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Abstract

In a geological repository, containers are designed to prevent groundwater from getting in
contact with fuel. In the case of a defective container water may contact the fuel and hence
radionuclides might be mobilized. The assessment of radionuclide solubility limits in the near
field of a repository for used fuel is essential for the safety demonstration of such as a disposal
system. The objective of this report is then the study of the solubility of 19 radionuclides (Am,
As, Bi, C, Cu, Mo, Nb, Np, Pa, Pb, Pd, Pu, Ra, Se, Sn, Tc, Th, U and Zr) in two different
groundwater compositions, considered as representative groundwaters expected in the
geological formation likely to host a future Canadian geological repository: the saline crystalline
groundwater (CR-10) and the highly saline sedimentary groundwater (SR-270) provided by
NWMO.

The crystalline groundwater CR-10 is well known and in previous work it has been
(thermodynamically) equilibriated with minerals present at repository depth and with the near
field components (bentonite buffer and the container). The sedimentary groundwater SR-270
is not as well established. This report summarise the calculation of the groundwater
composition resulting from the interaction of SR-270 sedimentary groundwater with the MX-80
bentonite buffer and the carbon steel insert (SA 516 grade 70) of the Cu-Container.

Solubility calculations have been carried out with groundwaters equilibrated with minerals
present at repository depth (CR-10 eq and SR-270 eq) and groundwaters equilibrated with the
bentonite buffer and the container (CR-10 NF and SR-270 NF).

The Yucca Mountain Pitzer database (data0.ypf.R2) has been used in the solubility
assessment of Am, C, Cu, Np, Mo, Pu, Tc, Th, U and Zr. The ThermoChimie v.7b SIT
(Specific lon Interaction Theory) database (released as sit.txt with the code PHREEQC v.17)
has been used to compare the results obtained with the Yucca Mountain Pitzer database. The
SIT database has been used for the solubility assessment of the elements not included in the
Yucca Mountain Pitzer database.

The ThermoChimie SIT database does not include thermodynamic data for the element Bi and
the thermodynamic data for the elements As and Cu are not complete. A literature review of
the available information has been carried out to find a consistent and alternative
thermodynamic dataset for Bi, As and Cu solubilities.

Sensitivity analyses, studying the influence of some key parameters on the solubility of
radionuclides, and qualitative uncertainty analysis, describing the conceptual uncertainties that
may affect the solubility limits of a radionuclide, are also provided.
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1. INTRODUCTION

Deep geological disposal concepts for used nuclear fuel waste rely on the passive safety
functions of a series of engineered and natural barriers. In a geological repository, containers
are designed to prevent groundwater from contacting the used fuel and radionuclides in the
fuel. In the case of an engineered barrier failure, radionuclides can eventually be released from
the waste matrix and migrate through the engineered and natural barriers.

The assessment of radionuclide mobility in these environments is essential for the safety
demonstration of the repository. One of the key factors influencing the rate of radionuclide
transport out of the repository is the solubility of radionuclides released into the aqueous
environment. The ability to model radionuclide dissolution under repository conditions is an
important issue when assessing the safety of a disposal system.

Solubility values for several radionuclides of interest for Canada were calculated 15-20 years
ago (Lemire and Garisto, 1989) based on a range of water chemistries from Canadian Shield
crystalline rock data and using the thermodynamic data available at that time. The purpose of
this work is to update the solubility assessment of 19 radionuclides (Am, As, Bi, C, Cu, Mo, Nb,
Np, Pa, Pb, Pd, Pu, Ra, Se, Sn, Tc, Th, U and Zr) taking into account current information on
new potential groundwater compositions and updated thermodynamic data.

Presently no Canadian site is selected for a repository for used fuel. In order to conduct these
solubility assessments, NWMO has selected two different groundwater compositions as
representative of the different chemical conditions expected to occur in the surroundings of the
potential nuclear waste repository: the saline crystalline groundwater (CR-10) and the highly
saline sedimentary groundwater (SR-270).

The changes induced in these groundwater compositions due to its interaction with the
bentonite and the metallic canister are also relevant, since it is the modified groundwater that
could eventually contact the fuel. In the case of groundwater interaction with, for example, the
C-steel insert in the absence of any other active oxidant but water, the C-steel insert starts to
corrode through generation of hydrogen due to water reduction. Under these conditions Fe(ll)
solid phases may form, which very possibly evolve towards the formation of Fe(ll)-Fe(lll)
phases, such as magnetite (Fe;O4(s)). When groundwater contacts the bentonite barrier,
processes such as ion exchange and groundwater-bentonite surface interactions can also exert
an important control on the geochemistry of the system. This effect appears to be more
important than the one played by mineral dissolution and/or precipitation processes in the clay.

Other variable which can affect solubility calculations is the salinity, that is, the ionic strength of
the selected groundwaters, which varies from saline (0.24 m) to very saline (> 4.5 m). This
implies that an appropriate choice of the approach to conduct activity corrections is needed (SIT
or Pitzer).

An effort has also been made to use the most adequate thermodynamic database to conduct
the solubility calculations. Two different databases have been used: the ANDRA database
ThermoChimie v.7b (released as sit.txt with the code PHREEQC v.17) and the Yucca Mountain
Project Pitzer database data0.ypf.R2 (Jove-Colon et al., 2007).



The main objectives of this report are:

1) Assessing the effect of the presence of the clay buffer and metallic C-steel insert on the
compositions of the SR-270 groundwater;

2) Calculating the solubility of Am, As, Bi, C, Cu, Mo, Nb, Np, Pa, Pb, Pd, Pu, Ra, Se, Sn,
Tc, Th, U and Zr under the different conditions of interest; and

3) Comparing the results of the solubility calculations obtained with two different
thermodynamic databases associated with the different ionic strength corrections:
ThermoChimie v.7b (TC) /SIT approach and Yucca Mountain Project (YMP) / Pitzer
approach.

2. DEFINITION OF THE SYSTEM AND MODELLING APPROACH

Geochemical calculations reported in this work have been done by using the geochemical code
PHREEQCI v2.17.0 (Parkhurst and Appelo, 2001), an open source code developed by USGS
and widely used and tested in many types of geochemical problems. Solubility and speciation
calculations have been complemented with the code HYDRA-MEDUSA (Puigdoménech, 2002).
The HYDRA-MEDUSA package is a combination of a thermodynamic database and a
geochemical code that allows a very easy drawing of many different types of chemical
diagrams: predominance, fraction and solubility, among others. The package has been
developed by Ignasi Puigdoménech at KTH and can be freely downloaded from
http://www.kemi.kth.se/medusal/.

21 GENERAL CONSTRAINTS

Calculations have been carried out at 25°C and no temperature assessment has been
conducted.

We have assumed that sulphate to sulphide reduction does not occur whereas any sulphide
present in solution can be easily oxidised to sulphate if thermodynamically favoured. We have
also neglected the reduction of carbonate to methane and the reduction of nitrate to ammonium
or No(g). The reason for these assumptions is that all these processes (sulphate reduction,
methanogenesis and denitrification) are normally microbiologically mediated (Pedersen, 2000)
and the microbial activity has not been considered in this study. The absence of bacterial
activity in the clay buffer is supported by the small pore space of the compacted bentonite,
which makes the growth of microorganisms very difficult (SKB 2004b).

In the solubility calculations in this report we have assumed the basic Ostwald’s principle that
the less crystalline phases are kinetically favoured to precipitate and that, consequently, they
constitute the most likely solubility limiting solid phases. Equilibration of the corresponding
solutions with the pure solid phases has been considered by avoiding changes in the
groundwater composition other than those for the elements of interest. This means that for
calculating the composition of the groundwater in equilibrium with, i.e., RaSOy(s), radium has
been added to the solution until the saturation index of the target solid (RaSO4(s)) equals O.
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This methodology is different from that used in previous assessments where the equilibration of
the solution with the solid was done adding the solid (RaSQO,(s)) which resulted in changes to
both the sulphate and the radium concentrations in solution. For a more extensive discussion
on this issue the reader is referred to Bruno et al. (2001).

22 THERMODYNAMIC DATABASES

The YMP dataset data0.ypf.R2 provided by NWMO was developed using the Pitzer approach.
This dataset was developed for the YMP by Jove-Colon et al. (2007). The Pitzer database
were originally developed for the EQ3/6 codes, but have been converted to the PHREEQC
format by NWMO. The dataset contains the elements shown in Figure 1.

The thermodynamic database used to conduct the calculations with SIT ionic strength
corrections was the ThermoChimie v.7.b database, developed by Duro and co-workers for
ANDRA (Duro et al. 2006; Colas et al. 2007, Montoya et al. 2008, Grivé et al., 2009). The
ThermoChimie v.7.b database is a complete self consistent thermodynamic database that
contains the data needed for conducting thermodynamic calculations for the elements and
radionuclides shown in Figure 1. The database was developed by using the SIT approach;
however, when SIT parameters were not available, the Debye-Hickel (D-H) approach was
applied.

IIIA| IVA| VA | VIA|VIIA

e | [N o

VIIIB 1B 1B A 2

VB |VIB | VIIB

* U‘Np‘Pu‘A_m‘Cm

Figure 1: Periodic table showing the elements present in a) ThermoChimie v.7b and
YMP databases (black), b) only in ThermoChimie v.7b (red) and c) only in YMP database
(green). Elements in the ThermoChimie database where the selection of SIT coefficients
is not complete for relevant aqueous species for this work are underlined.
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Thermodynamic data originally not included in ThermoChimie SIT database but selected in this
work to perform the solubility calculations of As, Bi and Cu are described below.

2.2.1 Arsenic

Only a limited amount of thermodynamic data for As, mainly taken from the NEA compilation
(Grenthe et al., 1992) and originally coming from Wagman et al. (1982), are included in
ThermoChimie v.7.b/SIT database

Two different oxidation states for arsenic are defined in ThermoChimie v.7.b/SIT: As(V) and
As(lll). Arsenate species are predominant at moderate and high redox potentials, while
arsenite species occur under more reducing conditions.

For As(V) the aqueous species present in ThermoChimie v.7.b/SIT are the free arsenate ion
AsO,% and the three protonated species. These data have been selected from the auxiliary
data of the NEA review (Grenthe et al., 1992).

The As(lll) species originally included in ThermoChimie v.7.b/SIT were the protonated forms of
AsO,%. The data for the aqueous As(lIl) species has been also taken from the auxiliary data of
the NEA review (Grenthe et al., 1992) (Table 1).

Solid arsenates (My(AsQy,),) are also selected in ThermoChimie v.7.b/SIT. Only thermodynamic
data for those species that could be present for the groundwaters of interest have been
selected (calcium and strontium arsenates). Thermodynamic data for these solids refer to their
formation, therefore reaction data have been calculated using the formation data selected from
Wagman et al. (1982) (see Table 1). Metal arsenites are much more soluble than the
corresponding metal arsenates and they have not been selected for this work.

Both, As(V) and As(lll) form different oxide solid phases. Reaction data have been calculated
and selected from formation parameters in Grenthe et al., (1992) and Robby and Hemingway,
(1995), respectively. Two different As,O5; polymorphs are described in the literature. The
monoclinic As,O; called claudetite is the low temperature polymorph, and it transforms into
arsenolite at 110°C. Only claudetite has been included in the database.

Arsenic also forms sulphide species for which thermodynamic data have been found in the
literature. ThermoChimie v.7.b/SIT includes two different sulphide solids, AsS and As,S;, called
realgar and orpiment respectively. In all cases reaction data have been calculated from
formation parameters in the NBS tables (Robby and Hemingway, 1995) and selected in this
work. In the literature, the sulphide solid arsenopyrite (FeAsS) is also described. However, this
phase only occurs at high temperatures and hydrothermal systems and has not been selected
in this work.

There are several aqueous As(ll1)-S species described in the literature (Eary, 1992; Helz et al.,
1995; Krupp, 1990; Mironova and Zotov, 1980; Spycher and Reed, 1989; Webster, 1990).
However, the occurrence of these species has been the subject of considerable debate as no
clear stoichiometry is defined for the studied systems. Under low sulphide concentration (10
M), Helz et al., (1995) defined the presence of the aqueous species AsS(OH)(HS) not reported
by other authors. As we can see in Figure 2 the incorporation of this species in the database
does not agree with the solubility experiments of other authors (Mironova et al., 1984; Webster,
1990) therefore it was not included in the database. For those studies performed under higher
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sulphide concentration (10'3 M) two sets of results concerning the stoichiometry of As(ll1)-S
aqueous species and the corresponding stability constants defined for the system can be
identified. One group of authors (Mironova and Zotov, 1980; Krupp, 1990) supports the idea
that dimeric species are governing arsenic sulphide aqueous chemistry. A second group of
authors (Spycher and Reed, 1989; Webster, 1990; Eary, 1992) suggests that trimer species are
the ones present in solution. By means of ab initio quantum mechanical predictions and
EXAFS and Raman spectroscopic data Helz et al. (1995) suggested that the aqueous
chemistry of arsenic sulphides is only governed by As-S trimer species. In a more recent
report, Bessinger and Apps (2003) recommend selecting trimer species, although the authors
highlight that more experimental information would be desired to finally solve this controversy.
Finally, in this work we have included the aqueous trimer species HAs;Ss%, H,As3Ss and
H3As3;Se selected by Bessinger and Apps (2003). As we can see in Figure 3, the solubility
results of orpiment (As,S;) under high sulphide concentration (Eary, 1992) can be explained
with the sulphide/arsenic aqueous scheme selected for this work.

No SIT coefficients have been selected for As species so the D-H approach was applied in the
calculations.

Table 1: Thermodynamic data selected for arsenic aqueous complexes and solid

phases.

Reaction logK
AsO,> + H' = HAsO,* 11.60
AsO, + 2H" = H,AsO, 18.37
AsO,% + 3H" = H3AsO, 20.63
AsO,% + 3H" + 2e'= HAsO5* 19.80
AsO, + 4H" + 2e'= H,AsO5 30.81
AsO,% + 5H" + 2e'= H3AsO, 40.02

6HS + 3As0,” + 19H" + 6e” = HAs;Ss> + 12H,0  185.37
BHS. + 3AsO,> + 20H" + 66" = H,As;S¢ + 12H,O0  193.28
BHS + 3AsO,> + 21H" + 66" = H3As:Ss + 12H,O0  196.86

2As0,> + 3Ca”" = Cas(AsO.)x(s) 18.90
2As0,> + 3Sr* = Sr3(AsO.)x(s) 16.08
2As0,> + B6H" = As,05(s) + 3H,0 34.54
2As0,> + 10H" + 4e'= As,0;(s) + 5H,0 81.39

13H" + 4e™ + 3HS + 2As0,” = As,Ss(s) + 8H,0 127.46
7H" + 3¢ + HS + AsO,> = AsS(s) + 4H,0 67.06




¢ Exp.data Webster 1990
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No aqueous As-S
Monomeric species

Log [As] (M)
&

pH

Figure 2: Solubility of orpiment (As,S;) as a function of pH and sulphur total
concentration of 10° M. Diamonds represent experimental data of Mironova et al., (1984)
and circles experiments of Webster (1990). Blue line is the model taking into account
the monomeric species AsS(OH)(HS). Red line shows the results without taking into
account this monomeric species and only hydrolysis species (see Table 1). Error
includes different crystallinity of the solid used in each experiment.
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Figure 3: Solubility of orpiment (As,S;) as a function of sulphide and pH = 4.
Diamonds represent experimental data of Eary (1992). Blue line is the model considering
the existence of trimeric species HAs:,Ssz', H,As;S¢ and H;As;Ss. Red line is the model
without this trimeric species and only hydrolysis species (see Table 1).



2.2.2 Bismuth

ThermoChimiev.7.b/SIT does not include thermodynamic data for Bi. For this reason, we have
reviewed alternative sources including other databases and bibliography in the open literature
(Baes and Mesmer, 1976, Lothenbach et al. 1999, Martell et al., 2004) to build a
thermodynamic database for this element.

We propose to use the thermodynamic dataset of Bi aqueous species and solid phases
selected for JNC (currently part of JAEA, the Japan Atomic Energy Agency), by Lothenbach et
al. (1999), based on a discussion of the original selection by Martell et al. (2004). Selected
values are listed in Table 2.

Only thermodynamic data for Bi(+lIl) have been selected because it is the most stable oxidation
state of bismuth (Bi(+V) species are strong oxidizing agents able to oxidize water to oxygen).

Selected data include the stability constants of Bi(+11l) complexes and solids with hydroxide and
chloride, the main ligands for bismuth aqueous speciation.

Table 2: Thermodynamic data selected for bismuth aqueous complexes and solid
phases. Data from Lothenbach et al. (1999).

Reaction logK
Bi** + H,0 = BiOH*'+ H* -0.92
Bi®" + 2 H,0 = Bi(OH)," + 2 H" -2.56
Bi** + 3 H,O = Bi(OH); + 3 H* -5.31
Bi** + 4 H,0 = Bi(OH), + 4 H* -18.71
Bi** + CI' = BiCI* 3.65
Bi*" + 2 CI' = BiCl," 5.85
Bi** + 3 CI' = BiCl, 7.62
Bi** + 4 CI' = BiCly 9.06
Bi** + 5 CI' = BiCls~ 8.33
Bi** + 6 CI' = BiClg™ 7.64
Bi,Os(s) + 6 H'= 2 Bi*" + 3 H,0 0.76
Bi(cr) = Bi*" + 3¢’ -16.74

Lothenbach et al. (1999) also select data for polymeric bismuth species. However, these
species are not expected to form under the conditions of interest due to the low bismuth
concentrations that will be present in solution. As a consequence, only monomeric species for
Bi(+Il) have been selected for the database.
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We have completed the selection with the addition of the redox equilibrium Bi** + 3e” = Bi(cr),
taken from of Lotenbach et al. (1999)

Lothenbach et al. (1999) did not select any bismuth-sulphide species (solid or aqueous
complex). In the literature, only thermodynamic data for the solid sulphide bisthmutinite (Bi,S3)
are described (Licht, 1988, Bard et al., 1985). Thermodynamic data for this solid have not been
selected due to the extremely high stability associated with its crystallinity, which would yield
solubilities below 107" M.

Although in Lothenbach et al. (1999) the SIT correction is used to obtain thermodynamic data at
I =0, only the SIT coefficients for g(cation, ClIO,’) can be obtained for those bismuth cations
listed in Table 2.

2.2.3 Copper

A review of published thermodynamic data for solid and aqueous species of copper relevant for
the system has been performed. Common oxidation states of copper include Cu(l) and Cu(ll).
Under anoxic and reducing conditions, Cu(l) prevails, whereas Cu(ll) dominates the copper
speciation under oxidising conditions.

Different compilations of thermodynamic data including copper are available in the literature
(Baes and Mesmer, 1976, Puigdoménech and Taxén, 2000, Martell et al., 2004, Blanc et al.
2007). Puigdoménech and Taxén (2000) made one of the most extensive and accurate
selection, including chlorides, carbonates, phosphates, sulphates, sulphides and redox aqueous
species. We have used this database as the main source of information (see Table 3).

The Cu(ll)/Cu® redox equilibrium (Cu®* + 2e” = Cu(s)) has been calculated using the auxiliary
data included in NEA thermodynamic selections (Grenthe et al. 1992), and is in agreement with
the selection in Puigdomeénech and Taxén (2000).

Thermodynamic data for Cu(ll) hydrolysis species have been obtained from Puigdoménech and
Taxén (2000).

In the case of Cu(l) hydrolysis, we have decided to selected thermodynamic data selected in
Puigdoménech and Taxén (2000) but with some minor changes as discussed below.

Thermodynamic data for Cu(l) hydrolysis is very scarce and several data come from studies at
high temperatures (>100°C) (Akinfiev and Zotov, 2001, Var'yash, 1989). Data for hydrolysis
species of Cu(l) in Puigdomeénech and Taxén (2000) have been selected from Beverskog and
Puigdoménech (1997). In this last reference, stability constants for the species CuOH and
Cu(OH), have been calculated by fitting the temperature dependence of the aqueous solubility
of Cu,O/Cu mixtures determined by Var’'yash (1989) over the temperature range 150-350°C at
saturated vapour pressure and at 450°C and 500 bars. The selection of these constants gives
the diagram shown in Figure 4.
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Figure 4: Eh vs pH predominance diagram for copper aqueous species in water.
[Cul+=10® mol/L. The diagram has been obtained using the selection from
Puigdoménech and Taxén (2000), where Cu(OH),” stability seems to be overestimated
(see text).

Properties of Cu(l) have been compared with those of alkaline metals and elements of its same
group such as Ag(l), because all these elements have a single valence electron in a s orbital,
so their properties should be similar (Dyer and Leddicote, 1961).

Hydrolysis of a metal ion is closely related to its acidity. This is shown in Figure 5, where the
acidity of alkaline metals and Ag(l) (related to the Z/r ratio, where Z is the ion charge and r is
the ion radius) is correlated with the value of the first hydrolysis constant. The more acidic a
metal the higher will be its tendency towards hydrolysis. Taking this premise into account and
the data shown in Figure 5, thermodynamic data for the first hydrolysis constants agree with the
actual selection of similar elements included in ThermoChimie v7.b/SIT.

In the case of M(OH), species, only thermodynamic data for Ag(l) are selected in
ThermoChimie v.7b/SIT database with logK =-24 (Baes and Mesmer 1976). If we compare this
stability constant with the one selected in Puigdoménech and Taxén (2000) for Cu(l) (logK =
-16.16) we observe an unexpected difference of 8 log units. For this reason we consider that
the stability constant reported in Puigdoménech and Taxén (2000) for Cu(OH),  is
overestimated. A stability constant for M(OH), similar to the one selected for Ag(l) would give a
speciation diagram where the species Cu(OH),” would be only relevant at pH > 11. This high
pH is not relevant for the present study and for this reason Cu(OH), has not been included in
the database.
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Figure 5: Correlation between Z/r ratio of metal ions and its first hydrolysis constant
logp of (M(OH)). Hydrolysis constant are defined for the reaction M* + H,0 = MOH + H".
Dashed line shown to guide the eye in the correlation.

No polynuclear species have been selected in this work as they form at copper concentrations
above 1M (Puigdoménech and Taxén, 2000).

No copper(l) carbonates are described in the literature and only carbonate species of Cu(ll)
have been included from Puigdoménech and Taxén, (2000). Copper(ll) carbonate complexes
become important at carbonate concentrations above those commonly found in groundwaters.

Phosphate complexes with both Cu(l) and Cu(ll) have been included in the database. Only
solid Cu(ll) phosphates have been found in the literature. Although acknowledging that there is
some uncertainty concerning the copper speciation in this system (see discussion in
Puigdoménech and Taxén (2000)), this should not be a handicap for the copper solubility
assessment, as the phosphate ligand plays a minor role under the studied conditions, due to
the very low concentration of this ligand in the reference groundwaters.

Only weak Cu-NO3; complexes have been reported in the literature. As nitrate is present only in
trace amounts in the groudwaters studied, we have decided not to include them in the
database.

Chloride ions may influence copper chemistry by the formation of aqueous complexes and solid
phases: copper-chloride complexes can be important under the conditions of the studied
groundwaters. Copper(ll) forms weaker chloride complexes than Cu(l). Thermodynamic data
from Puigdoménech and Taxén (2000) have been selected.

No fluoride species have been selected because the influence of fluoride at the low
concentrations expected in the selected groundwaters appears to be unimportant.
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Sulphide aqueous species have been seleted from Puigdoménech and Taxén (2000). In terms
of solid sulphide phases, a series of different phases are formed with compositions varying
between chalcocite (Cu,S) and covellite (CuS). Thermodynamic data from Puigdoménech and
Taxén (2000) have been selected for these two phases. Other intermediate sulphides with a
different Cu(l)/Cu(ll) ratio are considered by Puigdoménech and Taxén (2000), such as djurleite
(Cu4.75S) and anilite (Cuq.934S). However, only thermodynamic data for pure phases have been
selected in this work. In the literature, other sulphide species such as chalcopyrite (CuFeS,)
and bornite (CusFeS,) are reported, but their formation are only expected at high temperatures
and so are not considered to occur in the studied systems.

The Cu(ll) solids selected in Puigdoménech and Taxén (2000) are not likely to form under the
conditions of interest and have not been included in the database.

Puigdomeénech and Taxén (2000) reported SIT coefficients for Cu(ll) species.

Table 3: Thermodynamic data selected for copper aqueous complexes and solid
phases. Data from Puigdoménech and Taxén (2000).

Reaction logK
Cu” +e-=Cu’ 2.83
Cu® + H,0 = CuOH" + H* -7.97
Cu*" + 2H,0 = Cu(OH), + 2H" -16.24
Cu*" + 3H,0 = Cu(OH); + 3H" -26.70
Cu*" + 4H,0 = Cu(OH),* + 4H" -39.6
Cu’ + H,0O = CuOH + H* -11.55
Cu*" + CO5” = CuCO; (aq) 6.77
Cu*" + 2C0O5” = Cu(CO5),” 10.20
Cu* + COs” + H" = CuHCO;" 12.13
Cu® + H,PO, = CuH,PO," 1.14
Cu*" + 2H,PO, = Cu(H,PO.), (aq) 1.94
Cu® + 2H,PO, = Cu(HPO,)(H,PO,) + H* -1.86
Cu*" + 2H,PO, = Cu(HPO,),” + 2H" -7.06
Cu* + H,PO, = Cu(HPO,) (aq) + H' -3.11
Cu’ + H,PO, = CuH,PO, (aq) 0.87
Cu’ + H,PO, = Cu(H,PO,), 1.80
Cu’ + 2H,PO, = Cu(HPO,)(H,PO,)* + H* -3.00
Cu* + SO,* = CuSO4(aq) 2.31
Cu* + CI'= CuCl' 0.64
Cu* 2CI'= CuCl, (aq) 0.24
Cu® 3CI'= CuCly -1.28

Cu® 4CI = CuCl,* -3.98
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Reaction logK
Cu’ + CI'= CuCl (aq) 3.30
Cu® + 2CI' = CuCl, 5.62
Cu' + 3CI' = CuCl5* 4.86
Cu’ + HS = CuHS (aq) 13.00
Cu® + 2HS = Cu(HS), 17.18
2Cu" + 2HS = Cu,S(HS),” 29.87
Cu®* + 2e = Cu(s) 11.39"
Cu® + H,0 = CuO(s) + 2H" -7.68
Cu® + 2H,0 = Cu(OH),(s) + 2H" -8.64
2Cu* + H,0 = Cu,O(s) + 2H" 1.49
Cu® + CO;” = CuCO4(s) 11.45
2Cu*" + CO3” + H,0 = Cu,CO;(OH)(s) 5.30
3 Cu** + 2H,PO4 = Cus(PO,), (s) + 4H" -2.27
3 Cu** + 2H,POy4 + 3H,0 = Cus(PO4),-3H,0(s) + 4H* -4.00
2Cu" + S04” = CuSO4(s) 1.95
Cu®" + SO,* = CuSO4(s) -2.94
Cu®" + SO,* = CuS0O45H,0(s) 2.69
Cu® + 2CI' + 6H,0 = CuCl,-3Cu(OH), + 6H" -14.92
Cu’ + CI' = CuClI(s) 6.80
Cu® + 2CI" = CuCly(s) -3.73
Cu’+HS =CuS(s) + H" -34.02
2Cu" + HS = Cu,S(s) + H” -22.06

(1) In agreement with Grenthe et al., 1992

2.3 IONIC STRENGTH CORRECTION APPROACHES

When ionic solutions depart strongly from ideality, this non-ideality effect must be accounted for
by the introduction of an activity coefficient, y,, relating the concentration m; of the species i with
its activity a; (see eq. 1).

ai = m; -y eq. 1

There exist a number of different semi-empirical methods for the estimation of activity
coefficients, mostly based on microscopic physico-chemical descriptions of the interactions
between dissolved ions, and sometimes of the interactions between ions and solvent.

However, a consistent theory of ionic solutions is still awaited. Until such a theory is available
we have to rely on empirical models. The ones used in this work are all based on extensions of
the Debye-Hlckel theory (SIT and Pitzer).
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The new version of the PHREEQC code (v2.17) can use both the Pitzer and the SIT
approaches. The Nuclear Energy Agency (Grenthe and Puigdomenech, 1997) recommends
the Specific lon Interaction Theory (SIT) for activity corrections. The SIT equation accounts for
both the electrostatic long-range interactions in dilute solutions and the short-range and non-
electrostatic interactions occurring between ions at higher concentrations. According to this
theory, the activity coefficient (y;) for the species i can be calculated with eq. 2 where z; is the
charge of ion i, I, is the molal ionic strength, A and B are the temperature and pressure
dependent Debye-Hickel parameters and a; is the ion size parameter for the hydrated ion /.
This equation adds to the Debye-Huickel term, the sum of the products of the specific ion
interaction parameters, £(i,k, ), with the molality my, for all the ions k present in solution. This
approximation gives good results for solutions with ionic strengths below 2 m.

log(y,) = -2/ (1 ':a/_\/_]JFZg (i,k, I, eq. 2

The Pitzer model in its original form, describes the thermodynamics of electrolyte mixtures
where ionic pairing and complex formation are relatively weak. The number of interactions
between dissolved species considered in the Pitzer model is higher than in SIT. This improves
the description of thermodynamic properties at high ionic strengths (up to 20 m) but requires a
large number of empirical parameters. According to this theory, the activity coefficient (y;) for
the species i can be calculated with eq. 3,

R e S T TAUA 15 LR » e e

S S g, + S m, (2B, + 2C, )+ Y m. (24, + zmawm] a3
+ zzmama'l//iaa' + |Zi|zzmcmacac + 2zmn/1m‘

where z; is the charge of the cation i (the corresponding equation for an anion is obtained b}/
exchanging a for ¢, and ¢ for a throughout); A and b are fixed parameters (0. 3915kg" mol
and 1.2 kg 2) I, is the molal ionic strength; ¢, ¢’, a and a’ are subscripts referring to cations (c
and c’) and anions (a and a’) and n denotes neutral species; m;is the molality for the species
present in solution; ¢.and A, are the second virial coefficients arising from binary interactions
between a specific cation i and another cation ¢, or a neutral species n, respectively; and i,
and vy, are the third virial coefficients representing triple interactions between ions, i, ¢, a and
ions i, a, @', respectively.

The terms B',c, ¢'cc, ¢’aa Bia, Cia, Cac @nd Z are functions that depend on the ionic strength and
other empirical parameters needed for correct implementation of this ionic strength correction
approach. The supplementary equations needed for correct implementation of the Pitzer ionic
strength approach are shown in eq. 4 to eq. 11.

Z:Zmi|zi| eq. 4
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where z; is the charge and m;the molality of the species i. The ionic strength dependence of B,
is described as follows:

B, = ﬂi(aO) + iil)g(lm) eq.5

where B, B are constants for each anion-cation pair and the function g(/,,) is defined as:

2 a
gl,)=— -+ ayr, )] eq. 6
a m
where o is a fixed parameter (o = 2.0 Kg”z-mol'”Z) for all electrolytes except the 2-2 charge
type.
B’y is the ionic strength derivative of B,:
B =pY gd,) eq.7
ac ac Im
where function g'(I,,) is defined as:
' 2 1 2 "ZN/T
g',)=—— I-|1+ayl, +=a’l, e ™" eq.8
a’l, 2
Cis is defined as follows:
c?
= eq.9
2 |ZiZa 1/2
The virial coefficient ¢, has the following form:
¢cc' = Hcc'—’_Eecc' ([m) eq' 10
and ¢'cc is the ionic strength derivative of ¢:
$..="0c(l,) eq. 11

0. is a constant for each unlike cation-cation or anion-anion pair (0,y), Eecc’(lm) is a function of
the ionic strength only (it is zero except for unsymmetrical mixing ions of the same sign) and
0’.(Im) is the derivative function of 0 (Im) .

The differences between the two approaches to calculating the ionic strength corrections could
be important for high ionic strength solutions (I > 1m).
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At present, there is no unambiguous thermodynamic method to distinguish between complex
formation/ion pairing and other types of short-range interactions between species in solution
when the extent of complex formation is small or moderate. It is up to the modeller to decide
whether to describe weak interactions between ions in terms of complex formation or by Pitzer
type ion interactions.

24 GROUNDWATER COMPOSITION

The crystalline groundwater composition CR-10 is representative of the Canadian Shield
crystalline rocks at depths and has been chosen to perform the solubility calculations of this
work. For this groundwater, two different cases have been considered:

A. CR-10 Equilibrated (CR-10 eq). Corresponding to the groundwater composition
resulting from the pre-equilibration step with the major minerals

B. CR-10 interacted with bentonite and steel (CR-710 NF). Corresponding to the
equilibrated groundwater composition affected by the influence of both the C-Steel insert
and bentonite.

These two groundwater compositions have been provided by NWMO and are shown in Table 4.

The SR-270 groundwater provided by NWMO has also been selected as representative for the
present study. This water SR-270 eq has already undergone equilibration with minerals
present at repository depth and is shown in Table 4. However the equilibration with the MX-80
bentonite buffer and Cu container with carbon steel insert is required to obtain the groundwater
compositions after interacting with bentonite and steel (see section 3).

One parameter that affects the results of the calculations is the density of the solution, which
was not provided for the SR-270 eq groundwater. One can appreciate the high salinity of the
SR-270 eq groundwater (TDS= 274,833 mg/L). This implies that the density for this
groundwater will be higher than that of pure water (1.000 g/mL).

In order to obtain a density value for the SR-270 eq groundwater we have made a correlation
between the TDS (mg/L) and the density of different groundwaters (see Figure 6 and Table 5)
obtaining a density of 1.192 g/mL for the SR-270 groundwater.



Table 4: Groundwater composition provided by NWMO.
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CR-10 eq CR-10 NF SR-270 eq
pH 7.1 8.7 5.8
Environment Reducing Reducing Reducing
Eh (mV) -194 -575 -200
Density (g/mL) 1.006 1.006 1.192*
Solutes (mg/L)
Na 1,899 6,255 50,100
K 15 80 12,500
Ca 2,217 870 32,000
Mg 60 182 8,200
HCO; 50 4 110
SO, 1,243 4,314 440
Cl 6,099 6,059 168,500
Br 1,700
Sr 25 25 1,200
Li 5
F 2 2 1
| 3
B 80
Si 5 10 4
Fe 8 7 30
NO; 1 1 10
PO, 1 1
lonic strength (m) 0.24 0.32 6.47

* Calculated in this work

Table 5: Groundwater density (g/mL) and TDS (mg/L) for different Canadian reference

groundwaters.
Crystalline Sedimentary Meltwater
CR-50 CR-20 CR-10 CR-0 | SR-300 SR-160 SR-20 RM-0
TDS (mg/L) 55,500 23,000 11,300 500 |327,000 157,000 20,000 80
Density (g/mL) 1.041 1.015 1.006 1.000 1.228 1.115 1.013 1.000
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Figure 6: Correlation between TDS and the density for different groundwater
compositions.

Minerals likely to be in equilibrium with groundwater compositions present a saturation index
close to 0. For SR-270 eq groundwater has been preequilibrated with calcite and gypsum by
NWMO using the YMP Pitzer database data0.ypf.R2 (see Figure 7).
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Figure 7: Calculated saturation indices of calcite (CaCO;), celestite (SrSO,),
cristobalite (SiO,), fluorite (CaF,), gypsum (CaS0O,) magnesite (MgCO;) and quartz (SiO,)
for SR-270 groundwater using ThermoChimie v.7b/SIT (yellow) and YMP Pitzer (red)
databases.
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The saturation indices have been compared with the ones obtained when using the
ThermoChimie v.7b/SIT database. As we can see in Figure 7, the (absolute) saturation indices
for calcite and gypsum are less than one.

We have recalculated the composition of the SR-270 eq groundwater using the ThermoChimie
v.7b/SIT database in order to avoid effects due to initial re-equilibration when calculating the
SR-270 groundwater composition after interacting with bentonite and the C-steel insert (see
section 3). In Table 6, the re-equilibriated groundwater compositions, calculated using the two
TDBs, are shown.

Table 6: Comparison between the re-equilibrated composition of SR-270 eq
groundwater sample using ThermoChimie v.7b database/ SIT association and the YMP
Pitzer database. Concentrations in mg L.

Yucca Mountain/PITZER ThermoChimie v.7b/SIT

pH 5.8 6.3
Environment Reducing Reducing
Eh (mV) -200 -200
Density (g/mL)* 1.192 1.192
Solutes (mg/L)

Na 50,100 50,025
K 12,500 12,486
Ca 32,000 32,494
Mg 8,200 8,173
HCO; 110 135
SO, 440 1,784
Cl 168,500 168,058
Br 1,700 1,698
Sr 1,200 1,198
Li 5 5

F 1 1

| 3 3

B 80 80
Si 4 4
Fe 30 30
NO, 10 10

Equilibration with*

Calcite, gypsum

Calcite, gypsum

lonic strength
(mol kgw™)

6.47

4.51

* Calculated in this work

The main differences between the two compositons in Table 6 are related to the sulphate
concentration. This difference is due to the different aqueous sulphate speciation calculated in
the two TDBs. For the calculations performed with the YMP Pitzer database, S0,% is the main
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aqueous species in solution for sulphate with minor contribution of the CaSO, species. However
when calculations are performed with ThermoChimie v.7b/SIT the complex NaSQO, is the main
aqueous species in solution with a minor contribution of the CaSO, species. Specially, it must
be noticed that ThermoChimie SIT database includes both NaSO, and the SIT interaction
coefficient e(Na*, SO,%), which results in enhanced gypsum dissolution and high sulphate
concentrations in solution.

3. EFFECT OF THE NEAR FIELD ON THE SR-270 GROUNDWATER COMPOSITION

In this section, different geochemical calculations have been performed to study the interaction
of the SR-270 eq groundwater with the C-steel insert and the bentonite barrier. Calculations
have been done by using the latest version of PHREEQC (PHREEQCI v2.17.) (Parkhurst and
Appelo, 2001) and the YMP Pitzer database data0.ypf.R2 (Jove-Colon et al. 2007) based on
the Pitzer ionic strength corrections approach.

A comparison with the calculations performed by applying the ThermoChimie v.7b database
(Duro et al. 2006; Colas et al. 2007, Montoya et al. 2008, Grivé et al. 2009), and SIT corrections
has been done.

3.1 CHARACTERIZATION OF BENTONITE MINERALOGY AND PROCESSES

The composition of the Wyoming MX-80 bentonite has been used in the calculations of this
work. Karnland et al. (2006) performed a coherent study of Wyoming bentonite (see Figure 8).
A final but important conclusion of this work is that there are bentonite materials with quite
different geological origin, which have the same basic mineralogical characteristics and thereby
the same sealing properties. For this reason, the mineral composition of the bentonite
considered in SKB (2004) has been selected in this work as representative. The mineral
composition together with the initial composition of bentonite exchange positions is shown in
Table 7.

As seen in Table 7, the nominal amount of calcite and siderite in montmorillonite is 0 %wt.
However, different analyses of MX-80 bentonite conclude that both the calcite and siderite
content of montmorillonite is about 0.7% wt (Madsen 1998). The role of carbonate minerals in
the buffering capacity of the system as well as in the radionuclide complexation capacity of
groundwater is very significant. Therefore, we have considered in the calculations the initial
mineral composition of bentonite shown in Table 7, supplemented with 0.7 wt% of calcite and
0.7wt% of siderite.



-20-

100,00

E ES

.g ¥ W Wyt Wyl O wyL2

i T O wyR1 W WyR1m @ wyR2

2 qpoo=

3 £

o T

S I

= 100 [ | -

6 E:

I T

e 1 |

=

= o010 . H .
PP @ &
o {?‘aoﬁ&é@fﬁs}og\& ﬁf?ﬁoﬁ

& &

Figure 8: Results from Karnland et al. (2006) showing the mineral content in five
consignments representing over 20 years of production of MX-80 bentonite (WySt, WyL1,
WyL2, WyR1 and WyR2). Note the logarithmic scale.

Table 7: Mineralogical composition and cation exchange capacity of the clay fraction
of bentonite MX-80. The uncertainties are mainly related to the precision of the
analytical method used. From SKB (2004).

Mineral (wt%)

Montmorillonite 87+3
Quartz 3.0+0.5
Cristobalite 2.0£0.5
Mica 4+1
Albite 3+1
Anortoclase 01
Calcite+ siderite 01
Pyrite 0.07+0.05
Gypsum 0.7+0.2
Organic carbon 0.2
CEC =75 * 2 meq/100g
NaX (%) 7215
KX (%) 2+1
CaX; (%) 1815

MgXa (%) 815
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The main component of bentonite is montmorillonite. However, its dissolution rate is very slow
under near neutral pH (Cama et al. 2000) so that we consider that montmorillonite dissolution is
a minor process that will hardly affect the geochemical evolution of the system. The illitization
of montmorillonite is also believed to have minor influences on the pore water chemistry in the
repository (Karnland 1995, Benbow et al. 2000). Therefore, both montmorillonite dissolution
and montmorillonite illitization have not been explicitly included in the calculations.

We have not distinguished between cristobalite and quartz in the calculations. Groundwater
compositions are equilibrated with 5%wt of SiO, (quartz), considering this amount as the sum of
initial quartz and cristobalite content in MX-80 bentonite (3%wt and 2%wt, respectively).

Precipitation / dissolution of gypsum may control the calcium availability in the system, directly
affecting those reactions where calcium is involved: precipitation of calcium carbonate
(buffering the pH) and Ca-exchange reactions. Therefore, precipitation (or dissolution) of
gypsum has been considered in the calculations. This process can be affected by other
processes competing for sulphate to form other sulphate minerals/species.

Pyrite is considered to dissolve according to a kinetic rate law. The rate law most commonly
used is the one described by Williamson and Rimstidt (1994) (eq. 12) which shows the
influence of oxygen and pH on the pyrite dissolution rate. The oxidation of pyrite consumes
oxygen and produces Fe(lll) and sulphate. Fe(lll) can precipitate in the form of Fe(lll) oxy-
hydroxides (r 1) whose rate of formation will mainly depend on the pH of the system.

0.50(£0.04)
R, (mol m~s™) =107410010 [Oz(ciq)_lwl) eq. 12
]
FeSy(s) + 3.7504(g) + 3.5H,0 — Fe(OH)s(s) + 250,% + 4H" 1

Different secondary minerals can precipitate after the interaction of a given groundwater with
bentonite. The most common minerals that can precipitate and that have been considered in
the calculations are calcite and iron minerals (siderite, FeS(am), and Fe oxy-hydroxides).

Table 8 shows the initial composition of the bentonite selected for the calculations performed in
this work. To obtain the moles of mineral per dm™, a porosity of 0.43 and a dry density of 1,570
kg m™have been used in the calculations according to Ochs et al. (2001).
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Table 8: Initial mineralogical composition of MX-80 bentonite (in mol dm™) used in the
calculations. The last column represents the moles of mineral per dm of water under
repository conditions (porosity of 0.43 and a dry density of 1,570 kg m™).

Mineral mol dm*
Montmorillonite Not reactive -
Quartz + cristobalite Equilibrium 3.04
Mica Not reactive -
Albite Not reactive -
Calcite Equilibrium 0.25
Siderite Equilibrium 0.22
Pyrite Kinetics 0.021
Gypsum Equilibrium 0.1484

Other process that could have a significant role in the geochemical evolution of the system is
the surface protonation of montmorillonite. The protonation of the surface edge of
montmorillonite contributes to pH buffering according to the reactions r 2 and r 3, where “>sOH”
stands for the surface groups of the solid.

>sOH + H" & >sOH," r2
>sOH <« >sO™ + H* r3

The density of surface sites and the constants associated with the surface reactions (r 2 and r3)
depend on the type of bentonite. Bradbury and Baeyens (2002) considered two different types
of weak protonation-deprotonation surface sites, S,,JOH and S,,,OH for MX-80 montmorillonite.
They obtained the log K for the protonation-deprotonation reactions and the capacities of each
site (Sy1OH and S,,OH) from the analyses of batch titration experiments on dispersed systems.
The surface area of MX-80 montmorillonite is 31.3 m* g™ (Bradbury and Baeyens, 2002). The
log K values and site capacities used in this report are those of Bradbury and Baeyens (2002),
listed in Table 9.
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Table 9: Properties of montmorillonite surface sites. Log K of protonation and
deprotonation reactions, from Bradbury and Baeyens (2002). Site capacities in moles
per dm® of water have been calculated for repository conditions (porosity of 0.43 and a

dry density of 1,570 kg m™).

SURFACE Log K Site capacities
mol kg? mol dm™
Sw1OH 4.00x10? 0.12
>Sw1OH + H® < >Sy,OH," 4.5
>Sw1OH < >Sy 0™ + H' -7.9
Sw20H 4.00x10? 0.12
>Sw2,0H + H* & >Sy,0H," 6.0
>Sw20H < >Sy,0” + H' -10.5

Selectivity exchange coefficients for cation exchange reactions (r 4 to r 6) have also been
selected from Bradbury and Baeyens (2002). Partial substitution of interlayer major cations by
Fe?* in montmorillonite would also be expected, according to reaction r 7 (Kamei et al., 1999).
In the literature (Charlet and Tournassat, 2005, Géhin et al., 2007, Kamei et al. 1999),
selectivity constants in the range 0.27-0.8 are reported for the exchange of Fe®* onto Na-
montmorillonite. We have used an average value of 0.4 (Charlet and Tournassat, 2005) in the
calculations.

2 NaX + Ca® & CaX, + 2Na" log K = 0.41 r4
2 NaX + Mg* < MgX, + 2Na" log K = 0.34 r5
NaX + K" < KX + Na* log K =0.60 ré
2 NaX + Fe*" « FeX, + 2Na* log K =0.40 r7

Table 10 shows the initial exchange composition used in the calculations.
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Table 10: Initial exchange composition of MX-80 bentonite (meq/100g) used in the
calculations. Values in moles per dm of water have been calculated for repository
conditions (porosity of 0.43 and a dry density of 1,570 kg m™).

meq/100 g mol dm®
NaX 54 1.723
KX 1.5 0.048
MgX. 6.0 0.095
CaX, 13.5 0.214
FeX, 0 0

3.2 CHARACTERIZATION OF C-STEEL INSERT CORROSION

Based on the properties of the selected groundwater SR-270, the corrosion of the C-steel
inserts occurs under anaerobic conditions.

As the main component of C-steel is Fe(0), steel corrosion is usually explained in terms of Fe(0)
corrosion. When Fe(0) corrodes anoxically, it forms in a first step, Fe(OH), (r 8) which then
transforms into magnetite via the Schikorr reaction (r 9). The overall reaction is summarised in
r10

Fe + 2H20 =Fe(OH)2 + H2 r8
3FG(OH)2 = Fe;04 + 2 H,O + H, r9
3Fe+4 H20= Fe304 +4 H2 r10

C-steel corrosion (and therefore, Fe(0) corrosion) is considered to be kinetically controlled.
Corrosion rates can be affected by different parameters, such as temperature, chloride,
COy(aq) concentrations, gamma radiation or the hydrodynamics of the system.

In the present study we have used corrosion rates from Smart and Hochs (2006), who
presented a compilation of steel corrosion rates under anoxic and oxic conditions. They
observed that instantaneous electrochemical measurements gave much higher corrosion rates
than long-term weight loss and hydrogen evolution measurements. Smart et al. (2001) and
references therein also state that during the first hours of C-steel corrosion (<1500 hours) the
hydrogen evolution rates are high but then rapidly decrease. After this first period, the
hydrogen evolution rates can be considered constant.

Smart and Hochs (2006) selected a C-steel corrosion rate for each of the scenarios they
considered (Table 11).



-25-

Table 11: C-Steel corrosion rates reported in Smart and Hochs (2006) for different
scenarios. (E.: activation energy).

Scenarios considered in

Smart and Hochs (2006) C-Steel corrosion rates (kj k)

. Short-term Not required
Atmospheric .
Long-term Not required
. . _ -1 _ -1,
Short-term Arrhenius variation of ks—t298;6n(1)3yr at 20 °C, E,=19 kd mol;
Aerobic, low a=J.UUS yr
chloride Arrhenius variation of k;=0.1um yr" at 20 °C, E,=19 kJ mol™;
Long-term
ta=o0
. . _ -1 _ -1,
Short-term Arrhenius variation of ks—()t.i%n; yrr at 30 °C, E,=56 kJ mol;
Anaerobic, low =0y
chloride k =0.005 um yr'1; no temperature dependence
Long-term
ta=o0
. . g _ -1 _ -1,
Short-term Arrhenius variation of kS—Ot.5_;6m5yr at 30 °C, E,=56 kJ mol;
Anaerobic, high a=U-0 Yr
chloride k. =0.005 um yr'1; no temperature dependence
Long-term )
a—0

The reference corrosion rate selected in this work is the one that Smart and Hochs (2006) used
for the case of C-steel corrosion rate under high chloride anaerobic conditions (0.005 pum yr™).
According to Smart and Hochs (2006) this value comes from Smart et al. (2004) and was
determined from Hy(g) evolution measurements. It was taken equal to the corrosion rate under
anaerobic low chloride solutions because the anaerobic corrosion rates are only weakly
affected by the presence of chloride (Smart et al. 2004).

Due to the input characteristics of the code PHREEQCI (Parkhurst and Appelo, 2001), the C-
steel corrosion rate in um yr'1 must be converted to molgs m?s™. By assuming a composition of
C-steel equal to that reported in Table 12 and a density of 7,860 kg m™ the corrosion rate
0.005 um yr'is equivalent to 2.2x10™"" molge m? s™.

We can calculate the geometric area of the inner steel vessel of the C-steel insert, which for a
cylinder of 3.6 m height and 1.05 m diameter, is of 25.7 m®. This surface area assumes that
both the inner and outer surfaces of the C-steel insert are in contact with the bentonite buffer,
i.e., it neglects the isolation provided by the presence of the outer copper canister. By
considering the porosity of the bentonite barrier equal to 0.43 and a thickness of the buffer of
3.5 dm, the amount of water surrounding the inner steel vessel would be 4,976 m>, which
makes the ratio of the steel surface area to the water volume equal to 25.7m?/4,976 m®, or
0.005 m?dm? of water. For conservatism, the surface area exposed to corrosion is doubled in
the calculations to 0.01 m? of steel per dm® of water. We have assumed that the initial amount
of steel in the media is sufficiently high not to be exhausted.
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Calculations presented in this report are batch calculations. That means that neither advective
nor diffusive transport has been considered.

Table 12: C-steel composition (from Sriram and Tromans, 1985).

CARBON STEEL
element (SA 516 grade 70)
Range (%wt) Selected (%wt)
Mn 0.85-1.20 1.16
Si 0.13-0.45 0.23
Cc 0.19-0.31 0.19
S 0.08 0.08
P 0.021 0.021
Fe balance 98

C-steel corrosion is assumed to produce H,(g), which is lost from the system (Vines, 2002).
According to King (2007) some of this H,(g) would sorb on the steel surface and diffuse through
the container wall to the near field or would be accumulated and transported away from the
canister. However, the transport of H,(g) is limited by its low solubility and the low permeability
of the bentonite barrier. When the partial pressure of hydrogen, pH,, is higher than a threshold
value determined by the system, Hy(g) is transported through bentonite by a mechanism still not
well-understood. The permeability of bentonite returns to its original low value once the H,
pressure is released.

The maximum hydrogen pressure will depend on factors such as the hydrostatic pressure at the
depth of the repository, and likely the swelling pressure of the bentonite buffer. In the absence
of a specific site, we have used 10 MPa as the maximum value allowed for pH,(g)"

Although magnetite is considered to be the main corrosion product (r 10), we have also
considered the possible precipitation of secondary minerals such as goethite, siderite, calcite
and gypsum.

3.3 CALCULATIONS RESULTS: SR-270 NF GROUNDWATER COMPOSITION

In this section we present the results of the interaction of the SR-270 eq groundwater with the
buffer and the C-steel insert simultaneously.

Calculations have been done with the SR-270 eq groundwater provided by NWMO (see Table
4) using the YMP Pitzer database data0.ypf.R2 which uses Pitzer equations for the ionic
strength correction. Results have been compared with the reequilibrated water obtained in

' In PHREEQCI v2.17 (Parkhurst and Appelo, 2001), the Hx(g) pressure is calculated from the hydrogen
concentration in water using Henry’s law.
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section 2.4 using the ThermoChimie v.7b/SIT database (see Table 6). In the modelling we
have considered that the SR-270 eq groundwater reacts with C-steel insert and equilibrates
with bentonite. The following assumptions have been taken into account as reported in section
3.1 and 3.2:

o bentonite contains 0.7% wt of calcite and 0.7% wt siderite in its initial mineral
composition. Exchange and surface reactions in bentonite are considered to
occur in equilibrium as well as dissolution of primary minerals and precipitation of
secondary minerals;

o gypsum, quartz, pyrite, calcite and siderite have been considered as bentonite
reactive minerals. These minerals are allowed to dissolve or to re-precipitate in
equilibrium;

o goethite, magnetite, Fe(OH)s(am), Fe(OH),(s) and FeS (am) are considered
secondary minerals and their precipitation have been allowed;

o pyrite dissolution is considered to be kinetically controlled;

o montmorillonite surface protonation and deprotonation and the exchange
capacity of bentonite have been implemented according to section 3.1;

o the reactive area of C-steel is 0.01 m* dm™. As C-steel corrosion is kinetically
controlled, groundwater compositions change constantly and calculations have
been done until a maximum pressure of Hy(g) = 10 MPa is achieved;

o aqueous sulphate is not allowed to be reduced to sulphide, agueous carbonate is
not allowed to be reduced to methane and aqueous nitrate is not allowed to be
reduced to ammonium or Ny(g).

Table 13 shows the results of the interaction of the equilibrated water (Table 6) with bentonite
and with the corroding C-steel insert using two sets of databases with different ionic strength
corrections: a) YMP Pitzer database; and b) ThermoChimie v.7b database/SIT database.

In both cases when C-steel corrosion starts, the redox potential decreases and pH increases
(Table 13). At pH 7.4 and pe around -8.37 the precipitation of magnetite starts when using the
YMP Pitzer database. Higher pH values and more reducing conditions are required to
precipitate magnetite when using ThermoChimie v.7b/SIT (pe =-9.06, pH = 8.1). In both cases,
H,(g) is accumulated in solution and the calculation stops when Hy(g) reaches a pressure of 10
MPa (around 10,500 years).

The oxidative dissolution of pyrite does not occur due to the low Eh groundwater. Therefore, no
sulphide is generated and there is no precipitation of FeS(am). Aqueous concentrations of Fe
increase due to the corrosion of C-steel and siderite dissolution. Consequently, Fe occupies
some bentonite exchange positions (see Table 14). Differences between the iron
concentrations in the two calculations are due to the different ionic strength corrections as SIT
coefficients are not implemented in ThermoChimie v.7b/SIT for the Fe®*/CI” interaction.



-28-

Table 13: Comparison of the SR-270 composition after interacting with bentonite and C-steel insert
(after pHx(g) =10 MPa) for the two databases.

SR-270 equilibrated

SR-270 bentonite- C-steel insert equilibration

(YM_PITZER)* (TC_SIT)* (YM_PITZER)* (TC_SIT)*

pH 5.8 6.2 7.4 8.1
pe -3.38 -3.38 -8.37 -9.06
Eh (mV) -200 -200 -494 -535
log(pCO,) (atm) -2.14 -1.81 -5.24 -5.48

mgL’ moldm® mgL' moldm®| mgL' moldm® mg L mol dm™
Na 50,100 2.18 50,025 2.18 52,972 2.30 48,673 2.12
K 12,500 3.20-107 12,486 3.19-10" | 4,052 1.04-10™ 3,482 8.91-10°
Ca 32,000 7.9810" 32494 81110 | 31,942 7.97-10™ 37,285 9.30-10™
Mg 8,200 3.37:10" 8,173 3.3710" | 8,745 3.60-10" 9,940 4.09-10™
HCO; 110 1.80-10° 135 2.22:10° 5 7.52:10° 3 4.34-10°
3204 440  4.5810° 1,784  1.86-10% 522 5.43-10° 1,813 1.89-10%
S : - - - - - - - -
Cl 168,500  4.75 168,058 4.74 168,744 4.76 168,744 4.76
Br 1,700 2.1310° 1,698 2.1310° | 1,702 2.13-10% 1,703 2.13-10*
Sr 1,200 1.3710° 1,198  1.3710° | 1,202 1.37-10 1,200 1.37-10
Li 5 7.20-10™ 5 7.19-10™ 5 7.21-10" 5 7.21-10*
F 1 5.26-10° 1 5.25:10° 1 5.27-10° 1 5.27-10°
I 3 2.36-10° 3 2.36-10° 3 2.37-10° 3 2.36-10°
B 80 7.40-10° 80 7.39-10° 80 7.41-10° 80 7.42:10°
Si 4 1.42:10™ 4 1.42-10™ 2 5.94-10° 10 3.64-10™
Fe 30 5.37-10™ 30 5.36:10" | 4,094 7.33:10% 579 1.13-10%
Fe(ll) 30 5.37-10" 30 5.36-10" | 4,094 7.33-107 579 1.13:10%
Fe(lll) - - - - - - - -
NO, 10 1.61-10™ 10 1.61-10™ 10 1.62:10™ 10 1.62-10™
Ionic_:1 strength (mol 6.47 451 6.48
kgw™)
Time to achieve 10344 10972

pHz(g) = 10 Mpa (y)

YM_PITZER = Yucca Mountain database and Pitzer ionic strength correction; TC_SIT = ThermoChimie v.7b database and SIT ionic strength correction
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The total aqueous concentrations of Na*, K" and Mg®* are controlled by the exchange reactions
in bentonite. Due to the high concentration of K™ in groundwater this cation partially displaces
Na* and Mg* from the exchange positions (see Table 14). The aqueous concentration of K*
decreases while the Mg®* and Na* concentrations increase (see Table 13). Changes in the
exchange composition of Ca** are small. Calcium concentration is controlled by the
precipitation/dissolution of primary phases. Initially, due to the availability of Ca”, calcite
precipitates causing the dissolution of siderite and gypsum. Therefore, the sulphate aqueous
concentration increases.

The aqueous silicon concentration is controlled by quartz dissolution / precipitation. When
using the ThermoChimie SIT database the dissolution of quartz is higher than when using the
YMP Pitzer database. This is due to the fact that ThermoChimie SIT does not include
interaction coefficients for neutral aqueous species while the YMP Pitzer database incorporates
Pitzer coefficients for the dominant species of silicon in solution, Si(OH)4(aq).

The other major difference observed relates to the concentration of aqueous Fe. FeCl" is the
dominant aqueous species when using the YMP Pitzer database data0.ypf.R2, while for the
ThermoChimie SIT database Fe?* dominates the aqueous iron speciation. The different
speciation scheme obtained is mainly related to:

- the different free CI" concentration calculated when using the two databases (the free
chloride concentration calculated with YMP Pitzer database is much higher than that
calculated with ThermoChimie SIT database),

- the different log K° values for the formation of FeCl" in the databases (Log K°=-0.16 in
YMP Pitzer databse, and log K°=0.14 in ThermoChimie v.7b/SIT database), and

- the lack of SIT coefficients in ThermoChimie SIT database for the interaction Fe**/CI

All these differences result in a calculated dissolved iron concentration one order of magnitude
higher with the YMP Pitzer database

Table 14: Variation of the exchange composition of bentonite after interacting with the
equilibrated SR-270 groundwater considering C-steel insert corrosion for the two
database / ionic strength correction associations.

Initial exchange SR 270 SR 270
composition (mol kgw™) (YM_PITZER)  (TC_SIT)
NaX 1.715 1.584 1.788
CaX; 0.214 0.185 0.128
KX 0.048 0.284 0.300
MgX. 0.098 0.071 0.017

FeX; 0 0.002 0.002
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3.4 SUMMARY OF NEAR FIELD INTERACTIONS

From the assessment reported in this section we can conclude that in general terms, both the
presence of bentonite and the corrosion of the C-steel insert will affect the composition of the
sedimentary SR-270 groundwater. Summarising:

pH increases and Eh decreases due to the corrosion of the C-steel insert,
achieving values around ~ 8 and ~-500mV, respectively.

Exchange reactions in bentonite control the aqueous concentration of Na, Mg
and K. Due to the high K" concentration of this groundwater, the exchange
positions of MX-80 bentonite become richer in KX and depleted in CaX, and
MgX2

The high calcium aqueous concentration enhances the precipitation of calcite,
which in turn causes dissolution of siderite and gypsum.

The Fe concentration is controlled by C-steel corrosion, its incorporation on
exchange positions (FeX,) and the equilibrium with siderite and magnetite

The role of pyrite is not significant in this system.

In all cases, groundwater compositions are equilibrated with quartz.

Moreover, differences are observed when using the Yucca Mountain database / Pitzer or
ThermoChimie v.7b database / SIT association, as described below:

Differences observed in the final SO, aqueous concentration are mainly related
to the different results obtained with the two databases when equilibrating the
groundwater with gypsum (see for example Table 6).

Differences observed in the calculated iron concentrations which are due to
siderite dissolution. The initial dissolution of siderite is higher when using the
YMP Pitzer database, producing more Fe(ll) in solution, than in the other
approach due to complexation of Fe by chloride, which is not modelled in the
Thermochimie v.7b/SIT database.

Differences in the exchange positions mainly related to the fact that the
exchanger is enriched in Na when using Thermochimie v.7b/SIT while it is
depleted when the YMP Pitzer database is used. This is a consequence of the
higher concentration of Ca available in solution when using the Pitzer approach,
which displaces Na from the exchanger.

Differences observed in the Si concentration are due to the different approach
used to calculate interactions with neutral aqueous species.

The pH and Eh values obtained for SR-270 groundwater under the different assumptions
considered are plotted in Figure 9.
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Figure 9: Predominance diagram pH vs Eh (in V) of iron under the composition of the
SR-270 groundwater. 1a) Using ThermoChimie v.7b/SIT and the composition of SR-270
groundwater equilibrated in this work, 1b) Using Yucca Mountain/Pitzer and the
composition of SR-270 groundwater supplied by NWMO, 2a) Using ThermoChimie
v.7b/SIT and the composition of SR-270 groundwater after the bentonite-C-steel insert
interactions and 2b) Using Yucca Mountain/Pitzer and the composition of SR-270
groundwater after the bentonite-C-steel insert interactions. Dots represent pH and Eh
for the different groundwaters. Composition of the different groundwaters are provided
in Table 13).
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4. SOLUBILITY CALCULATIONS FOR THE SELECTED RADIONUCLIDES

In this section we present the results of the solubility calculations of Am, As, Bi, C, Cu, Mo, Nb,
Np, Pa, Pb, Pd, Pu, Ra, Se, Sn, Tc, Th, U and Zr in the two reference groundwaters, CR-10
and SR-270, at 25°C.

For each of the selected groundwater compositions, we have considered two different cases:

A. Equilibrated (eq). This case assumes that the groundwater composition is the one
resulting from the equilibration of the groundwater composition with major minerals (see
section 2.4) (Table 4).

B. Bentonite + C-steel insert (NF). This case assumes that the groundwater composition
is the one resulting from the interaction of the near field components with the
equilibrated groundwaters (see section 2.4 and 3.3) (Table 4 and Table 13).

The YMP Pitzer database (supplied by NWMO) has been used in the solubility assessment of
Am, C, Cu, Mo, Np, Pu, Tc, Th, U and Zr (see Table 15). The ThermoChimie v7.b /SIT
database (released as sit.txt with the code PHREEQC v.17) has been used to check the results
obtained with the Yucca Mountain Pitzer database. This database has also been used for the
solubility assessment for elements not included in the YMP Pitzer database.

The ThermoChimie v.7.b/SIT database does not include thermodynamic data for bismuth and
the sets of thermodynamic data for arsenic and copper are not complete. In these cases, a
review of available information has been carried out to find a consistent thermodynamic data
set for the calculations of Bi, As and Cu solubilities (see section 2.2).

ThermoChimie v.7.b has been applied with the SIT ionic strength correction approach while the
YMP dataset provided by NWMO uses the Pitzer approach for activity corrections.

Table 15: Availability of thermodynamic data in the two databases used in the
assessment. In yellow are those elements whose thermodynamic data have been
compiled especially for this work.

Elements
Database Am|As [Bi |C |[Cu{Mo|Nb|(Np|Pa|Pb|Pd|Pu|/Ra|(Se|Sn|Tc|Th|U  Zr
Yucca Mountain v VI v |V v v VI v I vV
ThermoChimie v,7b VIV VIV IV I VI VIV IV VIV IV IV IV IV VI IV|IV

* Thermodynamic data for these elements are not complete. A review of available information has been
carried out in the context of this work.

Sensitivity analyses have been also considered by studying the influence of some key
parameters on the solubility of some radionuclides. The most influencial parameters are,
besides Eh and pH, the aqueous concentration of Ca”, Fe(ll), 0032', 8042' and Si(OH),4. In
several cases, the presence of phosphate and sulphide ions can have a very important effect
on the assessed solubility.
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A qualitative, and when possible, a quantitative analysis of the uncertainties affecting solubility
calculations is also provided. The conceptual uncertainties that may affect the solubility of a
radionuclide (e.g., sulphate to sulphide reduction or coprecipitation) are also described.

4.1 AMERICIUM

The only relevant redox state under the conditions of interest for this work is Am(+lll) although
other redox states between 0 and (+VI) are described in the literature.

Am aqueous speciation can be affected by pH and by the groundwater carbonate, chloride,
fluoride and sulphate concentrations. Silicates have also been identified to form strong
aqueous complexes with Am(lIl) (Guillamount et al. 2003). However, americium silicate
aqueous species are not included in the YMP Pitzer database. Figure 10 shows the influence
of carbonate concentration on americium aqueous speciation considering the equilibrated CR-
10 groundwater composition ([Si]r ~10* M and high sulphate concentration (0.013 M)). As
seen, differences in the aqueous speciation are observed when using the different databases.

2.0 20
Am(CO3),"
2.5 - AmCO," 2.5 Am(CO;),’
S -3.0 1 S 30
= - AmCO,*
© o | S -35
a 35 3.
o 2 40 Am**
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a) b)

Figure 10: Predominance diagram pH versus [CO:%]+ of Am aqueous species with a)
ThermoChimie v.7b /SIT b) YMP Pitzer. [Am}; =1-107 M, [Si]; = 1.7-10™* M, [SO,]; = 0.013 M
atl=0.24.

When using the ThermoChimie v.7b /SIT database, the species AmOSi(OH);*" is the main
aqueous species in solution for the CR-70 eq and CR-70 NF groundwaters, although the
composition of the CR-10 eq is very close to the silicate/carbonate stability boundary (see
Table 16). After the groundwater has interacted with bentonite and C-steel insert (CR-10 NF),
the carbonate concentration becomes lower, so that the dominating aqueous species is the
aqueous americium silicate. Minor Am species present in solution are predicted to be
americium sulphates or hydroxides (see Table 16). The SR-270 groundwater interacted with
bentonite and C-steel insert (SR-270 NF) has low carbonate and high chloride concentrations.
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In this case, AmOSi(OH);** is the main aqueous species in solution with minor contributions of
hydroxide and chloride species. For the groundwater with the lowest pH (SR-270 eq), the free
cation Am** is the predominant species in solution with minor contributions of silicate, chloride

and carbonate species.

With the YMP Pitzer database, the free cation Am** is the main aqueous species in solution,
with minor contributions of the species Am(CQOs;)" for the equilibrated groundwaters CR-10 eq
and SR-270 eq. The fluoride complex is also present in SR-270 eq groundwater (see Table
16). For those groundwaters interacted with bentonite and the C-steel insert, the aqueous
speciation unexpectedly depends on the chloride content of the groundwater (see Figure 11).
The sulphate concentration in the CR-710 NF groundwater is so high (4,314 mg/l) that the ionic
interactions between Am*" and SO42' prevent the formation of other complexes in solution and
only the free cation Am*" is present (see Figure 11). This high ionic interaction between Am**
and SO,” can only be shielded by high chloride concentrations since interaction of other
species like Am(OH)," with chloride would be higher than the interaction between Am** and
sulphate (see Figure 11).
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Figure 11: Predominance diagram pH versus [CI]; of Am aqueous species for CR-10
and SR-270 groundwater calculated with YMP Pitzer. [Am]; =1-10" M. Red symbol
corresponds to conditions of CR-10 NF groundwater and blue symbol to SR-270 NF
groundwater.

Differences in the calculated aqueous speciation when using the two different databases are
attributed to differences in both the selected thermodynamic data in the two databases and the
approach used to perform activity corrections.
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Table 16: Am aqueous speciation under the different selected conditions using both

databases.
TC/ SIT YMP /| PITZER
Equilibrated
CR-10 e AmOSI(OH):** (40%), Am(CO;)"  Am®" (85%), Am(CO3)"
9 (26%), §m3+ (19%), Ar721(SO4)+ (5%) (12%)
Am™" (64%), AmCI”" (19%), 3 emo e
SR-270 eq AmOSI(OH);2* (9%), Am(HCO5)** Am™ (53%), AmF

(5%) (28%), Am(CO3)" (9%),

Bentonite + C-steel insert
AmOSI(OH);** (73%), Am(OH),"

3+ 0
CR-10 NF (12%). AmOH? (5%) Am®" (100%)
AmOSI(OH);** (51%), Am®* (18%), Am(OH)," (78%),
SR-270 NF AMOH? (16%), AM(OH)," (7%),  Am(OH)* (13%), Am**
AMCI** (7%) (5%)

In the range of pH of interest (pH= 6 — 9), different solids are able to control the solubility of
americium: carbonate phases (AmCO3;0H(am), Am,(CO3)s(cr) or Am(CO3),Na-5H,0),
phosphate phases (AmPOQO4-xH,0) or hydroxide phases (Am(OH)z(s)), depending on the
groundwater conditions. Phosphates have been identified to form stable Am(lll) solid phases
leading to lower Am concentrations than those calculated considering equilibrium with
carbonate or hydroxide solid phases. Therefore, an Am (lll)-bearing phosphate solid phase can
be the one controlling the solubility in neutral and reducing waters if phosphates are present, as
in the case of the CR-10 groundwater for all the selected conditions (see Table 17).

One of the main uncertainties affecting americium is the effect of the phosphate concentration
in the selected groundwater. The concentration of phosphate considered in the calculations is
the phosphate detection limit, which is reported as an upper limit in the groundwater
compositions (< 1ppm = 10°mol/L). Thus, using this value certainly overestimates the actual
concentration of phosphate in the groundwater. A decrease of this concentration will result in
an increase of the americium concentration in solution in equilibrium with the phosphate solid
phase. Concentrations of phosphate in groundwaters are in many cases likely to be controlled
by equilibrium with hydroxyapatite (for a discussion on this issue see Bruno et al. (2001)). By
assuming that the concentration of phosphate in groundwater is given by equilibrium with this
calcium phosphate, the resulting phosphate aqueous concentrations will be of 6.4:107 mol/L for
the CR-10 eq groundwater and 2.49 10® mol/L for the CR-10 NF groundwater. This would
result in americium concentrations in equilibrium with americium phosphate of 8.2:10™" mol/L
and 1.06-10™ mol/L respectively (see Table 17).

If we do not consider phosphate in the groundwater, or if we assume that americium phosphate
is not formed, other phases, such as carbonates or hydroxides, could control the solubility of
this element (see Table 17). Formation of carbonate phases (AmCO;0H(am), Am,(COj3);(cr) or
Am(CO3).Na-5H,0) would lead to americium concentrations on the order of 10 m for the CR-
10 eq groundwater. Under similar pH but a lower carbonate concentration (SR-270 NF) these
carbonate phases are more soluble (see Table 17) and it can be considered that americium
would not be solubility limited by those phases. In the case of more acidic waters, such as SR-
270 eq, carbonate phases become more soluble (10'2-10'3 m) and americium concentration
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would not be solubility limited. In the case of more alkaline waters, such as CR-10 NF,
americium hydroxide (Am(OH)g(sg) could be the limiting solid phase producing americium
concentrations in the order of 10™ m (see Table 17)

Table 17: Am solid phases and concentration values (m) under the different selected
conditions and using both databases.

Equilibrated (eq)

Bentonite + C-steel insert (NF)

TC/SIT YMP / PITZER TC/SIT YMP / PITZER
CR-10 AmPO,-xH,0 (am) AmPO, (am) | AmPO,xH,0 (am) AmPO, (am)
5.14-10™" 7.94-10™" 2.63-10™ 3.64-10™""
AmPO,4xH,0 (am)* AmPO4xH,0 (am)*
8.2:10™ 1.06-10°
AmOHCO;(s) AmOHCO;(s) Am(OH);(s) Am(OH);(s)
2.23-10° 8.51-10° 1.51-10°° 2.8-107
SR-270 n.s.I’ n.s.| n.s.l. n.s.|
AmOHCO4(s) AmOHCO5(s) AmOHCO4(s) AmOHCO4(s)
1.18-107 2.53-10™ 2.32:10* 6.20:107
Am2(003)3 (S) Am2(003)3 (S) Am(OH)3 SS) Am(OH)3 SS)
217107 9.83:10™ 6.13-10" 4.95-10°

* indicate results obtained for phosphate concentrations given by equilibrium with hydroxyapatite

' n.s.I: no solubility limited

The main uncertainty in the Am solubility is related to the possible formation of a solid-solution
of Am with calcite. This would limit the solubility of americium, giving more realistic and lower
aqueous Am concentrations than equilibrium with pure Am carbonate or hydroxide solids. This
process is expected to occur in the light of the very high partition coefficient of Am with calcite

(Curti 1999).

42 ARSENIC

Arsenic is a redox sensitive element. Arsenate (+V) and arsenite (+lIl) are the two forms of
arsenic commonly found in groundwater. Arsenate (AsO,>) generally predominates under
oxidizing conditions. Arsenite (AsO3>) predominates under anoxic and reducing conditions (see

Figure 12).
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Figure 12: Aqueous predominance diagram (Eh-pH) in the selected groundwaters.
[As]; =1-10”7 M. pH and Eh values of the CR-10 groundwater: CR-10 eq (®) and the CR-10
NF (O) and the SR-270 groundwater: SR-270 eq (®) and the SR-270 NF (O). Calculations
using ThermoChimie v.7b/SIT. Dashed line: reduction of water to H,.

The formation of aqueous species and solid phases depends on the master variables Eh and
pH. Under the reducing conditions studied in this work, arsenic is mainly found as H3AsO; with
minor contribution of the species H,(AsO;) for the CR-10 groundwater equilibrated with C-steel
insert and bentonite due to its higher pH (see Table 18).

Table 18: As aqueous speciation under the different selected conditions.

TC/SIT
Equilibrated
CR-10 eq H3AsO; (99%)
SR-270 eq H3AsO; (100%)
Bentonite + C-steel insert
CR-10 NF H3(AsO3) (67%), H2(AsO3) (30%)
SR-270 NF H3AsO; (97%)

Arsenic is not solubility limited under the studied conditions given the high solubilities of the
common alkali and alkali earth salts of AsO;> oxyanions. As(0) has been disregarded as a solid
likely to limit the solubility because its precipitation occurs only under hydrothermal conditions
(Mandal and Suzuki, 2002).
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Table 19: As solid phases and concentration values (m) under the different selected
conditions using both databases.

Equilibrated (eq) Bentonite + C-steel insert (NF)
TC/ SIT YMP / PITZER TC/SIT YMP / PITZER
CR-10 n.s.l.* - n.s.l. -
SR-270 n.s.l. - n.s.| -

*n.s.l.: no solubility limited.

An important conceptual uncertainty that could potentially affect As solubility is the reduction of
sulphate to sulphide. This process has not been considered here due to its very slow kinetics,
although it is favoured in the presence of sulphate reducing bacteria. Reduction of sulphate to
sulphide due to bacterial activity would cause the precipitation of different arsenic sulphides.
There are many different arsenic sulphide minerals, such as arsenopyrite (FeAsS), orpiment
(As2S3) and realgar (As4S,), occurring primarily in hydrothermal and magmatic ore deposits
(O’Day, 2006). Recently, spectroscopic methods have verified the formation of orpiment and
realgar type structures in low-temperature, sulphate-reducing environments, probably related to
microbiological sulphur and arsenic reduction (O’Day et al. 2004). If sulphate is reduced to
sulphide, the formation of orpiment would give solubilities of arsenic around ~10* M for the CR-
10 eq groundwater. For the CR-10 NF groundwater where polynuclear species of As/S could
be present in solution (see section 2.2.1) a concentrations of ~10™ M could be expected.
Solubilities of orpiment under the SR-270 groundwater would be around ~10° M (see Figure
13).

Concentration of As in groundwaters may be governed by other processes such as co-
precipitation or sorption onto major phases, leading to smaller arsenic concentrations than the
ones predicted from the solubilities of solids containing arsenic as a major component (Hinkle
and Polette, 1999). Arsenic often coprecipitates with metal oxides, especially iron oxides, and
is adsorbed to clay mineral surfaces and associated with sulphide minerals, although arsenite is
generally less strongly adsorbed than arsenate (Welch et al., 1988, Welch et al., 2006, O’Day,
2006).
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Figure 13: Solubility of orpiment (As,S;) as a function of sulphide under all the
selected conditions.

4.3 BISMUTH

The most stable oxidation state of bismuth is +lll. Pentavalent bismuth is a strong oxidant able
to oxidize water.

Thermodynamic data for this element are included in neither the YMP Pitzer nor the
ThermoChimie v.7.b/SIT databases. For this reason the alternative thermodynamic data set
described in this work has been used to perform solubility calculations of Bi (see section 2.2.2).

The main aqueous species for bismuth under all the selected conditions except for the SR-270
eq groundwater is the hydroxocomplex Bi(OH); (aq). For the SR-270 eq groundwater with
lower pH and high chloride concentration, bismuth is less hydrolyzed and chloride species are
the main aqueous species in solution (see Table 20 and Figure 14). Concerning the solid
phases, the bismuth oxide Bi,O; (s) has been selected as the solid phase limiting the bismuth
solubility (see Table 21). Bismuth is not solubility limited in SR-270 eq groundwater.
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Table 20: Bi aqueous speciation under the different selected conditions.

TC/SIT
Equilibrated
CR-10 eq Bi(OH)3 (100%)
SR-270 eq BiCls” (75%), BiCls” (18%), Bi(OH); (5%)
Bentonite + C-steel insert
CR-10 NF Bi(OH);3 (100%)
SR-270 NF Bi(OH)3 (100%)
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Figure 14: Predominance diagram pH versus [CI]; of Bi aqueous species for the
selected groundwaters. [Bi]; =1-10° M. [CI]r and pH values of the CR-10 groundwater:
CR-10 eq (®) and the CR-10 NF (O) and the SR-270 groundwater: SR-270 eq (®) and the
SR-270 NF (O). Calculations using thermodynamic data selected in this work

Bismuth can also form species with sulphide. In this work, we have assumed that sulphide is
not formed from sulphate due to the lack of microbial activity, although this is an uncertainty
that should be considered when analysing the behaviour of bismuth. In this sense, we have to
advise that very few thermodynamic data are available in the literature for bismuth sulphides,
which make it difficult to predict the bismuth concentration in equilibrium with sulphide solids.
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Table 21: Bi solid phases and concentration values (m) under the different selected

conditions.
Equilibrated Bentonite + C-steel insert
TC/SIT YMP / PITZER TC/SIT YMP / PITZER
CR-10 rir 10" : Pi610" :
SR-270 n.s.l’ 5_%2?1(03.2

":n.s.l.: no solubility limit
44 CARBON

Redox processes are important in the carbon system. C(+1V) is stable under oxidising
conditions and occurs as CO,(g) or CO.” solid or aqueous species. The most reduced form of
carbon is C(-1V) represented by methane (CH,4). The reduction of carbonate to form methane
would be thermodynamically plausible under the studied conditions (see Figure 15) although it
is kinetically hindered.

Eh (V)

6.0 7.0 8.0 9.0
pH

Figure 15: Predominance diagram pH versus Eh of C aqueous species in water.
[CO:*Tr = 8-10* M. Dashed line: reduction of water to H,.

The formation of methane needs high temperatures or the presence of biological activity (Kudo
and Komatsu, 1999, West and McKinley, 2001). Kudo and Komatsu (1999) indicate that the
yield of methane reaches a maximum of 17% at 400°C and does not occur in the absence of
biological activity until the temperature exceeds 150-200°C. Although biological activity may be
present in the repository environment, we have not considered the reduction to methane as
feasible for the purpose of the calculations presented in this report.
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Another reduced species of carbon is carbon monoxide (CO). The formation of this species
has also been disgarded since the reduction of carbonate to form CO is kinetically hindered and
needs high temperatures or the presence of biological activity (Bott and Thauer, 1987)

The carbon aqueous speciation for CR-10 groundwaters depends on the master variable pH
and to a minor extent the Ca and Fe concentrations in solution. In the case of the more saline
SR-270 groundwater, formation of aqueous species depends on pH, and the Ca, Fe and Mg
concentrations. In contrast to CR-10 groundwaters, aqueous complexation with the major
aqueous species is more important in SR-270 groundwaters due to the high concentration of
major cations. The YMP Pitzer database does not include the formation of the aqueous sodium
carbonate complexes which were included in ThermoChimie SIT database (i.e., NaCOy)
because they are considered as ion pairs and not as true complexes in solution. The complex
CaHCOj' is also not included in the YMP Pitzer database and the complex MgHCO3".has not
been included in the present calculations (see Table 22).

Table 22: C aqueous speciation under the different selected conditions using both

databases.
TC/SIT YMP / PITZER
Equilibrated
. HCOj3 (73%), CaHCO;" (13%), - o
CR-10 eq CO, (10%) HCO;3 (88%), CO, (10%)
CO; (41%), CaHCO;" (25%),
SR-270 eq HCO3 (18%), NaHCO; (10%), HCOj3 (75%), CO, (22%)

MgHCO;" (5%)

Bentonite + C-steel insert

HCO3 (62%), FeCOs (11%), HCO3 (74%), CaCOs
CR-10 NF CaCO; (7%), NaCOy3 (5%), COs>  (10%), FeCO; (6%), CO5>
(4%) (6%)
CaHCO;" (28% ), FeCO; (27%), FeCO; (27%), HCOy
SR-270 NF HCO5 (20%), NaHCO; (11%), (27%), CaCOj3 (25%),
MgHCO;" (6%) MgCOs (9%), COs” (8%)

For the CR-10 groundwater, under all the studied conditions (CR-70 eq and CR-10 NF), HCOj3
dominates the aqueous carbon speciation (see Table 22). In the CR-10 eq groundwater,
dissolved CO, also appears in minor proportion (10%). In the case of the CR-10 NF
groundwater presenting higher pH, carbonate (CO3%), iron and calcium species appear in
similar minor proportion independently on the database used. For the SR-270 groundwater,
only the aqueous speciation obtained with ThermoChimie SIT will be discussed for the reasons
explained above. For the SR-270 eq, with the lower pH, CO, species dominates the aqueous
speciation. Hydrogencarbonate complexes (CaHCO3", NaHCOs;, MgHCOs") also appear in
minor proportion. For the SR-270 NF groundwater different complexes of carbonate and the
free bicarbonate ligand appear with similar proportion (see Table 22). Differences of calculated
aqueous speciation depend on the activity models implemented in each database (complex
formation vs ion interaction).
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The solubility of carbon under the chemical conditions of interest, in the absence of carbonate
reduction, will be basically determined by calcite saturation (see Table 23). The predicted
solubility limiting phases and carbon concentrations do not differ between the two
thermodynamic databases.

Table 23: C solid phases and concentration values (m) under the different selected
conditions using both databases.

Equilibrated (eq) Bentonite + C-steel insert (NF)
TC/SIT YMP / PITZER TC/SIT YMP / PITZER
CaCO; (calcite) CaCOj; (calcite) CaCO; (calcite) CaCO; (calcite)
CR-10 8.29-10" 8.98-10%0) 7.01-10° 8.80-10°0)
CaCO; (calcite) CaCOj; (calcite) CaCO; (calcite) CaCO; (calcite)
SR-270 222107 1.80-10° 43410 7.52:10°

* carbonate concentration in equilibrium with calcite using Yucca Mountain/Pitzer, This carbonate
concentration is not used for solubility calculations for other radionuclides

** carbonate concentration in equilibrium with calcite using ThermoChimie SIT. This carbonate
concentration is not used for solubility calculations for other radionuclides

As stated before, the main uncertainty affecting the carbon solubility calculations is related to
the possibility of methane generation, which is not taken into account in this work. The
methane formation process would lead to an enhancement of calcite dissolution resulting in a
very high solubility for total carbon. This high solubility for carbon could be explained by the
continuos calcite dissolution due to the formation of methane gas which would act as a driving
force for calcite dissolution (see r 11).

CaCOs(s)+ 10H" + 8e” > CHy(g) + 3H,0 + Ca** r11

4.5 COPPER

Copper compounds are known in several oxidation states in aqueous solution (+l, +II). The
most stable state of copper under oxidising conditions is +lI but at anoxic and reducing
environments Cu(+1) species becomes predominant (see Figure 16).
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Figure 16: Predominance diagram pH versus Eh of Cu aqueous species in pure water
calculated with the thermodynamic data selected in this work. [Cu]; =1-10° M. Dashed
line: reduction of water to H..

Thermodynamic data for copper are only available in the YMP Pitzer database. However, only
Cu* solid species and interactions between Cu® and different ions are available in this
database. Cu’ forms a weak hydrolysis species (CuOH). This species is considered quite
irrelevant in most reviews of copper chemistry. However, chloride can react with Cu” ion to
form CuCl, which subsequently hydrolyzes to form Cu,O(s). Studies utilizing X-ray diffraction
and surface analysis techniques support the formation of a Cu,O(s) scale in the presence of
chloride under various water quality conditions (Palit and Pehkonen, 2000).

In order to compare the results obtained with the YMP Pitzer database, the alternative
thermodynamic data set described in this work has been used (see section 2.2.3).

The Cu aqueous speciation in the different groundwaters is different and depends on the
database used to perform the calculations (see Table 24). In order to obtain reliable results
under reducing conditions, Cu” species must be included in the database. Thus the results
obtained with the YMP Pitzer database are not correct. For this reason, only those calculations
done with the thermodynamic data selected in this work (see section 2.2.3) will be discussed.

The main parameter affecting copper aqueous speciation under the different groundwater
compositions is the chloride aqueous concentration. As we can see in Table 24, the aqueous
speciation of copper for the selected groundwater compositions is mainly dominated by chloride
complexes, specially CuCl, for the CR-10 groundwaters and CuCl;* for the more saline SR-270
groundwaters.
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Table 24: Cu aqueous speciation under the different selected conditions using both

databases.

TC/SIT YMP / PITZER*
Equilibrated
CR-10 eq CuCly (92%), CuCly” (6%) Cu®* (100%)
SR-270 eq CuCl3* (82%), CuCl, (18%) Cu® (100%)
Bentonite + C-steel insert
CR-10 NF CuCl, (92%), CuCls* (6%) Cu® (100%)
SR-270 NF CuCls® (82%), CuCly (18%) Cu®* (100%)

*No Cu’ species are defined in the database

Aqueous copper concentrations under reducing conditions are expected to be controlled by the
precipitation of Cu(l) oxide or formation of Cu(s) (see Figure 17). Under the reducing conditions
of the selected groundwater Cu(s) has been selected as a possible solubility limiting phase (see
Table 25).

0.5

Cu(OH),(s)

0.3 1
0.1 1

< 01
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Figure 17: Predominance diagram pH versus Eh of Cu in pure water calculated with

the thermodynamic data selected in this work. [Cu]; =1-10° M. Dashed line: reduction of
water to H,.
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Table 25: Cu solid phases and concentration values (m) under the different selected
conditions using both databases.

Equilibrated (eq) Bentonite + C-steel insert (NF)
TC/SIT YMP / PITZER* TC/SIT YMP / PITZER*
Cu(cr) Cu(cr)
CR-10 1.36-10° - 5.22-10°" -
Cu(cr) N Cu(cr) -
SR-270 2.64-10° 3.06:10°"

* No Cu’ species are defined in the database. Unreliable low Cu concentration

One uncertainty to take into consideration is related to the reduction of sulphate to sulphide.
Indeed, if sulphate were reduced to sulphide, sulphide solid phases (Cu,S) might exert solubility
control at reducing Eh values giving concentrations of copper around ~10"" m and ~10® m for
the equilibrated groundwater CR-10 eq and SR-270 eq, respectively and ~ 10" m and ~ 10" m
for the CR-10 NF and SR-270 NF groundwaters, respectively. In all cases, copper speciation
would be governed by sulphide complexes.

4.6 MOLYBDENUM

Molybdenum is a redox sensitive element that presents a rather complex chemistry due to the
formation of polynuclear complexes conformed in cluster configurations. Although molybdenum
can be present in different redox states, thermodynamic data for this element are very scarce
and only species in the redox state +VI are defined in the YMP Pitzer database. In the case of
ThermoChimie v.7b/SIT, only aqueous species in the redox state +VI are present (MoO42'). For
solid phases, both Mo(+VI) and Mo(+1V) phases are defined.

The main aqueous Mo species is MoO,* for all the selected conditions. No differences in the
aqueous speciation are observed when using the different databases, although major
differences are found in the data for solid phases, e.g., no Mo(lV) solids are included in the
YMP Pitzer database. The predominance diagram calculated by assuming a total Mo
concentration of 10”° mol/L, when using Thermochimie v.7b/SIT is shown in Figure 18.

The main parameters that may control molybdenum solubility are pH, Eh and calcium
concentration. The solubility of the two solid phases likely to control the aqueous Mo
concentration is shown in Figure 19 as a function of the pH of the medium for the two different
groundwater compositions considered for the CR-10 groundwater. It can be appreciated that
the solubility of MoOy(s) is very sensitive to pH and that the Mo solubility is extremely sensitive
to the redox potential due to the change in the solid phase controlling the solubility.
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Figure 18. Predominance diagram Eh/pH of Mo solid phases under different
groundwater composition: CR-10 eq (®) and the CR-10 NF (O) and the SR-270
groundwater: SR-270 eq (®) and the SR-270 NF (O) Calculations using ThermoChimie
v.7b/SIT. Formation of polynuclear species has not been considered.
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Figure 19. Sensitivity of the Mo solubility to pH and Eh. The solubility has been
calculated under the conditions of the CR-10 eq (red) and the CR-10 NF (blue)
groundwaters. The inserts in the calculated curves indicate the solid phases exerting
the solubility control in each section of the curves. Calculations have been conducted

by using the ThermoChimie v.7b/SIT database.
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In Table 26 the solubilities of the possible solid phases controlling the molybdenum aqueous
concentration are shown. When using ThermoChimie v.7b/SIT the solubility of MoOy(s) is
calculated, while in the case of the YMP Pitzer database only the solubility of CaMoQy(s) can be
computed. The YMP Pitzer database does not provide a full set of thermodynamic data for
molybdenum, therefore, solubility assessments can only be done with ThermoChimie v.7b/SIT.

Table 26: Mo solid phases and concentration values (m) under the different selected
conditions and using both databases.

Equilibrated (eq)

Bentonite + C-steel insert (NF)

TC/SIT YMP / PITZER* TC/SIT* YMP / PITZER*
M002 MOOZ
CR-10 8.72-10° - 3.64-10°" -
M002 MOOZ
SR-270 23410 - 6.29-10" -

* Unrealistic results as no redox species are selected

The most important uncertainty concerning molybdenum is the scarcity of thermodynamic data
available in the literature.

4.7 NIOBIUM

Niobium is mainly found in the pentavalent oxidation state in natural waters. There is a general
lack of thermodynamic data in the literature on niobium, which constitutes an important
drawback when studying the behaviour of this element. This element is not included in the
YMP Pitzer database.

The main parameter affecting niobium aqueous speciation under the selected groundwater
compositions is pH. The main aqueous species under the studied conditions are hydroxide
complexes Nb(OH)s (aq), Nb(OH)s and Nb(OH),> whose distribution depends on the pH of the
system (see Figure 20 and Table 27).
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Figure 20: Nb,Os(s) solubility and underlying aqueous speciation for the CR-10 (I =
0.3) and SR-270 (I = 6.4 m) groundwater as a function of pH. The solubility is not redox
sensitive in the Eh range of the studied waters. Calculations done by using the
ThermoChimie SIT database. Left y-axis indicate the solubility and right y-axis the
relative fraction of aqueous species. Solid lines present results at 0.3 m ionic strength
and dashed lines those obtained at 6.4 m.

Table 27: Nb aqueous speciation under the different selected groundwater
compositions.

TC/SIT
Equilibrated
CR-10 eq Nb(OH)s (96%)
SR-270 eq Nb(OH)s (89%), Nb(OH)s (11%)
Bentonite + C-steel insert
CR-10 NF Nb(OH)72' (66%), Nb(OH)s (34%)
SR-270 eq Nb(OH)es (85%), Nb(OH)72'(15%)

Nb(V) oxide is very insoluble in the pH range of interest and niobium solubility will probably be
controlled by Nb,Os(s) (see Table 28). The influence of pH on the solubility of Nb,Os(s) is also
shown in Figure 20.
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Table 28: Nb solid phases and concentration values (m) under the different selected

conditions.
Equilibrated (eq) Bentonite + C-steel insert (NF)
TC/SIT YMP / PITZER TC/SIT YMP / PITZER
T ot :
S B -

The most important uncertainty concerning niobium is the scarcity of thermodynamic data.
Formation of CaNb,O+,-8H,0 (hochelagaite) or CaNbOgxH,O at alkaline pH values has been
reported in the literature (Talerico et al. 2004), although no thermodynamic data for these solids
are described. Talerico et al. (2004) obtained an empirical relationship between calcium
concentration, pH and niobium solubility:

= 1.4643¢ 71340200 [Ca]‘°»8922

calculated 1 02.6766

[Nb]

Taking into account this empirical relationship, niobium concentration in solution for CR-10 NF
groundwater would be lower (=8:107 M). However, the formation of this kind of solid phases
has not been studied at pH values below 9.2, so that the applicability of the former expression
under the conditions of interest is not tested.

4.8 NEPTUNIUM

Neptunium presents different oxidation states depending on the redox conditions of the
surrounding environment: Np(+111), Np(+1V), Np(+V) and Np(+VI) although Np(+IV) is the most
stable redox state under all selected groundwater compositions (see Figure 21).
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Figure 21: Predominance diagram (Eh-pH) of Np aqueous species: a) Calculations
using ThermoChimie v.7b/SIT and b) YMP Pitzer database. In red composition of the CR-
10 groundwater: CR-10 eq (®) and the CR-710 NF (O), in blue: composition of the SR-270
groundwater: SR-270 eq (®) and the SR-270 NF (O).
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The aqueous speciation of neptunium for all the selected groundwater compositions is mainly
dominated by the species Np(OH), (see Table 29), although the composition of SR-270 eq,
groundwater, which has the lowest pH of all selected groundwaters, is very close to the
Np(OH)4/Np(OH);" boundary.

Table 29: Np aqueous speciation under the different selected conditions using both

databases.
TC/SIT YMP / PITZER
Equilibrated
CR-10 eq Np(OH)4 (93%) Np(OH)4 (96%)

. Np(OH)4 (58%), Np(OH)s" Np(OH)s" (51%), Np(OH),
SR-270 eq (39%) (44%)
Bentonite + C-steel insert
CR-10 NF Np(OH)4 (100%) Np(OH)4 (100%)
SR-270 NF Np(OH)4 (98%) Np(OH)4 (97%)

Aqueous neptunium concentrations under the conditions of interest for this work are expected
to be controlled by the precipitation of neptunium(lV) dioxide. This solid is stable over a
relatively wide range of redox potential, from very reducing to slightly oxidising conditions.
According to the Ostwald’s rule, the amorphous phase will be kinetically favoured to precipitate
over the most crystalline phase, so amorphous NpO; is the phase selected to control the Np
solubility (see Table 30).
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Table 30: Np solid phases and concentration values (m) under the different selected
conditions using both databases.

Equilibrated (eq) Bentonite + C-steel insert (NF)
TC/SIT YMP / PITZER TC/SIT YMP / PITZER
NpO,(am) NpO,(am) NpO,(am) NpO,(am)
CR-10 1.08-10° 1.26-10° 1.00-10° 1.21-10°
NpO,(am) NpO,(am) NpO,(am) NpO,(am)
SR-270 1.72:10° 2.7310° 1.02-10° 1.24-10°

No important differences are observed in the solubility calculations when using the different
databases, which is mainly due to the fact that the controlling aqueous species is the neutral
Np(OH)4(aq) in all cases, so that there are no important activity corrections.

4.9 PROTACTINIUM

Protactinium can occur in two oxidation states: +IV and +V, although Pa(lV) is very sensitive to
oxidation and it is only stabilized in very strong acids and at very low Eh. Thus, the most
common redox state is Pa(V) (see Figure 22).
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Figure 22: Aqueous predominance diagram (Eh-pH) for protactinium aqueous species
under the compositions of the CR-10 groundwater: CR-10 eq (®) and the CR-10 NF (O),
and the SR-270 groundwater: SR-270 eq (®) and the SR-270 NF (O). Calculations using
ThermoChimie v.7b/SIT.
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Protactinium thermodynamic data available in the literature are scarce, and its chemical
characteristics avoid direct comparison with other actinides. This element is not included in the
YMP Pitzer database.

The formation of aqueous species and solid phases under the selected conditions depends on
pH. In the equilibrated groundwaters CR-10 eq and SR-270 eq the cation PaO," is the main
aqueous species for protactinium. Although the composition of CR-10 eq is very close to the
PaO,’/ PaO,(OH) boundary. Under the more alkaline CR-10 NF and SR-270 NF groundwaters
the hydroxocomplex PaO,(OH) is the main aqueous species, although the composition of the
SR-270 NF is also very close to the PaO,"/ PaO,(OH) boundary. The species PaO(OH)? is
present in the CR-10 NF groundwater in minor amounts (see Table 31)

Table 31: Pa aqueous speciation under the different selected conditions.

TC/SIT
Equilibrated
CR-10 eq Pa0," (55%), PaO,(OH) (45%)
SR-270 eq Pa0," (97%)
Bentonite + C-steel insert
CR-10 NF Pa0,(OH) (76%), PaO(OH)* (22%)
SR-270 NF Pa0,(OH) (54%), PaO," (45%)

Protoactinium solubility will be controlled by Pa,Os(s) under the studied conditions (see Table
32).

Table 32: Pa solid phases and equilibrium concentrations (m) under the different
selected conditions.

Equilibrated (eq) Bentonite + C-steel insert (NF)
TC/SIT YMP / PITZER TC/SIT YMP /| PITZER
Pa205(s Pa205(s
CR-10 D a230" - TRLL -
Pa205(s _ Pa205(s _
SR-270 3.20-10‘g 1.72-10‘g

The most important uncertainty concerning protactinium is the scarcity of thermodynamic data.

410 LEAD

The relevant redox state under the conditions of interest is Pb(ll) although Pb(lV) has also been
described under oxidising conditions. Thermodynamic data for lead are available in the
ThermoChimie v.7b/SIT database, but not in the YMP Pitzer database.

Lead aqueous speciation is mainly affected by pH and by the concentration of different ligands
such as chloride, sulphate and carbonate (see Figure 23). In the CR-10 eq groundwater, the
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cation PbCI" dominates the aqueous speciation. Carbonates (PbCO3), sulphates (PbSO,), the
free Pb®* and other chloride species (PbCl,) can also appear in different proportion (see Table
33). Under more alkaline conditions, such as in CR-10 NF groundwater, the hydrolysis species
PbOH" appears as a main contributor to the lead aqueous concentration. Other species such
as chloride, sulphate, carbonate and free Pb** are present in lower proportion. Due to the lower
concentration of carbonate in this groundwater carbonate species have a lower predominance
under these conditions (see Figure 23). In the case of the SR-270 groundwater, with very high
chloride concentration (5.18 m) the chloride species PbCl,* dominates the aqueous speciation
under all the selected conditions with minor contribution of other chloride species (PbCl3).

Table 33: Pb aqueous speciation under the different selected conditions.

TC/SIT
Equilibrated )

] PbCI* (33%), Pb?" (26%), PbCO;
CR-10eq (17%), PbCl, (11%), PbSO; (8%)
SR-270 eq PbCI,Z (86%), PbCly’ (10%)
Bentonite + C-steel insert

! PbOH" (47%), Pb(COs) (15%), PbCI’
CR-10 NF (10%), Pb% (9%), Pb(SO.) (8%)
SR-270 NF PbCI.Z (87%). PbCly (9%)

The most likely solubility limiting phases under low carbonate concentration and in the presence
of phosphate, as in the case of CR-70 NF groundwater, are phosphates of Pb(+1l) (Cao et al.
2008). In the absence of phosphates, cerussite (Pb(CO3)(s) and hydrocerussite
Pb3(C0O3)(OH),) will control the lead solubility in the CR-70 NF groundwater giving lead
concentrations around 10° m. Under the conditions of CR-10 eq groundwater, with higher
carbonate content, lead carbonates (cerussite (Pb(CO3)(s), hydrocerussite Pb3(CO3),(OH),)
and phosphates (Pb3(PO,)2(s)) are the most likely solids controlling lead solubility, resulting in
similar Pb concentrations in solution (see Table 34). In the case of the SR-270 groundwater,
lead is not solubility limited by any solid phase as no phosphates are present in solution and
free carbonate in solution is very low. For the SR-270 NF groundwater, free carbonate is not
available as the total carbonate concentration is low. The free carbonate concentration is low in
this groundwater due to the low pH of the solution and carbonate is mainly present as CO..
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Figure 23. Predominance diagrams pH versus [CI]; of Pb aqueous species under the
compositions of the selected groundwater a) CR-10 eq (®) b) CR-10 NF (O), c) SR-270 eq
(®) and d) SR-270 NF (O). Symbols are referred to the specific [Cl]; and pH of each
groundwater. Calculations using ThermoChimie SIT.
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Table 34: Pb solid phases and concentration values (m) under the different selected

conditions.

Equilibrated (eq)

Bentonite + C-steel insert (NF)

TC/SIT YMP / PITZER TC/SIT YMP / PITZER
CR-10 Pb(COs)(s) Pb(COs)(s)
3.11-10° 3.45-10°°
Pb3(CO3),(OH), Pb;(C0O3),(OH),
7.89-10° 1.01-10°°
Pb3(PO,)4(s) Pb3(PO.).(s)
1.09-10° 2.54:107
Pb3(PO4)o(s)* Pbs(PO4)2§3)*
7.1-10° 1.410°
SR-270 n.s.l.’ n.s.|

" n.s.l.: no solubility limit.

* indicate solubility calculated when the concentration of phosphate in the groundwater is fixed by

equilibrium with hydroxyapatite

As in the case of Am, the precipitation of solid phosphate phases is uncertain in the sense that
the concentration of phosphate in solution is given as an upper limit. If the groundwaters are
assumed to be equilibrated with hydroxyapatite, phosphate concentrations are 6.4-10” mol/L for
the CR-10 eq and 2.49 10°® mol/L for the CR-10 NF groundwater. In this case, the
concentration of lead in equilibrium with Pbs(PO.)x(s) increases to 7.1-10° and 1.4:10"° mole/L

respectively.

Another uncertainty affecting the assessment of lead solubility refers to the reduction of
sulphate to sulphide; in that case, lead may precipitate as galena (PbS(s)). Formation of
galena would lead to Pb concentrations in the order of 10™ m for CR-10 eq groundwater, 10"
m for SR-270 NF groundwater and 107" m for CR-10 NF and SR-270 eq groundwaters. Lead
may also be incorporated in other major sulphides, which will also cause a decrease of its

solubility.

411 PALLADIUM

Palladium may be found at several valence states, Pd(Il) being the most common redox state in
aqueous media. Thermodynamic data for palladium are available in ThermoChimie v.7b/SIT

database but not in the YMP Pitzer database.

Calculations indicate that the palladium aqueous speciation in the CR-10 groundwater, under all
the studied conditions, will be controlled by the hydrolysis species Pd(OH),(aq) (see Table 35).
Palladium chlorides are only relevant at chloride concentrations in solutions higher than 0.3 M
(see Figure 24). In the case of the SR-270 groundwater with high chloride concentration (4.75

M), PdCl,* will be the main aqueous species.
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Table 35: Pd aqueous speciation under the different selected conditions.

TC/SIT
Equilibrated
CR-10 eq Pd(OH).(aq) (97%), PdCl,*(2%)
SR-270 eq PdCl,*(98%)
Bentonite + C-steel insert
CR-10 NF Pd(OH),(aq) (100%)
SR-270 NF PdCl,*(98%)
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Figure 24: Fractional diagram of palladium aqueous species in equilibrium with
Pd(OH),(s), as a function of chloride concentration in solution A) for CR-10 eq water B)
for CR-10 NF water. Vertical line corresponds to real chloride concentration in each
groundwater.
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Pd(OH),(s) is the most likely solid controlling the Pd solubility under the studied conditions,
giving the aqueous concentrations shown in Table 36. For the SR-270 groundwater,
Pd(OH),(s) has a high solubility due to the formation of aqueous Pd chlorides in solution and Pd
is not solubility limited (see Table 36). The possibility that pure palladium controls the solubility
under reducing conditions seems unrealistic due to the slow kinetics of the formation of metallic
Pd from solution.

A conceptual uncertainty affecting Pd solubility is the reduction of sulphate to sulphide. If
sulphate were allowed to be reduced to sulphide, sulphide solid phases (PdS) might exert
solubility control at reducing Eh values. The equilibration with PdS(s) in the calculations results
in extremely low aqueous palladium concentrations. Note that the thermodynamic data for solid
Pd sulphide have been derived from high temperature experiments done with visotskite (PdS)
which is a solid phase formed under high temperature conditions, not expected under the
studied conditions of this work.

Table 36: Pd solid phases and concentration values (m) under the different selected

conditions.
Equilibrated (eq) Bentonite + C-steel insert (NF)
TC/ SIT YMP / PITZER TC/ SIT YMP / PITZER
Pd(OH)(s) Pd(OH):(s) __
CR-10 4.11-10° - 3.98-10°
SR-270 n.s. - n.s.l

:n.s.l.: no solubility limit

412 PLUTONIUM

Plutonium presents different redox states (+lIl, +IV, +V and +VI) in solution. Under the
conditions of the selected groundwater compositions (near neutral pH and reducing conditions),
plutonium will mainly appear in the oxidation states (+111) and (+1V) (see Figure 25).

The formation of aqueous species and solid phases depends on the master variables Eh and
pH. Nevertheless, the presence of carbonates and/or sulphates will also have an important role
in determining the aqueous complexes dominating Pu speciation in solution. Phosphates have
also been identified to form strong aqueous complexes with Pu(lll), although Pu-phosphate
aqueous species are not included in the YMP Pitzer database.
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Figure 25: Predominance diagram (Eh-pH) of Pu aqueous species calculated with a)
ThermoChimie v.7b/SIT database and b) YMP Pitzer database in pure water. [Pu]=1 107
M. Carbonate, silicate or sulfate species are not taken into account in this diagram.

Due to the reducing conditions prevailing under the selected conditions and the pH range,
Pu(lll) species dominate the aqueous Pu speciation (see Table 37)

In CR-10 eq groundwater, the cation Pu®* dominates the aqueous sgematlon Carbonates,
sulphates and hydrolyzed Pu(lll) species (PuSO,", PuCOs", Pu(OH)*") also appear but their
concentrations depend on the thermodynamic database (see Table 37).

In the case of CR-10 NF groundwater, due to the higher pH value, Pu(OH)2+ dominates the
aqueous speciation when using ThermoChimie v.7b/SIT database. Carbonates, sulphates,
hydroxides and phosphates (PuSQO,", PuCO3", Pu(OH),", PuPQ,) also appear in solution.
When using the YMP Pitzer database, only the aqueous species Pu”" is present.

In SR-270 eq groundwater the free cation Pu®* dominates the aqueous speciation when using
both databases and no major differences are observed between the two calculations. In the
case of SR-270 NF groundwater, PuOH2+ dominates the aqueous speciation when using
ThermoChimie SIT. The free cation Pu** also appears in solution. When using the YMP Pitzer
database, the aqueous sgemes Pu(OH)," is the major species in solution with minor
contributions from PuOH** and the free cation Pu**

In this case, differences in the calculated Pu aqueous speciations for the different databases
are attributed to differences in both the stability constant selected for each database and the
approach used to calculate activity corrections.
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Table 37: Pu aqueous speciation under the different selected conditions using both

databases.
TC/SIT YMP / PITZER
PuSO," (31%), Pu®* (31%), 3 .
CR-10 eq PUCO." (22%). PU(OH)?* (9%) Pu** (85%), PuCO;" (12%)
3+ +
g 3 1aq0 2 16 Pu®" (79%), PuCO;" (9%),
SR-270 eq Pu™ (91%), PUuOH"" (4%) PUOH?" (6%)
Pu(OH)* (47%), PuPO, (12%),
CR-10 NF PuSO," (12%), Pu(OH)," (9%), Pu® (100%)
PuCO;" (7%) (*) ,
+ 0 +
SR-270 NF PUOHZ (60%), Pu®* (36%)  U(OH): (80%), PuOH

(14%), Pu®* (5%)
* Aqueous speciation in the absence of phosphates for the CR-10 NF groundwater calculated
with TC/SIT: Pu(OH)** (56%), PuSO," (13%), Pu(OH)," (10%), PuCO3" (9%).

Phosphates have been identified to form stable Pu(lll) solid phases leading to lower Pu
concentrations than those calculated considering equilibrium with Pu(OH)s(s) and PuO,(am)
phases. Therefore, a Pu (lll)-bearing phosphate solid phase can be the solid phase controlling
the solubility in neutral and reducing waters if phosphates are present as in the case of the CR-
10 eq (see Figure 26). The trivalent plutonium phosphate is stabilised over the tetravalent
amorphous oxide when the lower redox potential groundwater (CR-710 NF) is considered.

In the absence of phosphates, as in the SR-270 eq and SR-270 NF groundwaters, or if
phosphate precipitation is not taken into account, the solids Pu(OH)3(s) and PuO,(am) will be
the solubility limiting phases depending on the redox conditions of the system (see Table 38).
However for the SR-270 eq groundwater with the lowest pH (5.8) these hydroxide phases are
more soluble and it can be considered that plutonium would not be solubility limited by any solid
phase.
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Figure 26. Stability fields of solid Pu phosphate and PuO,(am) as a function of pH and
phosphate concentration in solution under the conditions of the CR-10 eq (a, ®) and CR-
10 NF groundwaters (b, O).
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Table 38 summarises the Pu solubility calculations for the different conditions of interest. The
solubility limiting phases are the same for both databases although major differences are
observed in the calculated radionuclide concentration in some cases. As in the previous cases,
if the concentration of phosphate in the groundwater is given by equilibrium with hydroxyapatite,
then the solubility of the Pu(lll) solid phosphate increases, as shown in Table 38

Table 38: Pu solid phases and concentration values (m) under the different selected
conditions and using both databases.

Equilibrated (eq) Bentonite + C-steel insert (NF)
TC/ SIT YMP /| PITZER TC/ SIT YMP /| PITZER
PUP04 PUP04 PUP04 PUP04
5.12:10™" 9.27-10™" 8.12-10™" 4.26-10™"
CR-10 Pqu(an';) Pqu(an';) Pqu(an';) Pqu(ams)
1.50-10° 7.01-10° 9.10-10° 1.44-10°
PUPO4* PUPO4*
8.24-10™" 3.2:10
Kk dekk PU(OH)3 PU(OH)3
] i 2.47-10° 5.20-10°
» Pu(OH); Pu(OH);
SR-270 n.s.l. n.s.l 45010 3.15-10°
* indicates the solubility if the concentration of phosphate in groundwater is fixed by equilibrium with

hydroxyapatite
n.s.l.: no solubility limit

*** Pu concentration in equilibrium with Pu(OH); solid phase would give very high concentrations (> 10™
m) under this conditions

From Table 38 we can see that the effect of the Pitzer calculations on the solubility of PuO,(am)
is very high for the bentonite and C-steel NF groundwater. After checking the calculations, we

found that the logy for the species Pu®* in the CR-10 eq groundwater is -2.5, and it is -5 for CR-
10 NF groundwater for the Yucca Mountain/Pitzer database. This means that the concentration
calculated after applying the activity correction will be much higher for the bentonite and C-steel

NF groundwater. At this point, it is relevant to quote some of the conclusions in Neck and Kim
(2001):

“The simple SIT equation is preferred to the more elaborate Pitzer approach because
the hitherto available data for An(IV) hydrolysis species are not sufficient to evaluate
all necessary ion interaction coefficients. Some uncertainties arising from the
estimation of SIT coefficients have no significant effect on the calculation of activity

coefficients at | < 0.1 mol/kg, whereas an estimated Pitzer coefficient ﬂ " has a
considerable effect even at low ionic strength, in particular for ions of high charge.”

Therefore, for the solubility of PuO, (am), we recommend the results calculated by the SIT
approach.
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413 RADIUM
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Radium is not a redox-sensitive element. No data on Ra are included in the YMP Pitzer

database.

The main parameter affecting radium aqueous speciation under the selected groundwater
compositions is the sulphate concentration for the CR-10 groundwater and the chloride
concentration for the more saline SR-270 groundwater.

The aqueous speciation of radium is dominated by free Ra®* with contributions of the species
RaSO, for the CR-10 groundwater and the chloride species (RaCl, and RaCl") for the SR-270
groundwater (see Table 39). As we can see in Figure 27, the aqueous speciation and solubility
of radium depends on sulphate aqueous concentration.

Table 39: Ra aqueous speciation under the different selected groundwater
compositions.

TC /SIT

YMP / PITZER

Equilibrated
CR-10 eq
SR-270 eq

Ra®* (77%), RaSO, (20%)
Ra®* (50%), RaCl, (31%), RaCl" (19%)

Bentonite + C-steel insert

CR-10 NF Ra®* (54%), RaSO, (44%) -
SR-270 NF Ra®* (49%), RaCl, (32%), RaCl* (19%)
4
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Figure 27: Calculated RaSO, (s) solubility and underlying aqueous speciation as a
function of the total sulphate concentration of the contacting groundwater (a) CR-10 eq
groundwater (I = 0.24); and b) CR-10 NF groundwater (I = 0.32). Verticle dashed line
corresponds to the sulphate concentration defined for each groundwater

Fraction
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The main parameter affecting the radium solubility limiting phase under the selected
groundwater compositions is the sulphate to carbonate concentration ratio (see Figure 28). We
see that all groundwater compositions fall in the predominance field of RaSO4(s).
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Figure 28. Predominance carbonate to sulphate diagram of Ra solid phases. Symbols
stand for the carbonate and sulphate concentration of CR-10 eq (®), CR-10 NF (O), SR-
270 eq (m) and SR-270 NF (o) groundwaters. The diagram has been calculated at the pH
of the CR-10 eq groundwater.

Although the plot in Figure 28 has been calculated at the pH of the CR-10 eq groundwater (pH
=7.1; Eh =-194 mV), if sulphate to sulphide reduction is not allowed the diagram is very similar
for all selected groundwaters. If the reduction of sulphate to sulphide is allowed, RaSO4(s) is
destabilized relative to RaCO;(s) and the solubility controlling phase would the RaCO;(s).

Under all the selected conditions, the solid phase most likely to control the solubility of radium is

RaSOy(s) (see Table 40). As we can see in Figure 27, the solubility of RaSOa(s) is strongly
affected by the sulphate concentration of the contacting groundwater.

Table 40: Ra solid phases and concentration values (m) under the different selected

conditions.
Equilibrated (eq) Bentonite + C-steel insert (NF)
TC/SIT YMP / PITZER TC/SIT YMP / PITZER
e o) | meoly
SR-270 RalSOu)(3) ] Ra(SOu)(e) ]

One of the conceptual uncertainties to consider is the reduction of sulphate to sulphide. If
sulphate were allowed to reduce to sulphide, the solubility of RaSO,(s) would considerably
increase due to the lower sulphate concentration in solution.
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Radium co-precipitation with Ba, Sr or Ca phases (such as carbonates or sulphates) may also
be an important factor controlling radium solubility. Isomorphic substitution of Ca by Ra in
calcite or in gypsum is possible, and the co-precipitation between radium isotopes and barite
precipitates is well known (Bruno et al., 2007). The formation of this kind of solid solution may
result in lower solubility values for Ra.

414 SELENIUM

Selenium is a redox-sensitive element with oxidation states -Il, +IV and +VI in aqueous solution.
Under anoxic and reducing conditions, Se(-Il) prevails as HSe in a wide pH range, whereas the
highly mobile oxyanion species (SeO5” and SeO4>) dominates the Se speciation under oxidising
conditions (see Figure 29).

The YMP Pitzer database does not include thermodynamic data for selenium. Thermodynamic
data for selenium in the ThermoChimie SIT database come basically from the NEA selection
(Olin et al. 2005). The database includes SIT interaction coefficients for Se(lIV) and Se(VI)
species, but not for Se(-Il) species.

04
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Figure 29: Aqueous predominance diagram (Eh-pH) of Se. [Se]; =1-107 M in water.

Selenium is mainly found as HSe™ under all studied conditions. One important parameter in the
study of Se solubility is the presence of Fe(ll) in the aqueous solution which may cause the
precipitation of FeSe,(s) solid phases (where x =1 or 2). The formation of FeSe,(s) solid
phases has been widely described in Olin et al. (2005) and this phase is expected to control Se
solubility in reducing environments where Fe(ll) is present.

Figure 30 shows the effect of both the Eh and iron concentration on the precipitation of iron
selenide solid phases. Elemental selenium, Se(cr) could be stable under slightly reducing
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conditions (Figure 30). According to Charlet et al. (2007) Se(VI) and Se(lV) are converted to
Se(0) and reduced Se species in reducing environments. However, the mechanism is not well
known and it seems that it proceeds via sorption onto Fe or Mn oxides, reductive dissolution of
the latter minerals or mineralization of organic matter and that it finishes with the precipitation of
Se(0), of ferroselite or Se-hosting pyrite. Se reduction can be either microbial or inorganic, with
the latter reaction only observed in the presence of green rust. The authors studied the
reduction of Se in Fe(ll)-clay systems and observed important Se reduction for pH below 7
(where both Fe and Se sorb onto the mineral edges) and the formation of stable and insoluble
Se(0). They suggest that other forms of Fe(ll) may lead to the reductive precipitation of Se(0)
as well and highlighted the need of investigating other geochemical parameters to determine
the long-term stability of Se(0).

0.0
Se(cr)
-0.2 A1
FeSe,(s)
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Figure 30: Predominance Eh vs log[Fe]; diagram of selenium at pH = 7.1, [Se]; =1-107
Mol/L, [Mg]; = 2.510° Mol/L, [Ca]; = 5.6-107 Mol/L, [SO.}: = 1.3:10% Mol/L, and [CO;]; =
8.3-10 Mol/L.

The expected solubility limiting solid phases for Se and the solubility values are summarised in
Table 41. If the total iron concentration in solution is not varied in a very wide range, only small
changes in selenium concentration in solution would be calculated. For Cr-10 eq , decreasing

the total iron concentration from 8 to 1 pJ:)m leads only to a small increase in the total selenium
concentration in solution (from 1.15:107'° m to 3.60-10"°m).
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Table 41: Se solid phases and concentration values (m) under the different selected

conditions.
Equilibrated Bentonite + C-steel insert
TC/SIT YMP / PITZER TC/SIT YMP / PITZER
CR-10 ,::(132(?]2(()81)0 - 81'.2%1.24(?89 B
SR-270 Feeads) BFeinsSe

Co-precipitation processes with other major solid phases may also control Se concentration in
groundwaters. Given the similarities between the ionic radius of Se* and that of s (0.191 nm
vs. 0.184 nm, (Shannon, 1976)) substitution of selenium for sulphur can occur. Mineralogical
studies on sulphides report the incorporation of selenium into the crystalline lattice of sulphides
to a maximum of 300 ppm in pyrite (FeSx(s)) and 100 ppm in pyrrhotite (FeS(s)) (Vaughan and
Craig, 1978). Thus the above calculated solubilities are likely higher than would occur if
coprecipitation processes are considered.

415 TECHNETIUM

Technetium is a redox sensitive element which may appear in several redox states (+I to +VII),
although the most stable redox states are Tc(+IV) under reducing conditions and Tc(+VIl) under
oxidizing conditions (see Figure 31).
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Figure 31: Predominance diagram pH vs Eh of Tc in water using a)ThermoChimie
V7.b/SIT and b) YMP Pitzer database. Symbols refers to CR-10 eq (®), CR-10 NF (O), SR-
270 eq (®) and SR-270 NF (O) groundwater Eh and pH. [Tc}=1-10" M. Dashed line:
reduction of water to H,
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A complete set of thermodynamic data for Tc are not available in the YMP Pitzer database,
where only the solid phases of technetium and the master species TcO, and TcO* are
selected (see Figure 31). For this reason, calculations are only done with
ThermoChimiev.7b/SIT database.

The formation of technetium aqueous species and solid phases depends on the master
variables Eh and pH. Under the reducing conditions of the selected groundwaters the main
aqueous species for technetium is the hydroxocomplex TcO(OH), (aq). Concerning the solid
phases, the amorphous hydrous oxide TcO,-1.6H,0 has been selected as the solid phase
limiting the technetium solubility (see Table 42). More thermodynamically stable solid phases
are pure techetium metal (Tc(cr)) and the crystalline oxide (TcOy(cr)), although they have not
been selected based on kinetic criteria.

Table 42: Tc solid phases and concentration values (m) under the different selected
conditions using both databases.

Equilibrated (eq) Bentonite + C-steel insert (NF)
TC/SIT YMP / PITZER* TC/SIT YMP / PITZER*
Tc0O,:1.6H,0 Tc0O,:1.6H,0
CR-10 4.01-10° - 4.0510° -
Tc0O,:1.6H,0 Tc0O,:1.6H,0
SR-270 4.39-10° - 4.3910° -

*Calculations are incorrect since no aqueous species are included in the database

416 THORIUM

Thorium is mainly found in the redox state +IV and can be considered a non redox sensitive
radioelement.

The formation of aqueous species and solid phases depends on the pH as Th(lV) is strongly
hydrolysed in water. Under acidic conditions, where hydrolysis is relatively unimportant, thorium
forms strong complexes with fluoride. Thorium also forms very stable complexes with
carbonate, which enhances significantly the solubility of Th in carbonate waters at near-neutral
to alkaline pH values (Rand et al. 2009). However hydroxocarbonate thorium aqueous
complexes are not included in the YMP Pitzer database and only the limiting carbonate complex
Th(CO3)s” is selected (see Figure 32).

Under the low carbonate concentration of the CR-10 NF groundwater, the aqueous chemistry of
thorium is mainly dominated by the Th(OH)4(aq) species and no major differences in the
aqueous speciation are observed using the different databases (see Table 43).

Under higher carbonate concentrations, such as those of the CR-10 eq groundwater, the
predominant aqueous species of thorium depends on the thermodynamic database used in the
calculations. When using the ThermoChimie v.7b /SIT database, the species Th(OH);(CO,) is
the main aqueous species. Hg/drolysis species and other carbonate species (Th(OH)s,
Th(OH)s", and Th(OH),(CO3),”) are also present in minor amounts. When using the YMP
Pitzer database, Th(OH), (aq) is the dominant species for CR-10 eq groundwater, with minor
contributions of the species Th(OH);" (see Table 43).
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Figure 32: Thorium solubility (black solid line) and underlying thorium aqueous
speciation (dotted lines) as a function of carbonate concentration in solution at pH =
7.06. Calculations have been made using the a) ThermoChimie v 7.b/SIT database, and

b) YMP Pitzer database.
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Table 43: Th aqueous speciation under the different selected conditions using both

databases

TC /SIT

YMP / PITZER

Equilibrated
CR-10 eq

Th(OH)3(CO3) (46%), Th(OH)4(aq2 (32%), Th(OH)4(aq) (70%),
Th(OH)3" (10%), Th(OH)5(CO3),” (8%)

Th(OH);" (29%)

ThF,?* (35%), Th(OH)s" (19%), ThF**

SR-270 eq

(15%), Th(OH),** (7%), Th(OH),(CO3) !

(6%), ThF3* (5%), Th(OH)5(CO3)" (5%)

Bentonite + C-steel insert

CR-10 NF

SR-270 NF

Th(OH)4(aq) (90%), Th(OH)3(CO3) (9%)

Th(OH)4(aq) (99%)

Th(OH), (84%), Th(OH);"(10%), 1

Th(OH)3(COs) (6%)

(1) No reliable results

In the case of calculations with the SR-270 groundwaters (both SR-270 eq and SR-270 NF)
using the YMP Pitzer database, the Phreeqc calculations did not lead to consistent results.
Calculations using this database indicate the formation of thorium polynuclear species

Fraction
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(Tho(OH),** and in some cases Th(OH):,**) which enhance thorium hydroxide solubility until it
is totally dissolved.

LogK values for thorium polynuclear species included in the YMP Pitzer database have been
obtained from Neck et al. (2002). In this study, Neck and his co-workers used the SIT
approach. The inclusion of those polynuclear species when using the Pitzer approach results in
a non-consistent thorium database that leads to doubtful results when applied to highly saline
waters.

In order to check the consistency of the YMP Pitzer database regarding thorium solubility in
highly saline waters, we have used both databases to model the experimental results of Felmy
et al. (1991). Felmy et al. (1991) studied thorium hydroxide solubility at 3M NaCl (that is, in a
saline water) at various pH values, covering the range relevant for SR-270 groundwaters.
Modelled results are shown in Figure 33. Results indicate that ThermoChimie v.7b/SIT is able
to reproduce the experimentally measured solubility. In contrast, the YMP Pitzer database is
not able to explain the results obtained at pH<8, where the model predicts an unrealistic high
solubility for the solid phase. The Th speciation indicates that the YMP Pitzer database predicts
the formation of Thz(OH)z6+ at pH<8, which does not form under those conditions (Felmy et al.
1991, Neck at al. 2002). For this reason only results obtained with ThermoChimie SIT will be
discussed.

Th(OH)s(am) solubility in NaCl 3M

log [Th] M

Figure 33: Hydrous Th(lV) hydroxide solubilities in 3.0 M NaCl, experimental data from
Felmy et al. (1991). Different symbols represent 8 (red diamonds), 122 (green triangles)
and 372 (blue circles) days of equilibration. Black line: model results using
ThermoChimie SIT database. Red line: model results using YMP Pitzer database.

The thorium aqueous speciation in SR-270 eq groundwater is very different from that obtained
in CR-10 eq groundwater. The more acidic pH in the SR-270 eq groundwater (pH= 5.8 for SR-
270 eq, pH=7.1 for CR-10 eq) results in formation of the aqueous thorium fluoride complex
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ThF,**as the main aqueous species. Other fluoride, hydroxide and carbonate complexes are
also present in minor proportion (see Table 43). Fluoride species are not present in SR-270 NF
groundwater because of the higher pH in this groundwater (pH=7.4). In this case, Th(OH),is
the main aqueous species with minor contributions of other hydrolysis and carbonate species
(Th(OH)5", Th(OH)5(CO3)).

The amorphous oxides and hydroxides are the most likely solids controlling thorium solubility
under the studied conditions, leading to thorium concentrations in solution in the order of 10” to
10" m (see Table 44). It can be seen that in both cases the databases reflect the wide
variation of the solubility of thorium oxides and hydroxides due to the crystallinity variation,
ageing effects, surface hydration, particle size variation and colloids formation. Note that
ThO,(aged) and ThO,(fresh) are amorphous phases that represent different stages of the
crystallitzation of ThOz(am). ThO,(am), which is the solid phase included in YMP Pitzer
database, is a more amorphous phase than ThO,(aged) or ThOy(fresh).

Table 44: Th solid phases and concentration values (m) under the different selected
conditions using both databases.

Equilibrated (eq) Bentonite + C-steel insert (NF)
TC/SIT YMP / PITZER TC/SIT YMP / PITZER
ThO,(aged) Th(OH)s(am) ThO,(aged) Th(OH)4(am)
CR-10 3.94:10° 5.23-10° 1.38:10° 3.69-10°
ThO,(fresh) ThOz(am7) ThOy(fresh) ThOz(am7)
2.49-10° 1.68:10° 7.85-10” 1.14:10°
ThO,(aged) ThO,(aged)
SR-270 2.39-10° M 1.10-10° M
ThO,(fresh) ThOy(fresh)
1.45:10” 6.93:10°

(1) No reliable results

As we can see in Table 44, the solubility limiting phases do not differ significantly when using

the two databases, although different radionuclide concentrations are calculated. Differences
are attributed to the different stability constants for the aqueous and solid phases selected for
each database. The thorium hydrolysis scheme is similar in both databases but Th-hydroxo-

carbonate species are not present in the YMP Pitzer database.

One of the main uncertainties affecting the solubility assessment of thorium is the effect of
phosphate. The YMP Pitzer database includes thermodynamic data for the formation of the
thorium-phosphate solid Thy 7sPO4(s) (equivalent to Th3(PO4)4(s)). Formation of this solid may
lead to thorium concentrations =10 m in the case of CR-10 eq water and =10® m in the case
of CR-10 NF groundwater equilibrated with bentonite and the C-Steel insert. However,
according to the NEA review (Rand et al., 2009), thermodynamic data for this solid should only
be applied for scoping calculations, due to the uncertainties on the stoichiometry of this Th-
phosphate solid and the lack of information about its formation at 25°C.
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417 TIN

Tin may exist in the redox states Sn(+Il) and Sn(+IV) in aqueous solution. While the (+1V) state
is particularly stable in natural environments, Sn(+ll) appears only at very reducing conditions
(see Figure 34).

No thermodynamic data are available for Sn in the YMP Pitzer database and only results
obtained with ThermoChimie v.7b/SIT database are described.
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Figure 34: Predominance diagram (Eh-pH) of Sn aqueous species: a) Composition of
the CR-10 groundwater: CR-10 eq (®) and the CR-10 NF (O), and b) Composition of the
SR-270 groundwater: SR-270 eq (®) and the SR-270 NF (O). [Sn}t=1-10" M. Dashed line:
reduction of water to H..

The main parameters affecting tin aqueous speciation and solid formation are the pH and Eh of
groundwater. However, there are other parameters such as the calcium concentration that can
be significant in the formation of solid phases such as Ca[Sn(OH)g](s). Chloride could also
affect tin aqueous speciation (see Figure 34). However, chloride species have only been
observed for highly saline waters (Muller and Seward, 2001, Sherman et al. 2000) such as SR-
270.

Under all the selected groundwater conditions Sn(+IV) hydrolysis species (Sn(OH), and
Sn(OH)5) dominate the aqueous chemistry of tin (see Table 45). The Sn(+Il) hydrolysis
species Sn(OH), is only present under the reducing conditions found for groundwaters reacted
with the C-Steel insert (CR-10 NF and SR-270 NF). The proportion of each species depends
on the pH and Eh of the selected groundwater. For SR-270 with high chloride concentration
(4.75 M), the chloride species SnClg> and SnCl,* are also present in minor proportion for SR-
270 eq and SR-270 NF groundwaters, respectively.
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Table 45: Sn aqueous speciation under different selected conditions.

TC/SIT
Equilibrated

CR-10 eq Sn(OH),4 (85%), SN(OH)s (15%)
SR-270 eq Sn(OH), (94%), SnCls* (5%)

Bentonite + C-steel insert
Sn(OH)s™ (77%), Sn(OH)4 (10%),
Sn(OH), (7%)
Sn(OH), (40%), Sn(OH), (35%),
Sn(OH)s (17%), SnCl,* (7%)

CR-10 NF

SR-270 NF

Under the selected conditions, the expected solubility limiting solid phases for Sn and the
solubility values are summarised in Table 46. The most likely solubility limiting phases under
reducing conditions are Sn(+1V) oxide (SnO,(am)). Under more alkaline conditions, such as for
CR-10 NF groundwater, the solid phase CaSn(OH)e(s) can be the solid phase controlling the
solubility giving tin concentrations in solution of the same order of magnitude (see Table 46)

Table 46: Sn solid phases and concentration values (m) under the different selected

conditions.
Equilibrated (eq) Bentonite + C-steel insert (NF)
TC/SIT YMP / PITZER TC/SIT YMP / PITZER
SnOz(am7)
SnO,(am) i 4.8510° i
CR-10 5.81-10° CaSn(OH)y(s)
9.63-10”
SnO,(am) i SnOy(am)
SR-270 3.91-10° 9.06-10°

Due to the formation of the solid phase CaSn(OH)s(s) under slightly alkaline conditions, the
availability of free calcium in the system will modify the concentration of Sn in equilibrium with
CaSn(OH)s(s). A slight increase in the Ca aqueous concentration will imply a decrease in the
Sn concentration.

Another important uncertainty to take into consideration is the potential presence of sulphide

species due to sulphate reduction. Indeed, if sulphate were reduced to sulphide, sulphide solid
phases might exert the solubility control at reducing Eh values.

418 URANIUM

In the environment, uranium occurs in the oxidation states +llIl, +IV, +V and +VI. Under the
redox conditions of the selected groundwater compositions, uranium will predominantly be in
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the tetravalent state, although other redox states such as U(+VI) could coexist in solution (e.g
U(+VI) carbonate complexes are very stable and may dominate the aqueous speciation even
under slightly reducing conditions).

The uranium aqueous speciation is very dependent on the Eh and pH of the system, although
other chemical parameters such as the carbonate content could be important for U(+VI)
speciation (see Figure 35 and Figure 36). Under the very reducing conditions of the CR-10 NF
and SR-270 NF groundwaters, the aqueous chemistry of uranium is mainly dominated by the
U(OH)4(aq) species and no differences in the aqueous speciation are observed using different
databases (see Table 47).

Under less reducing conditions, such as for the CR-70 eq and the SR-270 eq groundwaters, at
the pH and carbonate concentrations of interest, the predominant aqueous species of uranium
depends on the thermodynamic database. When using the ThermoChimie v.7 /SIT database,
the species U(OH)4(aq) is the main aqueous species for both CR-70 eq and SR-270 eq
groundwater compositions. A minor contribution of the species U(OH)s" is observed for the SR-
270 eq groundwater. On the other hand, when using the YMP Pitzer database, the species
U(OH), (aq) is the main aqueous species in solution with minor contributions of the species
UO,(CO;3)s~ for the CR-10 eq and the species UO,(CO53)s", U(OH),*, U(OH),*" for the SR-270
eq groundwater (see Table 47).

For CR-10 eq groundwater (with an ionic strength lower than that of SR-270 eq groundwater)
differences are attributed to the different stability constants for the aqueous and solid phases
selected in each database. In SR-270 eq groundwater, differences are attributed to differences
in both the stability constants and the approach used to calculate ionic strength corrections.

Table 47: U aqueous speciation under the different selected conditions and using
both databases.

TC/SIT YMP / PITZER
Equilibrated
CR-10 eq U(OH)4 (92%), UO5(CO3)s" (4%)  U(OH), (80%), UO(COs)s" (14%)
¥ U(OH), (37%), UO,(CO3)5* (29%),
SR-270 eq U(OH)4(70%), U(OH)3 (29%) U(OH)s" (28%), U(OH),2* (6%)

Bentonite + C-steel insert
CR-10 NF U(OH)4 (100%) U(OH)4 (100%)
SR-270 NF U(OH)4 (99%) U(OH), (98%)
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Figure 35: Predominance diagram Eh vs log[CO;°]; of uranium aqueous species
under the different groundwater compositions calculated with the ThermoChimie SIT
database. Symbols refers to CR-10 eq (®), CR-10 NF (O), SR-270 eq (®) and SR-270 NF
(O) groundwater Eh and carbonate concentration. [U]:=3:10"° Mol/L.
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Figure 36: Predominance diagram Eh vs log[CO5°]; of uranium aqueous species

under the different groundwater compositions calculated with the YMP Pitzer database.
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Symbols refers to CR-10 eq (®), CR-10 NF (O), SR-270 eq (®) and SR-270 NF (O)
groundwater Eh and carbonate concentration. [U]=3-10° Mol/L. *The stabilization of the
complex (UO,)s(CO;)s™ in SR-270 groundwaters is due to the high charge of the cation
when using the Pitzer correction (Neck and Kim, 2001).

Under the reducing conditions of the selected groundwaters, the solid phases likely to control
the aqueous concentration of uranium are UO,., type solids (writed as hydroxide U(OH)4(am) in
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some databases). Calculated concentrations of uranium in equilibrium with the amorphous
uranium oxide (UO,(am) or U(OH),(am)) are summarized in Table 48.

Table 48: U solid phases and concentration values (m) under the different selected
conditions and using both databases.

Equilibrated (eq) Bentonite + C-steel insert (NF)
TC/SIT YMP / PITZER TC/SIT YMP / PITZER
UO,(am U(OH)4(am) UO,(am U(OH)4(am)
CR-10 35 108 4.80-10° 336108 3.82-10°
UO,(am U(OH)4(am) UO,(am U(OH)4(am)
SR-270 4 5510° 1,0310° 320,108 3.89-10°

As we can see in Table 48 the solubility limiting phases are similar for the two databases.
However, the solubility of UO, (am) under the SR-270 eq is different when using the different
databases due to the higher stabilization of ions with high charge (e.g., UO,(COs)s* and
(UO,)3(CO3)s”) in saline groundwaters when using Pitzer correction.

419 ZIRCONIUM

Zirconium is not a redox sensitive element, thus, it only appears in the Zr(+1V) oxidation state in
solution.

Thermodynamic data for zirconium aqueous species are not available in the YMP Pitzer
database where only the solid phase ZrO,(s) (baddeleyite) is selected. Zirconium possesses a
remarkable tendency to hydrolyze due to its large charge/size ratio and as a result hydrolysis
species must be included in the solubility calculations in order to obtain reliable results. For this
reason, only calculations done with ThermoChimie v.7b/SIT database will be discussed.

The main zirconium aqueous species in all selected groundwaters is the hydroxocomplex
Zr(OH)4 (aq). Concerning the solid phases, it is believed that ZrO,(cr) appears to be the
solubility controlling phase in low temperature natural waters (Brown et al. 2005). However and
according to the Ostwald’s principle we have selected the amorphous hydrous oxide as the
solid limiting phase. This phase is very insoluble in the pH range of interest (pH between 6 and
9) (see Table 49). No effect of ionic strength on zirconium solubility would be expected for the
selected conditions as only the uncharged Zr(OH), aqueous species is present in solution.
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Table 49: Zr solid phases and concentration values (m) under the different selected

conditions.

Equilibrated (eq)

Bentonite + C-steel insert (NF)

TC/SIT YMP / PITZER TC/SIT YMP / PITZER
Zr(OH)4(am, aged) Zr(OH)4(am, aged)
1.82-10° 1.82-10°
CR-10 ZrOzgcr) ZrOzgcr)
1o (1) 1o (1)
Zr(OH),4(am, aged) Zr(OH)4(am, aged)
1.82-10° 1.82-10°
SR-270 ZrOzgcr) ZrOzgcr)
107" 107°

(1) Not discussed due to the lack of Zr aqueous species in the database (see text).

One of the main uncertainties affecting the Zr solubility assessment is related with the

crystallinity of the formed solid phase. The formation of the amorphous phase (Zr(OH), (am))
has been favoured in this assessment, given that many of the processes of crystallization occur
through a process of dehydration or re-structuring, which are favoured both with temperature

and/or with time.

420 SUMMARY OF SOLUBILITY CALCULATIONS

In this work we present the solubility assessment of Am, As, Bi, C, Cu, Mo, Nb, Np, Pa, Pb, Pd,
Pu, Ra, Se, Sn, Tc, Th, U and Zr at 25°C in two reference groundwaters, CR-10 and SR-270

under two different cases:

A. Equilibrated (CR-10 eq and SR-270 eq). This case assumes that groundwater
composition is the one resulting from the equilibration of the groundwater composition
provided by NWMO with some major minerals (section 2.4)

B. Bentonite + C-steel insert (CR-10-NF and SR-270-NF). This case assumes that
groundwater composition is the one resulting from the interaction of the near field
components with the equilibrated groundwaters (section 2.4 and 3.3)

We have used two different databases: the YMP Pitzer and the ThermoChimie v.7b /SIT. This
second database has been used in order to check the influence of the database on the results
and to calculate solubilities for elements for which there are no data or incomplete data in the

YMP Pitzer database.

Assessment of the solubility of elements As, Bi, Nb, Pa, Pb, Pd, Ra, Se, Sn and Zr has been
only done with the ThermoChimie v.7b/SIT database or with the thermodynamic data selected
in this work (i.e., As and Bi), given that no thermodynamic data are available for these elements
in the YMP Pitzer database. A summary of the results of the solubility assessment for these
elements is presented in Table 50 and Table 52 for the CR-10 and SR.270 groundwater,

respectively.
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The solubility assessment for Am, C, Cu, Mo, Np, Pu, Tc, Th and U has been done using both
databases. A summary of the results is shown in Table 51 and Table 53 for the CR-10 and SR
270 groundwater, respectively.

From the results obtained we can see that the YMP Pitzer database must be enlarged to
incorporate data for missing elements and missing aqueous species of Cu, Mo and Tc. Under
the salinity conditions of CR-10 groundwaters, with relatively low ionic strength (0.24 and 0.32
respectively), the differences in the calculated solubilities attributed to the activity corrections
are not crucial, as shown in Table 51. In the case of the more saline groundwater such as SR-
270, differences due to the activity correction have been observed for C, Am, Pu Th and U
(Table 53). Differences are indicated by the different aqueous speciation calculated with each
database.

Differences in the solubility values obtained using the two databases are below + 1 logarithimic
unit for all elements except Am, Cu, Mo, Tc, Pu and Th.

These differences are due to the following reasons:

e Lack of MoOy(s) data in the YMP Pitzer database therefore a different solid phase has
been selected as likely solubility limit (CaMoO4(s))

e Lack of Cu(l) data in the YMP Pitzer database which is the redox state present under
reducing conditions. As a consequence very low unrealistic solubilities are calculated

e Lack of Tc(IV) hydrolysis species data in the YMP Pitzer database. As a consequence
very low unrealistic solubilities are calculated. The implementation of these data in the
YMP Pitzer database would be difficult (no Pitzer parameters for Tc(IV) are described in
the literature), but it would improve the dataset.

Some differences are only observed for a specific case. For the more reducing conditions of
the CR-10 groundwater interacted with the near field components differences for Pu and Am
are due to:

e The very high activity coefficients calculated for the dominant aqueous species of
plutonium (Pu®*) and americium (Am®") when using the Pitzer approach. The value of
logy at an ionic strength of 0.24 m is -2.5 while that calculated at an ionic strength of
0.32 is -5, causing an increase of 2 and 1.5 log units in the calculated concentration of
plutonium and americium in solution, respectively. This is currently an unresolved issue,
but it seems highly unrealistic that the activity corrections at such relatively low ionic
strengths are as high as those calculated with the Pitzer approach used in the YMP
Pitzer database.

For the saline groundwater SR-270 differences are attributed to:

e LogK values for thorium polynuclear species included in Yucca Mountain / Pitzer
database obtained from Neck et al. (2002). In this study, Neck and its co-workers used
the SIT approach. The inclusion of those polynuclear species when using Pitzer
approach results in a non-consistent thorium database that leads to doubtful results
when applied to highly saline waters.



-79-

Table 50: Calculated solubility limits and main associated uncertainties for As, Bi, Nb, Pa, Pb, Pd, Ra, Se, Sn and Zr
using the ThermoChimie SIT database given the lack of data on these elements in the YMP Pitzer database. Solubilities are

calculated for two groundwater compositions: CR-10 eq and CR-10 NF.

Element GW Solid phase Solubility Mainly sensitive to Main uncertainty
CR-10eq formation of sulphide
As CR-10 NF n.s.’ - pH co-precipitation or sorption onto
major phases
Bi --g-gf 118,?"‘1 Bi,Os (s) 117-10° formation of sulphide
Nb CR-10eq NbOs(s)  |--m 1 _._Q_7_-_1_Q_7_ _________ pH, calcium Quality of thermodynamic data;
CR-10 NF 2-5 1.30-10° concentration Lack of data for Ca solid phases
R-1 2.22:10”
Pa gR 18 f”q: Pa,Os(s) | 1 31189 --------- pH Scarcity of thermodynamic data
Pb(CO,) 311107 H, chloride, carbonate solid phase formed;
Pb CR-10 eq Pb3(CO3),(OH), 7.96-10° P, and pho,sphate concentration of phosphate in the
| PbyPOMs) | 1.0910%*7.110° | 0 Contration groundwater;
CR-10 NF Pb3(PO,).(s) 2.54-107/*1.4-10° reduction of sulphate to sulphide
R ©
Pd 85118:”(1 Pd(OH),(s) g;;lgb --------- Chloride concentration formation of sulphide
Reduction of radiumsulphate would
CR-10 eq 1.56-107 decrease the stability of sulphate and
Sulphate and carbonate .
: radium carbonate could become the
-------------------------------------------- concentration. Eh due o .
Ra Ra(SO,)(s) . limiting solid phase
to the reduction of Solid-solution formation with Ba, Sr
. 8 = b
CR-10 NF 7.20-10 sulphates or Ca phases would produce lower
concentrations
CR-10eq | | FeSe; (Ferroselite) [ 1151077 Incorporation into sulphide phases
Se CR-10 NF F s 12610 cfnhc::tdralziin would decrease its solubility
) B-Fe0iSe ' Solid phase formed
CR-10eq | . __. SnOx(am) | . _: 581107 , , ,
Sn SnO,(am) 485107 Eh, pH, calcium Reduction of sulphate to sulphide
CR-10 NF ' 7 concentration may produce solid sulphides
CaSn(OH)s(s) 9.63-10
CR-10 eq 4N 410 Crystallinity of the solid phase
Zr CR10 NF Zr(OH)4(@am) / ZrOo(s) 1.82:10™/6.4:10 formed

1

:n.s.l.: no solubility limited; *Phosphate concentration given by equilibrium with hydroxoapatite.
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Table 51. Calculated solubility limits and main associated uncertainties for Am, C, Cu, Mo, Np, Pu, Tc, Th and U using
the ThermoChimie v.7b/SIT and the YMP Pitzer databases. Solubilities are calculated for two groundwater compositions:
CR-10 eq and CR-10 NF.

Element GW Solid phase Solubility TC Solubility YMP | Mainly sensitive to Main uncertainty
CR10 AmPO,xH,0 (am) | 5.14:107%/*8.2:10™° |  7.94-10™"°
am | S0 | AmOHCONS) | 22310° | estaof | PH.pheidoand | o soidpaselomed
cRAoNE |AMPOwxH;O (am) | 2.63-107%1.06:10° | 3.64-10°" concentration pLosP Y
] Am(OH)s(s 1.51-10° 2.8:107
c |[-CRM0ea ] . C; )3|( : _82010° | . 8.98:10° __|  pH, Calcium Reduction to methane/CO
CrioNF | C8C0s (calcite) 7.01-10° 8.80-10° concentration eduction fo methane
CR-10 eq 1.36-10°° Unreliable Eh, chloride : :
Cu “GRAGNE ] Cu(s) |- R To . results concentration formation of sulphide
CR-10 e 8.72-10°° solid phase formed,
Mo | 4. MoO,(s) [T Unreliable pH, Eh, Calgium lack of thermodynamic data in
CR-10 NF 364107 results concentration both databases, specially in
YMP TDB
N ECECET NN I 1.08:10° | 126107
P | 'CR10NF P2 1.00-10° 121107
5.12:107 9.27-10™"
CR-10eq PUPOs *8.24:107" Phosphate concentration
Pu | l___ PuOxam) _ | - 150:110° __1.01 JQ? __| EM pH, phosphate Important influence on the
CRAONE PuPO, 8.1210"°3.2110" |  4.26:10™ concentration database used.
- 5
PuO,(am) 9.10-10° 1.44-10
CR-10 eq 4.01-10°° . Lack of thermodynamic data in
Tc [ TcO,:1.6H,O [ PO U ?égtizle Eh the YMP TDB for aqueous
CR'1O NF 40510 Species
] i 5.23-10”
CR-10 3.94-10°/2.49-10° !
______ e_q_ l R A -_6_8'_1_0_7_ _ Carbonate Crystallinity of the solid phase
Th ThO,(aged/am) 5 trati » d
CR-10 NF 1.3810%7.8510° | 29919, concentration orme
U CR-10eq_| UOsam)  |---- 3.4510° [ 4.80-10° Eh, carbonate Crystallinity of the solid phase
CR-10 NF 2 3.16-10° 3.82:10° concentration formed

*Phosphate concentration given by equilibrium with hydroxoapatite.
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Table 52: Calculated solubility limits and main associated uncertainties for As, Bi,Nb, Pa, Pb, Pd, Ra, Se, Sn and Zr using
the ThermoChimie v.7b/SIT database. Solubilities are calculated for two groundwater compositions: SR-270 equilibrated
with major minerals (SR-270 eq) and SR-270 interacted with the near field components (C-steel insert and bentonite) (SR-

270 NF).
Element GW Solid phase Solubility Mainly sensitive to Main uncertainty
SR-270 eq formation of sulphide
As  |-----ee-eioioe n.s.!’ - pH co-precipitation or sorption onto
SR-270 NF major phases
. SR-270eq| nsl e pH, chloride . .
Bi SR-270 NF Bi,0, (s) 9:3310° concentration formation of sulphide
R-27 4.90-10”
Nb SSR27(()) f”cl Nb,Os(s) 28(1)187 --------- pH Quality of thermodynamic data
R-27 20-10°
Pa SSR 278 f”cl Pa,Os(s) | ? 72189 --------- pH Scarcity of thermodynamic data
SR-270 eq concentration of phosphate in the
Pb | n.s.l. - Chloride concentration GW;
SR-270 NF reduction of sulphate to sulphide
Pd SSI§2277(()) f"cl n.s.l. - Chloride concentration formation of sulphide
Reduction of sulphate would
SR-270 eq 1.68-107° Sulphate, chloride and decrease the stability of sulphate
carbonate and carbonate could become the
Ra | Ra(SO4)(s) [~ concentration. Eh due limiting solid phase
5 to the reduction of Solid-solution formation with Ba,
SR-270 NF 1.43-10 sulphates Sr or Ca phases would produce
lower concentrations
S SR-270 eq FeSe; (Ferroselite) 3.43-10° Eh and Fe Incorporation into sulphide phases
e | g concentration would decrease its solubility
SR-270 NF B-Feq 04Se 1.77-10 Solid phase formed
Sn SR-270 eq SnOyam) | 3.91-10° Eh, pH, chloride Reduction of sulphate to sulphide
SR-270 NF 2 9.06:10° concentration may produce solid sulphides
SR-270 eq 408 410 Crystallinity of the solid phase
Zr SR-270 NF Zr(OH)4(am) / ZrOo(s) 1.82:107/4.7-10 formed

1

:n.s.l.: no solubility limited
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Table 53. Calculated solubility limits and main associated uncertainties for Am, C, Cu, Mo, Np, Pu, Tc, Th and U using
the ThermoChimie v.7b/SIT and the YMP Pitzer databases. Solubilities are calculated for two groundwater compositions:
SR-270 equilibrated with major minerals (SR-270 eq) and SR-270 interacted with the near field components (C-steel insert
and bentonite) (SR-270 NF).

Element GW Solid phase Solubility TC Solubility YMP | Mainly sensitive to Main uncertainty
SR-270 eq pH, chloride,
Am [ sl ) i phosphate and solid solution formation with
SR-270 NF h carbonate calcite
concentration
_SR-270 eq | oy 222110° | __ 180107 _|  pH, Calcium .
€ |'sraronp | ©aC0s(calcite) 4.3410° 7.5210° concentration Reduction to methane/CO
"SR-270eq |  ~ ... | 2.6410° Unreliable Eh, chloride . .
Cu  |'SR270 NF Cu (s) 3.0610™ results concentration formation of sulphide
SR-270 eq 2.34-107" solid phase formed;
Mo |1 MoO,(s) [T Unreliable pH, Eh, Calcium lack of thermodynamic data in
SR-270 NF 2 6.29-10"7 results concentration both databases, specially in
' YMP TDB
SR270eq |\ oy [ 172407 ] _27310°
NP |'SR-270 NF NpO(am) 1.02:10° 1.2410° pH
SR-270 eq n.s.l. - - Eh, pH, phosphate Phosphatg concentration.
Pu [srarone |7 AT R 250105 |7 34s70% 7| concentration Important influence on the
u 3 : : database used.
SR-270 eq 4.39-10°° Unreliable Lack of thermodynamic data in
Te | TcO2:1.6H,O0  [rrommmmeeeee o T results Eh the YMP TDB for aqueous
SR-270 NF 4.39-10 species
2.39:10°® Crystallinity of the solid phase
Sreerbea 145107 Unreliabl H and carbonat formed
Th f-------1 ThOy(aged/am)  |-----------m--m--oommmmmoo- nrefiable PH and carbonate Non-consistent thermodynamic
2 110107 results concentration . y
- . i data in the YMP TDB for Th
SR-270 NF 9 .
/6.93-10 polynuclear aqueous species
U SR-270 eq | UOyam)  b---- 452:10° | 1.0310° Eh, carbonate Crystallinity of the solid phase
SR-270 NF 2 3.20-10” 3.89-10" concentration formed

7

:n.s.l.: no solubility limited
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5. SUMMARY AND CONCLUSIONS

In this report we present:

¢ A study of the effects that the near field components of the nuclear waste repository (C-
steel insert and bentonite barrier) can have on the SR-270 groundwater compositions

¢ Thermodynamic data selected to perform solubility calculations for As, Bi and Cu, which
are incorporated in the ThermoChimie v7.b/SIT database.

¢ A solubility assessment of Am, As, Bi, C, Cu, Mo, Nb, Np, Pa, Pb, Pd, Pu, Ra, Se, Sn,
Tc, Th, U and Zr for the two selected reference groundwater compositions, CR-10 and
SR-270 under the various conditions of interest.

There are in principle two main uncertainties affecting these calculations: the thermodynamic
database and the selected ionic strength correction approach. Due to this reason, the
calculations presented in this report have considered different thermodynamic databases:

e ThermoChimie v.7b /SIT database
¢ YMP Pitzer database

Consequently, results have been also used to test the capabilities of each thermodynamic
database.

Concerning the effect that the near field components can have on the SR-270 groundwater
compositions; results show that both the bentonite barrier and the corrosion of the C-steel insert
significantly affect the evolution of the groundwater. Due to corrosion of the C-steel insert, the
pH increases and Eh decreases, achieving values around ~ 8 and ~-500mV, respectively.
Bentonite is able to control the concentrations of the major cations (Na*, K*, Mg®*) by exchange
reactions. Calcium concentration is controlled by the precipitation/dissolution of the primary
phases present in bentonite (calcite and gypsum). The Fe aqueous concentration is controlled
by C-steel corrosion and siderite / magnetite precipitation. The role of pyrite is not significant in
this system.

Concerning the solubility assessment of Am, As, Bi, C, Cu, Mo, Nb, Np, Pa, Pb, Pd, Pu, Ra,
Se, Sn, Tc, Th, U and Zr under the different groundwater compositions of interest, we have
used two different databases: the YMP Pitzer and the ThermoChimie v.7b /SIT databases

Assessment of the solubility of As, Bi, Nb, Pa, Pb, Pd, Ra, Se, Sn and Zr has been only
conducted with the ThermoChimie v.7b/SIT database or by the thermodynamic data selected in
this work (i.e., As and Bi), given that no thermodynamic data are available for these elements in
the YMP Pitzer database. A summary of the results of the solubility assessment for these
elements is presented in Figure 37.
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Figure 37. Solubility limiting phases and aqueous radionuclide concentrations
calculated using the ThermoChimie v.7b/SIT for CR-10 (top) and SR-270 groundwater
(down) compositions. *Other phases give similar concentrations. Elements that are not
solubility limited are not represented.
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The solubility assessment for Am, C, Cu, Mo, Np, Pu, Tc, Th and U was done using both
databases. Differences in the solubility values obtained using the two different databases are
below * 1 logarithimic unit for all elements except Am, Cu, Mo, Tc, Pu and Th:

The differences for these elements are explained in detail in section 4.20

As the main conclusions of the present exercise, we can say that: (1) the incompleteness of the
YMP Pitzer database prevents its application to many of the elements of interest in this
solubility assessment and (2) the validity of the Pitzer activity corrections should be checked
since for some elements these produce erroneous results especially at high ionic strengths.

Finally, the solubility limits discussed and selected in this work contain an important level of
uncertainty. Sensitivity analyses, studying the influence of some key parameters on the
solubility of radionuclides, and qualitative uncertainty analysis, describing the conceptual
uncertainties that may affect the solubility limits of a radionuclide are summarised in Table 54.
As we can see in Table 54, some parameters can significantly affect solubility values,
generating a broad range of possible radionuclide solubilities depending on the selected
groundwater conditions.
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Table 54. Main geochemical parameters and conceptual uncertainties affecting to the solubility calculations of each
radionuclide under study. Shadowed cells indicate that calculations have been done with both databases: ThermoChimie
v.7b/SIT and YMP Pitzer.

Geochemical parameters
Conceptual uncertainties Concentration range*
Element pH Eh Ligands
A , - Sulphide formation n.s.l under all the studied conditions
S
- Coprecipitation or sorption in major phases 10* = 10°m if sulphide formation is considered
- carbonate - Solid solution formation with calcite )
L . , Max: n.s.| (low carbonate concentration)
Am 4 - chloride: only for high saline - Solid phase formed: phosphate, carbonate, . o
waters ) Min: 10" “m (in presence of phosphate)
- phosphate hydr0X|deS
For pH . ] . Max: n.s.| (pH <6)
Bi chloride Sulphide formation 5
<6 Min: 10°m (pH > 6)
) ) Max:10” m (equilibrated groundwaters)
C v calcium Reduction to methane /CO . = )
Min: 10 ™ m (waters contacted with NF)
. S, s - Sulphide formation Max:10™ m (high chloride content)
u chloride
- YMP : No Cu(l) included in the database Min: 107 m (low Eh)
- Solid phase formed Max: 10” (higher Eh)
Mo v v/ | calcium 17
- Lack of thermodynamic data, specially YMP Min: 10""" m (lower Eh)
. - Lack of data for Ca solids Max: 10° m (pH > 8.5)
Nb v calcium: Only for pH > 8.5 _ . o
- Quality thermodynamic data Min: 107 m (pH between 7- 8.5)
For pH
Np P 10°m
<6
Max:10° m (pH <6)
Pa v Scarcity thermodynamic data . 9
Min: 107 m (pH between 7- 8.5)
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Geochemical parameters

Conceptual uncertainties

Concentration range*

Element pH Eh Ligands
- chloride Max: n.s.| (high chloride content)
- carbonate: Only for water with |- Solid phase formed Min: 10 ® m (in presence of phosphate and
Pb v low chloride content ; .
) . - Sulphide formation carbonate)
- phosphate: Only for water with
low chloride content 107"°-10"2 m if sulphide formation is considered
Max: n.s.I (high chloride content)
Pd chloride Sulphide formation %
Min: 107 m
) Max: n.s.| (in absence of phosphate and pH <6)
Pu v v' | phosphate Important influence of the database used . P
Min: 10"“ m (in presence of phosphates)
- sulphate _ Max: 10° m (high chloride content)
Ra - carbonate . , Reduction of sulphate o
- chloride: only for high saline Min: 107" m
waters
- Solid phase formed Max: 10° m
Se v |lron . , : -10
- Incorporation into sulphide phases Min: 100" m
s S, P calcium: Only for pH > 8.5 Sulohide r Max: 10" m (pH > 8.5)
n ide- i i ulphide formation
chloride: only for high saline P Min: 10 m (pH between 7- 8.5)
waters
Lack of thermodynamic data in the YMP 9
Tc v 10" m
database
For pH o ) Max: 10" m (cristallinity of the solid)
Th carbonate Crystallinity of the solid phases . I o )
<6 Min: 10 m (cristallinity of the solid)
Zr Crystallinity of the solid phases 10°m
Max:10® m (higher Eh and presence of
U v' | carbonate Crystallinity of the solid phases carbonate)
Min: 10°m

* Concentration range calculated for each radionuclide taking into account all the selected groundwater and conditions. The conditions under

which the maximum and minimum concentrations of the range are obtained are specified in brackets.
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