq)

Np(HPO4)2

NpH2PO4
3+

Np(H2PO4)2
2+

Np(HPO4)5
6"

Np(HPO4)4
4-

Np(HPO4)3
2'

Np(HPO4)2(aq)
NpHPO4

2+

NpO2HPO4-

NpO2H2PO4(aq)

NpO2H2PO4
+

NpO2HPO4(aq)

SOLIDS

NpO2(c)

Np(OH)4(s)

Np(OH)3(s)

Np2O5(s)

NpO2OH(am)

NpO2OH(s)

NpO2(OH)2(s)

NaNpO2CO3 3.5H2O

Com.R2
logK

-3.70

-2.40
-5.60

-52.00
-43.20

-33.40

-23.70

-12.90

-3.50

-0.60

-2.30

-8.20

com.R2
logK

-7.80

0.81

9.50

4.24

5.99

-1.23

SR'97
logK

0.18

8.72

-9.06

-23.75

-11.70

-23.20
-51.99
-43.28
-33.51

-23.75
12.93

-13.50

-17.70

-19.38

-17.98

SR'97
logK

-7.70

1.50
39.10

-10.23

-4.78

-3.78
-9.69

URANIUM

UO2PO4"

UO2H2PO4
+

UO2H3PO4
2+

UO2HPO4(aq)
U02(H2PO4)(H3PO4)

+

U02(H2PO4)2(aq)

UO2(fuel)

UO2(am)

Uraninite (UO2)

com.R2
logK

-2.08
-11.67

-11.31
-8.44

-22.75

-21.74

com.R2
logK

0.11

27.66

SR'97
logK

SR'97
logK

-1.60

0.89
-4.82

PLUTONIUM

PuH2PO4
z+

Pu(HPO4)4
4-

Pu(HPO4)3
2'

Pu(HPO4)2(aq)

Pu(HPO4)
2+

PuO2(H2PO4)
+

PuO2( c)
Pu(OH)4(am)

Pu(OH)4

Pu(OH)3(s)
Pu2O3(c,beta)

PuO2OH(am)

PuO2(OH)2(c)

com.R2
logK

-9.68

-43.25
-33.46

-23.85
-13.01

-11.21

com.R2
logK

-7.36

0.76

22.45
48.13

5.46

3.55

SR'97
logK

-9.66

-43.15
-33.39

-23.80

-12.98

-11.19

SR'97
logK

-7.36
-8.11

22.46

48.13

5.46

4.38

THORIUM

ThH3PO4
4+

ThH2PO4
3+

Th(H2PO4)2
2+

Th(H2PO4)4

Th(HPO4)3
z-

Th(HPO4)2(aq)

ThHPO4
2+

Th(OH)4PO4
3"

Thorianite (ThO2)

Th(OH)4

com.R2
logK

-11.12

-11.71
-23.21

-31.19

-22.69

-10.68

com.R2
logK

1.86

9.70

SR'97
logK

-11.25

-11.75

-24.40

-40.80
-34.95

-26.40

-13.20

27.25

SR'97
logK

7.60

1.80

6.30

ThH3PO4
+

ThH2PO4
+

ThH4(PO4)2

ThH3(PO4)3

ThH2(PO4)2

ThO2(am)

ThO2( c)

Th(OH)4(s)
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APPENDIX 3: Some water compositions

Table A3-1 Comparison of Basic Allard and one given starting composition of J-13
well water (Wilson et al. 1990a) and J-13 in Nitsche et al. (1994a).

CeT
Mg*+

Na+

K+

cr
SO/"
SiO2(aq)
Carbonate (tot.)
F
PO/ '
PH
Ionic strength

(mM)
n

n

i i

n

n

n

I I

n

n

(M)

Basic
Allard

0.45
0.18
2.26
0.10
1.49
0.10
0.13
2.0

8.2
= 0.006

J-13
Wilson

0.38
0.11
1.81
0.09
0.20
0.19
1.35
2.10
0.11
0.03
8.0

« 0.003

J-13
Nitsche

2.19
1.31
7.43
0.34
1.04
1.34
1.07
2.81
0.11
1.25
7.0

Table A3-1 Composition of Yucca Mountain groundwaters. J-13 and UE-25p#l from
Nitschet et al. 1992a, H-17 Brine from Nitsche et al. 1994a.

Ca*+

MJT
Na+

K+

cr
SO/ '

Br"
Ba"

SiO2(aq)
Carbonate (tot.)

F
PO/"

TIC *) as HCO3

PH
Ionic strength

(mM)
11

11

i i

11

11

11

11

11

11

11

Oxm)
(mM)

(mM)

28.9
74.1
2397
30.7
2482

75
0.95
3.98

0.82
7.0

= 3000

0.29
0.07
1.96
0.14
0.18
0.19

1.07
2.81
0.11
1.25

7.0
= 3

l'P:::UE-25p#ir:::';

2.19
1.31
7.43
0.34
1.04
1.34

0.62
11.44
0.18

6.7
= 20

*) TIC= Total Inorganic Carbon
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