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Sorption of radionuclides in host rocks is the key processes in the safe geological disposal of radioactive
waste, because migration of radionuclides in rocks is expected to be retarded by sorption processes.
Sorption K4 values depends critically on relevant geochemical conditions, need to correspond to the
specific performance assessment (PA) conditions, including geochemical variability or uncertainty. It is
therefore necessary to understand the processes of sorption, and to develop the Ky setting approach
including uncertainty assessment for reliable PA calculations. It is not feasible to determine K4 value
experimentally for all PA conditions, key challenge is therefore transferring sorption data for
experimental conditions to another PA and site-specific conditions.

JAEA has developed the integrated approaches for site-specific Ky setting for PA calculations, including
any transferring procedures. This transfer can be done through expert judgment and semi-quantitative
way, by considering difference in e.g. surface sites, speciations, competitive reactions, etc. The
thermodynamic sorption model (TSM) makes it possible to estimate Ky variations directly, based on
mechanistic understanding. The main goal of the development of PA-related integrated approaches for
K4 setting is to provide the TSM and the estimation procedure, and their application for site-specific K4
setting for PA calculations. The present report focused on illustrating a range of example calculations
regarding the derivation of K4 values and their uncertainties for four key radionuclides, Cs, Ni, Am and
Th, and three mineralogical/geochemical conditions of mudstone systems from the Horonobe
underground research laboratory. This K4-setting exercises allowed to estimate the magnitude of sorption
under the expected in-situ conditions, and to identify some critical gaps in the existing data and process
understanding. Finally, the possibilities of extending such approaches to further rock types including
granitic rocks were discussed. These issues are also relevant for the future experimental and modeling

researches on sorption process for various radionuclides and rock systems.
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1. Introduction

Sorption and diffusion of radionuclides (RNs) in buffer materials (bentonite) and host rocks (rock
matrix) are the key processes in the safe geological disposal of radioactive waste, because migration of
RN in these barrier materials is expected to be diffusion-controlled and retarded by sorption processes.
Sorption and diffusion of RNs on these barrier materials depends critically on relevant geochemical
conditions, especially Ky values are highly conditional parameters (e.g., NEA, 2005). It is therefore
necessary to understand the processes of sorption in bentonites and rock systems, and to develop the Ky
setting approach including uncertainty assessment, so that reliable parameters can be set under a variety
of geochemical conditions relevant to performance assessment (PA).

JAEA has developed the integrated approaches for site-specific Ky setting for PA calculations, as shown
in Figure 1.1 (Tachi et al., 2011a), can be made available by three different approaches;

1) Experimental data acquisition for specific/reference conditions
2) Extraction and conversion from existing sorption data through sorption database (SDB)
3) Prediction by mechanistic (thermodynamic) sorption model

Because of the conditional nature of sorption data, K4 values to be used in PA calculations need to
correspond to the specific conditions that characterize the respective PA-setting. In addition,
geochemical variability or uncertainty, and their effect on Ky, usually have to be considered for reference
and alternative scenarios in PA, as discussed in NEA (2005). It is not feasible to determine K4 value
experimentally for all conditions to be considered in PA, K4 setting needs to be therefore based on the
combination of above three approaches. The sorption database (JAEA-SDB; Tachi et al., 2011a;
www//migrationdb.jaea.go.jp), containing large amount of sorption data for approximated, simplified, or
generic systems, are used to Ky setting for PA conditions by taking into account any differences in
substrates and geochemical conditions. This transfer can be done through expert judgment and
semi-quantitative way, by considering difference in e.g. surface sites, speciations, competitive reactions,
etc. (e.g., Bradbury and Baeyens, 2003a, 2003b; NEA, 2005; Ochs et al., 2008). The thermodynamic
sorption model (TSM) makes it possible to estimate K4 variations directly, based on mechanistic
understanding (NEA, 2005; 2012). JAEA has developed the integrated sorption/diffusion (ISD) database
in combination with thermodynamic sorption and diffusion model for bentonite systems (e.g., Tachi et al.,
2010; Ochs et al., 2011; JAEA, 2012), and for mudstone systems from the Horonobe underground
research laboratory (URL) (Tachi et al, 2011b, JAEA, 2012).



The main goal of the development of integrated Ky setting approaches is to provide the TSMs and
estimation procedure, and their application for site-specific Ky setting for PA calculations. The present
report focuses on illustrating a range of example calculations regarding the derivation of Ky values and
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Geochemical conditions |E| Repository concepts/designs

Implementor Uncertainty factors Stepwise
and regulator disposal

needs program

Sorption/Diffusion
Database

Experimental Data
Acquisition

Mechanistic Model

- Standard - Compilation of - Thermodynamic
experimental Measured Ko/De sorption model
method - QA/classification and database

- I_n-situ and - Conversion method - Sp(?ctroscopic
intact system by scaling factor evidences

(EXAFS etc.)
Kad/De dataset for PA
(including estimation of the associated uncertainties)

Figure 1.1 Integrated approach for sorption/diffusion parameter setting for PA
(Tachi et al., 2011a)

their uncertainties by using TSMs and estimation procedure.

This report includes:

A summary of the present state of the art of PA-related Ky setting approaches by reviewing the
approaches of different waste management organizations (Chapter 2)

Ky setting approaches including i) the direct application of TSMs and ii) K4 estimation from
experimental laboratory data through semi-quantitative estimation procedures, and the setting of
geochemical conditions for mudstone systems from the Horonobe URL (Chapter 3)

K4 setting results for four key radionuclides, Cs, Ni, Am, Th, and three geochemical conditions

including the effects of variations in mudstone and groundwater composition (Chapter 4)

Brief discussions on the extension of K4 setting approaches to further rock systems (Chapter 5).
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2. Overview of K, setting approaches for the performance assessment

To provide a framework of PA-related Ky setting approaches currently in use, a brief summary is
provided regarding the methods for Ky setting and uncertainty evaluation taken from international
sorption project (NEA, 2005; 2012) and K4 setting reports by various waste management organizations
(e.g., Bradbury and Baeyens, 2003a, 2003b; Ochs and Talerico, 2004; Crawford et al., 20006).

2.1 Overview of K, setting and uncertainty evaluations

As presented in introduction (Figure 1.1), the development of integrated approaches for site-specific K4
setting for PA calculations is the goal of our project. Because of the conditional nature of sorption Kq4
values, geochemical variability or uncertainty, and their effect on Ky, usually have to be considered for
reference and alternative scenarios in PA calculations. It is not feasible to determine Ky value
experimentally for all conditions to be considered in Ky setting. A typical challenge is the relatively
limited amount of site-specific data can be made available, due to experimental constraint and
complexity of conditions. In this setting, key challenge is transferring sorption data from one set of
conditions (experimental condition in SDB) to another (PA-related site-specific condition). This must
take into account any differences in substrate (mineralogy, site density, etc.) and geochemical conditions
(pH, ionic strength, etc.). This transfer can be done through the following methods (as presented in NEA,
2005, and Figure 2.1):

1) qualitative expert judgment (e.g., H12 PA; INC, 1999)

2) semi-quantitative transfer by scaling method (e.g., Bradbury and Baeyens, 2003a, 2003b; Ochs and
Talerico, 2004; Ochs et al., 2008)

3) fully quantitative transfer through the use of TSM (e.g., NEA, 2005; Tachi et al., 2010)

Typically, K4 setting by application of estimation procedures or by modeling is necessary because many
sorption values required for PA cannot be measured under the specific conditions that need to be

addressed. Typical reasons for this are

o the large numbers of RNs and often also the wide range of conditions that need to be covered in

PA exercises;
o the difficulties in reproducing experimentally the specific conditions of interest.

Accordingly, it is widely accepted that K4 values for PA largely have to be estimated on the basis of the
relatively large amount of data existing for generic systems. Where possible, these should be
supplemented with Ky values measured for site-specific conditions (NEA, 2005, 2012).
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available: experimental
conditons —— K (exp)

often not directly accessible, "scaling"

but needed: | PAreference ____\ op)
condition @ v

® Where direct measurement of Ky under PA conditions is not possible,
scaling from experimental to PA conditions will be required
¢ through TSM
e fully transparent
e full coupling of sorption and geochemistry (conditions)
e quantitative
¢ through semi-quantitative procedures
* based on site density, surface & RN speciation...
® qualitative expert judgement

Figure 2.1 PA-related K, setting approaches based on experimental data and scaling method

(from NEA, 2005)

2.2 Steps in K, setting and sources of uncertainty

K4 values recommended for PA are often associated with relatively large uncertainties. These

uncertainties are made up of several contributions. Of these, only some are actually related to sorption,

while a significant part of the overall uncertainty is related to uncertainties in the specified geochemical

conditions.

Most Ky setting reports use a very similar approach to define K4 values for RN migration in clayey

media. Briefly, this includes the following steps:

1.

Definition of all geochemical conditions in the respective host formation. All possible variations
of conditions are typically considered at this step. Some uncertainties in geochemical parameters
(e.g. groundwater pH) are handled by the definition of bounding water compositions (as pH and
other parameters cannot be varied independently).

In case of clay barriers, porewater compositions are calculated on the basis of the conditions
defined in step 1. This has to be done through the use of basic clay-water models involving ion
exchange and edge surface protonation/deprotonation. Details of the models (as well as the
assignment of porosity to pore types), and therefore of the calculated results, vary from
organization to organization.

K4 values are derived on the basis of the porewater compositions defined following step 2 above.
Most K4 setting reports typically make use of a mix of semi-quantitative estimations (see
chapter 3) and the application of TSMs for a few radionuclides (often only those sorbing by ion
exchange). It appears that to date, none of the organizations make any adjustments for the use of
batch-derived data in predicting sorption for compact clay. IL.e., it seems to be largely accepted
that the nature of sorption processes as well as the magnitude of sorption in compacted clay are
not significantly different from those in disperse systems.
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In terms of uncertainties, it appears to be generally realized that the success of such approaches is

critically dependent on the degree to which the general geochemical conditions can be constrained. Only

in case of well-defined conditions is it possible to apply estimation procedures or TSMs in a

straightforward fashion. Therefore, uncertainties of reference conditions should be taken care of by

defining a few cases with bounding conditions. Data derivation can then be repeated for these bounding

conditions to evaluate the possible effects of geochemical uncertainties.

2.3 Handling of uncertainties in Ky setting

According to our experience, Ky setting and assessment of uncertainties in sorption is normally done

using roughly the following steps:

First, an assessment of the overall data situation and available models is made for each RN that
needs to be considered (and for different oxidation states, if relevant).

From the available datasets and/or TSMs, the most relevant data source is selected, considering
quality of the underlying data and closeness to application conditions.

For alkaline and alkaline-earth elements, often a simple ion exchange model is selected. On the
other hand, most other RNs with a more complex sorption behavior are handled by estimation
procedures to date, rather than by sorption models. Common arguments for this decision are that
the available TSMs are not sufficiently validated with respect to complex materials or that they
are not sufficiently calibrated in terms of the influence of the typical porewater constituents
(carbonate, silica, Ca, Mg...). Since the estimation procedures include a correction for RN

speciation (see chapter 4), this approach is often preferred.

An important observation can be made with regard to the selection of reference datasets: it
appears to be largely accepted to carry out data derivation using single datasets. In case of many
of the less well researched radionuclides, this is the only possibility, due to the lack of enough
reliable and systematic data. On the other hand, in some cases multiple Ky derivation could be
possible using several of the available datasets. Such an approach could be used to assess
uncertainties that may result from different experimental protocols used to measure different
datasets.

More typically, a single set of reference data (or a single TSM) is chosen for K4 setting, and
arguments are presented to defend the selection.

Uncertainties of the K values derived on the basis of selected reference data are then evaluated
in a manner similar to the approach documented in this report (see chapter 3 and 4). In case of

TSM application, similar uncertainty factors are used.

K4 values derived on the basis of generic sorption data can be supplemented with further

information to strengthen the case:

o Ochs and Talerico (2004) compared experimental D, values with D, values calculated from
the selected K4 values and D, (typically of HTO). This can be used as a general check of
consistency but not directly for defining the uncertainty of K.
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Another option is to supplement the derived Ky values with at least a few values measured
under specific conditions. This has been done mainly by Nagra. For example, the selection
of a K4 for Opalinus Clay is based, where possible, on TSMs developed for smectite and
illite as well as sorption data measured in Opalinus Clay samples under relevant conditions
that can be used for estimation procedures.



JAEA-Research 2012-044

3. Approaches for K, setting by TSMs and semi-quantitative estimation procedures

K4 setting calculations for mudstone systems from the Horonobe URL have been carried out based on
the following approaches. These calculations included the direct application of TSMs to the specified
conditions as well as the estimation of Ky values from experimental laboratory data through
semi-quantitative estimation procedures. In terms of radionuclides, Cs, Ni, Am, and Th were considered.
The effect of variations in mudstone and groundwater composition on sorption was also investigated.

3.1 Overview of TSMs and modeling approaches

Different sorption models have been developed within the project developing the mechanistic sorption
model and database for clay systems (Tachi et al., 2010; Ochs et al., 2011; JAEA, 2012). These models
were developed based on experimental data from the literature, which had originally been obtained in
batch sorption experiments under defined and simplified conditions. Based on the general mineralogy of
sedimentary rocks from the Horonobe URL, model development within the JAEA model and database
program initially focused on smectite as model sorbent, and was subsequently extended for some RN to
include illite (JAEA, 2012). The present chapter discusses the application of some of these sorption
models to the prediction of K4 values for mudstone systems of the Horonobe URL, as an illustration of
TSM application in a hypothetical safety assessment context.

The modeling approach used for the Horonobe mudstone systems is provided Figure 3.1. The models
used for the calculations described in this chapter are briefly summarized below. With exception of the
Cs-models taken directly from the literature, all RN-TSMs are based on the underlying clay-water model
JAEATINEM (JAEA, 2012), based on 1-site surface complexation model without EDL correction term
and 1-site ion exchange model.

e For Ni, Am(Eu) and Th, the models listed in Table 3.1 were used. These models were developed
for smectite. For the present application, they are assumed to be applicable to illite as well, as a
first approximation.

e For Cs, adequate models are available in the literature. The models by Wanner et al. (1996) for
Cs sorption on smectite and of Bradbury and Baeyens (2000) for Cs sorption on illite were
adopted for the present purpose.
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| Horonobe mudstone |

l l

definition of model mineralogy

lllite | smectite chlorite |
J J definition of site types
>SOH >SOH
PS, type-ll, FES PS

application of clay-water model

pre-equilibration

application of sorption models

RN solid/liquid distribution

Figure 3.1 Overview of modeling approach for Horonobe mudstone systems. PS are planar
(siloxane) ion exchange sites, type-ll and FES (frayed edge sites) are illite-specific
ion exchange sites, >SOH stands for generic edge surface sites.

Using the different groundwater and simplified rock sample compositions, the first calculations were
performed to equilibrate the solid surfaces and aqueous phase at a reasonable solid/liquid ratio (assuming
ca. 40 % water-filled porosity and a density of 2.7). The resulting composition of exchangeable ions on
the smectite and illite surfaces was then used to calculate the equilibrium distribution of the various
radionuclides. All calculations were done using the geochemical code PHREEQC (Parkhurst and Appelo,
1999). Summaries of the model setups for nickel, americium/europium and thorium are shown in Table
3.1, the corresponding summary for the cesium models is given in Table 3.2 : Because the Cs model is
accepted form the literature (Bradbury and Baeyens, 2000) as is, the ion exchange constants for some
major cations (K', NH,") on the planar sites of illite are slightly different from the corresponding
constants in the JAEAT1INEM model (JAEA, 2012).



JAEA-Research 2012-044

Table 3.1 Model summaries for nickel, thorium, and americium/europium. PS are planar sites
(siloxane layer), type-ll and FES (frayed edge sites) are illite-specific ion exchange

sites.
Clay minerals lllite Smectite
lon exchange
CEC [meq/100g] 20.05° 110
Site type FES Type Il PS PS

Q X Y Z

Exchange site capacity [meq/100g] 0.05 4 16 110
(basic clay-water model JAEA11NEM)
Site-Na 20¢ 20° 20° 20¢
Site-K 22.4° 22.1° 20.42° 20.42°7
Site-NH, 23.5° 23.04* | 20.46° 20.46°
(Site)-Ca - - 40.69 40.69
(Site)-Mg - - 40.67 40.67
JAEA11NEM Th
(Site)s-Th - - 82.92 82.92
JAEA11INEM_Am(Eu)
(Site)s-Am - - 62.05 62.05
JAEA11INEM Ni
(Site)-Ni - - 40.75 40.75
Surface complexation
SOH-site density [mol/g] 4.31E-5 4.31E-5
all edge surface sites
(basic clay-water model JAEA11NEM)
H" + SOH = SOH** 5.75 5.75
SOH=S0O +H* -8.30 -8.30
JAEA11NEM Th
>SOTh* 7.07 7.07
>SOTh(OH)3 -10.40 -10.40
>SOTh(OH)4~ -18.59 -18.59
JAEA11INEM Am(Eu)
>SOAm*" 0.30 0.30
>SOAmMOH" -7.62 -7.62
>SOAM(OH); -16.57 -16.57
>SOAmM(OH);~ -27.30 -27.30
>SOAmMCO;3 6.74 6.74
>SOAM(CO3),> 10.42 10.42
JAEA11NEM Ni
>SONi* -2.32 -2.32
>SONiIOH -12.16 -12.16
>SONi(OH),~ -21.02 -21.02
* Oda and Shibata (1999)

® Fletcher and Sposito (1989)
¢ Bradbury and Baeyens (2000)
4 by definition

** jnterpolated in analogy to the constants for K"
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Table 3.2 Model summary for cesium. PS are planar sites (siloxane layer), FES are frayed

edge sites.
Clay minerals lllite Smectite
lon exchange
CEC [meq/1009] 20.05° 110
Site type FES Type Il PS PS

Q X Y Z

Exchange site capacity [meq/100g] 0.05 4 16 110
(basic clay-water model JAEA11NEM)
Site-Na 20° 20° 20° 20°
Site-K 22.4° 22.1° 21.1° 20.42°
Site-NH,4 23.5° 22.8* 20.46" 20.46"
Site-Ca - - 40.69 40.69
Site-Mg - - 40.67 40.67
Cs-Model
(Bradbury and Baeyens, 2000; Wanner
et al. 1996)
Site-Cs 27° 23.6° 21.6° 21.6°
Surface complexation
SOH-site density [mol/g] 4.31E-5 4.31E-5
all edge surface sites
(basic clay-water model JAEA11NEM)
H* + SOH = SOH* 5.75 5.75
SOH=S0™ +H* -8.30 -8.30

* Oda and Shibata (1999)

® Fletcher and Sposito (1989

¢ Bradbury and Baeyens (2000)

4 by definition

** jnterpolated in analogy to the constants for K

3.2 Semi-quantitative estimation approaches

For each RN, the results of the model applications are compared with K4 values estimated through
semi-quantitative procedures. For this purpose, the semi-quantitative estimation procedure developed
earlier (Ochs et al., 2008; see also Ochs and Talerico, 2004; Bradbury and Baeyens, 2003a, 2003b) has
been used. The K4 values for the Horonobe mudstone system were derived using available sorption data
of similar water-rock systems taken from the web-version JAEA-SDB (Tachi et al., 2011a). The
pre-equilibration step and the resulting occupation of the exchange sites on the illite and smectite
components with major cations are discussed in chapter 3.3.

3.2.1 Conversion to application conditions

In general, the approach chosen by Ochs et al. (2008) was followed (see also Ochs and Talerico, 2004;
as well as Bradbury and Baeyens, 2003a, 2003b). The scaling factors accounting for differences in
sorption capacity and surface as well as solution chemistry in the experimental vs. application conditions
are discussed below. Beforehand, the more general issue of using batch data to derive Kg-values for
intact rock is discussed in the following section.
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i) Use of batch data to derive K -values for intact rock

Practically sorption measurements are usually carried out in dilute suspensions. Reliable sorption
measurements in intact material are extremely scarce due to experimental difficulties. This situation
necessitates the use of sorption data from batch experiments to derive K4-values valid for intact rock; i.e.,
the transfer of data from low to very high solid/water ratios.

While Ky is highly dependent on the chemical conditions (taken into account by the scaling factors
discussed below), it is in principle independent of the solid/water ratio, and no data conversion is
necessary given that the available specific surface area or sorption site density per unit mass as well as
the solution composition remain constant. This can be very difficult to assess in a fractured/
heterogeneous rock (e.g., granite), but appears to be nearly established in the case of homogeneous
porous media such as bentonite and clay rocks (NEA, 2012).

With regard to the available surface area, Bradbury and Baeyens (1998) measured similar BET values
for loose and compacted (2000 kg/m’) MX-80 and Montigel bentonites. The diffusion data by Kato et al.
(1995) also suggest that no reduction of sorption-available surface area takes place upon compaction.
Based on such evidence, it was concluded by e.g. Ochs et al. (2001), Bradbury and Baeyens (2003a,
2003b) and Ochs and Talerico (2004) that batch data can be directly applied to compacted systems,
provided that any differences in solution composition are accounted for Ochs and Talerico (2004) (see
also Ochs et al., 2008) derived Kg-values valid for compacted bentonite for a large number of RN, using
scaling factors similar to the ones discussed below. From these Kg-values and D, for HTO, they
calculated the respective D,-values and compared these to independent experimental D,-values. This
comparison indicated that no conversion factor (CF) is necessary to account for the transfer from batch
to compacted systems, as long as the respective chemical conditions are taken into account.

From the information available, it is estimated for the present application that the relevant rock type
(mudstone) can be treated in a lst approximation as homogeneous porous media, and that
CF-exp—~>intact (conversion factor from batch to intact system) is unity. In particular, the results and
discussion in Tachi et al. (2011b) support this concept.

ii) Sorption capacity, mineralogy

The working hypothesis for the present Ky-setting is that the sorption capacity of the Horonobe
mudstone is determined by the respective content of clay minerals (smectite, chlorite, kaolinite, as well
as illite). All available evidence suggests that these clay minerals are able to sorb radionuclides through
surface complexation and ion exchange (see e.g., NEA, 2005).

To scale selected experimental sorption data to the present application conditions (i.e., a solid substrate
representative of the Horonobe mudstone in equilibrium with HDB-6 groundwater), a conversion or
scaling factor (CF-min) based on the relative amount or sorption capacity of clay minerals present in a
defined volume of the selected experimental systems vs. in the Horonobe mudstone needed to be defined.
Generally, the scaling factor CF-min can be based on:

e the exchange capacity of both solids, CEC (CF-CEC),
¢ the relative amount of clay minerals (CF-%clay),

o the relative (BET) surface area (CF-BET).
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In the case of sorption by clays, such a factor can be based on the ratio of CEC per unit mass for the
experimental and application system. CEC value for the Horonobe mudstone was measured as about 20
meq/100 g (Tachi et al., 2011). The CEC was therefore also calculated by considering typical CEC
values for pure smectite, chlorite, kaolinite and illite and calculating a mass-weighted mean value for the
mineralogical composition of the Horonobe mudstone. The results are given in Tables 3.3 and 3.4 in
chapter 3.3.

Scaling on the basis of CEC values was done using the following relation:
CF-CEC = CEC (application) / CEC (data source) 3.1

In this relation, CEC is used as a relative measure for total site density, based on the reasonable
assumption that the density of surface complexation (edge) sites is proportional to the CEC.

Because of the uncertainty regarding CEC and the assumed relationship between CEC and surface
complexation site density, data derivation was additionally based on the ratio of total clay content in
both systems (Eq. 3.2). Further, the BET-surface area was also considered (Eq. 3.3) to obtain some
information of the sensitivity of the conversion factor for sorption capacity on the actual measure used.

CF-%clay = %clay (application) / %clay (data source) (3.2)
CF-BET = BET (application) / BET (data source) 3.3)

iii) pH
The pH is the most critical geochemical parameter for the sorption of most elements as it determines

o the speciation of the sorbing element itself, in particular hydrolysis (relevant for Ni, Am, Th), as

well as protonation-deprotonation in case of anions such as Se (see Ochs et al., 2008),
¢ the protonation-deprotonation of the surface complexation sites,

e the speciation and solubility behavior of major ligands (e.g., carbonate) and major cations (e.g., Ca)
that have an important influence on sorption through complexation (e.g., carbonate complexation of
Am and Th) and competition (e.g., Ca with Cs, but possibly also carbonate in case of Se).

For this reason, to the degree possible data sources were selected that allowed the selection of sorption
data at pH values corresponding to the application conditions (in the data derivation tables in Appendix I,
this is indicated by a pH-conversion factor of 1). Where this is not possible, scaling to the appropriate
application pH can be done on the basis of additional data for the same RN, such as sorption edges on a
montmorillonite. In such cases, scaling to the application pH was done using the conversion factor
defined below:

CF-pH = K4 (pH application) /K4 (pH data source) 3.4)

In contrast to Bradbury and Baeyens (2003a, 2003b), CF-pH was interpreted by Ochs and Talerico
(2004) as a factor addressing the overall surface/solution speciation. Thus, the conversion factor for
additional radionuclide speciation effects defined below (CF-spec) addresses only those effects not
included in CF-pH. In particular, CF-spec does not take into account hydrolysis.
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iv) Effects on radionuclide surface/solution speciation by dissolved ligands and major cations

As pointed out above, dissolved ligands and major cations can have a significant influence on
radionuclide sorption. Therefore, scaling of K4 to application conditions should in principle be carried
out in all cases where the source data correspond to a solution composition that is significantly different
from that of the reference groundwater. Only thermodynamic sorption models are capable of consistently
taking into account all speciation effects. For the present application, it was attempted to account for
variable solution compositions in a semi-quantitative, but fully traceable fashion. The following different
processes need to be considered:

e RN sorption may decrease due to the formation of aqueous complexes with dissolved ligands (in
case of Ni, Am, Th) or with dissolved cations (in case of Se). This is taken into account by the

conversion factor CF-spec. For Cs with its simple solution chemistry, this is not a relevant process.

e In case of Cs sorption takes mainly place through weak (electrostatic) interaction (cation or anion
exchange on the layer surface, outer-sphere complexation at the edge surface). Here, RN sorption
may also decrease due to competition by major cations (Cs). This is taken into account by the

conversion factor CF-cmp.

CF-spec:
The formal definition of the factor CF-spec is accepted from Ochs and Talerico (2004).
CF-spec = Fyop (application) / Fyo (data source) (3.52)
where
Fsorb = (RNt — RNemp) / RNio (3.5b)

with RN, as the total dissolved concentration of a given radionuclide, and RNy, as the total

concentration of all dissolved RN complexes evaluated as being competitive with regard to sorption.
However, the application of this factor is not straightforward:

e First, the conversion factor CF-pH will already include one or more of the effects of speciation. The
following differences in speciation are therefore not included in the factor CF-spec, as the effects
would be counted twice:

> As pointed out above, effects of RN hydrolysis will already be included in CF-pH.

» Complexation of Am or Th with the carbonate ion (COs>) can differ between two solutions
because of i) different total carbonate concentrations, or ii) different pH values leading to
different concentrations of CO5>~ even when total carbonate levels are the same. In case ii), the
effect will also be included in the conversion factor CF-pH.

e Second, several elements, especially IV- and higher-valent actinides are known or suspected to
form mixed hydroxo-carbonato complexes. By analogy, the formation of ternary RN-carbonato
surface complexes at the clay edge sites can be assumed. For some cases, the existence of such
complexes has been confirmed by spectroscopy (e.g. for U(VI) sorption on montmorillonite by
Catalano and Brown, 2005). Therefore, it is highly questionable in these cases whether the presence
of carbonate should be counted as a competitive factor. This situation is complicated further by the
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uncertainties regarding the existence and importance of various simple and mixed An(IV)-
carbonato complexes (see discussions in e.g., Guillaumont et al., 2003; Rand et al., 2009).
Therefore, scaling of K4 to account for speciation was carefully evaluated for both Am and Th. As a
basis for further evaluation, CF-spec was calculated twice in these cases, taking into account or
neglecting competition by complexation involving carbonate ions.

» CF-spec/a: Complexation of a radionuclide with carbonate is viewed as being fully competitive
with respect to sorption.

» CF-spec/b: Complexation of a radionuclide with carbonate is viewed as being not competitive
with respect to sorption.

CF-cmp:

As pointed out at the beginning of this section, CF-cmp is only relevant in the case of the relatively
weakly sorbing Cs. Ni, Am and Th sorb mainly through the formation of strong inner-sphere surface
complexes at neutral or slightly alkaline pH and are not notably influenced by competing cations such as
Ca. CF-cmp is defined as

CF'CmP = Zcompeting cations/anions (data SOU.I‘CG) / Zcompeting cations/anions (application) (36)

v) Summary of scaling factors

Overall scaling of experimental sorption data to the application conditions defined for the Horonobe
mudstone is done by combining the individual conversion factors discussed above:

CF-overall = CF-min x CF-pH x CF-spec x CF-cmp 3.7

As discussed, some of these may only be important in some cases (such as CF-cmp in the case of Cs).
For reasons of transparency, and to illustrate the effects of the various scaling factors, the overall scaling
procedures listed below were applied in a step-wise fashion:

CF-1 = CF-min x CF-pH (3.8a)
CF-2 = CF-min x CF-pH x CF-spec (3.8b)
CF-3 = CF-min x CF-pH x CF-spec x CF-cmp (3.8¢)

where CF-min is represented by each CF-CEC, CF-%clay, and CF-BET. Also, both CF-spec/a and

CF-spec/b were compared where relevant.
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3.2.2 Estimation of uncertainties

The treatment of uncertainties follows closely the approach taken by Ochs et al. (2008) (see also Ochs
and Talerico, 2004). There is no obvious reason for choosing between quantifying uncertainties as an
error on a linear scale (i.e., Kq * error) vs. a logarithmic scale (i.e., log K4 = log error). Following the
procedure chosen in NEA (2005), the latter type of representation was adopted for the present purpose.
On a linear scale, this translates to K4 multiplied/divided by an uncertainty factor UF:

log K4 (upper, lower limit) = log K4 + log uncertainty, or (3.92)
Kq4 upper limit = K4 x UF and Ky lower limit = K4/ UF (3.9b)

Uncertainties are generally evaluated in a way that makes it likely that the indicated limits encompass all
possible values. Where data are more uncertain, this is discussed specifically.

The following uncertainty factors (log errors) are considered:

i) Uncertainty of source data (UF-starting K,)

For good quality experimental data, an uncertainty of log Ky + 0.2 log units is proposed based on NEA
(2005). This gives an uncertainty factor

- UF-starting K4 = 1.6

ii) Uncertainty introduced by scaling to application conditions
e sorption capacity conversion (UF-min):

It is estimated that CEC can be measured within an uncertainty of ca. 10 %, and that SOH density
can be scaled via CEC again within an uncertainty of ca. 20%. This gives an overall uncertainty of
+ 30% or about a factor of 2 between highest and lowest value. This uncertainty is also accepted for

sorption capacity conversions based on %clay or BET. Thus, we propose

- UF-min=14

e pH conversion (UF-pH):

This is only needed where CF-pH # 1, i.e., where scaling to application pH had to be done via
additional data and equation (3.4). Because CF-pH contains uncertainties of two Ky values (which
are read off at pH-data source and pH-application, respectively), an uncertainty log starting K4 +
2x0.2 log units is used:

> UF-pH =25

e Speciation (UF-spec):

Following the evaluation by Hummel and Berner (2002), who propose a factor of 2 between highest
and lowest value, a UF-speciation = 1.4 is used. Note, however, that this is the uncertainty
associated with the use of a given, self-consistent TDB. If certain species are missing or erroneous
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(see e.g. the discussion on mixed actinide OH-CO; complexes above), uncertainties could be much
higher. Also, this UF does not take into account any inappropriate evaluation of CF-spec.

o Competition by major cations/anions (UF-cmp):

It is assumed that the sum of cation or anion concentration in each system can be known or
predicted within 10%, giving an overall uncertainty of about + 20%.

- UF-cmp=1.2

e Conversion of batch data to conditions in intact rock (UF-exp=>intact):

Arguments for the applicability of the Ky values derived in this report to intact rock are presented
above. Accordingly, CF-exp—>intact is unity and no UF is proposed for this conversion per se.

Therefore, an additional uncertainty factor could be introduced to acknowledge uncertainties in the
application conditions (i.e., in the mineral and porewater composition). Such an uncertainty factor can
only be defined following a detailed assessment of the conditions (and their possible variations) to be
considered in Ky-setting. For the present illustrative exercise in K4-setting, such uncertainties have not
been considered.

3.3 Geochemical conditions and pre-equilibration

The calculations documented in this chapter were performed for three alternative conditions. These
include two different compositions of Horonobe rock and two types of groundwater (see Tables 3.3, 3.4,
3.5). In total, the following three different cases were calculated:

Reference conditions

Case I mudstone A (11% smectite, 7% illite, 1% chlorite), in-situ groundwater

Alternative conditions

Case II: mudstone A (11% smectite, 7% illite, 1% chlorite), synthetic groundwater

Case III: mudstone B (16% smectite, 10% illite, 1% chlorite), synthetic groundwater

The groundwater and rock compositions in Case I were used as representative for the HDB-6 borehole
from a depth of 450m in previous K4 calculations (Ochs et al., 2008). In terms of sorption-relevant
minerals, only smectite, illite and chlorite were considered for all cases, where chlorite was assumed to
have the same ion exchange and edge site properties as smectite. Higher clay contents used in Case-III
are based on a discussion in Tachi et al. (2011b), whereby clay contents were corrected by considering
CEC and specific surface area measured by BET and EGME methods. Two different groundwaters were
considered as shown in Table 3.5: The in-situ groundwater composition was estimated for a depth of
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450m (JAEA, 2007), it has a relatively low pH. The synthetic groundwater is based on pumping tests, it
has a simplified composition with a higher pH of 8.5 (Hama et al., 2007; Tachi et al., 2011).

Using the different groundwater and simplified rock sample compositions, the first calculations were
performed to equilibrate the solid surfaces and aqueous phase at a reasonable solid/liquid ratio (assuming
ca. 40 % water-filled porosity and a density of 2.7). The resulting composition of exchangeable ions on
the smectite and illite surfaces was then used to calculate the equilibrium distribution of the various
radionuclides. All calculations were done using the geochemical code PHREEQC. Summaries of the
model setups for nickel, americium/europium and thorium are shown in Table 3.1, the corresponding
summary for the cesium models is given in Table 3.2: Because the Cs model is accepted form the
literature (Bradbury and Baeyens, 2000) as is, the ion exchange constants for some major cations (K",
NH;") on the planar sites of illite are slightly different from the corresponding constants in the
JAEA11NEM model (JAEA, 2012).

Table 3.3 Summary of the properties of the mudstone A Horonobe rock sample considered
for the present calculations for cases | and Il. The composition was provided by
JAEA (2007), CEC and BET values were estimated based on the typical values
indicated (cf. Dixon and Weed, 1977; Sposito, 1984, Bradbury and Baeyens, 2000).

Mineral CEC BET weight % | calc. CEC calc. BET
[meq/1009] | Im/q] [meg/q] [m*/g]
Quartz 13
Andalusite 2
Albite 6
Anorthite 2
K-feldspar 5
lllite 20.05 24.2 7 1.40 1.69
Smectite 110 35 11 12.10 3.85
Chlorite 25 0.5 1 0.25 0.01
Limonite 1
Pyrite 3
liImenite 1
Halite 2
Res. SiO, 42
Total 96 13.75 5.55
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Table 3.4 Summary of the properties of the mudstone B Horonobe rock sample considered
for the present calculations for Case /ll. The composition was provided by Tachi et
al. (2011), CEC and BET values were estimated based on the typical values
indicated (cf. Dixon and Weed, 1977; Sposito, 1984, Bradbury and Baeyens, 2000).

typical values —%
Mineral CEC BET weight % |calc. CEC calc. BET
[meq/1009] | Im*/q] [mea/o] [m*/g]

Quartz 13

Albite 6

K-feldspar 5

lllite 20.05 24.2 10 2.01 2.42
Smectite 110 35 16 17.60 5.60
Pyrite 3

Andalusite 2

Anorthite 2

Limonite 1

Opal-CT 42

Total 100 19.61 8.02

Table 3.5 The reference groundwater conditions for the Horonobe mudstone systems. The
groundwater A estimated for in-situ conditions in JAEA (2007) was considered for
the present calculations for cases |. The groundwater B based on Hama et
al.(2007) and Tachi et al.(2011) was considered for cases Il and lll.

Groundwater A Groundwater B
(Case ) (Case Il and III)

Temp.(°C) 25 25
pH 6.75 8.50
lonic strength 2.58x10™ 2.57x10™
Dissolved species [mol/L] [mol/L]
Na’ 2.28x10" 2.30x10"
K 2.08x107 2.10x107
Mg®* 5.78x10° 5.80x10°
Cr 2.20x107 2.22x107
Br 5.63x10™ -
ca* 2.09x10° -
F 1.05%x10 -
Sre 2.97x10” -
Mn** 3.64x10”" -
APP* 3.71x10” -
HCO5 2.99x107 3.00x10
COs> 2.04x10” -
S0~ 4.38x10° -
NH,* 7.76x10° 7.80x107
Fe®* 1.52x10° -
H,SiO4(aq) 1.14x107 -
HPO,* 5.06x107 -
PO~ 7.62x10™ -
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The occupation of the exchange sites on the illite and smectite model components with major cations
after the pre-equilibration step is shown as follows:

e corresponding to the Case [ condition: Table 3.6;
e corresponding to the Case II condition: Table 3.7;
e corresponding to the Case Il condition: Table 3.8.

The pre-equilibration is performed using constants given in Table 3.1. Although the constants for the
cesium model are slightly different from the constants for the other models (see Table 3.2), the same
pre-equilibration results have been used for all further model applications.

Table 3.6 Composition of ion exchange sites after pre-equilibration of mudstone with
Horonobe groundwater (Case /). S/W is 4.12 kg/L.

Exchange site * Concentration (mol/L) Exchange site ° Concentration (mol/L)
CaY, 1.1E-03 MgY, 4.1E-04
Caz, 1.2E-02 MgZ, 4 9E-03
HQ 3.5E-11 NaQ 3.2E-05
HX 5.6E-09 NaX 5.1E-03
HY 4.7E-08 NaY 4.3E-02
HZ 5.6E-07 Naz 5.1E-01
KQ 7.1E-06 NH,Q 1.1E-04
KX 5.7E-04 NH,X 5.8E-03
KY 1.0E-04 NH,Y 1.3E-04
Kz 1.2E-03 NH,Z 1.5E-03

 exchange sites are defined in Table 3.1.

Table 3.7 Composition of ion exchange sites after pre-equilibration of mudstone with
Horonobe groundwater (Case /l). S/W is 4.12 kg/L.

Exchange site ° Concentration (mol/L) Exchange site * Concentration (mol/L)
CayY, 3.3E-05 MgY2 4 1E-04
Caz, 3.9E-04 MgZ, 4.9E-03
HQ 6.4E-13 NaQ 3.2E-05
HX 1.0E-10 NaX 5.1E-03
HY 9.0E-10 NaY 4.5E-02
HZ 1.1E-08 Naz 5.3E-01
KQ 7.1E-06 NH,Q 1.0E-04
KX 5.7E-04 NH;X 5.8E-03
KY 1.0E-04 NH,Y 1.3E-04
Kz 1.2E-03 NH,Z 1.6E-03

* exchange sites are defined in Table 3.1.
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Table 3.8 Composition of ion exchange sites after pre-equilibration of mudstone with
Horonobe groundwater (Case /). S/W is 4.12 kg/L.

Exchange site ° Concentration (mol/L) Exchange site * Concentration (mol/L)
Cay, 4 4E-05 MgY2 4 5E-04
Caz, 4.9E-04 MgZ, 5.0E-03
HQ 1.3E-12 NaQ 6.8E-05
HX 1.8E-10 NaX 9.5E-03
HY 1.3E-09 NaY 6.5E-02
HZ 1.4E-08 Naz 7.1E-01
KQ 1.0E-05 NH,Q 1.3E-04
KX 7.2E-04 NH;X 6.3E-03
KY 1.0E-04 NH,Y 1.1E-04
Kz 1.1E-03 NH,Z 1.2E-03

* exchange sites are defined in Table 3.1.
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4. Results of K, setting for Horonobe mudstone systems

For each RNs (Cs, Ni, Am and Th), the results for K4-values for mudstone systems from the Horonobe
URL (Horonobe mudstone systems) are firstly presented based on the sorption model, followed by the

results based on the semi-quantitative estimation method, and summary including their comparisons.

4.1 Cesium
4.1.1 Application of sorption models

As an alkaline element, Cesium exists only as Cs" ion in solution. Sorption takes place by ion exchange;
surface complexation is of little or no relevance and is neglected in most TSMs for Cs. It is expected that
sorption on Horonobe mudstone is influenced by both illite and smectite, therefore the respective models
for these minerals as taken from the literature (see chapters 3.1 and Table 3.2) were combined and used
simultaneously in one calculation.

e The sorption model developed by Wanner et al. (1996) was used to calculate the sorption of Cs
on smectite. In line with common approaches in the literature and our previous papers (Ochs et
al., 2001; Tachi et al., 2009, 2011b), Cs sorption on smectite is taken to occur as ion exchange
reaction on only one exchange site (planar site, surface species CsZ).

e To calculate the sorption on illite, the model developed by Bradbury and Baeyens (2000) was
used. According to their model, sorption on illite takes place on three different ion exchange
sites; the frayed edge sites FES (surface species CsQ), the type-II sites (surface species CsX)
and the planar sites (surface species CsY). The highest site capacity is provided by the planar
sites (ca. 80% of the total CEC), while the selectivity for Cs increases in the order planar sites <
type-I1 sites < FES.

e As shown in Table 3.2, competition by major cations for the different ion exchange sites needs
to be taken into account for both smectite and illite. It should be noted in this context that the
system was pre-equilibrated first in the absence of added RNs (as shown in Figure 3.1), so that
the major cations present in the Horonobe groundwater could come to equilibrium with the ion
exchange sites (Q-, X-, Y- on illite and Z-sites on smectite) on the clay surfaces.

The results of the sorption model application are discussed for each set of conditions (see cases defined
in section 3.3) in the following sections.

i) Case l

The amounts of Cs sorbed onto the Q-, X-, Y- and Z-Sites in equilibrium for Case I are shown in Table
4.1, which corresponds to an overall K4 value of 0.12 m3/kg for whole mudstone. The corresponding
nominal Ky value for the mass of clay minerals alone (i.e., 19 % of the total solid mudstone mass) would
be 0.64 m’/kg.
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Table 4.1 Sorbed amounts of Cs on the illite and smectite ion exchange sites for Case I. The
S/L ratio is 4.12 kg/L. The indicated percentage is % of total Cs.

Species [mol/L] %
CsQ 7.6E-09 75
CsX 9.2E-10 9.1
CsY 1.3E-10 1.24
CsZ 1.5E-09 14.9
ii) Case II

The amounts of Cs sorbed onto illite and smectite in equilibrium for Case II are shown in Table 4.2,

which corresponds to an overall K4 value of 0.12 m’/kg for whole mudstone. The corresponding nominal

K4 value for the mass of clay minerals alone (i.e., 19 % of the total solid mudstone mass) would be 0.65
3

m’/kg.

Table 4.2 Sorbed amounts of Cs on the illite and smectite ion exchange sites for Case /. The
S/L ratio is 4.12 kg/L. The indicated percentage is % of total Cs.

Species [mol/L] %
CsQ 7.6E-09 75
CsX 9.1E-10 9.0
CsY 1.3E-10 1.25
Csz 1.5E-09 14.9

iii) Case III

The amounts of Cs sorbed at equilibrium for case III are shown in Table 4.3, which corresponds to an
overall Kq value of 0.25 m’/kg for whole mudstone. The corresponding nominal K value for the mass of
clay minerals alone (i.e., 26 % of the total solid mudstone mass) would be 0.95 ms/kg.

Table 4.3 Sorbed amounts of Cs on the illite and smectite ion exchange sites for Case /ll. The
S/L ratio is 4.12 kg/L. The indicated percentage is % of total Cs.

Species [mol/L] %
CsQ 8.2E-09 81
CsX 8.8E-10 8.6
CsY 8.9E-11 0.87
CszZ 9.9E-10 9.7
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4.1.2 Semi-quantitative K4 estimation

Figure 4.1 shows a compilation of several datasets for Cs(I) sorption on clay minerals. These sets were

chosen initially because they are of good quality and cover a range of relevant conditions, which would

allow to approach the Horonobe system from different directions.
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Figure 4.1 Cs(l) sorption data on clay minerals. All data are taken from the JAEA-SDB (Tachi

et al., 2011a). Data for smectite and kaolinite are in blue/green colors, data for illite

in reddish colors.

As can be expected, the data show that Cs sorption is almost independent of pH, but strongly influenced

by the concentration of competing cations in solution. The slight pH dependence may arise from direct

competition by H™ and from the influence of pH on the speciation of competing cations, such as Ca and

ammonium. Sorption on illite is higher than sorption on smectite minerals, mainly because of the frayed

edge sites on the illite surface.

As in case of our previous report (Ochs et al., 2008), the estimation of Ky is based on the following

primary data sources for smectite and illite:

Cs sorption on Kunigel-V1 by Sato and Shibutani (1994);

Cs sorption on Na-illite by Gorgeon (1994),

Cs sorption on Na-illite by Poinssot et al (1999).
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These three datasets were selected based on their similarity to the Horonobe mudstone system in terms
of solution composition and because they include Ky values that were determined at (or very near) the
pH of interest. As shown above, these datasets comprise similar K4 values that are lying in the
intermediate range of the distribution.

The results of the estimation for Case I-III are shown in Table 4.4; details are given in the summary
tables shown in Appendix I. Shown are the K, values obtained using the two different conversion factors
CF-1 and CF-3a (see Eq. (3.8) in chapter 3.2.1):

e The conversion factor CF-1 does not consider competition by major cations present in solution.

e  On the other hand, CF-3 includes the competition by all major cations in solution. Two options
are considered: with CF-3a, the competitive effect of all cations is taken to be equal; with CF-3b
only the cations able to compete with Cs for the type-II sites and FES of illite are considered.
CF-3b is not applicable to pure Na-electrolytes and questionable in solutions dominated by
Na-cations.

It is admitted that it is difficult to decide which conversion factor should be used. The Ky values
estimated on the basis of data for illite (Gorgeon, 1994; Poinssot et al., 1999) are relatively consistent
when the conversion factor CF-3 is used, whereas the results using CF-1 are more variable and show a
higher dependency with respect to the specific data source used. On the other hand, CF-3 seems to
overestimate competition effects (especially by Na) in case of data from Kunigel-V1 (Sato and Shibutani,
1994). Note that in case of the source data by Poinssot et al. (1999), only the data obtained at 0.1 M are
considered for Table 4.4. The data at lower ionic strength are less representative and cause much greater
deviation between CF-1 and CF-3 (see Appendix I).

Based on the present calculations, the following approach is proposed for selecting recommended
values:

e Considering that Cs sorption on Horonobe mudstone should be dominated by illite, based on
mineralogy, the studies by Gorgeon (1994) and Poinssot et al. (1999) are considered more relevant
for the present purpose.

e In terms of conversion factors, it is estimated that the use of CF-3 leads to smaller mistakes than the
use of CF-1 when applied to substrates where Cs sorption can be assumed to be dominated by illite.

It is clearly not straightforward, however, to make appropriate corrections for cation competition,
especially in case of Cs sorption on illite. As a result, it is difficult to recommend a best approach for all
situations.
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Table 4.4 Ky values (best estimates) for Cs for Case | — Il obtained by semi-quantitative
estimation. The results obtained by applying the correction factors CF-1 and CF-3a
are reported. The factor CF-3b is not considered as applicable.

Case |

Kq: CF-1 [m*/kg]

Kq: CF-3a [m®/kg]

Reference

0.53 2.05 Gorgeon (1994), Na-illite
8.17 3.15 Poinssot et al. (1999), Na-illite, 0.1M
0.35 0.0014 Sato and Shibutani (1994), Kunigel V1

Case Il

Kq: CF-1 [m*/kg]

Kg: CF-3a [m®/kg]

Reference

0.63 2.32 Gorgeon (1994), Na-illite
9.19 3.40 Poinssot et al. (1999), Na-illite, 0.1M
0.54 0.0021 Sato and Shibutani (1994), Kunigel V1

Case Il

Kg: CF-1 [m3lkg] Ky: CF-3a [mslkg] Reference
0.86 3.07 Gorgeon (1994), Na-illite
13.06 4.68 Poinssot et al. (1999), Na-illite, 0.1M
0.73 0.0028 Sato and Shibutani (1994), Kunigel V1

4.1.3 Summary for Cs

The following Table 4.5 summarizes the average values obtained with the semi-quantitative estimation
procedures and the respective uncertainty expressed as upper/lower limiting values. The selection of data
was done following the arguments presented in the previous section. The best estimate Ky values
calculated using the smectite/illite ion exchange model are also summarized with the values estimated by
the semi-quantitative procedures in Table 4.6 (no overall K4 error was calculated in case of Cs).

For all cases, the resulting K4 values deviate significantly and systematically between model results and
semi-quantitative estimation, with the model giving lower values throughout. As already pointed out
above, it is not clear which correction factor takes competition by major cations best into account, but all
approaches appear to have shortcomings. It is therefore recommended to rely on the model-derived
values.

No model uncertainties as defined for the other RN are available for Cs. If uncertainties are needed, it is
recommended to calculate an overall TSM error in the same way as for the other RN (i.e., applying the
models by Bradbury and Baeyens, 2000, and Wanner et al. 1996 to the corresponding experimental data
and calculating the error according to NEA, 2005).
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Table 4.5 Average values of recommended Ky for cesium obtained with (a) the
semi-quantitative estimation procedure based on CF-3a and illite source data
(Gorgeon, 1994; Poinssot et al., 1999).

Cs(l) recommended upper limit Ky lower limit Ky
Ka (m°/kg) (m°/kg) (m°/kg)
Case |
Gorgeon (1994), Na-illite 2.05 11.60 0.31
Poinssot et al. (1999), Na-illite, 0.1M 3.15 5.24 1.18
Average K, values 2.6 8.4 0.7
Caselll
Gorgeon (1994), Na-illite 2.32 13.12 0.35
Poinssot et al. (1999), Na-illite, 0.1M 3.40 5.56 1.28
Average K, values 29 9.4 0.8
Casellll
Gorgeon (1994), Na-illite 3.07 17.38 0.46
Poinssot et al. (1999), Na-illite, 0.1M 4.68 7.78 1.76
Average K, values 3.9 12.6 1.1

Table 4.6 Kjq values for cesium with their upper and lower estimates. Kq are given in m*/kg.
(no overall Kq error in TSM application was calculated in case of Cs).

Application Case | Case ll Case lll
TSM Ky 0.12 0.12 0.25
semi-quantitative mean Ky 2.6 2.9 3.9
estimation mean upper Ky 8.4 94 12.6
mean lower Ky 0.7 0.8 1.1

4.2 Nickel
4.2.1 Application of sorption models

The JAEATINEM_Ni model (JAEA, 2012) presented in chapter 3.1 is applied for the same sets of
Horonobe mudstone conditions. It is based on the experimental sorption edge data by Bradbury and
Baeyens (2005) and Tertre et al. (2005), as well as on the underlying clay-water model JAEA11NEM.
Thermodynamic data for aqueous Ni species were taken from the JAEA-TDB (version 100331cl;
Kitamura et al., 2010). This model considers several surface complexes and one ion exchange species
(Table 3.1). Further testing was done to evaluate the model’s ability to describe Ni sorption on
Ca-montmorillonite (data by Bradbury and Baeyens, 1999).

The JAEAIINEM Nil model for smectite is assumed to be able to describe Ni sorption on both
smectite and illite, is then considered applicable to the Horonobe mudstone system. Sorption of Ni is
expected to occur mostly by surface complexation at medium to higher pH, whereas sorption on ion
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exchange sites is important at medium to lower pH. The same pre-equilibration step as applied in case of
Cesium was performed. In this step, the various ion exchange sites of illite and smectite are equilibrated
with the solution, so that the composition of all the exchange sites is in equilibrium with the aqueous
phase.

i) Casel

The speciation of Ni in the equilibrium solution of the mudstone system considered is summarized in
Table 4.7. The Ni-complexes that may be most important with regard to competing with surface sites for
the available Ni are the Ni-chloride and the Ni-carbonate complexes. The corresponding concentrations
of Ni sorbed in equilibrium on the surface complexation and ion exchange sites are shown in Table 4.8:

The predicted distribution of Ni in the mudstone-groundwater system of Case [ yields a K4 value of
0.044 m’/kg for the total mass of mudstone. Considering the overall error in Ky determined for the
JAEA1INEM Nil model, the corresponding maximum and minimum Kq values would be 0.083 m*/kg
and 0.023 m’/kg. The (hypothetical) K4 value calculated for the clay minerals alone would amount to
0.23 m’/kg. The overall errors in TSM were derived by direct comparison of modeled and experimental
K4 values in our previous reports (Tachi et al., 2010; Ochs et al., 2011; JAEA, 2012), these values were
directly used in this report.

Table 4.7  Solution speciation of Ni in the Horonobe mudstone system for Case /. The most
important species are indicated in bold, irrelevant species are omitted. The total
dissolved Ni concentration is about 7.2E-10 M (0.55 % of total Ni). The indicated
percentage is % of dissolved Ni.

Species [mol/L] % Species [mol/L] % Species [mol/L] %

Ni%* 5.3E-10 73.1 | NiS 4.1E-13 0.1 NiHPO, 2.5E-14 0.0

NiHCO;* | 1.4E-10 | 18.8 | NiOH" 3.4E-13 0.0 | Ni(OH), 4.3E-15 0.0

NicI* 4.3E-11 6.0 | NiNH:> 2.0E-13 0.0 | NiHS" 3.0E-15 0.0

NiCO, 1.5E-11 21 | NiF’ 4.4E-14 0.0

Table 4.8 Sorbed amounts of Ni on the surface complexation and ion exchange sites

assumed to be present in Horonobe mudstone. JAEA11NEM_Ni model, S/L ratio is
4.12 kg/L. The indicated percentage is % of total Ni.

Surface Species Concentration [mol/L] %

Y,Ni 4.5E-10 0.3
ZoNi 5.4E-09 4.0
>SONi" 1.3E-07 94.8
>SONIOH 1.0E-10 0.1

>SONi(OH)y 7.8E-13 0.0
Ni(aq) 7.2E-10 0.5
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The speciation of Ni in the equilibrium solution of the mudstone system considered is given in Table 4.9.

The corresponding concentrations of Ni sorbed at equilibrium on the surface complexation and ion

exchange sites are shown in Table 4.10:

The predicted distribution of Ni in the mudstone-groundwater system of Case II yields a K4 value of

0.43 m’/kg for the total mass of mudstone. Considering the overall error in Ky determined for the

JAEA1INEM Nil model, the corresponding maximum and minimum Ky values would be 0.82 m’/kg

and 0.23 m’/kg. The (hypothetical) K4 value calculated for the clay minerals alone would amount to 2.3

m’/kg.

Table 4.9 Solution speciation of Ni in the Horonobe mudstone system for Case /l. The most
important species are indicated in bold, irrelevant species are omitted. The total
dissolved Ni concentration is about 7.3E-11 M (0.06 % of total Ni). The indicated
percentage is % of dissolved Ni.

Species [mol/L] % Species [mol/L] % Species [mol/L] %
NiCO; 2.5E-11 34.6 | NiCl’ 1.7E-12 2.3 | NiHS® 2.5E-15 0.0
Ni%* 21E-11 28.9 | NiOH" 7.7E-13 1.0 | Ni(OH)5 1.7E-15 0.0
NiS 2.0E-11 26.6 | Ni(OH), 5.4E-13 0.7 | Ni(NHg)> 1.2E-15 0.0
NiHCO;" | 4.1E-12 5.5 | NiNH;** 2.8E-13 0.4

Table 4.10 Sorbed amounts of Ni on the surface complexation and ion exchange sites
assumed to be present in Horonobe mudstone. JAEA11NEM_Ni1 model, S/L ratio
is 4.12 kg/L. The indicated percentage is % of total Ni.

Surface Species Concentration [mol/L] %

Y2Ni 1.9E-11 0.0
Z,Ni 2.3E-10 0.2
>SON;i" 1.2E-07 93.7
>SONiOH 5.6E-09 4.2
>SONIi(OH), 2.4E-09 1.8
Ni(aq) 7.3E-11 0.1

iii) Case Ill

The speciation of Ni in the equilibrium solution of the mudstone system considered is given in Table

4.11. The corresponding concentrations of Ni sorbed in equilibrium on the surface complexation and ion

exchange sites are shown in Table 4.12:
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The predicted distribution of Ni in the mudstone-groundwater system of Case III yields a K4 value of
0.62 m’/kg for the total mass of mudstone. Considering the overall error in Ky determined for the
JAEATINEM Nil model (JAEA, 2012), the corresponding maximum and minimum Ky values would
be 1.18 m3/kg and 0.33 m’/kg. The (hypothetical) K value calculated for the clay minerals alone (27%
of the mudstone) would amount to 2.4 m’/kg.

Table 4.11 Solution speciation of Ni in the Horonobe mudstone system for Case /ll. The most
important species are indicated in bold, irrelevant species are omitted. The total
dissolved Ni concentration is about 5.1E-11 M (0.04 % of total Ni). The indicated
percentage is % of dissolved Ni.

Species [mol/L] % | Species [mol/L] % Species [mol/L] %
NiCO; 1.8E-11 | 35.8 | NiCI' 1.2E-12 | 2.3 | NiHS" 1.6E-15 0.0
Ni%* 1.5E-11 | 29.4 | NiOH" 5.4E-13 1.1 | Ni(OH)5 1.2E-15 0.0
NiS 1.3E-11 | 24.6 | Ni(OH), 3.8E-13 | 0.7 | Ni(NH3),*" 4.5E-16 0.0
NiHCO;" 2.9E-12 5.7 | NiNH;** 1.5E-13 | 0.3

Table 4.12 Sorbed amounts of Ni on the surface complexation and ion exchange sites
assumed to be present in Horonobe mudstone. JAEA11NEM_Ni1 model, S/L ratio
is 4.12 kg/L. The indicated percentage is % of total Ni.

Surface Species Concentration [mol/L] %
Y,Ni 1.8E-11 0.0

ZoNi 2.0E-10 0.2
>SONi* 1.2E-07 93.7
>SONiIOH 5.6E-09 4.2
>SONi(OH), 2.4E-09 1.8

Ni(aq) 5.1E-11 0.0

4.2.2 Semi-quantitative K4 estimation

In Figure 4.2, several relevant experimental datasets for Ni are shown. Sorption of Ni on clay minerals
shows a clear tendency; sorption increases to a maximum at about pH 9 and decreases with even higher
pH, which is typical for surface complexation and competition by hydrolysis. Based on the differences
between data obtained at different ionic strength values, ion exchange appears to be important up to pH
~ 8. As discussed in Ochs et al. (2011), there are some discrepancies between datasets by Bradbury and
Baeyens (2005) on one hand and Tertre et al. (2005) on the other hand that cannot be resolved based on
the conditions or the quality of the underlying experiments.
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The estimation of a Ky value regarding the sorption of Ni on Horonobe mudstone is based on the
following primary data sources:

e Ni sorption on MX-80 converted to the Na-form by Tertre et al. (2005);
e Ni sorption on a Ca-montmorillonite (converted from SWy-1) by Bradbury and Baeyens (1999);
e Ni sorption on Opalinus clay by Lauber et al. (2000).

It was assumed that the sorption of Ni does not differ significantly between smectite and illite, data
sources were not therefore primarily chosen to include illite. Rather, high-quality datasets were selected
that

e include K4 values that were determined at (or very near) the pH of interest;
e cover a range of solution as well as solid compositions from simple to complex;

e include a range similar to both Tertre et al. (2005) as well as Bradbury and Baeyens (2005) in
terms of magnitude of sorption.

In addition, the experimental system with Opalinus clay by Lauber et al. (2000) has some similarity to
the Horonobe mudstone system in terms of solution composition and the presence of both smectite and
illite. The results of the estimation procedure are shown in Table 4.13 for Case I-IIl. Further details are
given in the summary tables in Appendix 1.
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Figure 4.2 Overview of Ni(ll) sorption data on smectite and clay rock. All data are taken from
the JAEA-SDB (Tachi et al., 2011a).
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Table 4.13 Ky values (best estimates) for Cs for Case | — Il obtained by semi-quantitative
estimation on the basis of different data sources.

Case |

Kg: CF-1 [m*/kg] Kg: CF-2a [m®/kg] Reference
0.057 0.042 Tertre et al. (2005)
0.15 0.1 Bradbury and Baeyens (1999)
0.14 0.15 Lauber et al. (2000)

Case Il

Kq: CF-1 [m*/kg]

Kq: CF-2a [m*/kg]

Reference

0.86 0.26 Tertre et al. (2005)
1.07 0.33 Bradbury and Baeyens (1999)
1.37 0.62 Lauber et al. (2000)

Case Il

Kq: CF-1 [m*/kg]

Kq: CF-2a [m*/kg]

Reference

1.22 0.38 Tertre et al. (2005)
1.52 0.47 Bradbury and Baeyens (1999)
1.94 0.89 Lauber et al. (2000)

The Ky values obtained using the two different conversion factors CF-1 and CF-2 are very similar for all
cases, for any given reference. Due to the importance of hydrolysis for Ni-speciation in comparison to
the effect of other ligands, the solution speciation of Ni is similar for the different experimental systems
considered as data source and the Horonobe mudstone system. In all solutions, most of the Ni occurs as
the Ni*" ion. Therefore, the conversion factor for speciation effects (CF-spec, which is included in CF-2
but not in CF-1) and thus the difference between CF-1 and CF-2 is only of minor importance. In the
solutions of Lauber et al. (2000), the complexed Ni is associated mainly with carbonate, chloride, and
sulfate, whereas only hydrolysis is relevant in case of Tertre et al. (2005) and Bradbury and Baeyens
(1999).

In the case of CF-Spec/a, the complexation of the radionuclide with carbonate is viewed as fully
competitive with respect to sorption. The factor CF-Spec/b is not considered as relevant in case of Ni
sorption, since there is no evidence for the existence of ternary carbonate complexes (dissolved or
surface-bound) for Nickel.

It can be seen from Table 4.13 that the K4 values derived on the basis of source data from simple
systems (Tertre et al., 2005; Bradbury and Baeyens, 1999) and on the basis of the more complicated
system by Lauber et al. (2000) all lie within a relatively narrow range.
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Table 4.13 further shows that higher K4 values result consistently with all data sources in case of
synthetic groundwater (Case II/II]) than in case of the in-situ groundwater (Case [). This is obviously
also in agreement with the trend of sorption vs. pH shown in Figure 5.2.

The slightly different amounts of illite and smectite considered in the solid compositions of Case I vs.
Case III also lead to slightly higher K4 values. However, the effect of solution type (especially pH) is
more important in comparison. Overall, the agreement of the values derived on the basis of the different
data sources is very good for all cases. Accordingly, it is recommended to use the averaged values (see
the following section).

4.2.3 Summary for Ni

The following Table 4.14 gives an overview of the average values obtained with the semi-quantitative
estimation procedures and the respective uncertainty expressed as upper/lower limiting values. Table
4.15 summarizes these average values as well as the K4 values calculated using the JAEATINEM_Ni
model. Shown are also the corresponding K4 uncertainties in each case.

It can be seen that both approaches (TSM and semi-quantitative estimation) give nearly identical results
in terms of recommendable K4. A comparison of the uncertainties shows that the assumptions made in
the semi-quantitative estimation are more conservative.

Because of the similarity of the results, either approach could be used for Ky-setting. Because the
coupling of sorption and geochemistry is implemented directly in a TSM, but is handled only by
approximative calculations in the estimation procedure, it is generally recommendable to use a TSM
(given that a well-tested model is available). For the present case, it is therefore recommended to use
best estimate and upper limit as calculated with the TSM. For lower limits, it is recommended to
conservatively use the values given by the estimation procedure.
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Table 4.14 Average values of recommended K for nickel based on CF-2a and obtained with
the semi-quantitative estimation procedure. K4 are given in m3/kg.

Ni(ll) recommended upper limit Ky lower limit K4
Ky (CF-2a) (CF-2a) (CF-2a)
Case |
Tertre (2005), MX-80 0.042 0.32 0.005
Bradbury and Baeyens (1999), Ca-mont. 0.1 0.86 0.014
Lauber (2000), OPA 0.15 1.13 0.019
Average K, values 0.10 0.77 0.013
Caselll
Tertre (2005), MX-80 0.26 2..04 0.034
Bradbury and Baeyens (1999), Ca-mont. 0.33 2.54 0.042
Lauber (2000), OPA 0.62 4.78 0.079
Average K, values 0.40 3.12 0.052
Casellll
Tertre (2005), MX-80 0.38 2.95 0.049
Bradbury and Baeyens (1999), Ca-mont. 0.47 3.68 0.061
Lauber (2000), OPA 0.89 6.93 0.115
Average K, values 0.58 4.52 0.075

Table 4.15 K, values with their upper and lower estimates. K4 are given in m3/kg.

Application Casell Caselll Casellll
TSM Kq 0.044 0.43 0.62
upper Ky 0.083 0.82 1.18
lower K4 0.023 0.23 0.33
semi-quantitative mean Ky 0.10 0.40 0.58
estimation mean upper Ky 0.77 3.12 4.52
mean lower Ky 0.013 0.052 0.075

4.3 Americium
4.3.1 Application of sorption models

The JAEAIINEM_Am/Eu model (JAEA, 2012) presented in chapter 3.1 is applied for the same sets of
Horonobe mudstone conditions. As basis for model parameterization for Am(IIl) sorption on
montmorillonite, the datasets by Gorgeon (1994) providing the only sorption pH edges can be selected.
On the other hand, trivalent lanthanides, especially Eu, are frequently taken as a chemical analogue for
the trivalent actinides Am and Cm. For example, Rabung et al. (2005) indicated that the pH dependent
Eu and Cm sorption onto the Ca-montmorillonite was mostly consistent. Sorption of Am on
montmorillonite is therefore modeled assuming the chemical analogue between Am(III) and Eu(III).
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Although some datasets for Eu sorption on montmorillonite can be found, datasets by Marques
Fernandes et al. (2008), including carbonate effects can be selected as best choice in combination with
datasets by Gorgeon (1994). Thermodynamic data for aqueous Am species were taken from the
JAEA-TDB (version 100331c1). This model considers several surface complexes and one ion exchange
species (Table 3.1).

i) Casel

The Am speciation in solution in equilibrium with the Horonobe mudstone system (i.e., after sorption
equilibrium is established) calculated with the model JAEA1INEM_Am for Case [ is shown in Table
4.16: The amounts of sorbed Americium on the SOH and Z-Sites in equilibrium are shown in Table
4.17:

Using the JAEA1INEM_Am model gives a K4 value for americium of 0.8 m’/kg for the total amount of
mudstone. Considering the overall error (see 4.2.1) in K4 determined for the JAEA1INEM _Am model,
the corresponding maximum and minimum K4 values would be 1.8 m’/kg and 0.4 m’/kg. The
hypothetical K4 value treating the clay mineral fraction in the mudstone as smectite would be 4.2 m’/kg.

Table 4.16 Solution speciation of Am in the Horonobe mudstone system for Case | obtained
with the model JAEAT1NEM_Am. Total dissolved americium in solution is 6.0E-13
M (0.03 % of total Am). The indicated percentage is % of dissolved Am.

Species Concentration % Species Concentration %

[mol/L] [mol/L]
AmCO;* 2.7E-13 453 Am(OH)," 1.0E-17 0.0
AmSiO(OH)32+ 1.5E-13 248 AmCl," 2.2E-18 0.0
Am(CO3), 1.4E-13 234 AmH,PO,*" 4.6E-19 0.0
AmHCO;* 3.2E-14 5.4 AmF," 1.6E-20 0.0
Am* 4.8E-15 0.8 Am(OH); 3.2E-22 0.0
Am(CO3)s> 1.3E-15 0.2 AmSO," 2.8E-22 0.0
AmOH?** 3.7E-16 0.1 Am(SOy), 2.3E-31 0.0
AmCFP* 3.1E-16 0.1 AmSCN* 2.3E-35 0.0
AmF?* 2.0E-17 0.0
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Table 4.17 Sorbed amounts of americium for Case | as obtained with the JAEA11NEM_Am
model. The S/L ratio is 4.12 kg/L. The indicated percentage is % of total Am.

Species Concentration [mol/L] %

>SOAMCO; 1.9E-09 92.0
>SOAm** 1.0E-10 5.1

>SOAM(CO;),” 5.8E-11 2.9
>SOAMOH" 7.0E-26 0.0
>SOAmM(OH), 4.4E-42 0.0
>SOAmM(OH)y 4.6E-60 0.0
Y;Am 5.7E-14 0.0
Z3Am 6.8E-13 0.0
Am(aq) 6.0E-13 0.0

ii) Casell

The Am speciation in solution in equilibrium with the Horonobe mudstone system calculated with the
model JAEATINEM_Am for Case II is shown in Table 4.18; the corresponding concentrations of
Americium surface species at equilibrium are shown in Table 4.19:

Table 4.18 Solution speciation of Am in the Horonobe mudstone system for Case I/ obtained
with the model JAEA11NEM_Am. Total dissolved Am in solution is 1.7E-13 M
(0.008 % of total Am). The indicated percentage is % of dissolved Am.

Species Concentration % Species Concentration %
[mol/L] [mol/L]
Am(CO;); 1.139E-13 67.9 Am®* 2.23E-18 0.0
Am(CO;);* 4.461E-14 26.6 AmCI** 1.378E-19 0.0
AmCO;" 5.282E-15 3.1 Am(OH); 2.623E-20 0.0
AmSiO(OH);** 3.877E-15 23 AmCl," 9.44E-22 0.0
Am(OH)," 1.518E-17 0.0 AmSO," 1.136E-26 0.0
AmHCOZ** 1.119E-17 0.0 Am(SQOy), 8.345E-37 0.0
AmOH*" 9.603E-18 0.0 AmSCN* 1.041E-37 0.0
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Table 4.19 Sorbed amounts of americium for Case |l obtained with the JAEA11INEM_Am
model. The S/L ratio is 4.12 kg/L. The indicated percentage is % of total Am.

Species Concentration [mol/L] %

>SOAM(CO;),” 1.1E-09 56.5
>SOAmMCO; 8.8E-10 43.5
>SOAm** 1.2E-12 0.1

>SOAmMOH" 4.4E-26 0.0
>SOAmM(OH), 1.6E-40 0.0
>SOAmM(OH)3 9.1E-57 0.0
Y3;Am 2.8E-17 0.0
Z:Am 3.3E-16 0.0
Am(aq) 1.7E-13 0.0

Using the JAEA1INEM Am model, the estimated Ky value for americium was 2.9 m’/kg for the total
amount of mudstone. Considering the overall error in Ky, the corresponding maximum and minimum Ky
values would be 6.6 m’/kg and 1.3 m’/kg. The hypothetical K4 value for the clay mineral fraction in the
mudstone alone would be 15.2 m’/kg.

iii) Case Ill

The Am speciation in solution in equilibrium with the Horonobe mudstone system calculated with the
model JAEA1INEM_Am for Case II] is shown in Table 4.20: The amount of sorbed Americium on the
surface sites in equilibrium is shown in Table 4.21.

Using the JAEATINEM_Am model, the estimated K4 value for americium was 7.2 m’/kg for the total
amount of mudstone. Considering the overall error in Ky, the corresponding maximum and minimum Ky
values would be 16.4 m’/kg and 3.1 m’/kg. The hypothetical K4 value considering the clay mineral

fraction in the mudstone alone would be 26.5 m’/kg.

Table 4.20 Solution speciation of Am in the Horonobe mudstone system for Case Il obtained
with the model JAEA11NEM_Am. Total dissolved Am in solution is 6.8E-14 M
(0.003 % of total Am). The indicated percentage is % of dissolved Am.

Species Concentration % Species Concentration %
[mol/L] [mol/L]
Am(CO;), 4.6E-14 67.5 Am* 9.0E-19 0.0
Am(CO;);* 1.8E-14 27.0 AmCI** 5.5E-20 0.0
AmCO;" 2.1E-15 3.1 Am(OH); 1.0E-20 0.0
AmSiO(OH);** 1.6E-15 2.3 AmCl," 3.7E-22 0.0
Am(OH)," 6.0E-18 0.0 AmSO," 8.2E-27 0.0
AmHCOz** 4.5E-18 0.0 Am(SO,), 1.1E-36 0.0
AmOH?* 3.9E-18 0.0 AmSCN** 3.0E-38 0.0
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Table 4.21 Sorbed amounts of americium for Case Ill obtained with the JAEA11NEM_Am
model. The S/L ratio is 4.12 kg/L. The indicated percentage is % of total Am.

Species Concentration [mol/L] %

>SOAM(CO;),” 1.1E-09 56.6
>SOAmMCO; 8.8E-10 43.4
>SOAm** 1.2E-12 0.1

>SOAmMOH" 4.4E-26 0.0
>SOAmM(OH), 1.5E-40 0.0
>SOAmM(OH)3 9.0E-57 0.0
Y3;Am 1.2E-17 0.0
Z:Am 1.3E-16 0.0
Am(aq) 6.8E-14 0.0

4.3.2 Semi-quantitative K, estimation

Figure 5.3 shows Am(IIl) and Eu(Ill) sorption data obtained on different clays and clay minerals.
Considering the difference in conditions, the data for both Am and Eu lie within a relatively narrow band,
but there may be different trends for smectite vs. illite. Based on the similar sorption behavior of Am and
Eu (as already considered for the development of the corresponding sorption model), the sorption data of
these elements are also considered as comparable for the present purpose.
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Figure 4.3 Overview of Am(lll) and Eu(lll) sorption data on clays and clay minerals. Sorption
data are taken from the JAEA-SDB (Tachi et al., 2011a)

The Kg-estimation for Americium was conducted using the following datasets:
e Am sorption on Illite by Gorgeon (1994);
e FEu sorption on Opalinus clay by Lauber et al. (2000);

e The data for Am sorption on montmorillonite by Nagasaki et al. (1997) were not considered for
the present data derivation, because the transfer of data from the low pH used by Nagasaki et al.
(1997) to the Horonobe conditions does not yield reasonable results.

As the sorption behavior of Am may differ between smectite and illite, and because the
JAEATINEM_Am model is based on data for smectite, the above datasets were selected to include pure
illite as well as a substrate containing both smectite and illite. The dataset by Lauber et al. (2000) is
similar to the Horonobe mudstone system also in terms of solution composition.

The results of the estimation are shown in Table 4.22 for Am and Eu. Details are given in the summary
tables in Appendix I. Note that the speciation calculations for Eu were carried out using the
thermodynamic data given in Hummel et al. (2002) in lack of corresponding data in the JAEA-TDB.

For each scenario and RN, the data derived using the conversion factors CF-1 and CF-2b agree
reasonably well with each other, while the values based on CF-2a are significantly lower. The fact that
the CF-2a based values decrease from pH 6.75 to pH 8.5 means that this speciation correction factor is
overpredicting the competitive effect of carbonate complexation in solution. This may be expected,
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considering that the JAEATINEM_Am model requires including a ternary Am-carbonato-surface
complex.

For Case I, the values derived for Am and Eu are in close agreement. However, they deviate strongly
under the conditions of Case II and Case III with the Eu-values increasing to very high numbers. These
values result from the extensive pH correction factor needed to transfer the data from pH 6.3
(experimental conditions) to pH 8.5 (groundwater) are considered to be not realistic.

Overall, the values derived for Am using the factor CF-2b are viewed as most realistic. Therefore, no
averaging of estimated values is done.

Table 4.22 Ky values for americium and europium obtained by semi-quantitative estimation for
Case I-lI.

Case |

Ka: CF-1 [m3/kg]

Kg: CF-2a [m3/kg]

Kq: CF-2b [m®/kg]

RN / Reference

5.51

0.05

4.14

Am / Gorgeon (1994)

5.79

0.84

8.63

Eu / Lauber et al. (2000)

Case Il

Ka: CF-1 [m3/kg]

Ky: CF-2a [m3/kg]

Kq: CF-2b [m®/kg]

Reference

20.0 0.002 19.49 Am / Gorgeon (1994)
258.54 6.78 392.43 Eu / Lauber et al. (2000)
Case Il

Ky: CF-1 [m3/kg]

Ky: CF-2a [m3/kg]

Kq: CF-2b [m*/kg]

Reference

28.4

0.003

27.70

Am / Gorgeon (1994)

367.40

8.13

555.23

Eu / Lauber et al. (2000)

4.3.2 Summary for Am

The following Table 4.23 summarizes the Ky values calculated using the JAEATINEM_Am model as
well as the values obtained with the semi-quantitative estimation procedure (based on CF-2b) for Am.
The respective Ky uncertainties are also shown. The estimated Ky values using the semi-quantitative
estimation procedure are in general slightly higher than the model-derived values, but the agreement is
reasonably good overall. This is consistent with the respective treatment of the effect of carbonate:
CF-spec/b essentially treats the formation of Am-carbonate complexes as having no net effect on
sorption, and the JAEA1INEM Am model includes a ternary surface Am-carbonate complex.
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In cases where TSM application and semi-quantitative estimation arrive at similar results, preference
should generally be given to the model-derived data. A TSM allows a direct coupling of geochemistry
and sorption reactions, whereas this is handled only approximatively in the estimation approach. Also,
the speciation conversion factors are somewhat speculative, as they allow only for full or no competitive
effect by the formation of aqueous RN complexes. Therefore, the model-derived values are

recommended.

Table 4.23 Ky values for Am with the respective upper and lower estimates. All Ky values are
given in m*/kg.

Application Case | Case ll Case lll

TSM Ky 0.8 29 7.2
upper Ky 1.8 6.6 16.4

lower K4 04 1.3 3.1
semi-quantitative Ky 4.14 19.49 27.70
estimation upper Ky 12.86 60.54 86.05
lower Ky 1.33 6.27 8.92

4.4 Thorium

4.4.1 Application of sorption models

The JAEATINEM_Th model (JAEA, 2012) presented in chapter 3.1 was applied to the Horonobe
mudstone system in the same way as described for the other RN in the previous sections. As basis for
model parameterization for Th sorption on montmorillonite, the datasets by Bradbury and Baeyens
(2003a, 2005) providing the only sorption pH edges can be selected. Due to the lack of suitable sorption
data of Th in the presence of carbonate, the ternary carbonate surface species cannot be included in the
present sorption model. The same aqueous thermodynamic data (JAEA-TDB) were used as in case of the
model parameterization. The system was first pre-equilibrated in a first model run without introducing
Th, so that the cations in solution could equilibrate with the ion exchange sites on the clay surface. The
occupation of the Y-sites of the illite and the Z-sites of the smectite after the pre-equilibration step are
given in Table 3.6 for Case I, Table 3.7 for Case II, and Table 3.8 for Case IIl. After the
pre-equilibration step, 1.00E-08 M Th was added to the system. The S/L ratio was 4.12 kg/L. The
resulting speciation of dissolved Th for Cases I to /Il and the derived K4 values are discussed in the three
following short sections.

i) Casel

The speciation of Th in the equilibrium solution of the mudstone system considered is summarized in
Table 4.24. The Th-complexes that may be most important with regard to competing with surface sites
for the available Th are mixed carbonato/hydroxo-complexes. The corresponding concentrations of Th
sorbed at equilibrium on the surface complexation and ion exchange sites are shown in Table 4.25.
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The predicted distribution of Th in the mudstone-groundwater system of Case [ yields a K4 value of 0.10
m3/kg for the total mass of mudstone. Considering the overall error (see 4.2.1) in Ky determined for the
JAEA1INEM_Th model, the corresponding maximum and minimum Ky values would be 0.27 m’/kg
and 0.04 m3/kg. The (hypothetical) K4 value calculated for the clay minerals alone would amount to 0.53
m’/kg.

Table 4.24 Solution speciation of Th in the Horonobe mudstone system for Case /. The most
important species are indicated in bold, irrelevant species are omitted. The
equilibrium Th concentration in solution is 2.4E-11 M (0.24 % of total Th). The
indicated percentage is % of dissolved Th.

Species Concentration % Species Concentration %
[mol/L] [mol/L]
Th(CO3),(0OH),* 2.342E-11 96.8 | ThF;" 2.378E-18 0.0
Th(CO3),OH> 6.849E-13 2.8 | ThoH* 2.292E-18 0.0
Th(CO3)s™ 5.774E-14 0.2 | ThF, 1.028E-18 0.0
Th(OH), 3.045E-14 0.1 | ThF;" 7.368E-19 0.0
Th(OH)** 5.557E-16 0.0 | Th(OH)3(H3SiO4)s* 2.483E-19 0.0
ThCO3(OH),* 4 459E-17 0.0 | ThCP* 1.102E-21 0.0
ThF,> 7.066E-18 0.0 | Th* 1.099E-21 0.0

Table 4.25 Sorbed amounts of thorium for Case I. S/W is 4.12 kg/L. The indicated percentage
is % of total Th.

Species [mol/L] %

>SOTh(OH); 9.8E-09 96.1
>SOTh(OH), 3.5E-10 35
>S0Th** 1.6E-11 0.2
Y,Th 4.0E-20 0.0
Z4Th 4.8E-19 0.0
Th(aq) 2.4E-11 0.2

ii) Casell

The speciation of Th in the equilibrium solution of the mudstone system considered is given in Table
4.26. The corresponding concentrations of Th sorbed in equilibrium on the surface complexation and ion
exchange sites are shown in Table 4.27. Due to the difference in pH between Case I and Case 11 /Il and
the strong hydrolysis of Th, the Z,Th species is not relevant anymore for overall sorption at the higher
pH of Case 11/ 111.
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Table 4.26 Solution speciation of Th in the Horonobe mudstone system (Case /l). The most
important species are indicated in bold, irrelevant species are omitted. Total
dissolved Th concentration at equilibrium is about 2.0E-11 M (0.20 % of total Th).
The indicated percentage is % of dissolved Th.

Species [mol/L] % Species [mol/L] %
Th(CO;),(OH),* 1.0E-11 51.2 Th(OH)3(H3Si04)5* 6.1E-16 0.0
Th(CO;),0H” 9.2E-12 45.9 Th(OH),** 1.4E-19 0.0
Th(CO3)s™ 5.7E-13 2.9 ThOH* 1.0E-23 0.0
Th(OH), 2.4E-14 0.1 Th* 8.7E-29 0.0
ThCO3(OH),* 1.5E-15 0.0

Table 4.27 Sorbed amounts of Th on the surface complexation and ion exchange sites
assumed to be present in Horonobe mudstone. JAEA11NEM_Th model, S/L ratio is
4.12 kg/L. The indicated percentage is % of total Th.

Surface Species Concentration [mol/L] %
>SOTh(OH), 6.8E-09 66.8
>SOTh(OH); 3.4E-09 33.0
>S0Th* 3.2E-17 0.0
Y,Th 3.5E-27 0.0
Z,Th 4.1E-26 0.0
Th(aq) 2.0E-11 0.2

The predicted distribution of Th in the mudstone-groundwater system of Case II yields a Ky value of
0.12 m’/kg for the total mass of mudstone. Considering the overall error in Ky determined for the Th
sorption model, the corresponding maximum and minimum Ky values would be 0.33 m’/kg and 0.05
m’/kg. The (hypothetical) Kq value calculated for the clay minerals alone would amount to 0.64 m®/kg.

iii) Case Il

The speciation of Th in the equilibrium solution of the mudstone system considered is given in Table
4.28. The corresponding concentrations of Th sorbed in equilibrium on the surface complexation and ion
exchange sites are shown in Table 4.29. As expected, the species distribution is similar as in Case 1.
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Table 4.28 Solution speciation of Th in the Horonobe mudstone system (Case /ll). The most
important species are indicated in bold, irrelevant species are omitted. Total
dissolved Th concentration at equilibrium is about 1.5E-11 M (0.15 % of total Th).
The indicated percentage is % of dissolved Th.

Species [mol/L] % Species [mol/L] %
Th(CO;),(OH),* 7.5E-12 49.8 Th(OH)3(H3Si04)s* 4.3E-16 0.0
Th(CO;),0H* 7.1E-12 47.1 Th(OH),** 9.8E-20 0.0
Th(CO3)s™ 4.5E-13 3.0 ThOH* 7.2E-24 0.0
Th(OH), 1.7E-14 0.1 Th** 6.2E-29 0.0
ThCO3(OH),* 1.1E-15 0.0

Table 4.29 Sorbed amounts of Th on the surface complexation and ion exchange sites
assumed to be present in Horonobe mudstone. JAEA11NEM_Th model, S/L ratio is
4.12 kg/L. The indicated percentage is % of total Th.

Surface Species Concentration [mol/L] %
>SOTh(OH), 6.8E-09 66.8
>SOTh(OH); 3.4E-09 33.0
>S0Th* 3.2E-17 0.0
Y,Th 3.2E-27 0.0
Z,Th 3.5E-26 0.0
Th(aq) 1.5E-11 0.1

The predicted distribution of Th in the mudstone-groundwater system of Case III yields a K4 value of
0.16 m’/kg for the total mass of mudstone. Considering the overall error in Ky determined for the
JAEA1INEM_Th model, the corresponding maximum and minimum Ky values would be 0.43 m’/kg
and 0.06 m’/kg. The (hypothetical) Kq value calculated for the clay minerals alone (26% of the
mudstone) would amount to 0.62 m’/kg.

4.4.2 Semi-quantitative K, estimation

In Figure 4.4 an overview of available Th(IV) sorption data is shown. The cement water used by Baston
et al. (1992) in a sorption study on London clay contains a large amount of carbonate in solution. The
purified SWy-1 montmorillonite used by Bradbury and Baeyens (2003a, 2005) shows very strong
sorption and very high K4 values. The indicated isotherm experiments by Bradbury and Baeyens (2003a,
2003b) were conducted with Opalinus Clay and MX-80 and give K4 values between London Clay and
the SWy-1 montmorillonite. On the basis of these data, it appears that the cement water/London Clay
system may not be representative for the present purpose.
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Figure 4.4 Overview of Th(lV) sorption data on clay minerals and clay rock. Sorption data are
taken from the JAEA-SDB (Tachi et al., 2011)

Because the sorption of Th is not strongly dependent on pH, the isotherm data by Bradbury and Baeyens
(2003a, 2003b) were preferred for Kg4-estimation. While these datasets are restricted to a given pH, each
value is underpinned by a range of data obtained at different Th concentrations. Moreover, the respective
substrates and solutions used in these studies are comparatively similar to the Horonobe system.
Accordingly, the semi-quantitative Kgy-estimation for Thorium was conducted using the following

datasets:
e Th sorption on Opalinus clay by Bradbury and Baeyens (2003b) at pH 6.3 and 7.8;
e Th sorption on MX-80 by Bradbury and Baeyens (2003a).

The results of the Ky estimation for Case I-III are summarized in the following Table 4.30. Further

details are given in Appendix I.
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Table 4.30 Results of the K4 estimation for Th under the conditions of Case /-/ll. Results of the
derivation using only CF-1 (not shown) are nearly identical to those using CF-2b.

Case |

Kq: CF-2a [m%/kg]

Kq: CF-2b [m®/kg]

Reference

0.02 9.56 Bradbury and Baeyens (2003b), OPA, pH 7.8
0.64 9.51 Bradbury and Baeyens (2003b), OPA, pH 6.3
0.11 14.75 Bradbury and Baeyens (2003a), MX-80

Case Il

Kq: CF-2a [m®/kg]

Kg: CF-2b [m*/kg]

Reference

0.01 19.11 Bradbury and Baeyens (2003b), OPA, pH 7.8
0.63 19.02 Bradbury and Baeyens (2003b), OPA, pH 6.3
0.10 29.13 Bradbury and Baeyens (2003a), MX-80

Case Il

Kq: CF-2a [m®/kg]

Kq: CF-2b [m®/kg]

Reference

0.03 26.16 Bradbury and Baeyens (2003b), OPA, pH 7.8
1.25 26.02 Bradbury and Baeyens (2003b), OPA, pH 6.3
0.20 39.86 Bradbury and Baeyens (2003a), MX-80

In both the estimation procedure using CF-2a and the TSM application, the formation of dissolved
Th-carbonate complexes is viewed as competitive with regard to sorption. Specifically, the formation of
ternary carbonato-hydroxo complexes for Thorium in solution is not balanced by the formation of

analogous surface complexes.

The K4 values based on CF-2b are very similar for all cases and for all data sources. Therefore, the

average values are recommended.

4.4.3 Summary for Th

The following Table 4.31 gives an overview of the average values obtained with the semi-quantitative
estimation procedures and the respective uncertainty expressed as upper/lower limit values. Table 4.32
summarizes the Ky values calculated using the JAEA1INEM Th model as well as the values obtained
with the semi-quantitative estimation procedure. Shown are also the model K4 uncertainties which were
calculated using the overall K4 error obtained in the development of the JAEATINEM Th model.
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Table 4.31 Average values of recommended Ky obtained with the semi-quantitative estimation
procedure using CF-2b. Kq values are given in m*/kg.

Th(IV) recommended | upper limit Ky | lower limit
Ky (CF-2b) (CF-2b) Ky (CF-2b)
Case |
Bradbury and Baeyens (2003b), OPA, pH 7.8 9.56 74.22 1.23
Bradbury and Baeyens (2003b), OPA, pH 6.3 9.51 73.84 1.22
Bradbury and Baeyens (2003a), MX-80 14.57 113.12 1.88
Average K, values 11.2 87.1 1.4
Caselll
Bradbury and Baeyens (2003b), OPA, pH 7.8 19.11 147.67 2.45
Bradbury and Baeyens (2003b), OPA, pH 6.3 19.02 73 1.2
Bradbury and Baeyens (2003a), MX-80 29.13 226.23 3.75
Average Kd values 22.4 149.0 25
Casellll
Bradbury and Baeyens (2003b), OPA, pH 7.8 26.16 203.13 3.37
Bradbury and Baeyens (2003b), OPA, pH 6.3 26.02 202.08 3.35
Bradbury and Baeyens (2003a), MX-80 39.86 309.59 5.13
Average K, values 30.7 238.3 4.0

Table 4.32 Ky values derived through sorption modeling and estimation procedures (based on
CF-2b) with upper and lower estimates. All K4 values are given in m/kg.

Application Case | Casel ll Case lll
TSM Ky 0.10 0.12 0.16
upper Ky 0.27 0.33 0.43
lower Kq4 0.04 0.05 0.06
semi-quantitative mean Ky 11.2 22.4 30.7
estimation mean upper Ky 871 149.0 238.3
mean lower Ky 1.4 2.5 4.0

The model calculations predict a surprisingly low sorption of Th. Even lower values result from applying
the estimation procedure based on CF-2a. The reason is in both cases the strong competition mainly by
mixed Th carbonato-hydroxo complexes in solution. These are predicted to dominate the aqueous Th
speciation, and by analogy, the existence of corresponding ternary surface complexes must be assumed.
The existence of such surface species is further considered likely in view of the proven existence of such
species for +III- and +V-valent actinides. Due to the lack of suitable data for model development, the
present sorption model does not include such complexes, however. Similarly, the conversion procedure
based on CF-2a considers sorption competition by various aqueous Th-carbonate species that is not
balanced by similar surface species. At the other extreme, the conversion procedure based on CF-2b
assumes that the effects of aqueous and surface-bound Th-carbonate species balance each other out
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completely. While this is obviously a simplication, this latter approach gives much more reasonable
results than either CF-2a or the TSM application and is recommended for data setting.

It has to be concluded, therefore, that the present sorption model for Th underestimates K4 in the
presence of significant carbonate levels. The calibration of the sorption model to include ternary surface
species is recommended but presently not possible due to the lack of systematic sorption data obtained in

the presence of carbonate.
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5. Outlooks for extension of K, setting to other rock types

5.1 Extension of K, setting to granitic rock systems

In comparison to clay systems, the present state of the art in deriving K for granitic rocks is clearly less
developed, and there is less consensus regarding the most appropriate approaches. In the following,
some of the most actively followed approaches are briefly documented.

The general relevance of radionuclide migration in the context of radioactive waste disposal is discussed
in chapter 2.1. In chapter 2.2, the general steps required for the derivation of a K4 value for a reference
condition (definition of reference in-situ conditions and actual data derivation) and the associated
uncertainties are introduced. These principal steps are the same in case of K4 derivation for rocks, but the
major difficulties lie with different aspects than in the case of clay systems.

5.1.1 Principal challenges in the definition of K4 values for granitic rocks

From a mineralogical and surface chemical point of view, the estimation of sorption values should not be
dramatically different for most types of granitic rocks. The main minerals in these materials are quartz,
feldspars, and micas. As pointed out in an earlier report (Lothenbach and Ochs, 1999), the mica minerals
can be assumed to offer the largest surface area and the most reactive types of surfaces, based on their
mineral structure.

Due to the similarity of mica and clay minerals, principally the same estimation procedures or sorption
model types can be used for both minerals. Thus, no additional difficulties in terms of quantifying the
actual sorption processes are expected in this sense. It follows that the models used to describe sorption
on clays should be easily adapted to address sorption on crushed and dispersed fresh rock material. First
modeling trials (see Lothenbach and Ochs, 1999) indicate that this assumption is correct. However, there
are significant additional difficulties in the definition of sorption for actual real rock material. These are
discussed in NEA (2012) and briefly outlined below:

o First, crystalline rocks consist of primary (rock-forming) minerals which are not stable under
ambient conditions. Upon weathering, and depending on the specific environmental conditions,
these minerals are transformed into secondary minerals (such as clay-like minerals and metal
oxides).

o Depending on the location of such weathering products (see next point), they may coat
the original rock mineral surface (partly or completely), thereby altering the sorption
properties.

o Weathering products are often a complex mixture of minerals that all contribute to
sorption and need to be considered. As weathering products are often also difficult to
sample and therefore to characterize, their possible presence makes it difficult to
estimate the sorption properties of rocks that may have experienced weathering.

e The second major difficulty lies in the transfer of sorption data from crushed material to intact
rock. However, this is not related to the actual sorption processes but to physical-hydrological
questions. These arise from the presence of two separate sorbing environments in crystalline
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rock (rock matrix, fractures) and typically also from the lack of knowledge regarding the
amount of flow-wetted surface in fractures.

Because of the ill-defined nature of these challenges, the derivation of sorption values for specific rocks
and conditions is very difficult on the basis of generic experimental sorption data.

5.1.2 Examples of K4 setting approaches

In the following, an example of Ky derivation for granitic rocks carried out in the framework of safety
assessments is discussed. The Ky setting and uncertainty assessment in granitic rock in support of the
SKB Safety Assessment SR-Can is given in Crawford et al. (2006). According to the information given
in this report, it represents the first instance within the SKB program that a procedure of applying
correction factors is followed to transfer the experimental sorption data to values that are more
representative for in situ conditions. In previous reports (e.g., Carbol and Engkvist, 1997), data for PA
were apparently directly selected from compilations of experimental data.

Crawford et al. (2006) considered only one type of correction factor: surface area effects (relating to the
use of crushed material in laboratory sorption measurements) were reportedly used in a rudimentary and
somewhat subjective fashion (a factor of 0.1 was taken to be reasonable as correction for the differences
in surface areas of typical crushed rock and intact rock). No other data transformations were carried out
to derive data for the specific conditions of interest. Because of the difficulties of defining CEC or
surface area of the specific rock surfaces contributing to sorption, only data measured for representative
(whole) granitic rock samples were considered. No attempts were made to extrapolate from data for pure

mineral phases to data for whole rock.

To take the expected in-situ conditions into account, the compiled experimental data were categorized
into several groups according to the water composition (mainly levels of salinity). However, Crawford et
al. (2006) concluded that a categorization of experiments is difficult because

e of the general sparsity of good quality data;
e chloride concentration is not a very good correlating parameter for K.

In the end, data were selected for two groups of water composition: non-saline and saline water. K4
values were defined by selecting all compiled literature data whose underlying experimental conditions
correspond to these two water types (and the desired RN oxidation state, where relevant) and taking
average values. Data sources for defining the recommended values included data from primary (original)
literature as well as compilations (Shibutani et al. 1999, Stenhouse 1995). In terms of rock types, it was
not attempted to strongly delineate different types of crystalline rock. The actual selection of
recommendable data was done largely on the basis of expert judgement. More specifically, the numerical
median of a subjectively selected group of literature values was calculated.

Uncertainties are discussed following the approach of Ochs and Talerico (2004). These include
e uncertainty in the compiled Ky data itself;
e uncertainty related to the use of generic data in site-specific safety analyses;

e uncertainty in the application conditions themselves.
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The actual uncertainties were defined as statistical deviations from the recommended data (i.e.; as
confidence intervals of the calculated median value).

5.1.3 Prediction of K4 for granitic environments

In this chapter, a first application of semi-quantitative estimations and TSMs to the evaluation of K, in
granitic environments is presented. As a first case, K4 evaluations of Am for granitic rock were carried
out for the Mizunami URL condition (Mizunami granite), which is roughly estimated from MIZ-1
borehole data (Iwatsuki et al., 2005; Yoshida et al., 1998):

e Groundwater properties : Na-Cl type, lonic strength - 3 mmol/L, Carbonate - 0.08 mmol/L, pH -
8.7

e Rock properties (composition): Quartz - 43.4%, K-feldspar - 16.3%, Plagioclase - 36.1%,
Biotite - 4.0%

i) Semi-quantitative K, estimation for Am

Relatively little is known regarding the mechanisms of Am sorption on granitic rock. When the
composition of the Mizunami rock sample is considered, it can be assumed that mica (biotite) will be the
only sorption-relevant solid. It had been shown in an earlier report (Lothenbach and Ochs, 1999) that the
contribution of quartz and the possible contribution of feldspars can be neglected in comparison. Further,
it can be assumed as a first approximation that sorption on mica minerals can be compared to sorption on
clays in terms of sorption mechanism.

Figure 5.1 gives an overview of Am sorption on granitic rock and also a comparison to sorption on
different clay minerals. Only few systematic and reliable datasets are available for Am sorption on
granite. In general, these are compatible with data for smectite over a large pH range. By far the most
complete dataset is given by Kitamura et al. (1999). As there is no obvious discrepancy between these
data and the values from the other studies shown in Figure 5.1, only the dataset by Kitamura et al. (1999)
was selected as primary data source for the estimation of a K4 value regarding the sorption of Am on
Mizunami granite. The results of the estimation procedure are shown in Table 5.1 and Appendix I.
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Figure 5.1 Overview of Am(lll) sorption data on granite in comparison to sorption on some
clays. Sorption data are taken from the JAEA-SDB (Tachi et al., 2011)
Table 5.1 Results of the K4 estimation for Am under the Mizunami condition.

Kq: CF-1 [m%/kg]
11

Kq: CF-2a [m%/kg]
162

Kq: CF-2b [m®/kg]
264

Reference
Kitamura et al. (1999)

Scaling between the different mineralogies was done using the approach based on the BETvalues,
because overall CEC and the percentage of mica were not known for both samples. The conversion
factor CF-1 calculated using the BET values of the granite samples considered gives a value of 3.18.

The conversion factor CF-2 includes the effect of the solution speciation, which was similar for the two
used solutions and resulted in conversion factors relatively close to unity. In the case of the conversion
factor CF-2a, the complexation of the radionuclide with carbonate is viewed as fully competitive with
respect to sorption. The conversion factor CF-2b excludes the competitive effect of carbonate. The
conversion factor CF-2 was calculated using conversion factors of 1.45 (CF-spec/a) and 2.37
(CF-spec/b). Since the solution used by Kitamura et al. (1999) contains no carbonate, CF-2b results in a
higher estimated K4 value than CF-2a.

The overall influence of the speciation of Am in the different systems on calculated K is relatively small
(CF-1 is similar to CF-2). This shows that the conditions of the data source and the application system
are relatively well matched, which lends more confidence to the derived values.
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ii) TSM application

The JAEAIINEM_ Am sorption model (JAEA, 2012; see chapter 3.1) was considered in a first step,
using the following approach:

e The JAEAI1l Am sorption model was used as is; i.e., without any modification of model
parameters.

e To apply the model to granitic rock, a simple approach was followed:

o mica was considered as the only sorption-relevant mineral in granite, Mizunami granite
contains 4 % biotite;

o mica was considered to contain the same concentration (in moles/g) of SOH edge sites as
smectite, and to have 1 % of the CEC of smectite;

o no correction regarding the accessibility of sorption sites in intact rock were made;

o the same water composition at pH 8.5 as for the above estimation, and pH was additionally
adjusted to lower values;

o asolid/water ratio of 5 kg/L was considered for the intact rock;

The results are shown in Figure 5.2. It can be seen that this simple approach gives good agreement with
values measured on granite samples by various authors. The trend of sorption vs. pH is also following
the trend of the data very well. At higher pH, sorption is dominated by surface complexation and there is
almost no difference between the two solid/water ratios as there is no competition for these sites by other
metal ions. Below pH 6, ion exchange is more important and the competition by major cations strongly
influences Am sorption. Since the amount of competing cations is given by the water composition, the
extent of competition increases as the amount of available ion exchange sites becomes more limiting
(i.e.; competition is important at low solid/water ratio and almost negligible at a very high solid/water
ratio).

A critical parameter is the CEC assigned to the mica: if higher values are used, the predictions at low pH
and high solid/water ratio start to deviate from the expected trend. Overall, the simple approach seems to
be promising and will be investigated further by considering a restricted accessibility in intact rock.
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Figure 5.2 Overview of Am(lll) sorption data on granite in comparison to sorption on some
clays. The results of the model calculations at solid/water ratios of 5 g/L and 5 kg/L
are indicated in addition. The calculated value corresponding to the original pH of
the groundwater (pH 8.5) is marked by a circle.

5.2 Sorption models for other rock types

In addition to clays (bentonite and clay-type rock formations) and granitic rocks, other rock types may
be of relevance as host rocks for the disposal of radioactive waste. Such rock types may include
sedimentary and volcanic rock types such as sandstone or tuff. While their specific composition may
vary widely, a common feature of most of these rocks is a relatively complex mineralogy. Typically,
such rocks contain more than one sorption-relevant mineral phase, and these minerals may range from
well-defined crystalline minerals to amorphous phases and coating that are difficult to characterize. Thus,
the options available for sorption modeling depend strongly on the specific rock type.

The two principal approaches to sorption modeling, component additivity (CA) and generalized
composite (GC) approaches, as well as their application to complex mineral assemblages, have been
discussed in NEA (2005, 2012). This discussion is not repeated here. With a view to modeling
radionuclide sorption in the context of radioactive waste disposal, the main difference of CA and GC
approaches may be summarized as follows:

e A GC model necessarily has to be based on experimental sorption (and other) data obtained for
the material in question. L.e., such models can only be developed for materials that are
accessible and that can be subjected to sorption experiments. Their purpose is the description or
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interpolation of sorption data rather than predictive applications. Because the mineral
assemblage is treated as a hypothetical sorbent with the required types of surface groups, the
models are not limited to the surface properties of model minerals. Further, such models can be
applied to mineral mixtures where the contributions by individual minerals are not additive in a
straightforward way. Because of this freedom in the choice of model properties, and because the
model is necessarily based on sorption data obtained on the specific material of interest, GC
models normally allow a very good description of sorption data.

e A CA model uses surface properties of the individual mineral components of a rock or sediment
to approximate the behavior of the whole substrate. Often, the properties of model minerals are
assumed to be applicable. Depending on the level of characterization carried out for a given
rock and on the level of model calibration, such models may be used for predictive purposes
(including scoping to help identify the major types of surfaces responsible for RN sorption) or
to demonstrate system understanding. When applications for K4 setting are intended, some
system-specific experimental sorption data are typically required to validate the predictive
capability of such models.

In comparison to clay-dominated and crystalline rocks, other rock types are much less researched in
terms of the sorption properties and modeling options. This is largely due to the fact that such non-clay
sedimentary and volcanic rock types are not considered the most suitable host rocks in most disposal

programs.

Accordingly, relatively little information is available in the literature with respect to the application of

sorption models to such materials. A few illustrative examples are discussed in the following.

Davis et al. (2004) developed a GC model to describe the sorption behavior of U(VI) on a natural
surficial (alluvial) sediment contaminated by uranium mining activities (Naturita site, Colorado, USA).
The site was geochemically characterized which allowed to restrict the applicability of the model to the
observed chemical conditions (i.e.; predictive applications were not of interest). The sediment consisted
of weathered rocks and fines, covering a very wide range of grain sizes. The mineralogy was dominated
by quartz, with smaller amounts of feldspars, carbonates, magnetite, and clays. The clay minerals
included smectite/illite mixed layer clays and chlorite. Using two types of generic surface complexation
sites in a surface complexation-non electrostatic model, two U(VI) surface reactions on each site were
sufficient to describe U(VI) sorption in the observed range of pH and other conditions.

To aid the interpretation of measured Ky values, Talerico et al. (2003) developed a CA-type sorption
model for the sorption of Sr and Ni by sandstone and pumice from the Rokkasho site in Japan. Both rock
types contain clay minerals, quartz, other crystalline silicates (e.g. feldspars) as well as about 25 % to
50 % of a non-crystalline (X-ray amorphous) Al-silicate mineral with unknown identity and properties
(abbreviated NCM in the above paper).

The complex mineral assemblage of the two rock types was approximated in a component-additivity
approach, using simplified model mineralogies. These consisted of the identified minerals with known
surface properties and of different model NCM minerals with assumed surface properties:

e The identified minerals in each rock type were represented with defined amounts of
montmorillonite and quartz. For both model minerals, surface complexation was considered,

using TSMs from the literature. A simple ion exchange model was used additionally for the
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montmorillonite component. The same surface properties (site densities) were considered for Sr
and Ni.

e The unknown NCM component was modeled in three different ways by assuming the surface
properties of 1) a amorphous Si-oxide, ii) a mixed Si/Al-oxide with the same properties as the
edge surface of montmorillonite, iii) an unknown mineral with the ion exchange properties of
montmorillonite (but no surface complexation sites).

The sorption of Ni and Sr on both pumice and sandstone could be consistently explained with the above
approach when NCM was considered as an ion exchanger, i.e; using approach iii) above. The other
interpretations of the NCM component lead to meaningless results, on the other hand. For both rock
types, equilibrium with calcite needed to be considered to explain the competition of ion exchange by
major ions (Ca).
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6. Summary and conclusions

The integrated approaches for site-specific Ky setting for PA calculations were developed focusing on
transferring procedures. These procedures used in this report includes the thermodynamic sorption
model (TSM) and the semi-quantitative estimation. It is not feasible to determine K,y value
experimentally for all PA conditions, these transferring approaches of sorption data from experimental
conditions to another PA and site-specific conditions are critically important.

The present report focused on illustrating a range of example calculations regarding the derivation of K4
values and their uncertainties for four key radionuclides, Cs, Ni, Am and Th, and three geochemical
conditions for Horonobe mudstone systems. This K4-setting exercises allowed to estimate the magnitude
of sorption and their uncertainty under the expected in-situ conditions, and to identify some critical gaps
in the existing data and process understanding. The comparisons between two transferring procedures
indicated that the comparative discussions are effective to confirm the reliability of Ky setting, and the
careful selections from two results are needed according to the situation in the existing data and process
understanding as the followings:

e Both approaches (TSM and semi-quantitative estimation) gave nearly identical results in terms
of recommendable Ky values, when sufficient data and model were existing as in case of Ni.

e [t was recommended to rely on the model-derived K4 values in case of Cs, because their TSM
were reliable and gave conservative results.

e As in case of Am and Th, Ky values must be carefully selected by accounting data and model
situations and conservatism, e.g., underestimated Ky values for Th by TSM due to lack of model
parameters of ternary surface complexes.

Further studies are required to test and improve the Ky setting approaches for future site-specific Ky
setting for PA calculations as the followings:

e Testing the applicability of K setting approaches for wide ranges of conditions and different
phases of site investigation, and comparisons with actual experimental data obtained for in-situ
conditions in experimental programs.

e The data situation and available models for key radionuclides - solid systems must be improved:
e.g., the applicability of TSM of tetravalent actinides for high carbonate conditions can only be
resolved by obtaining systematic experimental data on the sorption as a function of carbonate
concentration.

o The extension of proposed K4 setting approaches to other rock types (e.g., granitic rocks) must
be continuously investigated, so that reliable K4 parameters could be set under a variety of
geological setting and geochemical conditions.
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Appendix - |

Kq conversion and RN speciation tables
e Horonobe mudstone (Cs, Ni, Am, Th)

e Mizunami granite (Am)
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Speciation Case |

Filename

TDB:

Cs(l) speciation (Gorgeon, 1994)

JAEA-Research 2012-044

Cs_equilibrium_case_|_120511_DAT
Preequilibration_case_|_120511_DAT

JAEA, version 100331c1

Gorgeon(1994)_Cs_NAPSI

System Application Data Source
Substrate _ Na-lllite
Solution HDB-6 1M NaCl
pH 6.752 6.75
pCO, - -
CEC 13.75 122.00
BET 5.55 97.00
Cs'* dissolved (mol/kg) 1.99E-11 2.00E-02
APt (mol/kg) 1.72E-10

Ca? (mol/kg) 1.81E-03

FeZ* (mol/kg) 1.41E-05

Fe®* (mol/kg) 9.53E-21

Mg?* (mol/kg) 1.10E-03

Mn?* (mol/kg) 2.52E-07

Na* (mol/kg) 2.55E-01 1.00E+00
K* (mol/kg) 4.19E-04 0.00E+00
sr** (mol/kg) 3.02E-05

NH,* (mol/kg) 1.08E-03 0.00E+00
> competitive cations in

solution with Na* (C-cmp/a) (mol/kg) 2.59E-01 1.00E+00
AP (mol/kg) 1.72E-10

Ca? (mol/kg) 1.81E-03

Fe?* (mol/kg) 1.41E-05

Fe’* (mol/kg) 9.53E-21

Mg?* (mol/kg) 1.10E-03

Mn2* (mol/kg) 2.52E-07

Na* (mol/kg) 2.55E-01 1.00E+00
K (mol/kg) 4.19E-04 0.00E+00
sr** (mol/kg) 3.02E-05

NH,* (mol/kg) 1.08E-03 0.00E+00
> competitive cations in

solution without Na* (C-cmp/b) (mol/kg) 4.44E-03 0.00E+00
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Kg-derivation Cs(l) Gorgeon (1994)

Overview Pred. Ky [m3lkg] Mudstone
HDB-6
Pred. K;: CF-1 (% clay) 0.53
Pred. Ky: CF-3a (% clay) 2.05
Cs(l) Ky-derivation Conditions S‘;Z;’:t;sl':t’; ((ﬁ))/
Data source’ |Application |CF

Mudstone Mudstone
Solution 1 M NaCl HDB-6 HDB-6
Substrate Illite Mudstone Mudstone
Experimental Ky (m3/kg) 2.80
Conversion Mineralogy (CF-min)
CEC? (meq/100g) 21.2 13.75 0.65
BET? (m?/g) 111.5 5.55 0.05
% clay 100 19.00 0.19
Conversion pH (CF-pH)
pH 6.75 6.75 1.00
Conversion Speciation (CF-spec) irrelevant
Conversion Competition (Cationic) (CF-cmp)
Y competitive cations in soln. with Na* (CF-cmp/a) (mol/l) 1.00 0.26 3.86
S competitive cations in soln. without Na* (CF-cmp/b) | not considered
(1) K4 values from data table Gorgeon (1994) given as log Kd
(2) Values of the average composition
Cs(l) Ky-derivation via % clay Mudstone CF
CF-1 (% clay) 0.19
Competition
CF-3 (% clay) 0.73

UF

Predicted Ky: CF-1 (% clay) (m%kg) 0.53
UF-starting K4 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
K4 upper limit (m*/kg) 2.95
Kgq lower limit (m3/kg) 0.10
Predicted Ky: CF-3 (% clay) (m3/kg) 2.05
UF-starting K4 1.6
UF-pH conversion 2.5
UF-cmp 1.2
UF-min 1.4
UF-total 6.7
Kq upper limit (m3/kg) 13.65
Kq lower limit (m3/kg) 0.31
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Speciation Case |

Filename Cs_equilibrium_case_|_120511_DAT PSI(1999)_0.1MNaClO4_Cs_NAPSI
Preequilibration_case_|_120511_DAT PSI(1999)_0.01MNaClO4_Cs_NAPSI
TDB: JAEA, version 100331c1

Cs(l) speciation (Poinssot et al., 1999)

System Application Data Source
Substrate Na-lllite

Solution HDB-6 0.01 M NaClO, 0.1 M NaCIO,
pH 6.752 6.6 6.6
pCO, - - -
CEC 13.75 122.00 122.00
BET 5.55 97.00 97.00
Cs'* dissolved (mol/kg) 1.99E-11 1.00E-08 1.00E-08
AP (mol/kg) 1.72E-10

Ca? (mol/kg) 1.81E-03

Fe?* (mol/kg) 1.41E-05

Fe®* (mol/kg) 9.53E-21

Mg?* (mol/kg) 1.10E-03

Mn?* (mol/kg) 2.52E-07

Na* (mol/kg) 2.55E-01 1.00E-02 1.00E-01
K (mol/kg) 4.19E-04 4.70E-06 1.50E-05
sr?* (mol/kg) 3.02E-05

NH,* (mol/kg) 1.08E-03 0.00E+00 0.00E+00
> competitive cations in solution

with Na* (CF-cmpl/a) (mol/kg) 2.59E-01 1.00E-02 1.00E-01
AP (mol/kg) 1.72E-10

Ca? (mol/kg) 1.81E-03

Fe?* (mol/kg) 1.41E-05

Fe* (mol/kg) 9.53E-21

Mg?* (mol/kg) 1.10E-03

Mn?* (mol/kg) 2.52E-07

Na* (mol/kg) 2.55E-01 1.00E-02 1.00E-01
K (mol/kg) 4.19E-04 4.70E-06 1.50E-05
sr?* (mol/kg) 3.02E-05

NH/* (mol/kg) 1.08E-03 0.00E+00 0.00E+00
> competitive cations in solution

without Na* (CF-cmpl/b) (mol/kg) 4.44E-03 4.70E-06 1.50E-05
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Ky-derivation Cs(l) on lllite Poinssot et al. (1999)

Overview Pred. Ky [m%/kg] A B
Mudstone Mudstone
HDB-6 HDB-6
Pred. Ky: CF-1 (% clay) 48.01 8.17
Pred. Ky: CF-3a (% clay) 1.85 3.15
Cs(l) Ky-derivation (lllite) Conditions ?Jonr::\:aer::izrt]y(?l})l
Data source’ Application? CF for A CF for B
A B Mudstone Mudstone Mudstone
Solution 0.01 M NaClO,| 0.1 M NaCIO, HDB-6 HDB-6 HDB-6
Substrate Na-lllite® Na-lllite® Mudstone Mudstone | Mudstone
Experimental Ky (m®%kg) 235.00 40.00
Conversion Mineralogy (CF-min)
CEC® (meq/100g) 122.00 122.00 13.75
BET (m?/g) 97.00 97.00 5.55
% clay 93.00 93.00 19.00 0.20 0.20
% lllite 93.00 93.00 7.00 0.08 0.08
Conversion pH (CF-pH) irrelevant 6.75 6.75 6.75
Conversion Speciation (CF-spec) irrelevant
Conversion Competition (Cationic) (CF-cmp)
> competitive cations in soln. with Na* (CF-cmp/a) (mol/l) 0.01 0.10 0.26 0.04 0.39
Y competitive cations in soln. without Na* (CF-cmp/b) (mol/l)|  4.70E-06 1.50E-05 4.44E-03 1.06E-03 3.37E-03
(1) Kq value from Poinssot et al. (1999),K, at pH = 6.63; [Cs] = 1.0E-8 M
(2) Values of the average composition
(3) Conditioned Na-lllite; clay mineral composition: 93% illite and 7% kaolinite
(4) BET value of non-treated illite
(5) CEC value of treated Na-illite; pH 7.1
A B
Cs(l) Ky-derivation via % clay Mudstone Mudstone |CF for A CF for B
CF-1 (% clay) 0.20 0.20
Competition
CF-3 (% clay) 0.01 0.08
UF UF
Predicted Ky: CF-1 (% clay) (m3/kg) 48.01 8.17
UF-starting K4 1.6 1.6
UF-min 1.4 1.4
UF-total 2.2 2.2
Kg upper limit (m®%kg) 106.53 18.13
Kg lower limit (m%/kg) 21.64 3.68
Predicted K4: CF-3 (% clay) 1.85 3.15
UF-starting Ky 1.6 1.6
UF-cmp 1.2 1.2
UF-min 1.4 1.4
UF-total 2.7 2.7
Kq upper limit 4.93 8.39
Kg lower limit 0.70 1.18
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Filename

TDB:

JAEA-Research 2012-044

Cs_equilibrium_case_|_120511_DAT
Preequilibration_case_|_120511_DAT

JAEA, version 100331c1

Cs(l) speciation (Sato & Shibutani, 1994)

PW_Sato&Shibutani(1994)_NAPSI

System Application Data Source
Substrate _ Kunigel V1
Solution HDB-6 Dist. equil. water
pH 6.75 6.75
pCO, - i
CEC 13.75 60.10
BET 5.55 -
Cs™ dissolved (mol/kg) 1.99E-11 7.52E-05
AP (mol/kg) 1.72E-10

ca? (mol/kg) 1.81E-03 9.33E-05
Fe?* (mol/kg) 1.41E-05 -
Fe®* (mol/kg) 9.53E-21 -
Mg?* (mol/kg) 1.10E-03 -
Mn?* (mol/kg) 2.52E-07 -
Na* (mol/kg) 2.55E-01 9.54E-04
K (mol/kg) 4.19E-04 1.68E-05
sr¥* (mol/kg) 3.02E-05 -
NH,* (mol/kg) 1.08E-03 0.00E+00
> competitive cationsin

solution with Na* (C-cmp/a) (mol/kg) 2.59E-01 1.06E-03
AP (mol/kg) 1.72E-10

ca? (mol/kg) 1.81E-03 9.33E-05
Fe?* (mol/kg) 1.41E-05 -
Fe®* (mol/kg) 9.53E-21 -
Mg?* (mol/kg) 1.10E-03 -
Mn2* (mol/kg) 2.52E-07 -
Na* (mol/kg) 2.55E-01 9.54E-04
K (mol/kg) 4.19E-04 1.68E-05
sr** (mol/kg) 3.02E-05 -
NH,* (mol/kg) 1.08E-03 0.00E+00
> competitive cations in

solution without Na* (C-cmp/b) (mol/kg) 4.44E-03 1.10E-04
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Kq-derivation Cs(l) on Kunigel-V1 Sato and Shibutani (1994)

Overview Pred. Ky [m3lkg] Mudstone
HDB-6
Pred. Ky: CF-1 (% clay) 0.35
Pred. Ky: CF-3a (%clay) 1.44E-03
L . io Conversion (C) /

Cs(l) Ky-derivation (Smectite) Conditions Uncertainty((l})

Data source’ | Application? CF

Mudstone Mudstone

Solution® Dist. equil. water| HDB-6 HDB-6
Substrate Kunigel-V1 Mudstone Mudstone
Experimental Ky (m®kg) 0.85
Conversion Mineralogy (CF-min)
CEC* (meq/100g) 60.10 13.75 0.23
BET® (m?/g) 35.00 5.55 0.16
% clay® 46.00 19.00 0.41
Conversion pH (CF-pH) irrelevant 6.75 6.75
Conversion Speciation (CF-spec) irrelevant
Conversion Competition (Cationic) (CF-cmp)
S competitive cations in soln. with Na* (CF-cmp/a) (mol/1) 1.06E-03 2.59E-01 4.10E-03
S competitive cations in soln. without Na* (CF-cmp/b) |not considered

(1) K4 value from JAEA-SDB database, Sato and Shibutani (1994),. [Cs] = 7.52E-5 M

(2) Values of the average composition

(3) clay mineral composition of data source from Sasaki et al. (1995): smectite 46-49%, quartz 29-38% and other trace impurities
(4) CEC value of data source from Sasaki et al. (1995)

(5) [Na*] calculated with Phreeqci lon Exchange with Kunigel V1 equilibrated in distilled water (S:W = 2 g/L)

(6) Value from Dixon and Weed (1977)

Cs(l) Ky-derivation via % clay Mudstone [CF

CF-1 (% clay) 0.41

Competition

CF-3 (% clay) 1.70E-03
UF

Predicted Kd: CF-1 (% clay) (m%kg) 0.35

UF-starting Ky 1.6

UF-min 1.4

UF-total 2.2

Kq upper limit (m%/kg) 0.78

Kg lower limit (m®/kg) 0.16

Predicted Kd: CF-3 (% clay) (m3/kg) 1.44E-03

UF-starting Ky 1.6

UF-cmp 1.2

UF-min 1.4

UF-total 2.7

Kq upper limit (m%/kg) 3.84E-03

Ky lower limit (m3/kg) 5.42E-04
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Speciation Case ll

Filename Cs_equilibrium_case_lI_120509_DAT Gorgeon(1994)_Cs_NAPSI
Preequilibration_case_ll_120509_DAT

TDB: JAEA, version 100331c1

Cs(l) speciation (Gorgeon, 1994)

System Application Data Source
Substrate Na-lllite
Solution HDB-6 1M NaCl
pH 8.5 8.5
pCO, - -
CEC 13.75 122.00
BET 5.55 97.00
Cs'* dissolved (mol/kg) 1.97E-11 2.00E-02
Al (mol/kg)

ca? (mol/kg) 4.15E-05

Fe?* (mol/kg) 3.22E-07

Fe®* (mol/kg) 1.07E-24

Mg?* (mol/kg) 1.07E-03

Mn?* (mol/kg)

Na* (mol/kg) 2.68E-01 1.00E+00
K* (mol/kg) 4.21E-04 0.00E+00
Sr¥* (mol/kg)

NH,* (mol/kg) 1.06E-03 0.00E+00
> competitive cations in

solution with Na* (C-cmp/a) (mol/kg) 2.70E-01 1.00E+00
AI* (mol/kg)

ca? (mol/kg) 4.15E-05

Fe?* (mol/kg) 3.22E-07

Fe®* (mol/kg) 1.07E-24

Mg** (mol/kg) 1.07E-03

Mn?* (mol/kg)

Na* (mol/kg) 2.68E-01 1.00E+00
K* (mol/kg) 4.21E-04 0.00E+00
sr** (mol/kg)

NH,* (mol/kg) 1.06E-03 0.00E+00
> competitive cations in

solution without Na* (C-cmpl/b) (mol/kg) 2.59E-03 0.00E+00
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Kqy-derivation Cs(l) Gorgeon (1994)

Overview Pred. Kq [m®/kg] Mudstone
HDB-6
Pred. K4: CF-1 (% clay) 0.63
Pred. K4: CF-3a (% clay) 2.32
Cs(l) Ky-derivation Conditions Sz::‘::t;sil:t; ((ﬁ))/
Data source’ |Application [CF

Mudstone |Mudstone
Solution 1 M NaCl HDB-6 HDB-6
Substrate Illite Mudstone Mudstone
Experimental Ky (m®kg) 3.30
Conversion Mineralogy (CF-min)
CEC? (meq/100g) 21.2 13.75 0.65
BET? (m?/g) 111.5 5.55 0.05
% clay 100 19.00 0.19
Conversion pH (CF-pH)
pH 8.5 8.50 1.00
Conversion Speciation (CF-spec) irrelevant
Conversion Competition (Cationic) (CF-cmp)
Y competitive cations in soln. with Na* (CF-cmp/a) (mol/l) 1.00 0.27 3.70
Y competitive cations in soln. without Na* (CF-cmp/b) | not considered
(1) Kq4 values from data table Gorgeon (1994) given as log Kd
(2) Values of the average composition
Cs(l) Ky-derivation via % clay Mudstone CF
CF-1 (% clay) 0.19
Competition
CF-3 (% clay) 0.70

UF

Predicted K4: CF-1 (% clay) (m®kg) 0.63
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Kg upper limit (m®%kg) 3.48
Kg lower limit (m%kg) 0.11
Predicted Ky: CF-3 (% clay) (m®kg) 2.32
UF-starting K4 1.6
UF-pH conversion 2.5
UF-cmp 1.2
UF-min 1.4
UF-total 6.7
Kg upper limit (m3/kg) 15.44
Kq lower limit (m3/kg) 0.35
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Speciation Case Il

Filename Cs_equilibrium_case_lI_120509_DAT PSI1(1999)_0.1MNaClO4_Cs_NAPSI
Preequilibration_case_Il_120509_DAT PSI1(1999)_0.01MNaClO4_Cs_NAPSI
TDB: JAEA, version 100331c1

Cs(l) speciation (Poinssot et al., 1999)

System Application Data Source
Substrate i Na-lllite

Solution HDB-6 0.01 M NaClO, 0.1 M NaClO,
pH 8.5 8.5 8.5
pCO, - - -
CEC 13.75 122.00 122.00
BET 5.55 97.00 97.00
Cs'* dissolved (mol/kg) 1.97E-11 1.00E-08 1.00E-08
AP (mol/kg)

Ca? (mol/kg) 4.15E-05

Fe? (mol/kg) 3.22E-07

Fe®* (mol/kg) 1.07E-24

Mg?* (mol/kg) 1.07E-03

Mn?* (mol/kg)

Na* (mol/kg) 2.68E-01 1.00E-02 1.00E-01
K* (mol/kg) 4.21E-04 4.70E-06 1.50E-05
sr** (mol/kg)

NH," (mol/kg) 1.06E-03 0.00E+00 0.00E+00
> competitive cations in solution

with Na* (CF-cmp/a) (mol/kg) 2.70E-01 1.00E-02 1.00E-01
A% (mol/kg)

Ca? (mol/kg) 4.15E-05

Fe?* (mol/kg) 3.22E-07

Fe®* (mol/kg) 1.07E-24

Mg?* (mol/kg) 1.07E-03

Mn?* (mol/kg)

Na* (mol/kg) 2.68E-01 1.00E-02 1.00E-01
K (mol/kg) 4.21E-04 4.70E-06 1.50E-05
sr¥* (mol/kg)

NH," (mol/kg) 1.06E-03 0.00E+00 0.00E+00
> competitive cations in solution

without Na* (CF-cmpl/b) (mol/kg) 2.59E-03 4.70E-06 1.50E-05
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Kgy-derivation Cs(l) on lllite Poinssot et al., (1999)

Overview Pred. Ky [m®/kg] A B
Mudstone Mudstone
HDB-6 HDB-6
Pred. Ky: CF-1 (% clay) 30.65 9.19
Pred. Ky: CF-3a (% clay) 1.13 3.40
Cs(l) Kg-derivation (lllite) Conditions (ij°n";er::'i‘:":y(f&)’
Data source’ Application? | CF for A CF for B

A B Mudstone Mudstone Mudstone
Solution 0.01 M NaCIO4[ 0.1 M NaCIO, HDB-6 HDB-6 HDB-6
Substrate Na-lllite® Na-lllite® Mudstone Mudstone | Mudstone
Experimental Ky (m®kg) 150.00 45.00
Conversion Mineralogy (CF-min)
CEC® (meq/100g) 122.00 122.00 13.75
BET (m?/g) 97.00 97.00 5.55
% clay 93.00 93.00 19.00 0.20 0.20
% lllite 93.00 93.00 7.00 0.08 0.08
Conversion pH (CF-pH) irrelevant 8.50 8.50 8.50
Conversion Speciation (CF-spec) irrelevant
Conversion Competition (Cationic) (CF-cmp)
Y competitive cations in soln. with Na* (CF-cmp/a) (mol/l) 0.01 0.10 0.27 0.04 0.37
Y competitive cations in soln. without Na* (CF-cmp/b) (mol/l)]  4.70E-06 1.50E-05 2.59E-03 1.81E-03 5.79E-03
(1) Kq value from Poinssot et al. (1999),Kq4 at pH = 6.63; [Cs] = 1.0E-8 M
(2) Values of the average composition
(3) Conditioned Na-lllite; clay mineral composition: 93% illite and 7% kaolinite
(4) BET value of non-treated illite
(5) CEC value of treated Na-illite; pH 7.1

A B
Cs(l) Ky-derivation via % clay Mudstone Mudstone |CF for A CF for B
CF-1 (% clay) 0.20 0.20
Competition
CF-3 (% clay) 0.01 0.08

UF UF

Predicted K4: CF-1 (% clay) (m%/kg) 30.65 9.19
UF-starting K4 1.6 1.6
UF-min 1.4 1.4
UF-total 2.2 2.2
Kg upper limit (m®kg) 68.00 20.40
Kq lower limit (m3/kg) 13.81 4.14
Predicted Ky: CF-3a (% clay) 1.13 3.40
UF-starting K4 1.6 1.6
UF-cmp 1.2 1.2
UF-min 1.4 1.4
UF-total 2.7 2.7
Kg upper limit 3.02 9.05
Kq lower limit 0.43 1.28
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Speciation Case ll

Filename Cs_equilibrium_case_Il_120509_DAT
Preequilibration_case_lI_120509_DAT

TDB: JAEA, version 100331c1

Cs(l) speciation (Sato & Shibutani, 1994)

PW_Sato&Shibutani(1994)_NAPSI

System Application Data Source
Substrate Kunigel V1
Solution HDB-6 Dist. equil. water
pH 8.5 8.5
pCO, - -
CEC 13.75 60.10
BET 5.55 -
Cs'* dissolved (mol/kg) 1.97E-11 7.52E-05
ARt (mol/kg)

Ca?* (mol/kg) 4.15E-05 9.33E-05
Fe?* (mol/kg) 3.22E-07 -
Fe®* (mol/kg) 1.07E-24 -
Mg?* (mol/kg) 1.07E-03 -
Mn2* (mol/kg) -
Na* (mol/kg) 2.68E-01 9.54E-04
K* (mol/kg) 4.21E-04 1.68E-05
sr** (mol/kg) -
NH,* (mol/kg) 1.06E-03 0.00E+00
> competitive cations in

solution with Na* (C-cmp/a) (mol/kg) 2.70E-01 1.06E-03
ARt (mol/kg)

Ca®* (mol/kg) 4.15E-05 9.33E-05
FeZ* (mol/kg) 3.22E-07 -
Fe®* (mol/kg) 1.07E-24 -
Mg?* (mol/kg) 1.07E-03 -
Mn2* (mol/kg) R
Na* (mol/kg) 2.68E-01 9.54E-04
K (mol/kg) 4.21E-04 1.68E-05
sr** (mol/kg) -
NH,* (mol/kg) 1.06E-03 0.00E+00
Y competitive cations in

solution without Na* (C-cmp/b) (mol/kg) 2.59E-03 1.10E-04
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Ky-derivation Cs(l) on Kunigel-V1 Sato and Shibutani (1994)

Overview Pred. Ky [m®kg] Mudstone
HDB-6
Pred. Ky: CF-1 (% clay) 0.54
Pred. Ky: CF-3a (%clay) 2.11E-03
- : . Conversion (C) /
Cs(l) Ky-derivation (Smectite) Conditions Uncertainty (U)
Data source’ | Application? CF
Mudstone Mudstone
Solution® Dist. equil. water] HDB-6 HDB-6
Substrate Kunigel-V1 Mudstone Mudstone
Experimental K4 (m3/kg) 1.30
Conversion Mineralogy (CF-min)
CEC* (meq/100g) 60.10 13.75 0.23
BET® (m?/g) 35.00 5.55 0.16
% clay® 46.00 19.00 0.41
Conversion pH (CF-pH) irrelevant 8.50 8.50
Conversion Speciation (CF-spec) irrelevant
Conversion Competition (Cationic) (CF-cmp)
Y competitive cations in soln. with Na* (CF-cmp/a) (mol/l) 1.06E-03 2.70E-01 3.94E-03

Y competitive cations in soln. without Na* (CF-cmp/b)

Inot considered

(1) Kq4 value from JAEA-SDB database, Sato and Shibutani (1994), [Cs] = 7.52E-5 M

(2) Values of the average composition

(3) clay mineral composition of data source from Sasaki et al. (1995): smectite 46-49%, quartz 29-38% and other trace impurities

(4) CEC value of data source from Sasaki et al. (1995)

(5) [Na"] calculated with Phreeqci lon Exchange with Kunigel V1 equilibrated in distilled water (S:W = 2 g/l)

(6) Value from Dixon and Weed (1977)

Cs(l) Ky-derivation via % clay Mudstone  [CF

CF-1 (% clay) 0.41

Competition

CF-3 (% clay) 1.63E-03
UF

Predicted Kd: CF-1 (% clay) (m%kg) 0.54

UF-starting Ky 1.6

UF-min 1.4

UF-total 2.2

Kgq upper limit (m3/kg) 1.19

Kq lower limit (m%/kg) 0.24

Predicted Kd: CF-3 (% clay) (m%kg) 2.11E-03

UF-starting Ky 1.6

UF-cmp 1.2

UF-min 1.4

UF-total 2.7

K4 upper limit (m3kg)|  5.63E-03

Ky lower limit (m3/kg) 7.94E-04
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Speciation Case ll

Filename Cs_equilibrium_case_lll_120109_DAT Gorgeon(1994)_Cs_NAPSI
Preequilibration_case_lIl_120109_DAT

TDB: JAEA, version 100331c1

Cs(l) speciation (Gorgeon, 1994)

System Application Data Source
Substrate Na-lllite
Solution HDB-6 1 M NaCl
pH 8.5 8.5
pCO, - B
CEC 13.75 122.00
BET 5.55 97.00
Cs'"* dissolved (mol/kg) 9.83E-12 2.00E-02
ARt (mol/kg)

Ca%* (mol/kg) 4.17E-05

Fe?* (mol/kg) 3.24E-07

Fe®* (mol/kg) 1.08E-24

Mg?* (mol/kg) 8.60E-04

Mn?* (mol/kg)

Na* (mol/kg) 2.77E-01 1.00E+00
K* (mol/kg) 3.08E-04 0.00E+00
Sr¥* (mol/kg)

NH,* (mol/kg) 6.68E-04 0.00E+00
> competitive cationsin

solution with Na* (C-cmp/a) (mol/kg) 2.79E-01 1.00E+00
Al (mol/kg)

ca? (mol/kg) 4.17E-05

Fe?* (mol/kg) 3.24E-07

Fe®* (mol/kg) 1.08E-24

Mg** (mol/kg) 8.60E-04

Mn2* (mol/kg)

Na* (mol/kg) 2.77E-01 1.00E+00
K (mol/kg) 3.08E-04 0.00E+00
sr** (mol/kg)

NH,* (mol/kg) 6.68E-04 0.00E+00
> competitive cations in

solution without Na* (C-cmp/b) (mol/kg) 1.88E-03 0.00E+00
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Kgy-derivation Cs(l) Gorgeon (1994)

Overview Pred. Ky [m®/kg] Mudstone
HDB-6
Pred. Ky: CF-1 (% clay) 0.86
Pred. Ky: CF-3a (% clay) 3.07
Cs(l) Kq-derivation Conditions S::;’i:‘:t'; ((E)) !
Data source|Application |CF
Mudstone |Mudstone
Solution 1 M NaCl HDB-6 HDB-6
Substrate Illite Mudstone Mudstone
Experimental K4 (m3/kg) 3.30
Conversion Mineralogy (CF-min)
CEC? (meq/100g) 21.2 19.61 0.93
BET? (m?/g) 111.5 5.55 0.05
% clay 100 26.00 0.26
Conversion pH (CF-pH)
pH 8.5 8.50 1.00
Conversion Speciation (CF-spec) irrelevant
Conversion Competition (Cationic) (CF-cmp)
Y competitive cations in soln. with Na* (CF-cmp/a) (mol/l) 1.00 0.28 3.58
S competitive cations in soln. without Na* (CF-cmp/b) | not considered
(1) K4 values from data table Gorgeon (1994) given as log Kd
(2) Values of the avarage composition (Table Mineralogy 1)
Cs(l) Ky-derivation via % clay Mudstone CF
CF-1 (% clay) 0.26
Competition
CF-3 (% clay) 0.93
UF
Predicted Ky: CF-1 (% clay) (m3/kg) 0.86
UF-starting Ky 1.6
UF-pH conwersion 2.5
UF-min 1.4
UF-total 5.5
Kg upper limit (m%/kg) 4.76
K lower limit (m®kg) 0.15
Predicted Kq4: CF-3 (% clay) (m®kg) 3.07
UF-starting Ky 1.6
UF-pH conwersion 2.5
UF-cmp 1.2
UF-min 1.4
UF-total 6.7
K4 upper limit (m%kg) 20.46
Kg lower limit (m%kg) 0.46
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Speciation Case lll

Filename Cs_equilibrium_case_lll_120109_DAT PSI(1999)_0.1MNaClO4_Cs_NAPSI
Preequilibration_case_lIl_120109_DAT PSI1(1999)_0.01MNaClO4_Cs_NAPSI
TDB: JAEA, version 100331c1

Cs(l) speciation (Poinssot et al., 1999)

System Application Data Source
Substrate Na-lllite

Solution HDB-6 0.01 M NaClIO, 0.1 M NaCIO,
pH 8.5 8.5 8.5
pCO, - - -
CEC 13.75 122.00 122.00
BET 5.55 97.00 97.00
Cs'* dissolved (mol/kg) 9.83E-12 1.00E-08 1.00E-08
Al (mol/kg)

Ca? (mol/kg) 4.17E-05

Fe? (mol/kg) 3.24E-07

Fe®* (mol/kg) 1.08E-24

Mg?* (mol/kg) 8.60E-04

Mn?* (mol/kg)

Na* (mol/kg) 2.77E-01 1.00E-02 1.00E-01
K (mol/kg) 3.08E-04 4.70E-06 1.50E-05
sr#* (mol/kg)

NH,* (mol/kg) 6.68E-04 0.00E+00 0.00E+00
> competitive cations in solution

with Na* (CF-cmp/a) (mol/kg) 2.79E-01 1.00E-02 1.00E-01
ARt (mol/kg)

Ca? (mol/kg) 4.17E-05

Fe? (mol/kg) 3.24E-07

Fe®* (mol/kg) 1.08E-24

Mg?* (mol/kg) 8.60E-04

Mn?* (mol/kg)

Na* (mol/kg) 2.77E-01 1.00E-02 1.00E-01
K (mol/kg) 3.08E-04 4,70E-06 1.50E-05
sr¥* (mol/kg)

NH,* (mol/kg) 6.68E-04 0.00E+00 0.00E+00
> competitive cations in solution

without Na* (CF-cmp/b) (mol/kg) 1.88E-03 4.70E-06 1.50E-05
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JAEA-Research 2012-044

Overview Pred. Ky [m®kg] A B
Mudstone Mudstone
HDB-6 HDB-6
Pred. Ky: CF-1 (% clay) 43.55 13.06
Pred. Ky: CF-3a (% clay) 1.56 4.68
Cs(l) Ky-derivation (lllite) Conditions (L°n"c":r:'i‘:"t‘y(ﬁ”)'
Data source’ Application? CF for A CF for B

A B Mudstone Mudstone Mudstone
Solution 0.01 M NaClOy4| 0.1 M NaClIO,4 HDB-6 HDB-6 HDB-6
Substrate Na-lllite® Na-lllite® Mudstone Mudstone Mudstone
Experimental Ky (m%/kg) 150.00 45.00
Conversion Mineralogy (CF-min)
CEC? (meq/100g) 122.00 122.00 19.61
BET (m?/g) 97.00 97.00 5.55
% clay 93.00 93.00 27.00 0.29 0.29
% llite 93.00 93.00 7.00 0.08 0.08
Conversion pH (CF-pH) irrelevant 8.50 8.50 8.50
Conversion Speciation (CF-spec) irrelevant
Conversion Competition (Cationic) (CF-cmp)
Y competitive cations in soln. with Na* (CF-cmp/a) (mol/l) 0.01 0.10 0.28 0.04 0.36
Y competitive cations in soln. without Na* (CF-cmp/b) (mol/l)|  4.70E-06 1.50E-05 1.88E-03 2.50E-03 7.99E-03

4) BET value of non-treated illite

(1
@
()]
“4)
(5) CEC value of treated Na-illite; pH 7.1

1) Kq value from Cs(l) sorption datapoint from Poinssot et al. (1999), PSI Report; Kd value from graph at pH = 6.63; [Cs] = 1.0E-8 M

2) Values of the avarage composition (Table Mineralogy 1)
Conditioned Na-lllite; clay mineral composition: 93% illite and 7% kaolinite

A B

Cs(l) Ky-derivation via % clay Mudstone Mudstone |CF for A CF for B
CF-1 (% clay) 0.29 0.29
Competition

CF-3 (% clay) 0.01 0.10

UF UF

Predicted Ky4: CF-1 (% clay) (m%kg) 43.55 13.06

UF-starting Ky 1.6 1.6
UF-min 1.4 1.4
UF-total 2.2 2.2
Kq upper limit (m%kg) 96.63 28.99

Kg lower limit (m%kg) 19.63 5.89

Predicted K4: CF-3 (% clay) 1.56 4.68

UF-starting K4 1.6 1.6
UF-cmp 1.2 1.2
UF-min 1.4 1.4
UF-total 2.7 2.7
Kg4 upper limit 4.16 12.46

Ky lower limit 0.59 1.76
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Speciation Case lli

Filename Cs_equilibrium_case_lIl_120109_DAT
Preequilibration_case_lll_120109_DAT

TDB: JAEA, version 100331c1

Cs(l) speciation (Sato & Shibutani, 1994)

PW_Sato&Shibutani(1994)_NAPSI

System Application Data Source
Substrate Kunigel V1
Solution HDB-6 Dist. equil. water
pH 8.5 8.5
pCO, - -
CEC 13.75 60.10
BET 5.55 -
Cs'"* dissolved (mol/kg) 9.83E-12 7.52E-05
Al (mol/kg)

Ca® (mol/kg) 4.17E-05 9.33E-05
Fe?* (mol/kg) 3.24E-07 -
Fe®* (mol/kg) 1.08E-24 -
Mg** (mol/kg) 8.60E-04 -
Mn?* (mol/kg) -
Na* (mol/kg) 2.77E-01 9.54E-04
K (mol/kg) 3.08E-04 1.68E-05
sr** (mol/kg) -
NH,* (mol/kg) 6.68E-04 0.00E+00
> competitive cationsin

solution with Na* (C-cmp/a) (mol/kg) 2.79E-01 1.06E-03
APt (mol/kg)

Ca? (mol/kg) 4.17E-05 9.33E-05
Fe?* (mol/kg) 3.24E-07 -
Fe®* (mol/kg) 1.08E-24 -
Mg?* (mol/kg) 8.60E-04 -
Mn?* (mol/kg) -
Na* (mol/kg) 2.77E-01 9.54E-04
K (mol/kg) 3.08E-04 1.68E-05
sr* (mol/kg) -
NH,* (mol/kg) 6.68E-04 0.00E+00
> competitive cationsin

solution without Na* (C-cmplb) (mol/kg) 1.88E-03 1.10E-04
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Ky-derivation Cs(l) on Kunigel-V1 Sato and Shibutani (1994)

Overview Pred. K4 [m®/kg] Mudstone
HDB-6
Pred. Ky: CF-1 (% clay) 0.73
Pred. Ky: CF-3a (%clay) 2.80E-03
A . . Conversion (C) /
Cs(l) Ky-derivation (Smectite) Conditions Uncertainty (U)
Data source’ | Application? CF
Mudstone Mudstone
Solution® Dist. equil. water] HDB-6 HDB-6
Substrate Kunigel-V1 Mudstone Mudstone
Experimental Kq (m%kg) 1.30
Conversion Mineralogy (CF-min)
CEC* (meq/100g), 60.10 19.61 0.33
BET® (m?(g) 35.00 5.55 0.16
% clay® 46.00 26.00 0.57
Conversion pH (CF-pH) irrelevant 8.5 8.5
Conversion Speciation (CF-spec) irrelevant
Conversion Competition (Cationic) (CF-cmp)
> competitive cations in soln. with Na* (CF-cmp/a) (mol/l) 1.06E-03 2.79E-01 3.81E-03

Y competitive cations in soln. without Na* (CF-cmp/b)

not considered

(1) Kq value from SDB database, Sato and Shibutani (1994), [Cs] = 7.52E-5 M
2) Values of the avarage composition (Table Mineralogy 1)

(

(©))

(4) CEC value of data source from Sasaki et al. (1995)
®)

(6)

Cs(l) Ky-derivation via % clay Mudstone  [CF

CF-1 (% clay) 0.57

Competition

CF-3 (% clay) 2.16E-03
UF

Predicted Kd: CF-1 (% clay) (m®/kg) 0.73

UF-starting Ky 1.6

UF-min 1.4

UF-total 2.2

Kg upper limit (m3/kg) 1.63

Kg lower limit (m%/kg) 0.33

Predicted Kd: CF-3 (% clay) (m3/kg) 2.80E-03

UF-starting Ky 1.6

UF-cmp 1.2

UF-min 1.4

UF-total 2.7

Kg upper limit (m3/kg) 7.46E-03

K lower limit (m3kg)|  1.05E-03
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3) clay mineral composition of data source from Sasaki et al. (1995): smectite 46-49%, quartz 29-38% and other trace impurities

[Na*] calculated with Phreeqci lon Exchange with Kunigel V1 equilibrated in distilled water (S:W = 2 g/l)
6)Value from 'Minerals in Soil Environments; J.B. Dixon and S.B. Weed; Soil Science Society of America'
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Filename Ni1_equilibrium_case_|_120605_DAT Tertre 2005_solution speciation
Preequilibration_case_|_120511_DAT

TDB: JAEA, version 100331c1

Ni(ll) speciation (Tertre et al., 2005)

System Application Data Source

Substrate MX-80

Solution HDB-6 0.025M NaClO,

pH 6.752 6.75

pCO, - -3.97

Ni(ll) dissolved (mol/kg) 7.21E-10 only hydrolysis relevant

Ni?* (mol/kg) 5.27E-10

NiOH* (mol/kg) 3.40E-13

Ni(OH), (mol/kg) 4.28E-15

NiHCO;" (mol/kg) 1.35E-10

NiCO; (mol/kg) 1.51E-11

NicI* (mol/kg) 4.30E-11

NiNH;2* (mol/kg) 2.00E-13

NiF* (mol/kg) 4.35E-14

NiHPO, (mol/kg) 2.50E-14

NiS (mol/kg) 4.07E-13

NiHS* (mol/kg) 2.98E-15

> competitive Nicomplexes (mol/kg) 1.94E-10 0.00E+00

(Ni-cmp) with Ni-CO;

Ni tot-(Ni-cmp) (mol/kg) 5.27E-10 1.00E+00

(Ni tot- (Ni-cmp)) / Ni tot

(CF-spec/a) 7.31E-01 1.00E+00

NiHCO;" (mol/kg) 1.35E-10

NiCO; (mol/kg) 1.51E-11

NiCI* (mol/kg) 4.30E-11

NiNH;2* (mol/kg) 2.00E-13

NiF* (mol/kg) 4.35E-14

NiHPO, (mol/kg) 2.50E-14

NiS (mol/kg) 4.07E-13

NiHS* (mol/kg) 2.98E-15

Y competitive Ni complexes (mol/kg) 4.37E-11 0.00E+00

(Ni-cmp) without Ni-CO;

Ni tot-(Ni-cmp) without Ni-CO; (mol/kg) 6.77E-10 1.00E+00

(Ni tot- (Ni-cmp)) / Ni tot

(CF-spec/b) 9.39E-01 1.00E+00

_81_




JAEA-Research 2012-044

Ky-Derivation Ni(ll) on MX-80, pH 6.75, Tertre et al. (2005)

Overview Pred. K4 [m®/kg] Mudstone

HDB-6
Pred. Ky: CF-1 (% clay) 0.057
Pred. Ky: CF-2a (% clay) 0.042
Ni(ll) Kg-derivation Conditions %°n"c‘;er:z'i"’1't‘y(fd)’

Data source’ Application CF
Solution 0.025M NaClO, HDB-6 HDB-6
Substrate MX-80 Mudstone Mudstone
Experimental Ky (m®/kg) 0.300
Conversion Mineralogy (CF-min)
%clay 100 19 0.19
Conversion Speciation (CF-spec)
CF-spec/a 1.00 0.73 0.73
CF-spec/b 1.00 0.94 0.94
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) K4 values from Ni(ll) sorption edge
Ni(ll) K4-derivation via % clay CF
CF-1 (%clay) 0.19
Speciation
CF-2a (% clay) 0.14
CF-2b (% clay) 0.18
F ]

Predicted Ky: CF-1 (% clay) (m%/kg) 0.057
UF-starting K4 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Kq upper limit (m®/kg) 0.32
Kq lower limit (m®/kg) 0.01
Predicted Ky: CF-2a (% clay) (m%/kg) 0.042
UF-starting K4 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kq upper limit (m®/kg) 0.32
Kq lower limit (m®/kg) 0.0054
Predicted Ky: CF-2b (% clay) (m%/kg) 0.054
UF-starting K4 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m%kg) 0.42
Kq lower limit (m%/kg) 0.01
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Speciation Case |

Filename Ni1_equilibrium_case_|_120605_DAT
Preequilibration_case_|_120511_DAT

TDB: JAEA, version 100331c1

Ni(ll) speciation (Bradbury&Baeyens, 1999)

B&B 1999_solution speciation

System Application Data Source
Substrate Horonobe mudstone Ca-Montmorillonite
Solution HDB-6 Ca(NO;), solution
Ni(ll) added (mol/kg) 1.30E-07 2.70E-08
pH 6.75 6.75
pCO, - -

Ni(ll) dissolved (mol/kg) 7.21E-10 only hydrolysis considered "
Ni?* (mol/kg) 5.27E-10

NiOH* (mol/kg) 3.40E-13

Ni(OH), (mol/kg) 4.28E-15

NiHCO;* (mol/kg) 1.35E-10

NiCO; (mol/kg) 1.51E-11

NiCI* (mol/kg) 4.30E-11

NiNH;2* (mol/kg) 2.00E-13

NiF* (mol/kg) 4.35E-14

NiHPO, (mol/kg) 2.50E-14

NiS (mol/kg) 4.07E-13

NiHS* (mol/kg) 2.98E-15

Y competitive Nicomplexes (mol/kg) 1.94E-10 0.00E+00
(Ni-cmp) with Ni-CO;

Ni tot-(Ni-cmp) (mol/kg) 5.27E-10 2.70E-08
(Ni tot- (Ni-cmp)) / Ni tot

(CF-spec/a) 7.31E-01 1.00E+00
NiHCO;* (mol/kg) 1.35E-10

NiCO; (mol/kg) 1.51E-11

NiCI* (mol/kg) 4.30E-11

NiNH;2* (mol/kg) 2.00E-13

NiF* (mol/kg) 4.35E-14

NiHPO, (mol/kg) 2.50E-14

NiS (mol/kg) 4.07E-13

NiHS* (mol/kg) 2.98E-15

Y competitive Ni complexes (mol/kg) 4.37E-11 0.00E+00
(Ni-cmp) without Ni-CO;

Ni tot-(Ni-cmp) without Ni-CO; (mol/kg) 6.77E-10 2.70E-08
(Ni tot- (Ni-cmp)) / Ni tot

(CF-spec/b) 9.39E-01 1.00E+00

" Ni-NO3 complexes are not relevant (ca. 1E-20 M) according to the JAEA-TDB
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Ky-Derivation Ni(ll) on Ca-Montmorillonite, pH 6.75, Bradbury&Baeyens (1999)

JAEA-Research 2012-044

Overview Pred. Ky [m¥/kg] Horonobe
HDB-6

Pred. Ky: CF-1 (% clay) 0.15
Pred. Ky: CF-2a (% clay) 0.11
Ni(ll) Kg-derivation Conditions %°n";er::'i‘r’"t‘y(?d)'

Data source’ Application CF
Solution 0.033M Ca(NO;), HDB-6 HDB-6
Substrate Ca-Montmorillonite |Mudstone Mudstone
Experimental K4 (m%/kg) 0.8
Conversion Mineralogy (CF-min)
%clay 100 19 0.19
Conversion Speciation (CF-spec)
CF-spec/a 1.00 0.73 0.73
CF-spec/b 1.00 0.94 0.94
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) Kg values from Ni(ll) sorption edge
Ni(ll) Ky-derivation via % clay CF
CF-1 (%clay) 0.19
Speciation
CF-2a (% clay) 0.14
CF-2b (% clay) 0.18

[

Predicted Ky: CF-1 (% clay) (m%/kg) 0.15
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Kgq upper limit (m%kg) 0.84
K lower limit (m3/kg) 0.03
Predicted Ky: CF-2a (% clay) (m3/kg) 0.11
UF-starting K4 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m%kg) 0.86
Kq lower limit (m%/kg) 0.014
Predicted Ky: CF-2b (% clay) (m%/kg) 0.14
UF-starting Kq 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kq upper limit (m®/kg) 1.10
Kq lower limit (m%/kg) 0.02
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Speciation Case |

Filename

TDB:

Ni speciation (Lauber et al., (2000)

JAEA-Research 2012-044

Ni1_equilibrium_case_|_120605_DAT
Preequilibration_case_|_120511_DAT

JAEA, version 100331c1

N1_Lauber_2000_sol_spec_pH6.3_120619_DAT

System Application Data Source
Substrate _ OPA
Solution HDB-6 synthetic OPA porewater
pH 6.752 6.30
pCO, - -
Ni(ll) dissolved (mol/kg) 7.21E-10 3.76E-07
Ni?* (mol/kg) 5.27E-10 2.56E-07
NiOH* (mol/kg) 3.40E-13 6.56E-11
Ni(OH), (mol/kg) 4.28E-15 3.28E-13
NiHCO;* (mol/kg) 1.35E-10 2.00E-08
NiCO; (mol/kg) 1.51E-11 8.84E-10
NicI* (mol/kg) 4.30E-11 1.76E-08
NiNH;2* (mol/kg) 2.00E-13

NiF* (mol/kg) 4.35E-14 2.17E-10
NiHPO, (mol/kg) 2.50E-14

NiS (mol/kg) 4.07E-13 1.95E-12
NiHS* (mol/kg) 2.98E-15 3.59E-14
NiSO, (mol/kg) 7.68E-08
Ni(S0,).* (mol/kg) 4.88E-09
> competitive Ni complexes (mol/kg) 1.94E-10 1.20E-07
(Ni-cmp) with Ni-CO;

Ni tot-(Ni-cmp) (mol/kg) 5.27E-10 2.56E-07
(Ni tot- (Ni-cmp)) / Ni tot

(CF-spec/a) 7.31E-01 6.80E-01
NiHCO;" (mol/kg) 1.35E-10 2.00E-08
NiCO; (mol/kg) 1.51E-11 8.84E-10
NicI* (mol/kg) 4.30E-11 1.76E-08
NiNH;2* (mol/kg) 2.00E-13

NiF* (mol/kg) 4.35E-14 2.17E-10
NiHPO, (mol/kg) 2.50E-14

NiS (mol/kg) 4.07E-13 1.95E-12
NiHS* (mol/kg) 2.98E-15 3.59E-14
NiSO, (mol/kg) 7.68E-08
Ni(SO,),* (mol/kg) 4.88E-09
> competitive Ni complexes (mol/kg) 4.37E-11 9.95E-08
(Ni-cmp) without Ni-CO3;

Ni tot-(Ni-cmp) without Ni-CO; (mol/kg) 6.77E-10 2.77E-07
(Ni tot- (Ni-cmp)) / Ni tot

(CF-spec/b) 9.39E-01 7.35E-01
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-Derivation Ni(ll) on opalinus cla H 6.3, Lauber 2000

Overview Pred. Ky [m®/kg]

JAEA-Research 2012-044

HDB-6

Pred. K4: CF-1 (% clay) 0.14
Pred. K4: CF-2a (% clay) 0.15
Ni(ll) Kg-derivation Conditions (L"n’::‘;er::'i‘r’l’t'y(f&)’

Data source’ Additional information® CF
Solution synthetic porewater 0.1M NaClO,4 HDB-6 HDB-6
Substrate OPA SWy-1 SWy-1
Experimental Ky (m®/kg) 0.3
Conversion Mineralogy (CF-min)
%clay 70 19 0.27
Conversion pH (CF-pH)
pH 6.3 6.3 6.75 6.752
Kd for 0.1 M NaClO4 (pH conversion)® 0.3 0.8 1.3 0.10 1.58
Conversion Speciation (CF-spec)
CF-spec/a 0.68 0.73 1.08
CF-spec/b 0.74 0.94 1.28
Con ion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) Kq4 values from Lauber et al. (2000)
(2) Values of the avarage composition (Table Mineralogy 1)
(3) Ky values from Ni sorption edge from Bradbury and Baeyens (2003)
Ni(ll) Ky-derivation via % clay CF
CF-1 (%clay) 0.43
Speciation
CF-2a (% clay) 0.46
CF-2b (% clay) 0.55

UF

Predicted Ky: CF-1 (% clay) (m3/kg) 0.14
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Kgq upper limit (m3/kg) 0.75
Kg lower limit (m3/kg) 0.02
Predicted Ky: CF-2a (% clay) (m3/kg) 0.15
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kgq upper limit (m3/kg) 1.13
Kg lower limit (m%kg) 0.019
Predicted Ky: CF-2b (% clay) (m3/kg) 0.17
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m®/kg) 1.34
Kgq lower limit (m3/kg) 0.02
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Speciation Case ll

Filename

TDB:

Ni(ll) speciation (Tertre et al., 2005)

JAEA-Research 2012-044

Ni1_equilibrium_case_Il_120605_DAT
Preequilibration_case_Il_120509_DAT

JAEA,version 100331c1

Tertre 2005_solution speciation

System Application Data Source
Substrate Horonobe mudstone MX-80
Solution HDB-6 0.025M NaClO,
pH 8.5 8.50
pCoO, - 3.97
Ni(ll) dissolved mol/kg) 7.34E-11 only hydrolysis relevant
Ni?* mol/kg) 2.12E-11

NiOH* mol/kg) 7.68E-13

Ni(OH), mol/kg) 5.42E-13

Ni,OH** mol/kg)

Ni(OH);" mol/kg) 1.65E-15

NiHCO;* mol/kg) 4.07E-12

NiCO; mol/kg) 2.54E-11

NicI* mol/kg) 1.67E-12

NiS mol/kg) 1.95E-11

NiHS* mol/kg) 2.55E-15

NiNH;* mol/kg) 2.85E-13

Ni(NH;),2* mol/kg) 1.18E-15

Y competitive Ni complexes mol/kg) 5.092E-11 0.00E+00
(Ni-cmp) with Ni-CO,

Ni tot-(Ni-cmp) mol/kg) 2.25E-11 1.70E-06
(Ni tot- (Ni-cmp)) / Ni tot

(CF-spec/a) 3.07E-01 1.00E+00
NiHCO;" mol/kg) 4.07E-12

NiCO; mol/kg) 2.54E-11

NiCl* mol/kg) 1.67E-12

NiS mol/kg) 1.95E-11

NiHS* mol/kg) 2.55E-15

NiNH;%* mol/kg) 2.85E-13

Ni(NH;),?* mol/kg) 1.18E-15

> competitive Ni complexes mol/kg) 2.15E-11 0.00E+00
(Ni-cmp) without Ni-CO;

Ni tot-(Ni-cmp) without Ni-CO; mol/kg) 5.20E-11 1.70E-06
(Ni tot- (Ni-cmp)) / Ni tot

(CF-spec/b) 7.08E-01 1.00E+00
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JAEA-Research 2012-044

Kg-Derivation Ni(ll) on MX-80, pH 6.75, Tertre et al. (2005)

Overview Pred. K4 [m®kg] Mudstone
HDB-6

Pred. Ky: CF-1 (% clay) 0.86
Pred. Ky: CF-2a (% clay) 0.26
Ni(ll) Kg-derivation Conditions %‘:I'L‘;er::'i‘r’"t‘y(fd)’

Data source' Application CF
Solution 0.025M NaClO, HDB-6 HDB-6
Substrate MX-80 Mudstone Mudstone
Experimental Ky (m%/kg) 4.500
Conversion Mineralogy (CF-min)
%clay 100 19 0.19
Conversion Speciation (CF-spec)
CF-spec/a 1.00 0.31 0.31
CF-spec/b 1.00 0.71 0.71
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) Kq values from Ni(ll) sorption edge
Ni(ll) Ky-derivation via % clay CF
CF-1 (%clay) 0.19
Speciation
CF-2a (% clay) 0.06
CF-2b (% clay) 0.13

UF

Predicted K4: CF-1 (% clay) (m®/kg) 0.86
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Kg upper limit (m%kg) 4.74
Kq lower limit (m®/kg) 0.15
Predicted Ky: CF-2a (% clay) (m®/kg) 0.26
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m%kg) 2.04
Kq lower limit (m®/kg) 0.034
Predicted Ky: CF-2b (% clay) (m®/kg) 0.60
UF-starting K4 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m%kg) 4.70
Kgq lower limit (m%/kg) 0.08
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Speciation Case ll

JAEA-Research 2012-044

Filename Ni1_equilibrium_case_lIl_120605_DAT B&B 1999_solution speciation
Preequilibration_case_II_120509_DAT

TDB: JAEA version 100331c1

Ni(ll) speciation (Bradbury&Baeyens, 1999

System Application Data Source

Substrate Horonobe mudstone Ca-Montmorillonite

Solution HDB-6 Ca(NOj3), solution

Ni(I)iniiar (mol/kg) 1.30E-07 2.70E-08

pH 8.5 8.5

pCO; - -

Ni(ll) dissolved (mol/kg) 7.34E-11 only hydrolysis considered ")

Ni%* (mol/kg) 2.12E-11

NiOH* (mol/kg) 7.68E-13

Ni(OH), (mol/kg) 5.42E-13

Ni(OH);" (mol/kg) 1.65E-15

NiHCO;* (mol/kg) 4.07E-12

NiCO; (mol/kg) 2.54E-11

NicI* (mol/kg) 1.67E-12

NiS (mol/kg) 1.95E-11

NiHS* (mol/kg) 2.55E-15

NiNH;%* (mol/kg) 2.85E-13

Ni(NH3),>* (mol/kg) 1.18E-15

> competitive Ni complexes (mol/kg) 5.09E-11 0.00E+00

(Ni-cmp) with Ni-CO3

Ni tot-Ni-cmp) (mol/kg) 2.25E-11 2.70E-08

(Ni tot- (Ni-cmp)) / Ni tot

(CF-spec/a) 3.07E-01 1.00E+00

NiHCO;* (mol/kg) 4.07E-12

NiCO; (mol/kg) 2.54E-11

NiCI* (mol/kg) 1.67E-12

NiS (mol/kg) 1.95E-11

NiHS* (mol/kg) 2.55E-15

NiNH;2* (mol/kg) 2.85E-13

Ni(NH3),>* (mol/kg) 1.18E-15

Ni complexes (mol/kg) 2.15E-11 0.00E+00

(Ni-cmp) without Ni-CO;

Ni tot-(Ni-cmp) without Ni-CO; (mol/kg) 5.20E-11 2.70E-08

(Ni tot- (Ni-cmp)) / Ni tot

(CF-spec/b) 7.075E-01 1.000E+00

) Ni-NO3 complexes are not relevant (ca. 1E-20 M) according to the JAEA-TDB
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Kg-Derivation Ni(ll) on Ca-Montmorillonite, pH 6.75, Bradbury&Baeyens (1999)

Overview Pred. K4 [m*/kg] Horonobe
HDB-6

Pred. Ky: CF-1 (% clay) 1.07
Pred. Ky: CF-2a (% clay) 0.33
Ni(ll) K4-derivation Conditions Cuonr::\:eer::li(:t‘y(((:l})l

Data source’ Application CF
Solution 0.033M Ca(NO;), HDB-6 HDB-6
Substrate Ca-Montmorillonite |Mudstone Mudstone
Experimental Ky (m3/kg) 5.6
Conversion Mineralogy (CF-min)
Y%clay 100 19 0.19
Conversion Speciation (CF-spec)
CF-spec/a 1.00 0.31 0.31
CF-spec/b 1.00 0.71 0.71
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) Kq from Ni(ll) sorption edge
Ni(ll) Ky-derivation via % clay CF
CF-1 (%clay) 0.19
Speciation
CF-2a (% clay) 0.06
CF-2b (% clay) 0.13

[

Predicted Ky: CF-1 (% clay) (m3/kg) 1.07
UF-starting K4 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Kg upper limit (m3/kg) 5.93
Kg lower limit (m3/kg) 0.19
Predicted K4: CF-2a (% clay) (m3/kg) 0.33
UF-starting K4 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m3/kg) 2.54
Kq lower limit (m%kg) 0.042
Predicted Ky: CF-2b (% clay) (m3/kg) 0.76
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m®kg) 5.87
Kg lower limit (m3/kg) 0.10
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Speciation Case Il

Filename

TDB:

Ni speciation (Lauber et al., 2000)

JAEA-Research 2012-044

Ni1_equilibrium_case_ll_120605_DAT
Preequilibration_case_|l_120509_DAT

JAEA  version 100331c1

N1_Lauber_2000_sol_spec_pH6.3_120619_DAT

System Application Data Source
Substrate _ OPA
Solution HDB-6 synthetic OPA porewater
pH 8.500 6.30
pCO, - -
Ni(ll) dissolved (mol/kg) 7.34E-11 3.76E-07
Ni%* (mol/kg) 2.12E-11 2.56E-07
NiOH* (mol/kg) 7.68E-13 6.56E-11
Ni(OH), (mol/kg) 5.42E-13 3.28E-13
Ni(OH)s" (mol/kg) 1.65E-15

NiHCO;* (mol/kg) 4.07E-12 2.00E-08
NiCO; (mol/kg) 2.54E-11 8.84E-10
Nicl* (mol/kg) 1.67E-12 1.76E-08
NiF* 2.17E-10
NiS (mol/kg) 1.95E-11 1.95E-12
NiHS* (mol/kg) 2.55E-15 3.59E-14
NiNH;?* (mol/kg) 2.85E-13

Ni(NH;),2* (mol/kg) 1.18E-15

NiSO, (mol/kg) 7.68E-08
Ni(SO4),> (mol/kg) 4.88E-09
Y competitive Ni complexes (mol/kg) 5.09E-11 1.20E-07
(Ni-cmp) with Ni-CO;

Ni tot-(Ni-cmp) (mol/kg) 2.25E-11 2.56E-07
(Ni tot- (Ni-cmp)) / Ni tot

(CF-spec/a) 3.07E-01 6.80E-01
NiHCO;* (mol/kg) 4.07E-12 2.00E-08
NiCO; (mol/kg) 2.54E-11 8.84E-10
NiCI* (mol/kg) 1.67E-12 1.76E-08
NiF* 2.17E-10
NiS (mol/kg) 1.95E-11 1.95E-12
NiHS* (mol/kg) 2.55E-15 3.59E-14
NiNH;2* (mol/kg) 2.85E-13

Ni(NH3),?* (mol/kg) 1.18E-15

NiSO, (mol/kg) 7.68E-08
Ni(S0,),* (mol/kg) 4.88E-09
> competitive Ni complexes (mol/kg) 2.15E-11 9.95E-08
(Ni-cmp) without Ni-CO;

Ni tot-(Ni-cmp) without Ni-CO; (mol/kg) 5.20E-11 2.77E-07
(Ni tot- (Ni-cmp)) / Ni tot

(CF-spec/b) 7.08E-01 7.35E-01
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-Derivation Ni(ll) on opalinus clay, pH 6.3, Lauber 2000

Overview Pred. K, [m®kg]

JAEA-Research 2012-044

HDB-6
Pred. Ky: CF-1 (% clay) 1.37
Pred. K;: CF-2a (% clay) 0.62
. . . Conversion (C) /

Ni(ll) Ky-derivation Conditions Uncertainty (U)

Data source’ Additional information® Appl CF
Solution synthetic porewater 0.1M NaClO, HDB-6 HDB-6
Substrate OPA SWy-1 SWy-1
Experimental Ky (m°/kg) 0.3
Conversion Mineralogy (CF-min)
Y%clay 70 19 0.27
Conversion pH (CF-pH)
pH 6.3 6.3 8.5 8.5
Kd for 0.1 M NaClO4 (pH conwersion)® 0.3 0.8 12.6 15.92
Conversion Speciation (CF-spec)
CF-spec/a 0.68 0.31 0.45
CF-spec/b 0.74 0.71 0.96
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) Kg value from sorption isotherm
(2) Values of the avarage composition
(3) Kq values from Ni sorption edge in Bradbury and Baeyens (2003)
Ni(ll) Ky-derivation via % clay CF
CF-1 (%clay) 4.32
Speciation
CF-2a (% clay) 1.95
CF-2b (% clay) 4.16

UF

Predicted Ky: CF-1 (% clay) (m°/kg)| 1.37
UF-starting Ky 1.6
UF-pH conwersion 2.5
UF-min 1.4
UF-total 5.5
Kg upper limit (m%/kg)| 7.58
Kg lower limit (m%/kg)| 0.25
Predicted Ky: CF-2a (% clay) (m%kg) 0.62
UF-starting Ky 1.6
UF-pH conversion 25
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m%/kg)| 478
Ky lower limit (m°/kg)| 0.079
Predicted Ky: CF-2b (% clay) (m%kg) 1.31
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m%/kg)| 10.20
Ky lower limit (m°/kg)| 0.17
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Speciation Case lll

Filename

TDB:

Ni(ll) speciation (Tertre et al., 2005)

JAEA-Research 2012-044

Ni1_equilibrium_case_lll_120605_DAT
Preequilibration_case_lll_120509_DAT

JAEA version 100331c1

Tertre 2005_solution speciation

System Application Data Source
Substrate _ MX-80
Solution HDB-6 0.025M NaClO,
pH 8.5 8.50
pCoO, - -3.97
Ni(ll) dissolved mol/kg) 5.09E-11 only hydrolysis relevant
Ni%* mol/kg) 1.50E-11

NiOH* mol/kg) 5.41E-13

Ni(OH), mol/kg) 3.81E-13

Ni,OH** mol/kg)

Ni(OH);" mol/kg) 1.16E-15

NiHCO;* mol/kg) 2.92E-12

NiCO3 mol/kg) 1.82E-11

NiCI* mol/kg) 1.17E-12

NiS mol/kg) 1.25E-11

NiHS* mol/kg) 1.64E-15

NiNH;?* mol/kg) 1.49E-13

Ni(NH;),2* mol/kg) 4.54E-16

Y competitive Ni complexes mol/kg) 3.497E-11 0.00E+00
(Ni-cmp) with Ni-CO;

Ni tot<(Ni-cmp) (mol/kg) 1.59E-11 1.70E-06
(Ni tot- (Ni-cmp)) / Ni tot

(CF-spec/a) 3.12E-01 1.00E+00
NiHCO;* mol/kg) 2.92E-12

NiCO; mol/kg) 1.82E-11

NiCI* mol/kg) 1.17E-12

NiS mol/kg) 1.25E-11

NiHS* mol/kg) 1.64E-15

NiNH;2* mol/kg) 1.49E-13

Ni(NH3),%* mol/kg) 4.54E-16

Y competitive Ni complexes mol/kg) 1.39E-11 0.00E+00
(Ni-cmp) without Ni-CO;

Ni tot-(Ni-cmp) without Ni-CO; mol/kg) 3.70E-11 1.70E-06
(Ni tot- (Ni-cmp)) / Ni tot

(CF-spec/b) 7.28E-01 1.00E+00
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Ky-Derivation Ni(ll) on MX-80, pH 6.75, Tertre et al. (2005)

Overview Pred. K4 [m*/kg] Mudstone
HDB-6

Pred. Ky: CF-1 (% clay) 1.22
Pred. Ky: CF-2a (% clay) 0.38
Ni(ll) Kg-derivation Conditions %ch‘;egi?:t‘y(?&)l

Data source' Application CF
Solution 0.025M NaClO, HDB-6 HDB-6
Substrate MX-80 Mudstone Mudstone
Experimental Ky (m®/kg) 4.500
Conversion Mineralogy (CF-min)
Y%clay 100 27 0.27
Conversion Speciation (CF-spec)
CF-spec/a 1.00 0.31 0.31
CF-spec/b 1.00 0.73 0.73
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) K4 values from Ni(ll) sorption edge
Ni(ll) K4-derivation via % clay CF
CF-1 (%clay) 0.27
Speciation
CF-2a (% clay) 0.08
CF-2b (% clay) 0.20

UF

Predicted K4: CF-1 (% clay) (m%kg) 1.22
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Kg upper limit (m%kg) 6.74
Kgq lower limit (m3/kg) 0.22
Predicted K4: CF-2a (% clay) (m3/kg) 0.38
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kq upper limit (m3/kg) 2.95
Kg lower limit (m3/kg) 0.049
Predicted Ky: CF-2b (% clay) (m3/kg) 0.88
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m3/kg) 6.87
Kg lower limit (m3/kg) 0.11
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Speciation Case lll

Filename Ni1_equilibrium_case_lll_120605_DAT
Preequilibration_case_lll_120509_DAT

TDB: JAEA,version 100331c1

Ni(ll) speciation (Bradbury&Baeyens, 1999)

B&B 1999_solution speciation

System Application Data Source
Substrate Horonobe mudstone Ca-Montmorillonite
Solution HDB-6 Ca(NO;), solution
Ni(ll) added (mol/kg) 1.30E-07 2.70E-08
pH 8.5 8.5
pCO; - -

Ni(ll) dissolved (mol/kg) 5.09E-11 only hydrolysis considered "
Ni%* (mol/kg) 1.50E-11

NiOH* (mol/kg) 5.41E-13

Ni(OH), (mol/kg) 3.81E-13

Ni(OH)5” (mol/kg) 1.16E-15

NiHCO,* (mol/kg) 2.92E-12

NiCO; (mol/kg) 1.82E-11

Nicl* (mol/kg) 1.17E-12

NiS (mol/kg) 1.25E-11

NiHS* (mol/kg) 1.64E-15

NiNH,?* (mol/kg) 1.49E-13

Ni(NH3),2* (mol/kg) 4.54E-16

> competitive Ni complexes (mol/kg) 3.50E-11 0.00E+00
(Ni-cmp) with Ni-CO;

Ni tot-Ni-cmp) (mol/kg) 1.59E-11 2.70E-08
(Ni tot- (Ni-cmp)) / Ni tot

(CF-spec/a) 3.12E-01 1.00E+00
NiHCO;* (mol/kg) 2.92E-12

NiCO; (mol/kg) 1.82E-11

Nicl* (mol/kg) 1.17E-12

NiS (mol/kg) 1.25E-11

NiHS* (mol/kg) 1.64E-15

NiNH;2* (mol/kg) 1.49E-13

Ni(NH3),2* (mol/kg) 4.54E-16

Ni complexes (mol/kg) 1.39E-11 0.00E+00
(Ni-cmp) without Ni-CO;

Ni tot-(Ni-cmp) without Ni-CO; (mol/kg) 3.70E-11 2.70E-08
(Ni tot- (Ni-cmp)) / Ni tot

(CF-spec/b) 7.276E-01 1.000E+00

) Ni-NO; complexes are not relevant (ca. 1E-20 M) according to the JAEA-TDB
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Ky-Derivation Ni(ll) on Ca-Montmorillonite, pH 6.75, Bradbury&Baeyens (1999)

Overview Pred. K4 [m®kg] Horonobe
HDB-6
Pred. K4: CF-1 (% clay) 1.62
Pred. Ky: CF-2a (% clay) 0.47
. s . Conversion (C) /

Ni(ll) K4-derivation Conditions Uncertainty (U)

Data source' Application CF
Solution 0.033M Ca(NO;), HDB-6 HDB-6
Substrate Ca-Montmorillonite |Mudstone Mudstone
Experimental K4 (m3/kg) 5.6
Conversion Mineralogy (CF-min)
%clay 100 27 0.27
Conversion Speciation (CF-spec)
CF-spec/a 1.00 0.31 0.31
CF-spec/b 1.00 0.73 0.73
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) K4 values from Ni(ll) sorption edge
Ni(ll) K4-derivation via % clay CF
CF-1 (%clay) 0.27
Speciation
CF-2a (% clay) 0.08
CF-2b (% clay) 0.20

UF

Predicted Ky: CF-1 (% clay) (m3/kg) 1.52
UF-starting K4 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Kg upper limit (m%kg) 8.42
Kg lower limit (m3/kg) 0.27
Predicted K4: CF-2a (% clay) (m3/kg) 0.47
UF-starting Kq 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m%kg) 3.68
Kq lower limit (m%/kg) 0.061
Predicted Ky: CF-2b (% clay) (m%/kg) 1.10
UF-starting Kq 1.6
UF-pH conwersion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m%/kg) 8.58
Kg lower limit (m®/kg) 0.14
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Speciation Case lll

Filename

TDB:

Ni speciation (Lauber et al., 2000)

JAEA-Research 2012-044

Ni1_equilibrium_case_lIl_120605_DAT
Preequilibration_case_lll_120509_DAT

JAEA,version 100331c1

N1_Lauber_2000_sol_spec_pH6.3_120619_DAT

System Application Data Source
Substrate _ OPA
Solution HDB-6 synthetic OPA porewater
pH 8.5 6.30
pCO, - -
Ni(ll) dissolved (mol/kg) 5.09E-11 3.76E-07
Ni%* (mol/kg) 1.50E-11 2.56E-07
NiOH* (mol/kg) 5.41E-13 6.56E-11
Ni(OH), (mol/kg) 3.81E-13 3.28E-13
Ni(OH)5 (mol/kg) 1.16E-15

NiHCO;* (mol/kg) 2.92E-12 2.00E-08
NiCO; (mol/kg) 1.82E-11 8.84E-10
NiCI* (mol/kg) 1.17E-12 1.76E-08
NiS (mol/kg) 1.25E-11 1.95E-12
NiHS* (mol/kg) 1.64E-15 3.59E-14
NiNH,* (mol/kg) 1.49E-13

Ni(NH;),?* (mol/kg) 4.54E-16

NiSO, (mol/kg) 7.68E-08
Ni(S0,),> (mol/kg) 4.88E-09
NiF* (mol/kg) 2.17E-10
> competitive Ni-complexes (mol/kg) 3.50E-11 1.20E-07
(Ni-cmp) with Ni-CO;

Ni tot-(Ni-cmp) (mol/kg) 1.59E-11 2.56E-07
(Ni tot- (Ni-cmp)) / Ni tot

(CF-specl/a) 3.12E-01 6.80E-01
NiHCO;* (mol/kg) 2.92E-12 2.00E-08
NiCO; (mol/kg) 1.82E-11 8.84E-10
NiCI* (mol/kg) 1.17E-12 1.76E-08
NiS (mol/kg) 1.25E-11 1.95E-12
NiHS* (mol/kg) 1.64E-15 3.59E-14
NiNH;2* (mol/kg) 1.49E-13

Ni(NH;),2* (mol/kg) 4.54E-16

NiSO, (mol/kg) 7.68E-08
Ni(SO,),> (mol/kg) 4.88E-09
NiF* (mol/kg) 2.17E-10
> competitive Ni complexes (mol/kg) 1.39E-11 9.95E-08
(Ni-cmp) without Ni-CO3

Ni tot-(Ni-cmp) without Ni-CO; (mol/kg) 3.70E-11 2.77E-07
(Ni tot- (Ni-cmp)) / Ni tot

(CF-spec/b) 7.28E-01 7.35E-01
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-Derivation Ni(ll) on opalinus cla H 6.3, Lauber 2000

Overview Pred. K4 [m®kg]

JAEA-Research 2012-044

HDB-6
Pred. Ky: CF-1 (% clay) 1.87
Pred. Kq: CF-2a (% clay) 0.86
. o . Conversion (C) /

Ni(ll) Ky-derivation Conditions Uncertainty (U)

Data source’ Additional information® Application? CF
Solution synthetic porewater 0.1M NaClO, HDB-6 HDB-6
Substrate OPA SWy-1 SWy-1
Experimental Ky (m®/kg)| 0.3
Conversion Mineralogy (CF-min)
%clay 70 26 0.37
Conversion pH (CF-pH)
pH 6.3 6.3 8.5 8.5
Kd for 0.1 M NaClO4 (pH conversion)® 0.3 0.8 12.6 0.10 15.92
Conversion Speciation (CF-spec)
CF-spec/a 0.68 0.31 0.46
CF-spec/b 0.74 0.73 0.99
C ion Competition (Anionic or C. ic) (CF-cmp) irrelevant
(1) Kq values from sorption isotherm
(2) Values of the avarage composition
(3) Kq values from Ni sorption edge in Bradbury and Baeyens (2003)
Ni(ll) Ky-derivation via % clay CF
CF-1 (%clay) 5.91
Speciation
CF-2a (% clay) 2.72
CF-2b (% clay) 5.85

UF

Predicted Ky: CF-1 (% clay) (m3/kg)| 1.87
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Kgq upper limit (m®/kg)| 10.37
Kgq lower limit (m3/kg)| 0.34
Predicted K4: CF-2a (% clay) (m®/kg)| 0.86
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kgq upper limit (m®/kg) 6.67
Kgq lower limit (m®/kg)| 0.111
Predicted Ky: CF-2b (% clay) (m3/kg)| 1.85
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kgq upper limit (m®kg) 14.36
Kg lower limit (malkg) 0.24
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Speciation Case |

Filename EuAm1_equilibrium_case_|_120606_DAT Gorgeon 1994_solution speciation
Preequilibration_case_|_120511_DAT

TDB JAEA version 100331c1

Am(lll) speciation (Gorgeon, 1994)

System Application —
Substrate Illite
Solution HDB-6 1M NaClO,
pH 6.752 6.75
pCO; - -
Am(lll) dissolved (mol/kg) 6.04E-13 only hydrolysis considered
Am* (mol/kg) 4.84E-15

AmOH?* (mol/kg) 3.71E-16

Am(OH),* (mol/kg) 1.05E-17

Am(OH); (mol/kg) 3.22E-22

AmCO;* (mol/kg) 2.73E-13

Am(CO3),” (mol/kg) 1.41E-13

Am(CO;);> (mol/kg) 1.33E-15

AmHCO,%* (mol/kg) 3.25E-14

AmCI?* (mol/kg) 3.10E-16

AmcCl,* (mol/kg) 2.20E-18

AmSCN?** (mol/kg) 2.26E-35

AmF?* (mol/kg) 2.03E-17

AmF," (mol/kg) 1.56E-20

AmSO,* (mol/kg) 2.78E-22

Am(SO,),” (mol/kg) 2.31E-31

AmSiO(OH);* (mol/kg) 1.50E-13

AmH,PO,** (mol/kg) 4.63E-19

Y competitive Am complexes (mol/kg) 5.98E-13 0.00E+00
(Am-cmp) with Am-CO;

Am tot-(Am-cmp) (mol/kg) 5.25E-15 3.30E-10
(Am tot- (Am-cmp)) / Am tot

(CF-spec/a) 8.71E-03 1.00E+00
AmCO;* (mol/kg) 2.73E-13

Am(CO;),” (mol/kg) 1.41E-13

Am(CO;);> (mol/kg) 1.33E-15

AmHCO,* (mol/kg) 3.25E-14

AmCI?* (mol/kg) 3.10E-16

AmcCl," (mol/kg) 2.20E-18

AmSCN?* (mol/kg) 2.26E-35

AmF? (mol/kg) 2.03E-17

AmF;* (mol/kg) 1.56E-20

AmSO,* (mol/kg) 2.78E-22

Am(SOy), (mol/kg) 2.31E-31

AmSiO(OH);2* (mol/kg) 1.50E-13

AmH,PO,2* (mol/kg) 4.63E-19

> competitive Am complexes (mol/kg) 1.50E-13 0.00E+00
(Am-cmp) without Am-CO3

Am tot-(Am-cmp) without Am-CO; (mol/kg) 4.53E-13 3.30E-10
(Am tot- (Am-cmp)) / Am tot

(CF-spec/b) 7.51E-01 1.00E+00
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Kg-Derivation Am(lll) on lllite, pH 6.78, Gorgeon (1994)

Overview Pred. Ky [m*/kg] Mudstone
HDB-6

Pred. Ky: CF-1 (% clay) 5.51
Pred. Ky: CF-2a (% clay) 0.05
Pred. Ky: CF-2b (% clay) 4.14
Am(lll) Ky-derivation Conditions (ijonnc\;er::i(:lrtly(?d)l

Data source’ Application? CF
Solution 1M NaClO, HDB-6 HDB-6
Substrate Illite Mudstone Mudstone
Experimental Ky (m®/kg) 29.0
Conversion Mineralogy (CF-min)
%clay 100 19 0.19
Conversion pH (CF-pH)
pH 6.78 6.752
pH conversion irrelevant 1.00
Conversion Speciation (CF-spec)
CF-spec/a 1.00 0.01 0.01
CF-spec/b 1.00 0.75 0.75
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) Kq values from sorption edge
(2) Values of the avarage composition
Am(lll) Ky-derivation via % clay CF
CF-1 (% clay) 0.19
Speciation
CF-2a (% clay) 0.002
CF-2b (% clay) 0.14

UF

Predicted K4: CF-1 (% clay) (m¥kg) 5.51
UF-starting Ky 1.6
UF-min 1.4
UF-total 2.2
Kg upper limit (m%/kg) 12.23
Kg lower limit (mkg) 2.48
Predicted Ky: CF-2a (% clay) (m%kg) 0.05
UF-starting Ky 1.6
UF-speciation 1.4
UF-min 1.4
UF-total 3.1
Kg upper limit (m3/kg) 0.15
Kg lower limit (m®%kg) 0.02
Predicted Ky: CF-2b (% clay) (m®/kg) 4.14
UF-starting Ky 1.6
UF-speciation 1.4
UF-min 1.4
UF-total 3.1
Kq upper limit (m%/kg) 12.86
K lower limit (m®%kg) 1.33
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Speciation Case |

Filename

TDB:

Eu speciation (Lauber et al., 2000)

JAEA-Research 2012-044

Eu2_equilibrium_case_|_120106_DAT
Preequilibration_case_|_120511_DAT

Hummel et al. (2002)

Lauber 2000_solution speciation_Eu

System Application

Substrate OPA
Solution HDB-6 Synthetic OPA porewater
pH 6.752 6.30
pCO2 - -

Eu dissolved mol/kg) 4.49E-18 3.76E-07
Eu®* mol/kg) 2.39E-20 1.41E-08
EuOH?* mol/kg) 1.50E-21 3.14E-10
Eu(OH)," mol/kg) 9.96E-23 7.12E-12
Eu(OH); mol/kg) 9.23E-25 2.29E-14
Eu(OH), mol/kg) 2.48E-30 2.22E-20
EuCO;* mol/kg) 3.23E-18 1.79E-07
Eu(CO;), mol/kg) 2.07E-19 1.11E-09
EuSO,* mol/kg) 1.02E-21 9.10E-08
Eu(SO,), mol/kg) 1.63E-24 2.28E-08
EuCI?* mol/kg) 2.31E-20 1.18E-08
EuCl,* mol/kg) 3.10E-21 1.32E-09
EuF?* mol/kg) 5.15E-22 3.28E-09
EuF,* mol/kg) 6.15E-25 4.08E-11
EuSiO(OH),>* mol/kg) 9.75E-19 5.16E-08
Eu(SiO(OH)s)," mol/kg) 2.77E-20 1.27E-10
Y competitive Eu complexes mol/kg) 4.47E-18 3.62E-07
(Eu-cmp) with Eu-CO;

Eu tot-(Eu-cmp) mol/kg) 2.50E-20 1.44E-08
(Eu tot- (Eu-cmp)) / Eu tot

(CF-spec/a) 5.56E-03 3.83E-02
EuCO;" mol/kg) 3.23E-18 1.79E-07
Eu(COs),” mol/kg) 2.07E-19 1.11E-09
EuSO," mol/kg) 1.98E-21 9.10E-08
Eu(SO,), mol/kg) 6.18E-24 2.28E-08
EuCI® mol/kg) 2.32E-20 1.18E-08
EuCl,* mol/kg) 3.11E-21 1.32E-09
EuF? mol/kg) 5.17E-22 3.28E-09
EuF," mol/kg) 6.17E-25 4.08E-11
EuSiO(OH),%* mol/kg) 9.78E-19 5.16E-08
Eu(SiO(OH);),* mol/kg) 2.78E-20 1.27E-10
> competitive Eu complexes mol/kg) 1.03E-18 1.82E-07
(Eu-cmp) without Eu-CO;

Eu tot-(Eu-cmp) without Eu-CO; mol/kg) 3.46E-18 1.94E-07
(Eu tot- (Eu-cmp)) / Eu tot

(CF-spec/b) 7.70E-01 5.16E-01
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-Derivation Eu(lll) on Opalinus Cla H 6.3, Lauber et al. (2000;

Overview Pred. Ky [m3/kg]

HDB-6

Pred. K4: CF-1 (% clay) 5.79
Pred. K4: CF-2a (% clay) 0.84
Pred. K4: CF-2b (% clay) 8.63
Eu(lll) Ky-derivation Conditions %"n"c‘:r::'i‘;’t‘y(f&)/

Data source Additional information’ | Application? CF
Solution synthetic porewater HDB-6 HDB-6
Substrate OPA Ca-SWy-1 Ca-SWy-1 —
Experimental Ky (m%kg) 6.0
Conversion Mineralogy (CF-min)
%clay 70 19 0.27
Conversion pH (CF-pH)
pH 6.3 6.3 6.75 6.752
Kd (pH conversion)’ (m>/kg) 1.6 5.6 3.55
Conversion Speciation (CF-spec)
CF-spec/a 0.04 0.01 0.15
CF-spec/b 0.52 0.77 1.49
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) sorption edge for EU on Ca-SWy-1 (Bradbury and Baeyens, 2002)
(2) Values of the avarage composition
Eu(lll) Ky-derivation via % clay CF
CF-1 (%clay) 0.96
Speciation
CF-2a (% clay) 0.14
CF-2b (% clay) 1.44

UF

Predicted Kq: CF-1 (% clay) (m%kg) 5.79
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Ky upper limit (m*/kg), 32.11
Kg lower limit (m%/kg)| 1.04
Predicted K4: CF-2a (% clay) (m®/kg) 0.84
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m%kg) 6.53
Kg lower limit (m3/kg)| 0.11
Predicted Ky: CF-2b (% clay) (m%/kg)| 8.63
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m®/kg)| 67.02
Ky lower limit (m%kg) 1.1
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Speciation Case ll

Filename

TDB

Am(lll) speciation (Gorgeon, 1994)

JAEA-Research 2012-044

EuAm1_equilibrium_case_lI_120606_DAT
Preequilibration_case_II_120509_DAT

JAEA, version 100331c1

Gorgeon 1994_solution speciation

System Application

Substrate lllite
Solution HDB-6 1M NaClO,
pH 8.500 8.50
pCO, - -
Am(lll) dissolved (mol/kg) 1.68E-13 only hydrolysis considered
Am* (mol/kg) 2.23E-18

AmOH? (mol/kg) 9.60E-18

Am(OH),* (mol/kg) 1.52E-17

Am(OH); (mol/kg) 2.62E-20

AmCO;* (mol/kg) 5.28E-15

Am(CO;),” (mol/kg) 1.14E-13

Am(CO;);* (mol/kg) 4.46E-14

AmHCO,%* (mol/kg) 1.12E-17

AmCI** (mol/kg) 1.38E-19

AmCl," (mol/kg) 9.44E-22

AmSCN?* (mol/kg) 1.041E-37

AmF? (mol/kg)

AmF,* (mol/kg)

AmSO,* (mol/kg) 1.14E-26

Am(SO,), (mol/kg) 8.35E-37

AmSiO(OH),>* (mol/kg) 3.88E-15

AmH,PO2* (mol/kg)

Y competitive Am complexes (mol/kg) 1.68E-13 0.00E+00
(Am-cmp) with Am-CO;

Am tot-(Am-cmp) (mol/kg) 1.97E-17 3.30E-10
(Am tot- (Am-cmp)) / Am tot

(CF-spec/a) 1.17E-04 1.00E+00
AmCO;* (mol/kg) 5.28E-15

Am(CO;), (mol/kg) 1.14E-13

Am(CO;);* (mol/kg) 4.46E-14

AmHCO;?* (mol/kg) 1.12E-17

AmCI?* (mol/kg) 1.38E-19

AmCl,* (mol/kg) 9.44E-22

AmSCN?* (mol/kg) 1.041E-37

AmF?* (mol/kg)

AmF,* (mol/kg)

AmSO,* (mol/kg) 1.14E-26

Am(SO,), (mol/kg) 8.35E-37

AmSiO(OH);** (mol/kg) 3.88E-15

AmH,PO* (mol/kg)

> competitive Am complexes (mol/kg) 3.88E-15 0.00E+00
(Am-cmp) without Am-CO;

Am tot-(Am-cmp) without Am-CO; (mol/kg) 1.64E-13 3.30E-10
(Am tot- (Am-cmp)) / Am tot

(CF-spec/b) 9.77E-01 1.00E+00
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Ky-Derivation Am(lll) on lllite, pH 6.78, Gorgeon (1994)

Overview Pred. Ky [m3/kg] Mudstone
HDB-6
Pred. Ky: CF-1 (% clay) 19.95
Pred. Ky: CF-2a (% clay) 0.002
Pred. Ky: CF-2b (% clay) 19.49
Am(lll) Ky-derivation Conditions ?J:n(:r:ji:rt‘y«(:t)l)l
Data source'’ Application? CF
Solution 1M NaClO, HDB-6 HDB-6
Substrate 1llite Mudstone Mudstone
Experimental Ky (m®kg) 105.0
Conversion Mineralogy (CF-min)
%clay 100 19 0.19
Conversion pH (CF-pH)
pH 6.78 8.5
pH conversion irrelevant 1.00
Conversion Speciation (CF-spec)
CF-spec/a 1.00 0.00 0.00
CF-spec/b 1.00 0.98 0.98
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) K4 values from sorption edge
(2) Values of the avarage composition
Am(lll) Ky4-derivation via % clay CF
CF-1 (% clay) 0.19
Speciation
CF-2a (% clay) 0.000
CF-2b (% clay) 0.19
UF
Predicted Ky: CF-1 (% clay) (m®kg) 19.95
UF-starting K4 1.6
UF-min 1.4
UF-total 2.2
Kq upper limit (m*/kg) 44.27
Kq lower limit (m3/kg) 8.99
Predicted Ky: CF-2a (% clay) (m3/kg) 0.00
UF-starting K4 1.6
UF-speciation 1.4
UF-min 1.4
UF-total 3.1
Kq upper limit (m®kg) 0.01
Kq lower limit (m%/kg) 0.00
Predicted Ky: CF-2b (% clay) (m%/kg) 19.49
UF-starting Ky 1.6
UF-speciation 1.4
UF-min 1.4
UF-total 3.1
Kg upper limit (m3/kg) 60.54
Kgq lower limit (m3/kg) 6.27
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Speciation Case Il

Filename

TDB:

JAEA-Research 2012-044

Eu2_equilibrium_case_ll_120106_DAT
Preequilibration_case_Il_120509_DAT

Hummel et al. (2002)

Eu speciation (Lauber et al., 2000)

Lauber 2000_solution speciation_Eu

System Application

Substrate OPA
Solution HDB-6 Synthetic OPA porewater
pH 8.500 6.30
pCO2 - -

Eu dissolved (mol/kg) 9.87E-16 3.76E-07
Eu®* (mol/kg) 3.67E-20 1.41E-08
EuOH?* (mol/kg) 1.29E-19 3.14E-10
Eu(OH),* (mol/kg) 4.68E-19 7.12E-12
Eu(OH); (mol/kg) 2.40E-19 2.29E-14
Eu(OH), (mol/kg) 3.65E-23 2.22E-20
EuCO;* (mol/kg) 2.07E-16 1.79E-07
Eu(CO3)," (mol/kg) 5.66E-16 1.11E-09
EuSO,* (mol/kg) 1.27E-28 9.10E-08
Eu(SOy); (mol/kg) 1.69E-38 2.28E-08
EuCI?* (mol/kg) 3.46E-20 1.18E-08
EuCl,* (mol/kg) 4.44E-21 1.32E-09
EuF?* (mol/kg) 3.28E-09
EuF;" (mol/kg) 4.08E-11
EuSiO(OH),>* (mol/kg) 8.36E-17 5.16E-08
Eu(SiO(OH);)," (mol/kg) 1.30E-16 1.27E-10
Y competitive Eu complexes (mol/kg) 9.86E-16 3.62E-07
(Eu-cmp) with Eu-CO;

Eu tot-(Eu-cmp) (mol/kg) 9.91E-19 1.44E-08
(Eu tot- (Eu-cmp)) / Eu tot

(CF-specl/a) 1.00E-03 3.83E-02
EuCO;* (mol/kg) 2.07E-16 1.79E-07
Eu(COs), (mol/kg) 5.66E-16 1.11E-09
EuSO," (mol/kg) 1.27E-28 9.10E-08
Eu(SO,), (mol/kg) 1.69E-38 2.28E-08
EuCI?* (mol/kg) 3.46E-20 1.18E-08
EuCl,* (mol/kg) 4.44E-21 1.32E-09
EuF? (mol/kg) 3.28E-09
EuF,* (mol/kg) 4.08E-11
EuSiO(OH);2* (mol/kg) 8.36E-17 5.16E-08
Eu(SiO(OH);)," (mol/kg) 1.30E-16 1.27E-10
> competitive Eu complexes (mol/kg) 2.14E-16 1.82E-07
(Eu-cmp) without Eu-CO;

Eu tot-(Eu-cmp) without Eu-CO;3 (mol/kg) 7.73E-16 1.94E-07
(Eu tot- (Eu-cmp)) / Eu tot

(CF-spec/b) 7.84E-01 5.16E-01
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-Derivation Eu(lll) on Opalinus Cla H 6.3, Lauber et al. (2000;

Overview Pred. Ky [malkg]

HDB-6
Pred. Ky: CF-1 (% clay) 258.54
Pred. K,: CF-2a (% clay) 6.78
Pred. K,: CF-2b (% clay) 392.43

. e Conversion (C) /
Eu(lll) Ky-derivation Conditions Uncertainty (U)
Data source’ Additional information’ | Application? CF
Solution synthetic porewater HDB-6 HDB-6
Substrate OPA Ca-SWy-1 Ca-SWy-1
Experimental Ky (m®/kg) 6.0
Conversion Mineralogy (CF-min)
%clay 70 19 0.27
Conversion pH (CF-pH)
pH 6.3 6.3 8.5 8.5
Kd (pH conversion)’ (m%/kg) 1.6 251.2 158.49
Conversion Speciation (CF-spec)
CF-spec/a 0.04 1.00E-03 2.62E-02
CF-spec/b 0.52 0.78 1.52
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) Kq values from sorption edge for Eu on Ca-Swy-1(Bradbury and Baeyens, 2002)
(2) Values of the avarage composition
Eu(lll) Ky-derivation via % clay CF
CF-1 (%clay) 43.02
Speciation
CF-2a (% clay) 1.13
CF-2b (% clay) 65.30
UF

Predicted Ky: CF-1 (% clay) (m%/kg) 258.54
UF-starting Kq 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Ky upper limit (m°/kg) 1434.16
Kq lower limit (m/kg) 46.61
Predicted Kq: CF-2a (% clay) (m*kg) 6.78
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m®/kg) 52.62
Ky lower limit (m°/kg) 0.87
Predicted Ky: CF-2b (% clay) (m3/kg) 392.43
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m°/kg) 3047.63
Kg lower limit (m®/kg) 50.53
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Speciation Case lll

Filename EuAm1_equilibrium_situation_case_Ill_120607_DAT Gorgeon 1994_solution speciation
Preequilibration_case_lIl_120509_DAT

TDB JAEA, version 100331c1

Am(lll) speciation (Gorgeon, 1994)

System Application

Substrate Illite
Solution HDB-6 1M NaClO,
pH 8.500 8.50
pCO, - -
Am(lll) dissolved (mol/kg) 6.78E-14 only hydrolysis considered
Am® (mol/kg) 9.05E-19

AmOH? (mol/kg) 3.85E-18

Am(OH),* (mol/kg) 6.05E-18

Am(OH); (mol/kg) 1.04E-20

AmCO;* (mol/kg) 2.12E-15

Am(CO;),” (mol/kg) 4.58E-14

Am(CO3);> (mol/kg) 1.83E-14

AmHCO;** (mol/kg) 4.51E-18

AmcCI* (mol/kg) 5.52E-20

AmCl,* (mol/kg) 3.75E-22

AmSCN?* (mol/kg) 3.00E-38

AmF?* (mol/kg)

AmF," (mol/kg)

AmSO,* (mol/kg) 8.20E-27

Am(S0,), (mol/kg) 1.09E-36

AmSiO(OH);** (mol/kg) 1.55E-15

AmH,PO,2* (mol/kg)

Y competitive Am complexes (mol/kg) 6.78E-14 0.000E+00
(Am-cmp) with Am-CO;

Am tot-(Am-cmp) (mol/kg) 6.43E-18 3.30E-10
(Am tot- (Am-cmp)) / Am tot

(CF-spec/a) 9.48E-05 1.00E+00
AmCO;* (mol/kg) 2.12E-15

Am(CO;),” (mol/kg) 4.58E-14

Am(CO3);> (mol/kg) 1.83E-14

AmHCO,%* (mol/kg) 4.51E-18

AmCI?* 5.52E-20

AmCl," 3.75E-22

AmSCN?* (mol/kg) 3.00E-38

AmF?* (mol/kg)

AmF," (mol/kg)

AmSO,* (mol/kg) 8.20E-27

Am(SO,),” (mol/kg) 1.09E-36

AmSiO(OH),>* (mol/kg) 1.55E-15

AmH,PO,** (mol/kg)

Y competitive Am complexes (mol/kg) 1.55E-15 0.00E+00
(Am-cmp) without Am-CO;

Am tot-(Am-cmp) without Am-CO; (mol/kg) 6.63E-14 3.30E-10
(Am tot- (Am-cmp)) / Am tot

(CF-spec/b) 9.77E-01 1.00E+00
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Kgy-Derivation Am(lll) on lllite, pH 6.78, Gorgeon (1994)

Overview Pred. Ky [m®/kg] Mudstone
HDB-6
Pred. Ky: CF-1 (% clay) 28.35
Pred. Ky: CF-2a (% clay) 0.003
Pred. Ky: CF-2b (% clay) 27.70
Am(lll) Kg-derivation Conditions %°n";er::'i?1':y“(:&)’
Data source’ Application? CF
Solution 1M NaClO, HDB-6 HDB-6
Substrate 1llite Mudstone Mudstone
Experimental Ky (m3/kg) 105.0
Conversion Mineralogy (CF-min)
Y%clay 100 27 0.27
Conversion pH (CF-pH)
pH 6.78 8.5
pH conversion irrelevant 1.00
Conversion Speciation (CF-spec)
CF-spec/a 1.00 0.00 0.00
CF-spec/b 1.00 0.98 0.98
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) Kq4 values from data table Gorgeon (1994) given as log Kd
(2) Values of the avarage composition (Table Mineralogy 1)
Am(lll) K4-derivation via % clay CF
CF-1 (% clay) 0.27
Speciation
CF-2a (% clay) 0.000
CF-2b (% clay) 0.26
UF
Predicted Ky: CF-1 (% clay) (m¥kg) 28.35
UF-starting K4 1.6
UF-min 1.4
UF-total 2.2
Kg upper limit (m%/kg) 62.90
Kg lower limit (m%kg) 12.78
Predicted Ky: CF-2a (% clay) (m%kg) 0.00
UF-starting Ky 1.6
UF-speciation 1.4
UF-min 1.4
UF-total 3.1
Kg upper limit (m%/kg) 0.01
Kg lower limit (m%kg) 0.00
Predicted Ky: CF-2b (% clay) (m%kg) 27.70
UF-starting Ky 1.6
UF-speciation 1.4
UF-min 1.4
UF-total 3.1
Kg upper limit (m%kg) 86.05
Kg lower limit (m%kg) 8.92
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Speciation Case lll

Filename Eu2_equilibrium_case_lll_120109_DAT
Preequilibration_case_|IIl_120509_DAT

TDB: Hummel et al. (2002)

Eu speciation (Lauber et al., 2000)

Lauber 2000_solution speciation_Eu

System Application

Substrate OPA
Solution HDB-6 Synthetic OPA porewater
pH 8.500 6.30
pCO2 B N

Eu dissolved (mol/kg) 8.19E-16 3.76E-07
Eu®* (mol/kg) 3.12E-20 1.41E-08
EuOH?* (mol/kg) 1.10E-19 3.14E-10
Eu(OH),* (mol/kg) 3.93E-19 7.12E-12
Eu(OH); (mol/kg) 2.00E-19 2.29E-14
Eu(OH)4 (mol/kg) 3.06E-23 2.22E-20
EuCO;* (mol/kg) 1.72E-16 1.79E-07
Eu(COs),” (mol/kg) 4.66E-16 1.11E-09
EuSO4* (mol/kg) 1.81E-28 9.10E-08
Eu(SOy), (mol/kg) 4.12E-38 2.28E-08
EuCI?* (mol/kg) 2.93E-20 1.18E-08
EuCl,* (mol/kg) 3.70E-21 1.32E-09
EuF?* (mol/kg) 3.28E-09
EuF," (mol/kg) 4.08E-11
EuSiO(OH);* (mol/kg) 7.10E-17 5.16E-08
Eu(SiO(OH)s),* (mol/kg) 1.09E-16 1.27E-10
> competitive Eu complexes (mol/kg) 8.19E-16 3.62E-07
(Eu-cmp) with Eu-CO;

Eu tot-(Eu-cmp) (mol/kg) 6.95E-19 1.44E-08
(Eu tot- (Eu-cmp)) / Eu tot

(CF-spec/a) 8.48E-04 3.83E-02
EuCO;* (mol/kg) 1.72E-16 1.79E-07
Eu(CO3),” (mol/kg) 4.66E-16 1.11E-09
EuSO,* (mol/kg) 1.81E-28 9.10E-08
Eu(SOy), (mol/kg) 4.12E-38 2.28E-08
EuCI?* (mol/kg) 2.93E-20 1.18E-08
EuCly* (mol/kg) 3.70E-21 1.32E-09
EuF? (mol/kg) 3.28E-09
EuF," (mol/kg) 4.08E-11
EuSiO(OH);%* (mol/kg) 7.10E-17 5.16E-08
Eu(SiO(OH);)," (mol/kg) 1.09E-16 1.27E-10
Y competitive Eu complexes (mol/kg) 1.80E-16 1.82E-07
(Eu-cmp) without Eu-CO;

Eu tot-(Eu-cmp) without Eu-CO; (mol/kg) 6.39E-16 1.94E-07
(Eu tot- (Eu-cmp)) / Eu tot

(CF-spec/b) 7.80E-01 5.16E-01
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-Derivation Eu(lll) on Opalinus Clay, pH 6.3, Lauber et al. (2000

Overview Pred. Ky [mslkg]

HDB-6
Pred. Kq: CF-1 (% clay) 367.40
Pred. Ky: CF-2a (% clay) 8.13
Pred. K4: CF-2b (% clay) 555.23
Eu(lll) Ky-derivation Conditions %on':;veegi‘:‘:y(?&)l

Data source' Additional information’ | Application? CF
Solution synthetic porewater HDB-6 HDB-6
Substrate OPA Ca-SWy-1 Ca-SWy-1
Experimental Ky (m°/kg), 6.0
Conversion Mineralogy (CF-min)
%clay 70 27 0.39
Conversion pH (CF-pH)
pH 6.3 6.3 8.5 8.5
Kd (pH conversion)’ (m%/kg) 1.6 251.2 158.49
Conversion Speciation (CF-spec)
CF-spec/a 0.04 0.00 0.02
CF-spec/b 0.52 0.78 1.51
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) K4 values for Eu on Ca-Swy-1(Bradbury and Baeyens, 2002)
(2) Values of the avarage composition
Eu(lll) Ky-derivation via % clay CF
CF-1 (%clay) 61.13
Speciation
CF-2a (% clay) 1.35
CF-2b (% clay) 92.38
UF

Predicted Ky: CF-1 (% clay) (m°/kg), 367.40
UF-starting K4 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Kg upper limit (m%kg) 2038.02
Kgq lower limit (m%kg) 66.23
Predicted Ky: CF-2a (% clay) (m/kg), 8.13
UF-starting K4 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m%kg) 63.17
Kq lower limit (m%kg) 1.05
Predicted Ky: CF-2b (% clay) (m%/kg) 555.23
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m%kg) 4311.90
Ky lower limit (m%kg) 71.50

- 110 -



JAEA-Research 2012-044

Speciation Case |

Filename Th1_equilibrium_case_|_120606_DAT
Preequilibration_case_|_120511_DAT

TDB: JAEA,version 100331c1

Th(lV) speciation (Bradbury&Baeyens, 2003b)

Th1_B&B_opalinus_pH7.8_120618_DAT

System Application Data Source
Substrate Mont Terri Opalinus Clay
Solution HDB-6 substrate equilibrium soln.
pH 6.752 7.80
pCO; - -
Th(lV) dissolved (mol/kg) 2.42E-11 1.02E-09
Th* (mol/kg) 1.10E-21 2.76E-21
Th(OH), (mol/kg) 3.05E-14 1.01E-09
ThOH®** (mol/kg) 2.29E-18 6.09E-17
Th(OH),?* (mol/kg) 5.56E-16 1.59E-13
Th(CO5)2(OH),* (mol/kg) 2.34E-11 1.38E-11
Th(CO;3)s® (mol/kg) 5.77E-14 3.20E-20
Th(CO3),0H> (mol/kg) 6.85E-13 8.63E-17
ThCO3(OH)> (mol/kg) 4.46E-17 7.16E-14
ThF;* (mol/kg) 2.38E-18 2.11E-15
ThF, (mol/kg) 1.03E-18 6.38E-15
ThF,?* (mol/kg) 7.07E-18 8.74E-16
ThF* (mol/kg) 7.37E-19 1.29E-17
Th(OH)3(H3Si04): (mol/kg) 2.48E-19 1.08E-12
ThCI** (mol/kg) 1.10E-21 3.91E-21
Th(S0,);> (mol/kg) 1.42E-19
Th(SO,). (mol/kg) 9.43E-19
Thso,* (mol/kg) 3.25E-19
Y competitive Th complexes (mol/kg) 2.42E-11 1.49E-11
(Th-cmp) with Th-CO3

Th tot-(Th-cmp) (mol/kg) 3.73E-14 1.01E-09
(Th tot- (Th-cmp)) / Th tot

(CF-spec/a) 1.54E-03 9.85E-01
Th(CO3),(OH),> (mol/kg) 2.34E-11 1.38E-11
Th(CO;)s* (mol/kg) 5.77E-14 3.20E-20
Th(CO3),0H> (mol/kg) 6.85E-13 8.63E-17
ThCO;(OH), > (mol/kg) 4.46E-17 7.16E-14
ThF;* (mol/kg) 2.38E-18 2.11E-15
ThF, (mol/kg) 1.03E-18 6.38E-15
ThF,>* (mol/kg) 7.07E-18 8.74E-16
ThF** (mol/kg) 7.37E-19 1.29E-17
Th(OH)3(H3Si04);> (mol/kg) 2.48E-19 1.08E-12
ThCI** (mol/kg) 1.10E-21 3.91E-21
Th(S04):* (mol/kg) 1.42E-19
Th(SO4), (mol/kg) 9.43E-19
ThSO2* (mol/kg) 3.25E-19
Y competitive Th complexes (mol/kg) 1.15E-17 1.09E-12
(Th-cmp) without Th-CO;

Th tot(Th-cmp) without Th-CO; (mol/kg) 2.42E-11 1.02E-09
(Th tot- (Th-cmp)) / Th tot

(CF-spec/b) 1.00E+00 9.99E-01
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Kgy-Derivation Th(IV) on Mont Terri Opalinus Clay, pH 7.8, Bradbury&Baeyens (2003b)

Overview Pred. K, [m%kg]

HDB-6

Pred. K4: CF-1 (% clay) 9.55
Pred. Ky: CF-2a (% clay) 0.015
Pred. Ky: CF-2b (% clay) 9.56
Th(IV) Ky-derivation Conditions ‘L"n";’:r:'i‘:"t‘y(f&)’

Data source Additional information’ [Application CF
Solution Dist. equil. water 0.1 M NaClO,4 HDB-6 HDB-6
Substrate Opalinus Clay SWy-1 SWy-1
Experimental Kq (m3/kg) 55.4
Conversion Mineralogy (CF-min)
%clay 63 19 0.30
Conversion pH (CF-pH)
pH 7.8 7.8 6.75 6.752
Kd for 0.1 M NaClO4 (pH conversiony 55.4 350 200 0.57
Conversion Speciation (CF-spec)
CF-spec/a 0.99 1.54E-03 1.56E-03
CF-spec/b 1.00 1.00 1.00
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) Kq values from Th(IV) sorption edge (Bradbury and Baeyens, 2005)
(2) Values of the avarage composition
Th(IV) Ky-derivation via % clay CF
CF-1 (%clay) 0.17
Speciation
CF-2a (% clay) 0.00
CF-2b (% clay) 0.17

UF

Predicted K4: CF-1 (% clay) (malkg) 9.55
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Kg upper limit (m®/kg) 52.96
Ky lower limit (m®/kg) 1.72
Predicted Ky: CF-2a (% clay) (m®/kg) 0.01
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m3/kg) 0.12
Kg lower limit (m®/kg) 0.002
Predicted Ky: CF-2b (% clay) (m°/kg) 9.56
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m3/kg) 74.22
K lower limit (m3/kg) 1.23
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Filename

TDB:

Th(IV) speciation (Bradbury&Baeyens, 2003b)

JAEA-Research 2012-044

Th1_equilibrium_case_|_120606_DAT
Preequilibration_case_|_120511_DAT

JAEA,version 100331c1

Th1_B&B_opalinus_pH6.3_120618_DAT

System Application Data Source
Substrate — Mont Terri Opalinus Clay
Solution HDB-6 substrate equilibrium soln.
pH 6.75 6.30
pCO, - -
Th(IV) dissolved (mol/kg) 2.42E-11 1.02E-09
Th* (mol/kg) 1.10E-21 3.84E-17
Th(OH), (mol/kg) 3.05E-14 1.55E-11
ThOH** (mol/kg) 2.29E-18 2.76E-14
Th(OH),>* (mol/kg) 5.56E-16 2.32E-12
Th(CO3),(OH),* (mol/kg) 2.34E-11 7.69E-10
Th(CO3)s* (mol/kg) 5.77E-14 1.20E-14
Th(CO3),0H (mol/kg) 6.85E-13 5.43E-13
ThCO;(OH),> (mol/kg) 4.46E-17 2.06E-15
ThF;* (mol/kg) 2.38E-18 4.61E-11
ThF, (mol/kg) 1.03E-18 1.65E-10
ThF,2* (mol/kg) 7.07E-18 1.65E-11
ThF** (mol/kg) 7.37E-19 2.10E-13
Th(OH)3(H3Si04)5* (mol/kg) 2.48E-19 1.63E-17
ThCP* (mol/kg) 1.10E-21 3.31E-17
Th(SO4):> (mol/kg) 5.35E-15
Th(SO,), (mol/kg) 2.71E-14
ThSO2* (mol/kg) 6.48E-15
Y competitive Th complexes (mol/kg) 2.42E-11 9.98E-10
(Th-cmp) with Th-CO;

Th tot-(Th-cmp) (mol/kg) 3.73E-14 1.79E-11
(Th tot- (Th-cmp)) / Th tot

(CF-spec/a) 1.54E-03 1.76E-02
Th(CO3),(OH),* (mol/kg) 2.34E-11 7.69E-10
Th(CO3)s* (mol/kg) 5.77E-14 1.20E-14
Th(CO3),0H* (mol/kg) 6.85E-13 5.43E-13
ThCO;(OH),* (mol/kg) 4.46E-17 2.06E-15
ThF,* (mol/kg) 2.38E-18 4.61E-11
ThF, (mol/kg) 1.03E-18 1.65E-10
ThF,** (mol/kg) 7.07E-18 1.65E-11
ThF** (mol/kg) 7.37E-19 2.10E-13
Th(OH)3(H3Si04)5* (mol/kg) 2.48E-19 1.63E-17
Thei** (mol/kg) 1.10E-21 3.31E-17
Th(S0,);* (mol/kg) 5.35E-15
Th(SO,), (mol/kg) 2.71E-14
ThSO,2* (mol/kg) 6.48E-15
> competitive Th complexes (mol/kg) 1.15E-17 2.28E-10
(Th-cmp) without Th-CO3

Th tot-(Th-cmp) without Th-CO3 (mol/kg) 2.42E-11 7.88E-10
(Th tot- (Th-cmp)) / Th tot

(CF-spec/b) 1.00E+00 7.75E-01
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Ky-Derivation Th(IV) on Mont Terri Opalinus Clay, pH 6.3, Bradbury&Baeyens (2003b)

Overview Pred. Ky [m®/kg]

HDB-6
Pred. Ky: CF-1 (% clay) 7.37
Pred. K;: CF-2a (% clay) 0.64
Pred. K;: CF-2b (% clay) 9.51
o . Conversion (C) /

Th(IV) Ky-derivation Conditions Uncertainty (U)

Data source Additional information' | Application CF
Solution Dist. equil. water 0.1 M NaCIO, HDB-6 HDB-6
Substrate Opalinus Clay SWy-1 SWy-1
Experimental K4 (m®/kg) 22.0
Conversion Mineralogy (CF-min)
%clay 63 19 0.30
Conversion pH (CF-pH)
pH 6.3 6.3 6.75 6.75
Kd for 0.1 M NaClO4 (pH conversion)? 22.0 180 200 1.11
Conversion Speciation (CF-spec)
CF-spec/a 1.76E-02 0.00 0.09
CF-spec/b 0.78 1.00 1.29
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) Kd values from Th(IV) sorption edge (Bradbury and Baeyens, 2005)
(2) Values of the avarage composition
Th(IV) Ky-derivation via % clay CF
CF-1 (%clay) 0.34
Speciation
CF-2a (% clay) 0.03
CF-2b (% clay) 0.43

UF

Predicted Ky: CF-1 (% clay) (m3/kg) 7.37
UF-starting Ky 1.6
UF-pH conwersion 2.5
UF-min 1.4
UF-total 5.5
Kg upper limit (m3/kg) 40.89
Kg lower limit (m3/kg) 1.33
Predicted Ky: CF-2a (% clay) (m3/kg) 0.64
UF-starting Kq 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m%/kg) 5.01
Kg lower limit (m®/kg) 0.08
Predicted K4: CF-2b (% clay) (mslkg) 9.51
UF-starting Kq 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m%/kg) 73.84
Kgq lower limit (m3/kg) 1.22
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Filename

TDB:

JAEA-Research 2012-044

Th1_equilibrium_case_|_120606_DAT
Preequilibration_case_|_120511_DAT

JAEA, version 100331c1

Th(IV) speciation (Bradbury&Baeyens, 2003a)

Th1_B&B_MX-80_pH7.25_120618_DAT

System Application Data Source
Substrate MX-80
Solution HDB-6 substrate equilibrium soln.
pH 6.752 7.25
pCO; - -
Th(IV) dissolved (mol/kg) 2.42E-11 1.02E-09
Th** (mol/kg) 1.10E-21 9.12E-20
Th(OH), (mol/kg) 3.05E-14 2.17E-10
ThOH** (mol/kg) 2.29E-18 5.69E-16
Th(OH),** (mol/kg) 5.56E-16 4.19E-13
Th(CO3),(OH),* (mol/kg) 2.34E-11 7.99E-10
Th(CO;3)s> (mol/kg) 5.77E-14 2.40E-15
Th(CO3),OH> (mol/kg) 6.85E-13 3.90E-13
ThCO3(OH),* (mol/kg) 4.46E-17 7.08E-14
ThF;* (mol/kg) 2.38E-18 5.43E-13
ThF, (mol/kg) 1.03E-18 3.32E-12
ThF,?* (mol/kg) 7.07E-18 1.14E-13
ThF** (mol/kg) 7.37E-19 8.45E-16
Th(OH)3(H3Si0,);> (mol/kg) 2.48E-19 1.84E-14
ThCI** (mol/kg) 1.10E-21 7.37E-20
Th(S0,):* (mol/kg) 1.75E-16
Th(SO,), (mol/kg) 3.56E-16
Thso,* (mol/kg) 3.50E-17
> competitive Th complexes (mol/kg) 2.42E-11 8.03E-10
(Th-cmp) with Th-CO3

Th tot-(Th-cmp) (mol/kg) 3.73E-14 2.17E-10
(Th tot- (Th-cmp)) / Th tot

(CF-spec/a) 1.54E-03 2.13E-01
Th(CO3),(OH),* (mol/kg) 2.34E-11 7.99E-10
Th(CO3)s> (mol/kg) 5.77E-14 2.40E-15
Th(CO3),OH* (mol/kg) 6.85E-13 3.90E-13
ThCO3(OH).* (mol/kg) 4.46E-17 7.08E-14
ThF;* (mol/kg) 2.38E-18 5.43E-13
ThF, (mol/kg) 1.03E-18 3.32E-12
ThF,?* (mol/kg) 7.07E-18 1.14E-13
ThF%* (mol/kg) 7.37E-19 8.45E-16
Th(OH)3(H3Si0,):> (mol/kg) 2.48E-19 1.84E-14
ThCI** (mol/kg) 1.10E-21 7.37E-20
Th(S04):> (mol/kg) 1.75E-16
Th(SO,), (mol/kg) 3.56E-16
ThS0,%* (mol/kg) 3.59E-17
> competitive Th complexes (mol/kg) 1.15E-17 4.00E-12
(Th-cmp) without Th-CO;

Th tot-(Th-cmp) without Th-CO; (mol/kg) 2.42E-11 1.02E-09
(Th tot- (Th-cmp)) / Th tot

(CF-spec/b) 1.00E+00 9.96E-01
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Kgy-Derivation Th(IV) on MX-80, pH 7.25, Bradbury&Baeyens (2003a)

Overview Pred. Ky [m*/kg]

HDB-6
Pred. Ky: CF-1 (% clay) 14.51
Pred. Ky: CF-2a (% clay) 0.11
Pred. K4: CF-2b (% clay) 14.57
Th(IV) Kg-derivation Conditions %°n"c‘;°';:'i"’1':y(?&)'

Data source Additional information' | Application? CF
Solution Dist. equil. water 0.1 M NaCIlO, HDB-6 HDB-6
Substrate MX-80 SWy-1 SWy-1
Experimental Ky (m3/kg)| 63.0
Conversion Mineralogy (CF-min)
%clay 75 19 0.25
Conversion pH (CF-pH)
pH 7.25 7.25 6.75 6.752
Kd for 0.1 M NaClO4 (pH conversion) 63.0 220 200 0.91
Conversion Speciation (CF-spec)
CF-spec/a 0.21 0.00 0.01
CF-spec/b 1.00 1.00 1.00
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) Kd values from Th(IV) sorption edge (Bradbury and Baeyens, 2005)
(2) Values of the avarage composition
Th(IV) Ky-derivation via % clay CF
CF-1 (%clay) 0.23
Speciation
CF-2a (% clay) 0.00
CF-2b (% clay) 0.23
UF

Predicted Ky: CF-1 (% clay) (malkg) 14.51
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Kg upper limit (m®/kg) 80.48
K lower limit (m®/kg) 2.62
Predicted Ky: CF-2a (% clay) (m3/kg) 0.11
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m°/kg) 0.82
Ky lower limit (m®/kg) 0.01
Predicted Ky: CF-2b (% clay) (m3/kg) 14.57
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kq upper limit (m°/kg) 113.12
K lower limit (m3/kg), 1.88
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Speciation Case Il

Filename Th1_equilibrium_case_Il_120606_DAT
Preequilibration_case_Il_120509_DAT

TDB: JAEA ,version 100331c1

Th(lV) speciation (Bradbury&Baeyens, 2003b)

Th1_B&B_opalinus_pH7.8_120618_DAT

System Application Data Source
Substrate Mont Terri Opalinus Clay
Solution HDB-6 substrate equilibrium soln.
pH 8.500 7.80
pCO, - -
Th(IV) dissolved (mol/kg) 2.00E-11 1.02E-09
Th** (mol/kg) 8.71E-29 2.76E-21
Th(OH), (mol/kg) 2.40E-14 1.01E-09
ThOH* (mol/kg) 1.02E-23 6.09E-17
Th(OH),%* (mol/kg) 1.39E-19 1.59E-13
Th(CO3)s* (mol/kg) 5.71E-13 3.20E-20
Th(CO3),(OH),* (mol/kg) 1.02E-11 1.38E-11
Th(CO3),OH*> (mol/kg) 9.15E-12 8.63E-17
ThCO;(OH)* (mol/kg) 1.46E-15 7.16E-14
Th(OH)3(H3Si0,):% (mol/kg) 6.11E-16 1.08E-12
ThF;* (mol/kg) 2.11E-15
ThF, (mol/kg) 6.38E-15
ThF,>* (mol/kg) 8.74E-16
ThF** (mol/kg) 1.29E-17
Th(S04):* (mol/kg) 1.42E-19
Th(SO4), (mol/kg) 9.43E-19
ThSO2* (mol/kg) 3.25E-19
> competitive Th complexes (mol/kg) 1.99E-11 1.49E-11
(Th-cmp) with Th-CO3;

Th tot-(Th-cmp) (mol/kg) 1.51E-14 1.01E-09
(Th tot- (Th-cmp)) / Th tot

(CF-spec/a) 7.58E-04 9.85E-01
Th(CO3)s> (mol/kg) 5.71E-13 3.20E-20
Th(CO3),(OH),* (mol/kg) 1.02E-11 1.38E-11
Th(CO3),OH* (mol/kg) 9.15E-12 8.63E-17
ThCO;3(OH)* (mol/kg) 1.46E-15 7.16E-14
Th(OH)3(H3Si0,):% (mol/kg) 6.11E-16 1.08E-12
ThF,;* (mol/kg) 2.11E-15
ThF, (mol/kg) 6.38E-15
ThF,>* (mol/kg) 8.74E-16
ThF** (molkg) 1.29E-17
Th(SO4)32' (mol/kg) 1.42E-19
Th(S0,), (mol/kg) 9.43E-19
Thso,* (mol/kg) 3.25E-19
> competitive Th complexes (mol/kg) 6.11E-16 1.09E-12
(Th-cmp) without Th-CO;

Th tot-(Th-cmp) without Th-CO; (mol/kg) 1.99E-11 1.02E-09
(Th tot- (Th-cmp)) / Th tot

(CF-spec/b) 1.00E+00 9.99E-01
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Kgy-Derivation Th(IV) on Mont Terri Opalinus Clay, pH 7.8, Bradbury&Baeyens (2003b)

Overview Pred. K4 [m%/kg]

HDB-6
Pred. Ky: CF-1 (% clay) 19.09
Pred. Ky: CF-2a (% clay) 0.01
Pred. Ky: CF-2b (% clay) 19.11
Th(IV) Ky-derivation Conditions ‘L"n";e’:'i‘:t‘y(f&)'

Data source Additional information' |Application CF
Solution Dist. equil. water 0.1 M NaCIlO,4 HDB-6 HDB-6
Substrate Opalinus Clay SWy-1 SWy-1
Experimental K4 (m%kg) 55.4
Conversion Mineralogy (CF-min)
%clay 63 19 0.30
Conversion pH (CF-pH)
pH 7.8 7.8 8.5 8.5
Kd for 0.1 M NaClO4 (pH conversiony 55.4 350 400 1.14
Conversion Speciation (CF-spec)
CF-spec/a 0.99 7.58E-04 7.70E-04
CF-spec/b 1.00 1.00 1.00
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) Kq values from Th(IV) sorption edge (Bradbury and Baeyens, 2005)
(2) Values of the avarage composition
Th(IV) Ky-derivation via % clay CF
CF-1 (%clay) 0.34
Speciation
CF-2a (% clay) 0.00
CF-2b (% clay) 0.35
UF

Predicted K4: CF-1 (% clay) (m®/kg) 19.09
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Kq upper limit (m3/kg) 105.92
Ky lower limit (m®/kg) 3.44
Predicted K4: CF-2a (% clay) (m®/kg) 0.01
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m®/kg) 0.11
K lower limit (m3/kg) 0.002
Predicted Ky: CF-2b (% clay) (m3/kg) 19.11
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Ky upper limit (m®/kg) 148.44
K lower limit (m®/kg) 2.46
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Speciation Caselll

Filename Th1_equilibrium_case_Il_120606_DAT
Preequilibration_case_II_120509_DAT

TDB: JAEA version 100331c1

Th(IV) speciation (Bradbury&Baeyens, 2003b)

Th1_B&B_opalinus_pH6.3_120618_DAT

System Application Data Source
Substrate Mont Terri Opalinus Clay
Solution HDB-6 substrate equilibrium soln.
pH 8.50 6.30
pCO, - -
Th(IV) dissolved (mol/kg) 2.00E-11 1.02E-09
Th** (mol/kg) 8.71E-29 3.84E-17
Th(OH), (mol/kg) 2.40E-14 1.55E-11
ThOH3* (mol/kg) 1.02E-23 2.76E-14
Th(OH),* (mol/kg) 1.39E-19 2.32E-12
Th(CO;)s> (mol/kg) 5.71E-13 1.20E-14
Th(CO3),(OH),* (mol/kg) 1.02E-11 7.69E-10
Th(CO5),OH* (mol/kg) 9.15E-12 5.43E-13
ThCO3(OH),> (mol/kg) 1.46E-15 2.06E-15
Th(OH)3(H3Si04):% (mol/kg) 6.11E-16 1.63E-17
ThF;* (mol/kg) 4.61E-11
ThF, (mol/kg) 1.65E-10
ThF,>* (mol/kg) 1.65E-11
ThF®* (mol/kg) 2.10E-13
Th(S04)s* (mol/kg) 5.35E-15
Th(S0,), (mol/kg) 2.71E-14
ThSO2* (mol/kg) 6.48E-15
> competitive Th complexes (mol/kg) 1.99E-11 9.98E-10
(Th-cmp) with Th-CO;

Th tot-(Th-cmp) (mol/kg) 1.51E-14 1.79E-11
(Th tot- (Th-cmp)) / Th tot

(CF-spec/a) 7.58E-04 1.76E-02
Th(CO;,)ss' (mol/kg) 5.71E-13 1.20E-14
Th(C03)2(OH)22‘ (mol/kg) 1.02E-11 7.69E-10
Th(CO;),0H* (mol/kg) 9.15E-12 5.43E-13
ThCO3(OH),> (mol/kg) 1.46E-15 2.06E-15
Th(OH)3(H3Si04):> (mol/kg) 6.11E-16 1.63E-17
ThF;* (mol/kg) 4.61E-11
ThF, (mol/kg) 1.65E-10
ThF,?* (mol/kg) 1.65E-11
ThF®* (mol/kg) 2.10E-13
Th(S04):> (mol/kg) 5.35E-15
Th(SO.), (mol/kg) 2.71E-14
Thso,* (mol/kg) 6.48E-15
> competitive Th complexes (mol/kg) 6.11E-16 2.28E-10
(Th-cmp) without Th-CO;

Th tot-(Th-cmp) without Th-CO; (mol/kg) 1.99E-11 7.88E-10
(Th tot- (Th-cmp)) / Th tot

(CF-spec/b) 1.00E+00 7.75E-01
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Kgy-Derivation Th(IV) on Mont Terri Opalinus Clay, pH 6.3, Bradbury&Baeyens (2003b)

Overview Pred. Ky [m*/kg]

HDB-6
Pred. K;: CF-1 (% clay) 14.74
Pred. Ky: CF-2a (% clay) 0.63
Pred. K;: CF-2b (% clay) 19.02
Th(IV) Ky-derivation Conditions %°n"c‘;er;:'i?":y(‘(:&)’

Data source Additional information’ [Application CF
Solution Dist. equil. water 0.1 M NaClO, HDB-6 HDB-6
Substrate Opalinus Clay SWy-1 SWy-1
Experimental K4 (m®/kg) 22.0
Conversion Mineralogy (CF-min)
%clay 63 19 0.30
Conversion pH (CF-pH)
pH 6.3 6.3 8.5 8.50
Kd for 0.1 M NaClO4 (pH conversion)? 22.0 180 400 2.22
Conversion Speciation (CF-spec)
CF-spec/a 1.76E-02 7.58E-04 0.04
CF-spec/b 0.78 1.00 1.29
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) Kd values from Th(IV) sorption edge (Bradbury and Baeyens, 2005)
(2) Values of the avarage composition
Th(IV) Ky-derivation via % clay CF
CF-1 (%clay) 0.67
Speciation
CF-2a (% clay) 0.03
CF-2b (% clay) 0.86
UF

Predicted K4: CF-1 (% clay) (m®/kg) 14.74
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Kgq upper limit (m3/kg) 81.79
Kgq lower limit (m3/kg) 2.66
Predicted Ky: CF-2a (% clay) (m3/kg) 0.63
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kgq upper limit (m3/kg) 4.92
Kg lower limit (m3/kg) 0.08
Predicted Ky: CF-2b (% clay) (m3/kg) 19.02
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m3/kg) 147.67
Kg lower limit (m3/kg) 2.45
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Filename

TDB:

Th(IV) speciation (Bradbury&Baeyens, 2003a)

JAEA-Research 2012-044

Th1_equilibrium_case_Il_120606_DAT
Preequilibration_case_lI_120509_DAT

JAEA  version 100331c1

Th1_B&B_MX-80_pH7.25_120618_DAT

System Application Data Source
Substrate MX-80
Solution HDB-6 substrate equilibrium soln.
pH 8.50 7.25
pCO, - -
Th(IV) dissolved (mol/kg) 2.00E-11 1.02E-09
Th** (mol/kg) 8.71E-29 9.12E-20
Th(OH), (mol/kg) 2.40E-14 2.17E-10
ThOH** (mol/kg) 1.02E-23 5.69E-16
Th(OH),?* (mol/kg) 1.39E-19 4.19E-13
Th(CO;)s> (mol/kg) 5.71E-13 2.40E-15
Th(CO3)2(OH),> (mol/kg) 1.02E-11 7.99E-10
Th(CO3),OH> (mol/kg) 9.15E-12 3.90E-13
ThCO3(OH),> (mol/kg) 1.46E-15 7.08E-14
Th(OH)3(H3Si0,):% (mol/kg) 6.11E-16 1.84E-14
ThF;* (mol/kg) 5.43E-13
ThF, (mol/kg) 3.32E-12
ThF,2* (mol/kg) 1.14E-13
ThF** (mol/kg) 8.45E-16
Th(S04):> (mol/kg) 1.75E-16
Th(SO.), (mol/kg) 3.56E-16
ThSO# (mol/kg) 3.50E-17
> competitive Th complexes (mol/kg) 1.99E-11 8.03E-10
(Th-cmp) with Th-CO;

Th tot-(Th-cmp) (mol/kg) 1.51E-14 2.17E-10
(Th tot- (Th-cmp)) / Th tot

(CF-spec/a) 7.58E-04 2.13E-01
Th(CO3)s> (mol/kg) 5.71E-13 2.40E-15
Th(CO3)2(OH),> (mol/kg) 1.02E-11 7.99E-10
Th(CO3),OH> (mol/kg) 9.15E-12 3.90E-13
ThCO3(OH),> (mol/kg) 1.46E-15 7.08E-14
Th(OH)3(H3Si04)s% (mol/kg) 6.11E-16 1.84E-14
ThF;* (mol/kg) 5.43E-13
ThF, (mol/kg) 3.32E-12
ThF,?* (mol/kg) 1.14E-13
ThF** (mol/kg) 8.45E-16
Th(S04)s> (mol/kg) 1.75E-16
Th(SO,), (mol/kg) 3.56E-16
ThSO# (mol/kg) 3.50E-17
Y competitive Th complexes (mol/kg) 6.11E-16 4.00E-12
(Th-cmp) without Th-CO3

Th tot-(Th-cmp) without Th-CO; (mol/kg) 1.99E-11 1.02E-09
(Th tot- (Th-cmp)) / Th tot

(CF-spec/b) 1.00E+00 9.96E-01
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Kgy-Derivation Th(IV) on MX-80, pH 7.25, Bradbury&Baeyens (2003a)

Overview Pred. Ky [m®/kg]

HDB-6
Pred. Ky: CF-1 (% clay) 29.02
Pred. Ky: CF-2a (% clay) 0.10
Pred. Ky4: CF-2b (% clay) 29.13

e . Conversion (C) /
Th(IV) Ky-derivation Conditions Uncertainty (U)
Data source Additional information' | Application® CF
Solution Dist. equil. water 0.1 M NaCIlO, HDB-6 HDB-6
Substrate MX-80 SWy-1 SWy-1
Experimental Kq (m®%kg) 63.0
Conversion Mineralogy (CF-min)
%clay 75 19 0.25
Conversion pH (CF-pH)
pH 7.25 7.25 8.5 8.5
Kd for 0.1 M NaClO4 (pH conversion) 63.0 220 400 1.82
Conversion Speciation (CF-spec)
CF-spec/a 2.13E-01 7.58E-04 0.00
CF-spec/b 1.00 1.00 1.00
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) Kd values from Th(IV) sorption edge (Bradbury and Baeyens, 2005)
(2) Values of the avarage composition
Th(lV) K4-derivation via % clay CF
CF-1 (%clay) 0.46
Speciation
CF-2a (% clay) 0.00
CF-2b (% clay) 0.46
UF

Predicted Ky: CF-1 (% clay) (malkg) 29.02
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Kqy upper limit (m®/kg) 160.97
Ky lower limit (m®/kg) 5.23
Predicted Ky: CF-2a (% clay) (m3/kg)| 0.10
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m®/kg) 0.80
K lower limit (m®/kg) 0.01
Predicted K4: CF-2b (% clay) (m3/kg) 29.13
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kqy upper limit (m®/kg) 226.23
Ky lower limit (m®/kg) 3.75
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Speciation Case lll

Filename Th1_equilibrium_case_llI_120609_DAT
Preequilibration_case_lll_120509_DAT

TDB: JAEA,version 100331c1

Th(IV) speciation (Bradbury&Baeyens, 2003b)

Th1_B&B_opalinus_pH7.8_120618_DAT

System Application Data Source
Substrate Mont Terri Opalinus Clay
Solution HDB-6 substrate equilibrium soln.
pH 8.500 7.80
pCO, - -
Th(IV) dissolved (mol/kg) 1.51E-11 1.02E-09
Th** (mol/kg) 6.20E-29 2.76E-21
Th(OH), (mol/kg) 1.69E-14 1.01E-09
ThOH** (mol/kg) 7.24E-24 6.09E-17
Th(OH),?* (mol/kg) 9.83E-20 1.59E-13
Th(CO3)s™ (mol/kg) 4.54E-13 3.20E-20
Th(CO3),(OH),* (mol/kg) 7.49E-12 1.38E-11
Th(CO;),0H* (mol/kg) 7.09E-12 8.63E-17
ThCO3(OH),> (mol/kg) 1.05E-15 7.16E-14
ThF;* (mol/kg) 2.11E-15
ThF, (mol/kg) 6.38E-15
ThF,2* (mol/kg) 8.74E-16
ThF* (mol/kg) 1.29E-17
Th(SO0,4)5* (mol/kg) 1.42E-19
Th(SO,), (mol/kg) 9.43E-19
ThSO2* (mol/kg) 3.25E-19
Th(OH)3(H3Si04):* (mol/kg) 4.31E-16 1.08E-12
> competitive Th complexes (mol/kg) 1.50E-11 1.491E-11
(Th-cmp) with Th-CO;

Th tot-(Th-cmp) (mol/kg) 1.64E-14 1.01E-09
(Th tot- (Th-cmp)) / Th tot

(CF-spec/a) 1.09E-03 9.85E-01
Th(CO3)s™ (mol/kg) 4.54E-13 3.20E-20
Th(CO3),(OH),* (mol/kg) 7.49E-12 1.38E-11
Th(CO5),OH* (mol/kg) 7.09E-12 8.63E-17
ThCO3(OH),> (mol/kg) 1.05E-15 7.16E-14
ThF3* (mol/kg) 2.11E-15
ThF, (mol/kg) 6.38E-15
ThF,?* (mol/kg) 8.74E-16
ThF* (mol/kg) 1.29E-17
Th(SO4)3z' (mol/kg) 1.42E-19
Th(S0,), (mol/kg) 9.43E-19
ThSO2* (mol/kg) 3.25E-19
Th(OH)3(H3Si04);> (mol/kg) 4.31E-16 1.08E-12
> competitive Th complexes (mol/kg) 4.31E-16 1.09E-12
(Th-cmp) without Th-CO;

Th tot-(Th-cmp) without Th-CO; (mol/kg) 1.50E-11 1.02E-09
(Th tot- (Th-cmp)) / Th tot

(CF-spec/b) 1.00E+00 9.99E-01
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Kgy-Derivation Th(IV) on Mont Terri Opalinus Clay, pH 7.8, Bradbury&Baeyens (2003b)

Overview Pred. Kq [m%/kg]

JAEA-Research 2012-044

HDB-6
Pred. K4: CF-1 (% clay) 26.13
Pred. Ky: CF-2a (% clay) 0.03
Pred. K4: CF-2b (% clay) 26.16
Th(IV) Kg-derivation Conditions %"n"c":r:'i‘r"'t‘y(?d)'

Data source Additional information' |Applicati CF
Solution Dist. equil. water 0.1 M NaClO4 HDB-6 HDB-6
Substrate Opali Clay SWy-1 SWy-1
Experimental Ky (m®/kg) 55.4
Conversion Mineralogy (CF-min)
%clay 63 26 0.41
Conversion pH (CF-pH)
pH 7.8 7.8 8.5 8.5
Kd for 0.1 M NaClO4 (pH conversion) 55.4 350 400 1.14
Conversion Speciation (CF-spec)
CF-spec/a 0.99 1.09E-03 1.11E-03
CF-spec/b 1.00 1.00 1.00
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) Kd values from Th(IV) sorption edge (Bradbury and Baeyens, 2005)
(2) Values of the avarage composition
Th(IV) Ky-derivation via % clay CF
CF-1 (%clay) 0.47
Speciation
CF-2a (% clay) 0.00
CF-2b (% clay) 0.47
UF

Predicted Ky: CF-1 (% clay) (m%/kg) 26.13
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Kg upper limit (malkg) 144.94
Kgq lower limit (m3/kg) 4.71
Predicted K4: CF-2a (% clay) (m®/kg) 0.03
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m3/kg) 0.22
Kg lower limit (m3/kg) 0.004
Predicted K4: CF-2b (% clay) (m3/kg) 26.16
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m3/kg) 203.13
Kgq lower limit (m%/kg) 3.37
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Speciation Case lll

Filename Th1_equilibrium_case_lll_120609_DAT
Preequilibration_case_lll_120509_DAT

TDB: JAEA, version 100331c1

Th(lV) speciation (Bradbury&Baeyens, 2003b)

Th1_B&B_opalinus_pH6.3_120618_DAT

System Application Data Source
Substrate Mont Terri Opalinus Clay
Solution HDB-6 substrate equilibrium soln.
pH 8.50 6.30
pCO, - -
Th(IV) dissolved (mol/kg) 1.51E-11 1.02E-09
Th** (mol/kg) 6.20E-29 3.84E-17
Th(OH), (mol/kg) 1.69E-14 1.55E-11
ThOH** (mol/kg) 7.24E-24 2.76E-14
Th(OH),** (mol/kg) 9.83E-20 2.32E-12
Th(CO3)s™ (mol/kg) 4.54E-13 1.20E-14
Th(CO3),(OH),* (mol/kg) 7.49E-12 7.69E-10
Th(CO3),0H* (mol/kg) 7.09E-12 5.43E-13
ThCO;(OH),* (mol/kg) 1.05E-15 2.06E-15
ThF;* (mol/kg) 4.61E-11
ThF, (mol/kg) 1.65E-10
ThF,?* (mol/kg) 1.65E-11
ThF®* (mol/kg) 2.10E-13
Th(S0,)s* (mol/kg) 5.35E-15
Th(SOy), (mol/kg) 2.71E-14
ThSO,2 (mol/kg) 6.48E-15
Th(OH)3(H3Si0,):> (mol/kg) 4.31E-16 1.63E-17
> competitive Th complexes (mol/kg) 1.50E-11 9.98E-10
(Th-cmp) with Th-CO;

Th tot-(Th-cmp) (mol/kg) 1.64E-14 1.79E-11
(Th tot- (Th-cmp)) / Th tot

(CF-spec/a) 1.09E-03 1.76E-02
Th(CO4)s™ (mol/kg) 4.54E-13 1.20E-14
Th(CO4),(OH),* (mol/kg) 7.49E-12 7.69E-10
Th(CO3),0H™ (mol/kg) 7.09E-12 5.43E-13
ThCO;(OH),* (mol/kg) 1.05E-15 2.06E-15
ThF;* (mol/kg) 4.61E-11
ThF, (mol/kg) 1.65E-10
ThF,?* (mol/kg) 1.65E-11
ThF** (mol/kg) 2.10E-13
Th(S04)s* (mol/kg) 5.35E-15
Th(S0y), (mol/kg) 2.71E-14
ThsSO,2 (mol/kg) 6.48E-15
Th(OH)3(H3Si04):> (mol/kg) 4.31E-16 1.63E-17
> competitive Th complexes (mol/kg) 4.31E-16 2.28E-10
(Th-cmp) without Th-CO;

Th tot-(Th-cmp) without Th-CO; (mol/kg) 1.50E-11 7.88E-10
(Th tot- (Th-cmp)) / Th tot

(CF-spec/b) 1.00E+00 7.75E-01

- 125 -




JAEA-Research 2012-044

Kg-Derivation Th(IV) on Mont Terri Opalinus Clay, pH 6.3, Bradbury&Baeyens (2003)

Overview Pred. Ky [m®/kg]

HDB-6
Pred. Ky: CF-1 (% clay) 20.18
Pred. Ky: CF-2a (% clay) 1.25
Pred. Ky: CF-2b (% clay) 26.02
Th(IV) Ky-derivation Conditions %"n“c":r;:'i‘r"'t‘y(ﬁi)'

Data source Additional information' | Application CF
Solution Dist. equil. water 0.1 M NaClO, HDB-6 HDB-6
Substrate Opalinus Clay SWy-1 SWy-1
Experimental K4 (m3/kg)| 22.0
Conversion Mineralogy (CF-min)
%clay 63 26 0.41
Conversion pH (CF-pH)
pH 6.3 6.3 8.5 8.50
Kd for 0.1 M NaClO4 (pH conversion) 22.0 180 400 2.22
Conversion Speciation (CF-spec)
CF-spec/a 1.76E-02 1.09E-03 0.06
CF-spec/b 0.78 1.00 1.29
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) Kd values from Th(IV) sorption edge (Bradbury and Baeyens, 2005)
(2) Values of the avarage composition
Th(lV) Ky-derivation via % clay CF
CF-1 (%clay) 0.92
Speciation
CF-2a (% clay) 0.06
CF-2b (% clay) 1.18
UF

Predicted K4: CF-1 (% clay) (m®/kg) 20.18
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-total 5.5
Kg upper limit (m®/kg) 111.92
Kg lower limit (m3/kg), 3.64
Predicted K4: CF-2a (% clay) (m3/kg) 1.25
UF-starting Kg 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kgq upper limit (m®/kg) 9.69
Kgq lower limit (m®/kg) 0.16
Predicted Ky: CF-2b (% clay) (m®/kg) 26.02
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m®/kg) 202.08
Kgq lower limit (m®/kg) 3.35
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Speciation Case Il

Filename

TDB:

JAEA-Research 2012-044

Th1_equilibrium_case_lll_120609_DAT
Preequilibration_case_lll_120509_DAT

JAEA ,version 100331c1

Th(IV) speciation (Bradbury&Baeyens, 2003a)

mudstone_HDB-6_MX-80 (7.25)_Th(1)

System Application Data Source
Substrate — MX-80
Solution HDB-6 substrate equilibrium soln.
pH 8.50 7.25
pCO, - -
Th(IV) dissolved (mol/kg) 1.51E-11 1.02E-09
Th** (mol/kg) 6.20E-29 9.12E-20
Th(OH), (mol/kg) 1.69E-14 2.17E-10
ThOH** (mol/kg) 7.24E-24 5.69E-16
Th(OH),?* (mol/kg) 9.83E-20 4.19E-13
Th(CO;3)s> (mol/kg) 4.54E-13 2.40E-15
Th(CO3),(OH),> (mol/kg) 7.49E-12 7.99E-10
Th(CO3),0H> (mol/kg) 7.09E-12 3.90E-13
ThCO3(OH)> (mol/kg) 1.05E-15 7.08E-14
ThF;* (mol/kg) 5.43E-13
ThF, (mol/kg) 3.32E-12
ThF,2* (mol/kg) 1.14E-13
ThF** (mol/kg) 8.45E-16
Th(S0,):> (mol/kg), 1.75E-16
Th(S04), (mol/kg) 3.56E-16
ThSO** (mol/kg) 3.59E-17
Th(OH)3(H3Si04);% (mol/kg) 4.31E-16 1.84E-14
> competitive Th complexes (mol/kg) 1.50E-11 8.03E-10
(Th-cmp) with Th-CO3

Th tot-(Th-cmp) (mol/kg) 1.64E-14 2.17E-10
(Th tot- (Th-cmp)) / Th tot

(CF-spec/a) 1.09E-03 2.13E-01
Th(CO;)s> (mol/kg) 4.54E-13 2.40E-15
Th(CO3),(OH),> (mol/kg) 7.49E-12 7.99E-10
Th(CO3),0H> (mol/kg) 7.09E-12 3.90E-13
ThCO;3(OH)* (mol/kg) 1.05E-15 7.08E-14
ThF;* (mol/kg) 5.43E-13
ThF, (mol/kg) 3.32E-12
ThF,2* (mol/kg) 1.14E-13
ThF®* (mol/kg) 8.45E-16
Th(S0,):% (mol/kg) 1.75E-16
Th(SO). (mol/kg) 3.56E-16
ThSO,2* (mol/kg) 3.59E-17
Th(OH)3(H3Si0,);> (mol/kg) 4.31E-16 1.84E-14
> competitive Th complexes (mol/kg) 4.31E-16 4.00E-12
(Th-cmp) without Th-CO;

Th tot-(Th-cmp) without Th-CO; (mol/kg) 1.50E-11 1.02E-09
(Th tot- (Th-cmp)) / Th tot

(CF-spec/b) 1.00E+00 9.96E-01

- 127 -




JAEA-Research 2012-044

Kg-Derivation Th(IV) on MX-80, pH 7.25, Bradbury&Baeyens (2003a)

Overview Pred. Ky [m?/kg]

HDB-6
Pred. Ky4: CF-1 (% clay) 39.71
Pred. Ky: CF-2a (% clay) 0.20
Pred. Kyq: CF-2b (% clay) 39.86
Th(IV) Kg-derivation Conditions %°n“c‘::'i"’1':y“(3)'

Data source Additional information' | Application? CF
Solution Dist. equil. water 0.1 M NaClO,4 HDB-6 HDB-6
Substrate MX-80 SWy-1 SWy-1
Experimental Ky (m3/kg)| 63.0
Conversion Mineralogy (CF-min)
Y%clay 75 26 0.35
Conversion pH (CF-pH)
pH 7.25 7.25 8.5 8.5
Kd for 0.1 M NaClO4 (pH conversion) 63.0 220 400 1.82
Conversion Speciation (CF-spec)
CF-spec/a 2.13E-01 1.09E-03 0.01
CF-spec/b 1.00 1.00 1.00
Conversion Competition (Anionic or Cationic) (CF-cmp) irrelevant
(1) Kd values from Th(IV) sorption edge (Bradbury and Baeyens, 2005)
(2) Values of the avarage composition
Th(IV) Ky-derivation via % clay CF
CF-1 (%clay) 0.63
Speciation
CF-2a (% clay) 0.00
CF-2b (% clay) 0.63
UF

Predicted Ky: CF-1 (% clay) (mslkg) 39.71
UF-starting Ky 1.6
UF-pH conwersion 2.5
UF-min 1.4
UF-total 5.5
Kg upper limit (m®/kg) 220.27
K lower limit (m®/kg) 7.16
Predicted Ky: CF-2a (% clay) (m3/kg)| 0.20
UF-starting Ky 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m®/kg) 1.58
K lower limit (m®/kg) 0.03
Predicted Ky: CF-2b (% clay) (malkg) 39.86
UF-starting Kq 1.6
UF-pH conversion 2.5
UF-min 1.4
UF-speciation 1.4
UF-total 7.8
Kg upper limit (m®/kg) 309.59
K lower limit (m3/kg) 5.13
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Speciation

Filename MIZ1_solution speciation Kitamura 1999a_solution speciation

TDB: Hummel et al. (2002)

Am(ll) speciation (Kitamura et al., 1999a

System Application Data Source

Substrate MiZ1 Granite

Solution 0.01M NaClO4

Aminitiar (mol/kg) 1.80E-10 1.80E-10

pH 8.70 8.70

pCO; - -

Am(ll) (mol/kg) 1.80E-10 1.80E-10

Am™ (mol/kg) 8.35E-14 3.76E-13

AmMOH™ (mol/kg) 1.59E-12 2.48E-12

Am(OH)," (mol/kg) 8.28E-12 4.12E-12

Am(OH); (mol/kg) 1.23E-13 1.73E-14

AmMCO;" (mol/kg) 6.07E-12

Am(CO3)y (mol/kg) 3.53E-13

Am(CO3)s~ (mol/kg) 8.66E-16

AmF* (mol/kg) 8.55E-14

AmF," (mol/kg) 9.49E-15

AmSO,, (mol/kg) 2.75E-14

Am(SOy)2 (mol/kg) 7.27TE-17

AmCI*? (mol/kg) 1.60E-15

AmSIiO(OH)3 (mol/kg) 1.63E-10 1.73E-10

¥ competitive Am complexes (mol/kg) 1.70E-10 1.73E-10

(Am-cmp) with Am-CO;

Am tot-Am-cmp) (mol/kg) 1.02E-11 7.00E-12

(Am tot- (Am-cmp)) / Am tot

(CF-spec/a) 5.64E-02 3.89E-02

AmCO;" (mol/kg) 6.07E-12

Am(CO3)y (mol/kg) 3.53E-13

Am(CO3)5~ (mol/kg) 8.66E-16

AmF*? (mol/kg) 8.55E-14

AmMF,” (molfkg) 9.49E-15

AmSO," (mol/kg) 2.75E-14

AmM(SOy4)2 (mol/kg) 7.27E-17

AmcCI*? (mol/kg) 1.60E-15

AmSIO(OH);™ (mol/kg) 1.63E-10 1.73E-10
(mol/kg)

Am complexes (mol/kg) 1.63E-10 1.73E-10

(Am-cmp) without Am-CO;

Am tot-(Am-cmp) without Am-CO4 (mol/kg) 1.66E-11 7.00E-12

(Am tot- (Am-cmp)) / Am tot

(CF-spec/b) 9.214E-02 3.889E-02
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Ky-Derivation Am(lll) on garanite, pH 8.7, Kitamura et al.

JAEA-Research 2012-044

1999a

Overview Pred. K4 [mslkg]

via BET

Pred. K4: CF-1 (% clay)

111.36

Pred. Ky: CF-2a (% clay)

161.63

Pred. K4: CF-2b (% clay)

263.85

Am(ll) K;-derivation

Conditions

Conversion (C) /
Uncertainty (U) Factor(F)

Data source’

Appli(::—ltion2

CF

Solution

0.01M NaClo4

granite water

granite water

Substrate

Granite

MIZ1

MIZ1

Experimental Ky

(m°/kg)

35

Conversion Mineralogy (CF-min)

CEC

(meq/100g)

1.80

BET

(m’/g)

0.11

0.35

% mica

Conversion pH (CF-pH)

pH

8.70

8.7

Kd for 1.0 M NaClO4 (pH conversion)

160

Conversion Speciation (CF-spec)

CF-spec/a

0.04

0.06

1.45

CF-spec/b

0.04

0.09

2.37

Conversion Competition (Anionic or Cationic) (CF-cmp)

irrelevant

(1) Kq4 value from Am(ll) sorption datapoint Kitamura et al. (1999a)

(2) Values provided by JAEA

Am(ll) K;-derivation via BET

CF

CF-1 (BET)

Speciation

CF-2a (BET)

4.62

CF-2b (BET)

7.54

UF

Predicted Ky: CF-1 (BET)

(m’7kg)

111.36

UF-starting Ky

UF-pH conversion

UF-min

UF-total

Kd upper limit

(m>/kg)

247.10

Kd lower limit

(m°/kg)

50.19

positive error bar

135.74

negative error bar

61.17

Predicted K,: CF-2a (BET)

(m°/kg)

161.63

UF-starting Ky

UF-pH conversion

UF-min

14

UF-speciation

1.4

UF-total

3.1

Kg upper limit

(mkg)

502.08

Ky lower limit

(m?/kg)

52.03

positive error bar

340.45

negative error bar

109.60

Predicted Kg: CF-2b (BET)

(m°7kg)

263.85

UF-starting Ky

UF-pH conversion

UF-min

1.4

UF-speciation

UF-total

3.1

Kg upper limit

(m°/kg)

819.63

Kq4 lower limit

(m7/kg)

84.94

positive error bar

555.78

negative error bar

178.91
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