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Radioactive substances and ionizing radiation are used in medicine, industry, agriculture,
research, education and electricity production. This generates radioactive waste. In the
Netherlands, this waste is collected, treated and stored by COVRA (C entrale Organisatie
Voor Radioactief Afval). After interim storage for a period of at least 100 years radioactive
waste is intended for disposal. There is a world -wide scientific and technical consensus
that geological disposal represents the safest long -term option for radioactive waste.

Geological disposal is emplacement of radioactive waste in deep underground formations.
The goal of geological disposal is long-term isolation of radioactive waste from our living
environment in order to avoid exposure of future generations to ionising radiation from the
waste. OPERA (OnderzoeksProgramma Eindberging Radioactief Afval) is the Dutch research
programme on geological disposal of radioactive waste.

Within OPERA, researchers of different organisations in differ ent areas of expertise will
cooperate on the initial, conditional Safety Cases for the host rocks Boom Clay and
Zechstein rock salt. As the radioactive waste disposal process in the Netherlands is at an
early, conceptual phase and the previous research pro gramme has ended more than a
decade ago, in OPERA a first preliminary or initial safety case will be developed to
structure the research necessary for the eventual development of a repository in the
Netherlands. The safety case is conditional since only th e long-term safety of a generic
repository will be assessed. OPERA is financed by the Dutch Ministry of Economic Affairs
and the public limited liability company Electriciteits -Produktiemaatschappij Zuid -
Nederland (EPZ) and coordinated by COVRA. Further deails on OPERA and its outcomes
can be accessed atwww.covra.nl .

This report concerns a study conducted in the framework of OPERA. The conclusions and
viewpoints presented in the report are those of the author(s). COVRA may draw modified
conclusions, based on additional literature sources and expert opinions. A .pdf version of
this document can be downloaded from www.covra.nl .
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Summary

The migration of radionuclides through the host rock plays an important role in the
long-term safety of disposal facilities in clay. Due to the slow transport of radionuclides in
the host rock, most radionuclides will have decayed before they can enter the surrounding
aquifers. For the generic OPERA disposal concept in Boom Clay, the delayed transport of
radionuclides through the host rock can be assumed as the most important safety function
on the long-term. It is therefore important to understand the basic processes behind the
migration of radionuclides in the host rock sufficiently well to be able to make a credible
gquantitative assessment of the long-term effects of deep disposal of radioactive waste in
Boom Clay.

I n a pr ec e dRepog onrmogebreptesentadion of radionuclide sorption in Boom
Cl a (OPERAPU-NRG6121), processes are discussed that determine w hich part of the
radionuclides will be present in solution, and which will be bound by adsorption to the
solid matter and can therefore be considered as immobile. Based on the information
summarized there, in the present report the GOPERAreference sorption modeld is
described and applied for determin ation of so-c a | |Kgvdhlueddthat are a measure for the
distribution of radionuclides over the solid and solution phase . Ky-values for all
radionuclides considered in OPERAare determined, for the geochemical conditions
expected in the Netherlands. The outcome is presented in a way that it can be used in the
deterministic calculations of the OPERA performance assessment calculations to be
performed as part of OPERA WP7

Samenvatting

De migratie van radionucl iden door het gastgesteente speelt een belangrijke rol voor de
langtermijn veiligheid van eindbergingsconcepten in klei. Vanwege de zeer trage diffusie
van stoffen in het gastgesteente zullen de meeste radionucliden vervallen zijn voordat
deze de klei kunnen verlaten. Het zeer trage transport van radionucliden speelt een
essentiéle rol voor de veiligheid van het generieke OPERA bergingsconcept in Boomse Klei.
Om tot een betrouwbare uitspraak over de langetermijn veiligheid te kunnen komen, is het
daarom belangrijk om de processen achter dit transportgedrag goed te begrijpen en in
kaart te brengen.

In een voorgaand rapport @Report on model representation of radionuclide sorption in
Boom C(OBBRBPUNRG6121) ziin de processen besproken die bepalen of een
radionuclide in de Boomse Klei zich in oplossing bevindt, of door adsorptie aan de matrix
van de klei gebonden is en daardoor als immobiel beschouwd mag worden. Op basis vande
informatie in dat rapport wordt in het huidige rapport het GOPERA referentie
sorptie model® beschreven en toegepast om zogenaamde Ki-waarden te bepalen, die een
maat zijn voor de verdeling van radionucliden over de vaste en opgeloste fase. Voor alle
radionucliden die binnen OPERA beschouwd worden zijn Ky-waarden bepaald voor de
verschillende geochemische omstandigheden die in Nederland verwacht worden . De
resultaten zijn zodanig gedocumenteerd, dat deze als input kunnen dienen voor de
veiligheidsanalyses die in OPERA WPTiitgevoerd moeten worden .
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1. Introduction

1.1.Background

The five-year research programme for the geological disposal of radioactive waste 0
OPERA started on 7 July 2011 with an open invitation for research proposals. In these
proposals, research was proposed for the tasks described in the OPERA Research Plan 2].
This report (M6.1.2.3) presents results of the OPERA research project RANMIG
(Radionuclide migration), as part of OPERA Task 6.1.2, Modelling approach for sorption
processes

In the OPERA research programme, all safety relevant aspects of a given generic reference
disposal concept for radioactive waste [ 1] are evaluated and assessed in order to evaluate
the long-term safety of such a facility [ 2]. The programme follows in general terms the
methodology known as 'Safety Casé [3, 4, 5]. Central part of the Safety Case is formed by
safety assessment calculations that will be performed in order to investigate potential risks

of a disposal concept. In case of the OPERA Safety Case for a disposal concept in Boom
Clay, the slow migration of radionuclides is expected to play a relevant role in the long -
term safety of such a disposal concept.

1.2. Objectives

Radionuclide adsorption is a key process in defining the mobility (or migration) of
radionuclides in Boom Clay. The objective of th e present report is to derive model
parameter values that adequately address radionuclide sorption in Boom Clay . Because of
the generic state of the OPERA disposal concept (no specific location given, therefore
properties of the host rock not exactly known), the infl uence of factors that may affect
the sorption properties of the host rock are evaluated. The final outcome of this report is a
list of Ky-values for all radionuclides considered in OPERA

1.3. Realization

This report represents revision 1 of the public report M6.1.2.3, Final report on
radionuclide sorption in Boom Clay, and is prepared by NRG The present report is a
follow -up of M6.1.2.1 [6], Report on model representation of radionuclide sorption in
Boom Clay, where an approach is discussed to model radionuclide sorption processes in
Boom Clay in the Netherlands, and key concepts and modelling approaches for sorption
were evaluated. In the present report, a step -wise procedure is followed leading to the
GOPERAreference sorption modeld that describes sorption of radionuclides to the various
phases in Boom Clay. The variability of the calculated K;0,sdue to the uncertainty on
several input parameter s, is evaluated and the resulting Ky ranges compared to Belgian
data. Eventually, using that model, for the variou s radionuclides considered in [ 7]
conservative Kg-values and their distribution is determined for use in the deterministic
calculations of the normal evolution scenario. The calculations are part of the OPERA
Central Assessment Casq] 8], Section 4.2) and will be performed as part of OPERA WP 7

The interaction between the OPERA Tasks 6.1.2, 6.1.3, 6.1.4 and WP7 is given in Figure 1-1.
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with migration parameters for
PA model diffusion in clay
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Figure 1-1: Schematic overview of relationship between OPERA WP6.1 tas ks and WP7

A revision of the report was prepared in order to clarify some information and to account
for new information provided in May - July 2017.

1.4. Explanation contents

Chapter 2 gives a condensed outline of the overall app roach followed in this report.
Chapter 3 describes the set-up and testing of the GOPERAreference sorption modeld that
will be used to determine Kg-values for the performance assessmentin OPERA WP7In
Chapter 4, ranges of Kj-values for conditions relevant in the Netherlands are calculated
and discussed. Chapter 5 gives an overview on the Kj-values recommended for the OPERA
performance assessments Finally, in Chapter 6 a brief conclusion and outloo k is given. In
Appendix A, all species used in the OPERA reference sorption model are documented .
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2. Outline of the approach followed to derive sorption
parameters

For the derivation of sorption parameter values for the OPERA performance assessment, a
two -phase approach was described and argued in [6], briefly summarized here:

1 In the first phase a reference multi -surface sorption model representation is
devel oPRERA référencesorption modeld ) and c othpgerimehtal wi
results from the Belgian research programme . The outcome of the first phase is
summarized in Chapter 3.

9 In the second phase, this reference sorption model is used to calculate resulting Ky
ranges due to application of that model in the OPERA safety assessment, with input
parameter ranges representative for Dutch Boom Clay properties. These Ky ranges
are derived by uncertainty analyses with the reference sorption model, in order to
investigate the influence of the varying geochemical conditions in the Netherlands
on the sorption behaviour. The outcome of the second phase is summarized in

Chapter 4.
* Set up model on basis of data from
Boom Clay in Mol
Phase 1: / * Calculate apparent K;-value

Set-up of reference model

* Compare outcomes with sorption data
of Boom Clay in Mol

ﬁ \

* Generate model parameter distribution
representative for the Netherlands

€&

¢ Calculate distribution of apparent

Phase 2: K,-values

Derivation of reference values

* Analyse distribution function for
apparent K;-values

Recommended Ks-values for the
OPERA safety assessments

Figure 2-1: Two -phase approach to derive Ky-values for the OPERA safety assessment

AN KN
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3. Set-up of reference model
The GOPERA referencesorption modeldis developed in three steps:

i Step 1: Set-up of reference model: Based on existing models and databases, a
geochemical model representation is developed and implemented in the
geochemical workbench ORCHESTRA9]. The principal processes covered by the
model are discussed in [6; Section 4.3.1]. The model will be parameterized by
geochemical data measured in Boom Clay samples from Mol and requires no fitting
of parameters.

I Step 2: Calculation of apparent K 4-values: The fully parameterized model will
calculate the sorption behaviour of all radionuclides of interest. The overall
sorption behaviour will be translated into Kg-values for each considered
radionuclide. The Kj-values are apparent, conditional values only valid for the
specific conditions of the system under consideration.

1 Step 3: Comparison of outcomes: The outcome of the modelli ng will be compared
with experimentally supportedsor pt i on data from SCKaCEN.

Step Literature review Modelling analyses Measured data

Selection of submodels
1. Set up model &
databases

Geochemical model Boom Clay properties
representation in Mol (SCK-CEN)

2. Calculate apparent & -values Model calculations

3. Compare outcomes

Figure 3-1: Steps and elements of the first phase

3.1. Set-up of the OPERA reference sorption model for Boom Clay

Based on existing models and databases as discussed in[6; Chapter 3] and the
considerations discussed in [6; Chapter 4.1], a geochemical model representation was
developed, f ur t her @OPERAoréfezetdcesarptiorOmodel 6
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3.1.1. Selection of submodels and databases

As described above, the purpose of the reference model is to calculate the sorption
behaviour of radionuclides for a large range of Boom Clay properties expected in the
Netherlands. To allow addressing the variability of the Boom Clay, the distribution of

radionuclides over different chemical forms, including dissolved, colloidal, and immobile

adsorbed speciesis calculated by the reference model.

Description of the overall mechanistic modelling approach

A mechanistic multi -surface model description for Boom Clay was set up in the
geochemical modelling workbench ORCHESTRA9], following a comparable approach as
the generic sorption model for inorganic contaminants in Dutch soils described and
evaluated by Dijkstra et al. [ 10]. The multi -surface model approach distinguishes several
reactive surfaces presentin B o o m Cddditiyity §sséumption 6 ) .

The rationale behind the selection of the sorption models is the following: for the mobility
of cations, the solid-solution partitio ning of reactive surface s is often dominating the
overall distribution (see [6] and the literature cited therein).  Organic matter is known to
be the far most relevant reactive surface with respect to its solid -solution partiti oning, and

its effect on contaminant transport is well known and described in literature as 6 f ac i

t r a n s pnoathiststiidy, the dissolved fraction of the organic matter ranges from 0.02 to
1.25 % (Table 4-1), resulting in up to 1.25% of strongly adsorbing radionuclide s present in
solution. A proper modelling of ion interaction with reactive organic matter is therefore

essential, and is implemented by means of the consistent NICADonnan model (see below).

At first instance , the influence of colloidal iron is assumed to be of | essrelevance: b ased
on the expected concentrations of soluble iron and crystalline iron in Boom Clay (Table 3-2
and Table 4-1), less than 0.01% of crystalline iron is expected to be present in solution.

However, the chemistry of iron is complex, and soluble amounts are often not in

accordance with equilibrium modelling. To evaluate for which elements sor ption on
iron(hydr)oxides is of principal interest, adsorption to iron(hydr)oxides is modelled by a

well -established surface complexation model (Generalized two layer model , see below).

No other colloidal reactive surfaces of relevance to be included in the model have been
identified (see also M6.1.4, [11]). However, due to its large exchange capacity and well
known role in ion exchange and adsorption, sorption to clay is also added to the reference
sorption model. A rather straightforward approach is foll owed by only addressing (non-
specific) exchange in the electrostatic double layer . The applied ion exchange model
requires no assumption on individual elemental binding affinities.  Although sufficient
information is available in the literature to model  also specific surface interaction s of the
radionuclides of interest (see [ 6] and the literature cited therein), these interactions are
not integrated in the reference model. The main reason is that translation of results from
sorption experiments on pure materials to a complex natural medium as the Boom Clay is
not trivial : the additivity assumption , as discussed in [6], can lead to overestimation of the
overall sorption due to neglection of interacti ons between different reactive surfaces (e.g.
[12, 13, 14]). Suitable mechanistic model descriptions for the interactions between
reactive surfaces are currently not available. It is expected that this conservative
simplification avoids an underestimation of radionuclide mobility, while it is also likely
that this approach can lead to an overestimation of the mobility of some radionuclides.

The chosen mechanistic approach (Figure 3-2) is based on selected thermodynamic data
and enables independent predictions of speciation and sorption behaviour of radionuclides,

i.e. without fitting.  This allows studying the effects of different expected chemical
conditions on the sorption behaviour. By comparing such independent calculations with
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available experimental data on sorption from the Belgian research programme, it is
possible to estimate the accuracy of the mechanistic model representation.

Mechanistic model Input: system parameter Output: Radionuclide distribution

} Mobile
Limited
mobility

—_

Soil Organic Carbon
E: \’:l E: > (s0C)
— Kd

[ Not
Mobile

Clay

Fe(hydr)oxides

Figure 3-2: Overview of application of model to  estimate K;-values

Selection of submodels and applied databases

The multi -surface model consists of the following six sub -models representing interactions
in the agueous phase and with the solid and colloidal phase [ 10]:

Aqueous complexation model (interaction between aqueous ions),

lon activity correction model (effect of ionic strength of solution on activity),
Precipitation of mineral phases,

Adsorption of ions by clay particles,

Adsorption of ions by solid and dissolved organic matter, and

Adsorption of ions by oxide particles.

E ]

The applied model components related to the calculation of the aqueous chemistry of the
pore water solution can be summarized as follows:

Modelling of aqueous complexation reactions

The first sub-model takes into account aqueous complexation reactions for the main
components H, O, Ca Na, Cl, S inorganic carbon, and Fe, and the radionuclide s Am, Cd,
Cm, Cs Eu K, I, Ni, Np, Pb, Pu, Se Sn Sr, Ra, Tc, Th, and U. Furthermore, redox
reactions can be accounted for by introducing the electron as component ( €). The
equilibrium constants are taken from the NEA database [15]. Additional data on missing
chloride and carbonate complexes are added from [ 16, 17, 18, 19]. Species with
concentrations below 10 mol/l for all samples are neglected in order to increase the
numerical efficiency of the calculations. The complete set of dissolved species used in the
model and their stoichiometric composition is summarized in Appendix A. Table 3-1
summarizes how the different component values are entered into the model.
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Table 3-1: Modelling input entities

entity input as
Ca, Fe, Sadionuclides total amount
Na, Cl soluble concentitions
pH log activity
pe log activity
inorganic carbon CQ pressure

Activity correction

Activity corrections are necessary to link concentrations and reactivity of charged agueous
ions in solution. The correction is performed according to the Davies equation, an
extension of the Debye-Hickel equation [19], with the activity coefficient  r; computed
according to:

% Jm 3
logg = -0509022 -03/778 Eq. 3-1

Belm

with Z; the valence of the ion i and mthe ionic strength of the solution.

Modelling of precipitation reactions

Precipitation reactions are addressed by selecting the relevant minerals. The minerals
considered by the reference model are calcite, gypsum, pyrite, siderite , and
microcrystalline Fe(OH)} and correspondsto the pH and pe ranges used and the minerals
abundant in Boom Clay. Data on the mineral solubility are taken from the NEA database
[15].

Modelling of s orption to clay particles

For clay, non-specific adsorption to the permanently charged clay surfaces is addressed by
a Donnan volume with a fixed charge. This mod el takes into account the effects of charge
on ion sorption and exchange and does not require ion or surface specific exchange
parameters. Specific effects of ion size or specific binding are not accounted for. The input
parameters necessary for this model are the amount of clay, the charge density and the
Donnan volume. The charge of the clay, q, is balanced by counter ions in the Donnan
volume Vjq to electrical neutrality, with the electrical charge balance expressed as

q/Vp =- a Z; (Cp;i-G) Eqg. 3-2

with Z the charge of the ion i, and ¢ and cp; the concentration in the bulk solution and
Donnan phase respectively . The latter two are related to each other by a Boltzmann
factor:

Cp; =G & 3 o!F Eq. 3-3
with yp the Donnan potential and RT the Boltzmann-factor and temperature . A charge
density of 25 meq/g of clay is used, which is an average value for illitic clay minerals [ 20].
The Donnan volume varies with the square root of the ionic strength [ 21], according t o

Vp =BJm Eq. 3-4

with the empirical factor B = 0.05 resulting in a maximum Donnan volume V4 of about 1
L/kg for the considered conditions [10]. The charge density is within the range of values
measured in Boom Clay in Mol (Table 3-4). The simplified approach followed here differ s
from the approach ftbatihcludves anord detail&dGHr@tiahEMddels on
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clay (i.e. the 2 SPNE SC/CHnodel [22, 23, 24, 25, 26, 27, 28] and the general 3 -site ion
exchange model (3-1EX) developed by Bradbury and Baeyens P9, 30], see also [6], Chapter
3.3). The consequences of this modelling choice will be discussd later in this report .

Modelling of sorption to  iron (hydr)oxides

In reduced Boom Clay, the amount of oxides will most likely be small as iron oxides will be
reduced or dissolved. Under oxidized conditions available iron will precipitate as iron
(hydr)oxide. Sorption to iron (hydr)oxides is expected to have only a minor contribution to
overall sorption behaviour of the clay. However, iron(hydr)oxides may be present as
soluble colloids and facilitate the migration of radionuclides [ 31], and it is therefore
important to get some understanding on the relevance of such a migration route.  Although
no quantitative information on the presence of such colloids in Boom Clay is available, it is
decided to model sorption to solid phase iron(hydr)oxides in order to gain some insight in
the potential relevance of th at surface for the overall distribution of radionuclides , and to
identify the elements for which iron(hydr)oxides are of relevance. The widely used
Generalized two layer model for sorption on hydrous ferric oxide (HFO) [ 32] is applied to
describe sorption on iron (hydr)oxides. In the Generalized two layer model , the surface
charge 0 in the d ouble layer plane d is calculated by

Sy =- SFa,/SeO,uDRTGim(F Y, 1 2RT) Eq. 3-5

where S is the surface area, a the suspension density, F the Faraday constant, H the
permittivity , D the dielectric constant of water, and u the ionic strength . The intrinsic
conditional equilibrium constants for protonation -dissociation are defined as

[X - OHI] ,
FE.aintl=—— Filg /RT . 3-
L(int) [X-DH][H+]E Eq. 3-6
and
[x-0~1[H"] |
- -_—_ ﬁ"l:ll'.er E . 3—7
K (int) 07 OHI e q

with 1,, the surface potential , equal to ¥ ;. The intrinsic conditional equilibrium constants
for surface complexation reactions of metals and ligands of the valence m and | are
defined as

[x - {:IM"'*“‘l][H’f]E

KAmt) = o o]

(m—11Fy, /RT Eq. 3-8

and

- £-4][#]

1 —(1—1)Fs),/RT Eq. 3-9
& oAl T ]° q

K}int) =

The model is supported by a large database with empirically determined binding constants
that are applied in the model. A specific surface area of 600 m?gram of iron (hydr)oxide is
used [10]. Somption parameter values for Ca Cd, Cl, Ni, Pb, S Se Sn and Sr are based on
[33], sorption parameter values for Cs Eu, Np, Py, Am, Cm, Th, and Tc are based on [39].
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Modelling of sorption to  organic matter

For adsorption of ions to organic matter (both dissolved and particulate) the  consistent
NICADonnan model [34] is used. This model takes into account ion competition and the
heterogeneity of organic matter binding sites, and the enclosing charged double layer. The
NICADonnan model represents binding of ions to organic matter surface by a continuous
distribution of the binding constant [ 35]. That approach differ s from other model
descriptions (e.g. [ 36, 37]) that approximate this heterogeneity by using a finite number of
discrete binding sites with various binding constants. In the NICADonnan model, the
reactive organic matter fraction is considered to behave as a gel phase with the net charge
of the humic material balanced by counter ions to electrical neutrali ty, equivalent to Eq.
3-2 and Eq. 3-3. The volume of the Donnan-layer is calculated dependent on the ionic
strength, according to

logV, =b(1- logl)- 1 Eq. 3-10

with b = 0.49 [38, Table 6.4]. The amount of protons bound, @, is expressed in the
bimodal consistent NICA model as

{EHl [Hs]}m: {RHE [Hs]}mr:
1+ (R [HDT ™ 1 4 (R BT

Qu = Qraxm1 Eq. 3-11

with  Qnaxn the maximum site de nsity, K,,;is the median of the affinity distribution with

width m, and [Hg] the surface concentration of protons. The fractional site occupancy of an
ion i, d, is related to the amount of component bound, @, by

I,
Q=8 (E)  (Qumaxs1 + Qmaxz) Eqg. 3-12

with n;/ny the ratio of the Freundlich -exponents of the ion i and the proton. T he amount of
cations bound to the two surface sites can be calculated by

{Ril[ci]}m: . [Ei{ﬁu[cf]}nt]m
1 +Ei{ﬁii[ci]}nt 1+ [Ei(ﬁil[ﬂf]}m:]p:

Qmaxn1 = Eq. 3-13

and

(Kiz [Ci]}m: _ [Ei{ﬁtz [Ce]}niz] .
1+ zi(ﬁl? [Ci]}nlz 1+ [Ei{ﬁlﬂ [Ci]}m:]p:

where K, is the median of the affinity distribution with width n, and [c¢] the surface
concentration of the i oni.

The NICADonnanmodel is well tested on multi -component natural and waste systems. The

model comes with a standard set of generic binding parameter values [34, 38], and
distinguishes between two fractions of organic matter: fulvic and humic acids. However,

since the fulvic and humic acidds sorption beh
existing uncertainties [ 34, 38], and no data on the SOC and DOC composition in Dutch

Boom Clay is available, only sorption to humic acid is modelled, assuming to be
representative for all reactive organic matter fractions [45].
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For a number of radionuclides for which no experiment al data were available ( Cs Eu, Np,
Pu, Sn and Tc¢), binding constants on organic matter where derived by the use of linear
free energy relationships ( LFERS) 89,40]. The binding constants of Ra were set equal to
the constants of Ca, due to its chemical simi larity and the lack of better data . The anions

Seand | were not taken into account.
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3.1.2. Boom Clay properties in Mol

Table 3-2 to Table 3-4 below provide overview s concerning the pore water composition,
the mineralogical composition and physical properties of Boom Clay samples from Mol as
used for the evaluation .

Table 3-2: Reference pore water composition in Boom  Clay in Mol

Paameter REEETES i References
pore water composition

CI [mg/l] 26 [47]
SQ* [mg/l] 2.2 [41]
Na[mg/l] 359 [41]
K[mg/l] 7.2 [41]
Ca[mg/l] 2.0 [41]
Mg [mg/1] 1.6 [41]
Fe[mg/l] 0.2 [41]
Si[mg/1] 3.4 [41]
Al [ug/ 0.6 [41]
lonic strength[mol/I] 0.016 [41]
HCQ [mg/l] 879 [41]
DOdmg C/I] 120200 [41]
pHI[-] 8.5 [41]
B, [mV] -274 [41]

* note that the synthetic reference pore water does not contain DOC

Table 3-3: Mineral concentrations in Boom Clay in Mol [ 42]

Mineral % dry weight (minmax)
Siderite 0.0-1.5
Calcite 0.0-4.6
Dolomite 0.0-1.0
Pyrite 0.3-5.0

Table 3-4: Other properties of Boom Clay in Mol

Parameter min - max References
Bulk wet densitylkg/m®] | 1.900-2.100 [43]
Porosity[wt. %] 36-40 [43]
Clay fraction[wt. %] 35-75 [43]
CEC clajmeq/100q] 19.5-25.9 [44]
SOgwt. %] 1.0-4.0 [45]
Proton exchange capacity SHAeq/g] 2 [45]
DOdmg/L] 50- 200 [45]
Proton exchange capacity DHjneq/g] 4 [45]
Inorganic carborjwt. %) 0.3-0.5 [43]
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3.2.Calculation of apparent K 4-values

The elements |, Cd, Cs K, Ni, Th, Se Np, U, Py, Tc, Am, Cm, Sn Ra Pb, Srand Eu were
implemented in the reference sorption model and tested within the present analysis .
Calculations were carried out with the object -oriented modelling workbench ORCHESTRA
[9], the databases described in Section 3.1.1 and the ranges of Boom Clay properties
summarized in Section 3.1.2. The reactive behaviour was analysed and summarized as
ranges of Ks-values (in L/kg) according to

Kl'l'f = — Eq 3‘15

with X the amount of a radionuclide 1 sorbed to the solid matrix , and G the concentration
in solution. The resulting Kg-values are conditional value s that are valid for the specified
conditionsonly ( 0 ap p & & nt

3.3. Comparison of outcomes

In [6], expert ranges of Ki-values representative for Boom Clay in Mol are provided by
SCKCEN The Kg-ranges related to strongly DOCGbound radionuclides (Th, Np, U, Pu, Am,
Cm, Ni, Tc, Eu) are not directly applicable, because the y refer to a solution without DOC.
In the presence of DOC, however, the mobility of these radionuclides can be higher, mainl y
depending on the migration behaviour of DOC ( 6 f aci | i t at.ed transport o)

In order to allow a sensible comparison of the outcomes of the model calculation with t he
data ranges provided in [6], it was necessary to convert the given ranges into Kg-values
valid for the expected range of DOC concentrations in Mol (96 - 146 mg/l, best estimate
115 mg/l; [46], p. 62). This is done by using the relation in Eq. 3 -16 (see also Eq. 3-13 in
[46]):

G ..
M[' 1=CrocKen- pom Eqg. 3-16
cso/

with Genpoc! Gorthe ratio of DOC-bound and free soluble radionuc lide concentrations, Ghoc
the concentration of DOC in solution (in eqg/l) and Krnoocthe equilibrium constant for the
radionuclide @ CC association/dissociation reaction according to Table 3-2 in [46]. For Gog
a proton exchange capacity of 2 meg/kg DOC is assumed[45].

Figure 3-3 provides a graphical overview on the sorption data of strongly DOC -binding
radionuclides compiled by S C K a @<fimction of the DOC concentration, and the expert
ranges as documented in [6, 46]. In the same figure, for the assumed DOC concentrations
(vertical lines) the derived equivalent Kg-values (horizontal lines) are shown for three
cases: the best estimate (black), the lower limit (blue), and the upper limit (red)
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Figure 3-3: Equivalent Kg-values of strongly DOC -binding radionuclides for D OC concentrations
ranging from 96 to 146 mg/l (best estimate = 115 mg/l) and related log Krnpowm Values ranging

from 5.0 - 5.6 (best estimate = 5.3). Adapted from [  46].

Table 3-5 summarizes, based on the assumptions and analyses described above, the best
estimate and range of the Gequivalentd Ky-values for strongly DOGC-bound radionuclides for
the expected DOC concentrations in Boom Clay, as present in Mol.

Table 3-5: DOC concentration and estimated proton exchange capacities in Boom Clay in Mol ,
and calculated 06 e qui v aKg-eatuesé valid for strongly DOGcomplexed
radionuclides at the given DOC amounts. BE = best estimate, LL = lower li mit, UL =

upper limit .
BE LL UL
DOC [mg/l]: 115 96 146
Proton exchange capacitpOC [eg/kg]: 2 2 2
Proton exchange capacitpOC [eq/l]:| 2.30E04 1.92E04 2.92E04
log Kenoom [-]: 5.3 5.6 5.0
EquivalentK, [L/kg]: 128 39 993

In Table 3-6, the resulting Ki-values are compared with the values calculated by the OPERA
reference sorption model for Boom Clay in Mol.
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Table 3-6: Overview of Ky-values for Boom Clay i n Mol calculated with the  OPERAreference
sorption model, and equivalent Kg-values recalculated on basis of Ky-values
provi ded by[6] 9Ta&bk G.& NRecalculation of equivalent Ky-values was
performed for strongly DOC -bound elements only and are rendered in italics.

Kg ranges for Boom Clay in Mol
Calculated byOPERA EquivalentKy-values, based | Support by expements in Boom
Element . N .
reference sorption model expertrangeof{ / Y1 / Clay in Mol
range median range median
K 1-2 1 - -
Ca 40-132 78 180- 800 340 diffusion experiments
Ni 40- 253 100 40-1000 128
Sr 40- 236 97 180- 800 340 sorption & diffusion experiments
Te 40- 253 100 40- 1000 128 sorption, d|ﬁu5|9n & complexation
experiments
Sn 40- 253 100 - -
Cd 40- 253 100 - -
Cs 183-1038 605 600¢my Qc 9600 sorption & diffusion experimes
Eu 44-282 109 40-1000 128 sorption, dlffuspn & complexation
experiments
Pb 53-309 123 - -
Ra 40- 237 97 1800- 8000 3400 diffusion experiments
Th 40- 253 100 40- 1000 128 sorption experiments
Np 40-253 100 40-1000 128 diffusion & conplexation
experiments
U 27-243 93 40- 1000 128 diffusion & gomplexatlon
experiments
Pu 40-253 100 40-1000 128 diffusion & complexation
experiments
Am 52-414 134 40-1000 128 sorption, d|ffu5|o_n & complexation
experiments
Cm 40- 253 100 40- 1000 128 diffusion experiments

The calculated median Kj-values of all elements except Ca Sr, and Rafall in the ranges
recalculated from the S C K a @¥#lt ranges. The calculated ranges of Ky-values fall
generally within the expert ranges as well, except of Caand Rawhich are below the given
ranges, and Cs Sr, and U that show only partial overlap . None of the calculated ranges
underestimated the mobility of the radionuclides

The lower Ky-value for Cs is attributed to the known strong specific binding to clay
minerals, which is not accounted for in the current model . This leads to a underestimation
of the solid -solution partitioning. Furthermore, some limitations of the quality of the data
fit of Am and Eu organic matter sorption parameter were noted in [ 38], but as will be
shown in the next chapter, these are hardly significant for the studied system

3.4.Conclusions

The reference sorption model shows - without any parameter fitting - sufficient
resembl ance with the estimates provided by SCKa
chosen setup was expected to lead to a conservative (under)estimation of the
solid-solution partitioning . Part of the higher solubility estimates made here might be
attributed to the (estimated) sorption parameter values for organic matter, but are more
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likely related to the chosen simplified modelling approach for sorption on clay, where only
non-specific binding was accounted for. This modellerd shoice results in organic matter to
be the dominant sorbent for almost all elements . The ratio of dissolved and solid organic
matter is one of the key parameter for the understanding the sorption behaviour of
radionuclides in Boom Clay, as will be elaborated in more detail in the next chapter .

However, there is no principal constraint to add a more specific binding by clay into the
reference sorption model in a later stage, e.g. in case the outc omes of the OPERA safety
assessment calculations show that for some scenarios uncertainties on the long term safety
might be relevantly reduced by refining the model for ~some radionuclides. In M6.1.2.1 [6]
a variety of references on experimental data is given that allow a more detailed modelling
of radionuclide sorption on clay within the current OPERAreference sorption model . Such
an effort could also be considered in support of future experimental research on  Boom
Clay.

The most important con clusion is that in no case the solid -solution partitioning was
overestimated by the reference sorption model, making it a convenient , conservative tool
for evaluating radionuclide sorption in the context of performance as sessment calculations.
The relevance of organic matter sorption vs. clay sorption, and its effects on the derived
Kg-values will be discussed in more detail in the next chapter.
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4. Derivation of Kg-values

The derivation of Kg-values that will be used in the OPERA safety assessment calculationss
performed in four steps:

i Step 1. Generation of distributed parameter samples: Based on the parameter
ranges on Boom Clay properties in the Netherlands [6; Section 4.3.3], parameter
distributions for the model calculations are defined and samples are generated. The
samples are used as input for the OPERA referencesorption model for Boom Clay
discussed in the previous chapter.

I Step 2: Calculation of apparent K 4-values: The OPERA referene sorption model
is used to compute Ky-values for all parameter samples.

i Step 3: Analysis of calculated range of K g4-values: Uncertainty analyses are
performed for all sample results computed in the previous step, and central
Kg-values and their distributi on are derived fo r each radionuclide considered.

i Step 4: Comparison of outcomes: The outcomes are compared with the Kj-values
used by the Belgian research programme, and a recommended set of reference
values to be used in the deterministic calculations of the OPERACentral Assessment
Case B] is derived and discussed The resulting set of Ky-values is summarized in
Chapter 5.

Modelling analvses

of Boom Clay

Step Measured data

Literat_re review

1. Generate distribution

of model parameter
for the Netherlands

Complement Generation of Data on Boom Clay
eventually missing input samples for — proper ies

data calibr ated model in the Netherlands

2. Calculate apparent & ~values Model calculation

3. Analyse expec ted range of & values

Recommended

4. Compare outcomes Kgvalues for Boom
Clay (SCK-CEN)

Recommended
K values for the OPERA
safety assessments

Figure 4-1: Steps and elements of the second phase
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4.1.Generation of distributed parameter samples

Based on the parameter ranges on Boom Clay properties in the Netherlands [ 6; Section
4.3.3], parameter distributions for the model calculations are defined and 9000 samples
are generated. The samples are used as input for the OPERA referencesorption model for
Boom Clay discussed in the previous chapter.

Handling of uncertainties and heterogeneous data ranges

In [6], three regions with di fferent properties could be identified. @ However, given the
limited amount of data available on key parameters for sorption, it is decided to cumulate
the data of all regions rather than defining specific  Kj-values for each of these three
regions. The resulting ranges of input parameter values represent various types of
uncertaint y: next to the variability of parameter s that can always be found in nature, the
ranges used in this study also reflect site -specific features . Variability of parameter s leads
usually to a distribut ion around a mean value and can be treated by standard statistical
tools. In contrast, the data ranges that reflect different site properties (e.g. clay and
organic matter content) vary to a much larger extent than the expected variations on a
specific location . Beside, due to the lack of data o n some key parameters (e.g. DOC,
bicarbonate concentration, pH), the ranges reflect expected values based on geochemical
expert judgement , but no distribution or 0 mo.sAs a
consequence any basis for the application of weighted parameter distribution s (e.qg.
Gaussian distribution) is lacking. Therefore uniform ranges were defined for most
parameters (log uniform distribution s for Na and ClI, uniform distribution s for the ot hers).
Since the available samples do not cover all areas of interest, these uniform ranges are
extended beyond the measured range of values. In most cases the lowest and highest
average val ue f ou sddvasiapplied, rexceptf@ §0CoCs CN Ra inorganic
carbon and S where the lowest measured values are taken as lower boundary. However, it
must be emphasized that this approach gives more weight to extreme values than e.g. a
Gaussian distribution.

Derivation of parameter ranges

Only minor variations of the redox potential have been reported for Boom Clay in Mol. In
soil systems, redox potentials are negatively correlated to the pH via equilibria of redox
active elements (mainly iron) with mineral phases. The redox status of a soil system is
therefore often expressed by a pH + pe value (e.g. [ 19]), and it was decided to vary the
redox state in correlation with pe rather than to fix it by equilibrium with a mineral phase
(e.g. pyrite, calcite and/or siderite) . This leads to a larger variability of these influential
parameters used for the performed calculations than actually measured in Mol

The CEC of clay particles in Boom Clay is determined by assuming 36-50 meq per 100 g of
the <2 um-fraction ([ 6], Table 4-3), rather than making use of the limited number of
samples summarized in ([6], Table 4-6). The amount of iron (hydr)oxide is based on the
amounts of crystalline iron derived in [ 47], assuming a specific surface area of
600 m?/gram of iron (hydr)oxide [ 10]. DOC concentrations measured in the Netherlands in
sub-surface layers above the Boom Clay ([6], Table 4-9) are much lower than values from
samples in Mol. Because of the relevance of DOC for radionuclide migration ([6], Section
2.2.3), for the upper limit of DOC concentrations the conservative high values from Mol are
used. Maximum proton exchange capacities (Qmax) Of 2 and 4 meq per gram of solid humic
acids (SHA)and dissolved humic acids (DHA) were measured in Boom Clay from Mol @45,
Table 3.6]. Th ese values are roughly one and two-thirds of the values used for sorption
modelling on SHA and DHA by theNICADonnan model [34, 38]. To cover uncertainties on
the DOC and SOC composition generally found in literature and the lack of data on Boom
Clay in the Netherlands, Qmnaxis varied by a factor of 2 (SOC) and 3 (DOC)
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For inorganic carbon, a constant partial pressure of 1
is not varied independently, but together with other factors as the pH,

-2.65
0

atm is applied. The gas pressure

soluble bicarbonate

concentration s vary within a rang e comparable to what is measured in Mol (see Table 3-2).
Porosity and wet bulk density distributions were directly adopted from the RANMIG report

on diffusion [48].

Table 4-1: Expected properties of Boom Clay in the Netherlands

property | min-max | Source
Bulk wet density{kg/m®] | 1.900¢ 2.150 | [48]
Porosity[%] 29¢ 43 [48]
CEC Boom Clgmeq/100g Boom Clay;, 2.0¢ 42 [6, Table 46], see text
SOgwt. %] | 0.35¢2.0 | [43]
Proton exchange capacity SHAeq/qg] 1¢2 [45]
DOdmg/L] 20¢ 200 [43], see text
Proton exchange capacity DHjneq/g] 2¢6 [45]
HFO[g/kg] 0.4¢3.3 [6, Table 411]
Inorganic carborwt. %] 0.0¢2.5 [6, Table 46]
Total amount C4wt. %] 0.2¢7.3 [6, Table 47]
Total amount Fegwt. %] 2.2¢54 [6, Table 46]
Total amount gwt. %] | 0.35¢ 2.6 | [6, Table 46]
Soluble concentration Gmg/L] | 4¢H n Qn | [6, Table 412, Table 413]
Solubleconcentration Namg/L] | 4¢m M Q n | [6, Table 412, Table 413]
pHI[-] 7.7¢9.2 [43]
pe + pH-] 3.8¢5.8 [43], seetext

On basis of the distribution in Table 4-1, 9000 samples were generated as input for the

model calculations. Table 4-2 shows the translation of the values given

in Table 4-1 into

actual input values for the OPERA referencesorption model.

Table 4-2: Implementation of Boom Clay properties in the OPERA reference sorption model

Property

Implementation

Remarls

Bulk wet density [kg/m’]

density 2.600¢ 2.800kg/m°

Porosity[%]| porosity. 29¢ 43 %
CEQmeq/100g Boom Clay Clay_kgkg0.04¢ 0.84 kg/kg |surface charge fixed at 50 meg/100g
SOgwt. %]| SHA kgkg7.0¢ 40 g/kg HA consist of about 50 wt % of carbor
Proton exchange capacity SH Reactivity SO®.17-0.33 this factor allows to vary the (fixed)
[meg/g] proton exchange capacity of the mode
DHA kgl:
i 0

DOgmgiL] base case200 mgl |HA consist of about 50 wt % of carhor

low DOC ase:40 mg/
high DOC cas¢400 mgl

for case definition see text

Proton exchange capacity DH
[meq/q]

Reactivity DO@.33- 1

this factor allows to vary the (fixed)
proton exchange capacity of the mode

HFO[g/kg]

HFO_kgkg0.4¢ 3.3g/kg

HFO surface area is fixed at GOngn

Inorganic carboriwt. %]

CO2[g].logact:2.65

see text

Total amount Cgwt. %]

Cat2kg:2 ¢ 73 g/kg

Total amount Fgwt. %]

Fet3.kg:22 ¢ 54 g/kg

Total amount wt. %]

04-2.kg:3.5¢ 26 g/kg

Soluble concentration Gmg/L]

Chdiss4cH n Qngiln Y]

Soluble concentration N&mg/L]

Na+.dissacmmM Qn nn

pH[]

pH:7.7¢9.2

pe + pH-]

pe=4.9-pH+2.2

pe & pH are correlated (see text)
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A large group of radionuclides was found to be strongly bound to organic matter , as will be
discussed in more detail below . Their solid-solution distribution is dominated by the ratio
DOC/SOC However, because no relevant data on DOC concentrations in Boom Clay of the
Netherlands is available, a conservative, large range of DOC concentrations was
established (Table 4-1), covering low concentrations as measured in the Netherlands above
the Boom Clay [6] and in Boom Clay in Dessel, Essen and Herenhout #9, 50, 51] - expected
under saline conditions - and the higher concentrations as found in Mol . Because of the
relevance of DOC for the partitioning, t his results in very broad Ky ranges, while it is
evident that the se large DOC (and SOC) rangegeflect differences between sites or regions
rather than variability expected on a particular location. Therefore three typical cases are
defined. This results in smaller Ky ranges, while the overall set of case s covers a large
range of DOCconcentrations. The three casesare defined as follows :

I abase case with a DOC concentration of 100 mgl/l,

1 alow DOC case with a DOC concentration of 20 mg/l, and

1 ahigh DOC case with a DOC concentration of 200 mg/I.

Correspondingly, three sets of calculations were carried out and for each of these cases
ranges of Kj-values were computed. The DOC concentration of the base caseis between
the median value of the range of Table 4-1, and the average value found in Mol (see Table
3-2). The high DOC casecorresponds to the upper range of DOC concentrations as found in
Mol. The low DOC caseeflects typical DOC concentrations as found in the subsurface, and
might occur in more saline Boom Clays. However, given the lack of proper data, from
current point of knowledge actually any DOC concentration is equally likely, and it is
recommended to analyse and compare these three cases in the OPERA performance
assessments in WP7.

4.2.Calculation of apparent K 4-values

The OPERA reference model is used to compute Kj-values for all parameter samples
according to Eq. 3-1. The principal list of radionuclides to be covered by the safety
assessment is based on the inventory reported in [ 7] and [52] and contains all radionuclides
present in the waste and with half -lifes >10 years. More precisely, the list contains 69
radionuclides, distributed over 42 elements (Table 4-3).

Table 4-3: Overview of all radionuclides considered in OPERA

Nuclides
H-3 Nb-93m, Nb94 Rel187
Be10 Zr-93 Pb-202, Pb210
Gl14 Tc99 Bi207
Si32 Pd107 Po209
Ck36 Ag108m Ra226
Ar-39 Cd113m Ac227
K-40 Snl121m, SHL26 Th-229, Th230, Th232
Ca4l 1-129 Pa231
Ti44 Ba133 Np-237
Ni-59, Ni63  Cs135, Csl37 U-232, U233, U234, U235, U236, U238
Se79 Pm145 Pu238, Pu239, Pu240, Pu241, Pu242, Pu244
Kr81, KFi85 Smi146, Sml47, Sml51 Am241, Am242m, Am243
SK90 Eu152 Cm243, Cm244, Cr245, Cr246, Cra247, Cr248
Mo-93 Ho-166m Cf249
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Not all of the above given radionuclides are equally relevant for the OPERA risk assessment
and are analysed in depth in the RANMIG project. The relevance of a radionuclide depends
on severa factors such as its total amount, radiotoxicity, half-life, and the considered
scenario. By evaluating the radiotoxicity inventory, half -life and expected travel time, a
first, conservative screening was made to exclude radionuclides for which no relevan t
contribution is expected, even in case of no adsorption. Furthermore, for a number of
elements, sorption is judged to be of little relevance  due to their chemical properties. For
these radionuclides, a generic Kj-value of zero is recommended for PA. Table 4-4
summarizes these 15 elements.

Table 4-4: Elements with a recommended Kg-value of zero due to their small inventory and/or
their chemical behaviour

Element |Reasm
H chemical behaviour / total radiotoxicity ~T®v after 250 years
C chemical behaviour
Si no inventory given ing2] / chemical behaviour
Cl chemical behaviour (anion)
Ar no inventory given ing2]
Ti no inventory given ing2]
no inventory given ing2] / total radiotoxicity < 10 Sv after 250 years
chemicalbehaviour aseous compour)d
Mo chemical behaviour (anion)
Nb chemical behaviour (anion)
no inventory given ing2] / total radiotoxicity < 13 Sv after 250 years
chemical behaviourgaseous compound
Pm |total radiotoxicity < 18 Sv after 100 years
Ho no inventory given ing2]
Re no inventory given ing2]
Bi [G20Ff NI RAZSvAfer2B0yéatss Yoi mMn
Po no inventory given ing2]

Kr

Ba

The following 19 elements were analysed by calculations with the OPERA reference
sorption model:

Table 4-5: Elements covered by the OPERA reference sorption model

Elements

K Eu
Ca Pb
Ni Ra
Se Th
Sr Np
Tc U
Sn Pu
Cd Am

| Cm
Cs

For the remaining elements, Be, Zr, Pd Ag, Sm Ac, Pa and Cf, little information is
available and therefore no quantitative model analyses are performed. For these 8
elements, the recommended K;range for the purpose of the OPERA PA calculation is
described in Chapter 5.
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For the 19 elements of Table 4-5, Se I, C, K, U, Th, Np, Pu, Am, Cm, Tc, Sn Cd, Eu, Ni, Cs
Sr, Ra and Pb, the distr ibution over different chemical forms is calculated using the
generated values for the parameters as described in Table 4-2 as input. Calculated results
include the distribution of each element over dissolved, solid, and colloidal forms. This
information is subsequently used to calculate the apparent K;-values.

4.3. Analysis of calculated rang e of Kg4-values

Uncertainty analyses were performed for all samples generated in the previous step.
Central Ky-values and their distribution over dissolved fractions were derived for each of
the considered radionuclides. In this section, only results of the base caseare presented
and discussed, but - unless noted otherwise - the general findings appl y also to the other
two cases defined in the previous section.

Consistency of the model

The selected range of input parameters results in calculated values fo r macro chemical
parameters of the Boom Clay as given in Table 4-3. The averages are largely in agreement
with the values measured in Mol (Table 3-2), and the resulting ran ges provided a
reasonable bandwidth of concentrations found in subsurface systems (see [6]).

Table 4-3: Calculated concentrations of bicarbonates, Ca, and Fe, ionic strength and total
amount of inorganic car bon

Bicarbonates TIC Ca Fe lonic strength
[mg/l] [%] [mg/l] [mg/l] M]
minimum 143 0.01 1.3E05 1.2E05 0.003
average 1039 0.82 5.1 0.1 0.16
maximum 6172 3.64 202 1.1 0.58

Calculated ranges of K 4-values

The calculated ranges of Ki-values have been aggregated and are presented as percentiles,
maximum, and minimum values. However, as discussed in Section 3.1, the percentiles
shown in this section should not be interpreted as representing expected values within a
distribut ion. Because of lacking data, uniform uncorrelated distributions of the Boom Clay
property ranges have been assumed and the percentiles are merely descriptive . The most
influential parameters are, as will be shown below, the SOC/DOC content, the bicarbonate
concentration and the ionic strength. These parameters are expected to be highly location
specific, and it is likely that the variability of these parameters on a given location is much
smaller than the range that is used to represent all potential cond itions expected in the
Netherlands. Again, because no relevant data on DOC and bicarbonate concentration in
Boom Clay in the Netherlands is currently available, no statement can be made on which
value is the most likely one.

The results for the elements with weak sorption behaviour , the anions | and Se and the
monovalent cation K are shown in Table 4-6. The anions show - as expected - little
interaction with any of the present surfaces , and thus remain almost exclusively in the
dissolved fraction, resulting in very low Kj-values. Potassium was added for illustration
purposes and as representative of non-reactive monovalent cations that only interact
electrostatically wi th negatively charged surfaces.
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Table 4-6: Calculated minimum, maximum and percentiles for the Kg-value of Se I, and Kin
Boom Clay of the Netherlands f o r babeecasé6 (100 mg/l DOC)

Kq [I7kg] Se I K
maximum | 0.0 0.0 763

1% percentile] 0.0 0.0 435
5% percentile] 0.0 0.0 254
10% percentilel 0.0 0.0 153
25% percentilel 0.0 0.0 40
50% percentilel 0.0 0.0 6.7
75% percentile] 0.0 0.0 15
90% percentile] 0.0 0.0 0.7
95% percentilel 0.0 0.0 0.4
99% percentilel 0.0 0.0 0.2
minimum | 0.0 0.0 0.1

Table 4-7 and Table 4-8 below provide the calculated Kj-values for the elements U, Th, Np,
Pu, Am, Cm, Tc, Sn Cd, Eu, Ni, Cs Sr, Ra Caand Ph. The elements U, Th, Np, Pu, Cm, Tc,
S, Cd and Ni appear to behave very similarly , and their Kg-values vary by a factor of 20. In
the upper part of range, U has comparable K;-values, but in the lower part of the range,
Kg-values of U decrease quickly, eventually with a minimum value close to zero. In the

higher Kyranges, Am, Pb, Eu, and Cs show higher values than the elements dominate d by
organic matter interactions.

Table 4-7: Calculated minimum, maximum and percentiles for the Ky of the actini des U, Th, Np,
Pu, Am, and Cmin Boom Clay of the Netherlands f or bakeecaséd (100 mg/l DOC)
Kq [I/kg] U Th Np Pu Am Cm
maximum| 165 165 165 165 5409 165
1% percentile] 115 118 118 118 843 118
5% percentile|] 92 95 95 95 366 95
10% percentile; 80 83 83 83 227 83
25% percentile|] 61 65 65 65 117 65
50% percentile| 42 46 46 46 71 46
75% percentile] 24 30 30 30 a7 30
90% percentile| 13 20 20 20 31 20
95% percentile] 5.6 16 16 16 24 16
99% percentiley 0.5 12 12 12 17 12
minimum 0.1 8 8 8 9 8
Table 4-8: Calculated minimum, maximum and percentiles for the Kq of the elements Pb, Eu, Tc,

Sn Cd, Ni, Cs Sr, Ra, and Cain Boom Clay of the Netherlands f or bakeecasét (100 mg/l
DOC)

Kq [I/kg] Pb Eu TC Sn Cd Ni Cs Sr Ra Ca
maximum| 2677 1076 165 165 165 184 19314 776 689 3786
1% percentile] 504 301 118 118 118 120 9310 390 384 2283
5% percentile] 235 146 95 95 95 96 5968 271 268 1755
10% percentilel 163 109 83 83 83 84 4319 217 216 1430
25% percentilel 103 79 65 65 65 65 2486 141 141 893
50% percentile] 69 56 46 46 46 47 1184 81 77 301
75% percentile 47 37 30 30 30 31 497 46 40 58
90% percentile 32 25 20 20 20 21 189 26 20 15
95% percentile 25 20 16 16 16 17 102 19 13 9
99% percentile 17 14 12 12 12 13 35 10 7 4
minimum 9 9 8 8 8 8 7 4 2 1
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Distribution of radionuclides over different phases

Figure 4-2 gives an overview of the distribution of the elements over the different  soluble
and solid phasesof the reference sorption model. The elements U, Cm, Th, Np, Pu, Tc, Sn
Cd and Ni are dominantly bound to organic matter. The largest fractions of Am, Eu, Ni, Pb,
Sr, and Ra are bound to SOC. The monovalent Csis mainly bound to iron(hydr)oxide, while
Cais mainly bound to clay.

Figure 4-3 depicts the largest fractions found in any of the 9000 samples analysed. Here, a
more diverse picture can be seen for some elements: For some conditions, for Cm, Am, Eu,
Ni, Pb, and Ca iron(hydr)oxi de can be an important reactive surface as well , and
considerable fraction s of U can be present in the dissolved phase due to the formation of
dissolved carbonate complexes.
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Figure 4-2: Calculated average distribution of radionuclides over several phases implemented in
the reference model f or babkeecaséd (100 mg/l DOC). SOC soil organic carbon; HFO: hydrous
ferric oxide; DOC dissolved organic carbon.
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Figure 4-3: Calculated maximum contribution of several phases to the distribution of
radionuclides f or  bakeecaséd (100 mg/l DOC). SOC soil organic carbon; HFO: hydrous ferric
oxide; DOC dissolved organic carbon.
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Key parameter for the solid -solutio n distribution of radionuclides

The key parameters for the solid -solution distribution of most radionuclides are the
amount of reactive dissolved and solid organic matter. Figure 4-4 depict the calculated
Kg-values of Tc, Th, Np, Pu, Cm, Ni, Sn and Cd as function of the ratio of proton bindings
sites (Qnay in the solid and in the solution phase. Due to the strong binding of these
elements to organic matter , this ratio almost fully explains the found variations .
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Figure 4-4: Calculated Ky-values f or  baBeecaséd (100 mg/l DOC) as function of the ratio s of
the total number of available proton binding sites (Qmax) of SOCand DOC for Tc, Th, Np, Pu, Cm,
Ni, Sn and Cd.

Am, Eu and Pb show a similar behaviour (Figure 4-5), however, many samples have higher
Kg-values because of their high affinity for HFO (see also Figure 4-3).

Figure 4-5: Calculated Kgy-values f o r basee cas@d (100 mg/l DOC) for Am, Eu, and Pb as
function of the ratios of the total number of available proton binding sites ( Qmax) of SOC and
DOC
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