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Radionuclide Source Term for HLW Glass, Spent Nuclear Fuel, CSD-C Waste

Abstract

A source term for release of radionuclides from high-level waste glass, spent nuclear fuel, and com-
pacted hulls and end pieces of fuel elements (CSD-C waste) is derived for different scenarios of a final
repository within the salt dome Gorleben. The considered scenarios assume the presence of NaCl or
MgCl, rich solutions in the near field of the waste products. Formulation of the source term is based
on a discussion of kinetic and thermodynamic mobilization / retention and the influence of tempera-
ture on these processes. The expected geochemical conditions for the scenarios are analyzed. Maxi-
mum expected concentrations of the radionuclides Am, Th, U, Np, Pu, Tc, Zr and rare earth elements
are derived for the simplified scenarios. These scenarios are based on the absence of carbonate and
elevated temperature effects are not treated explicitly. Except for sorption on canister materials and
canister corrosion products, radionuclide retention by sorption processes is of minor importance for
the proposed backfill of the repository concepts.

Radionuklid-Quellterm fiir hochradioaktives Glas, abgebrannten Kernbrennstoff und kompaktierte
Hiilsen und Endstiicke (CSD-C)

Zusammenfassung

Ein Quellterm fir die Radionuklidfreisetzung aus hochradioaktivem Glas, abgebranntem Kernbrenn-
stoff und kompaktierten Hilsen und Endstiicke von Brennelementen (CSD-C Abfalle) wird fiir ver-
schiedene potentielle Entwicklungen eines Endlagers im Salzstock Gorleben abgeleitet. Fiir die Ablei-
tung des Quellterms werden Szenarien angenommen, die die Anwesenheit von NaCl- und MgCl,-
reichen Losungen im Nahfeld der Abfallprodukte unterstellen. Die kinetisch und thermodynamisch
kontrollierten Prozesse der Radionuklidfreisetzung / -riickhaltung und der Temperatureinfluss auf
diese Prozesse werden diskutiert. Die erwarteten geochemischen Bedingungen werden analysiert.
Die maximal zu erwartenden Konzentrationen der Radionuklide Am, Th, U, Np, Pu, Tc, Zr und Selte-
nenerdelemente werden im Rahmen vereinfachter Szenarien fiir carbonatfreie Systeme ohne explizi-
te Berlicksichtigung von héheren Temperaturen abgeleitet. Mit Ausnahme der Sorption an Behal-
termaterialien ist die Radionuklidriickhaltung durch Sorptionsprozesse an den gegenwartig vorge-
schlagenen Versatzstoffen von geringer Bedeutung.
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1 Introduction

The formulation of a source term for radionuclide release from high-level waste glass, spent nuclear
fuel, and compacted hulls and end pieces of fuel elements (CSD-C waste) supports the fundamental
requirements regarding the safety concept and design of a final repository for heat-generating radio-
active waste defined by the German Federal Ministry for the Environment, Nature Conservation and
Nuclear Safety [1]. According to these “Safety Requirements Governing the Final Disposal of Heat-
Generating Radioactive Waste”, manageability of the waste containers must be guaranteed for a
period of 500 years.

A survey and an update of a radionuclide source term study [2, 3] that had been developed earlier
for high-level waste glass, spent nuclear fuel of power reactors (boiling water reactors, BWR, and
pressurized water reactors, PWR) and compacted CSD-C wastes is compiled and adapted by KIT-INE
in this report. In accordance with the goals of the project “Preliminary Safety Analysis Gorleben”
(vSG) [4] the specific objectives of the present report are

e to compile the present scientific knowledge on the behavior of heat-generating waste under
saline conditions,

to describe the relevant geochemical conditions and radionuclide mobilization / retention
processes in the near field of the waste products,

e to provide data for a preliminary radionuclide source term with respect to scenarios, which in-
clude the presence of NaCl or MgCl, rich solutions in the near field,

to discuss uncertainties of the source term data and

to identify issues requiring further research.

Due to simplifications in the definition of the scenario and geochemical boundary conditions, the
formulation of the radionuclide source term has explicitly a preliminary and orienting character and
does not supersede the development of a site-specific radionuclide source term in a Safety Case for a
potential repository in the Gorleben salt dome.

The previous radionuclide source term studies [2, 3] are based upon several reports which had been
prepared by FZK-INE on behalf of the Federal Office for Radiation Protection (BfS) in the years 1995
until 2001. For the development of a source term for vitrified high-level wastes, results of the BfS
project are updated by a publication of Grambow and Miiller (2001) on the kinetics of glass dissolu-
tion [5] and the results reported in the European 6" Framework Programme (FWP) Integrated Pro-
ject NF-Pro [6]. The NF-Pro report summarizes the result of previous EU projects such as GLASTAB
(Long-term behavior of glass: Improving the glass source term and substantiating the basic hypothe-
ses) and GLAMOR (A Critical Evaluation of the Dissolution Mechanisms of High-level Waste Glasses in
Conditions of Relevance for Geological Disposal).

The source term for spent nuclear fuel of light water reactors (LWR) bases upon several reports
which have been prepared by FZK-INE within European projects [7-9] and on behalf of the Federal
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Office for Radiation Protection (BfS) in the years 1995 until 2001 [10, 11]. Additional results have
been reported in the European 5" and 6" FWP projects SFS [12], NF-Pro [6] and MICADO [13]. These
projects covered

(1) the evolution of spent nuclear fuel prior to water ingress,

(2) the quantification of key processes affecting the source term for the spent nuclear fuel matrix
under geological repository conditions.

Regarding spent nuclear fuels, the discussion of mobilization / retention processes is updated by
recent publications on the hydrogen effect and counteracting processes on the UO, matrix dissolu-
tion as well as the instant / rapid release fraction of radionuclides. The documentation of the present
scientific knowledge on the behavior of spent nuclear fuel deals mainly with spent UOX. Documenta-
tion and discussion of spent MOX fuel is very limited because only very few experimental data are
available.

Zircaloy, a zirconium alloy with various metallic constituents, is commonly used as the fuel rod clad-
ding material. While in boiling water reactors Zircaloy-2 is the preferred cladding material, Zircaloy-4
is used in pressurized water reactors. The mass of Zircaloy in German PWRs amounts to about
290 kg/Mg HM (heavy metal), in BWRs to about 320 kg/Mg HM (including the fuel assembly chan-
nels) [14]. The structural materials consist of 13 kg/t HM Inconel with 7-18 wt. % Fe and < 2000 ppm
Co according to data provided in the vSG project [15]. The end pieces consist also of Inconel with a
mass of 42 kg/tHM. Inconel alloys are typically used in high temperature applications. According to
Neeb [14], different types of Inconel are used, which are separated from the UO, fuel during reproc-
essing and compacted. This kind of waste is called CSD-C and is considered as heat producing waste,
too. Up to now, information on the radionuclide source term for this waste form is scarce.

The following topics are covered and updated by this report:

e Data and processes for the different waste forms

o HLW Glass
- Kinetics of HLW glass dissolution
- Temperature effects

o Spent Nuclear Fuel (UOX/MOX)
- Kinetics of spent nuclear fuel dissolution
- Instant / rapid release fraction
- Matrix dissolution
- Temperature effects
- Hydrogen effect

o Compacted hulls, end pieces and spacers (CSD-C waste)
- RN-Inventory of the CSD-C waste forms

o - Initial Composition of the materials
- Reactions during irradiation in a nuclear reactor

1 . oge o .
Inconel is a trademark and refers to a group of austenitic nickel-chromium-based alloys.
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Boundary conditions for the considered evolution scenario in the case of high-level waste
glass, spent nuclear fuel and CSD-C waste
Radionuclide source term
- Kinetically controlled radionuclide mobilization including the instant release of SNF
- Thermodynamically controlled radionuclide mobilization
- Effect of temperature on radionuclide solubility
Solubility limits for actinides, lanthanides and technetium
Discussion of sorption effects
Open questions and recommendations (R&D)






2 General remarks on estimation of radionuclide solubility

The solubility of actinides and long-lived fission products was investigated intensively during the last
decades. The investigations aimed both on experimentally supported solubility data to be used for
source terms and on the determination of thermodynamic data which are the basis for geochemical
modeling. Only limited amounts of radionuclides can be dissolved in water. The solubility of a sub-
stance in water is a specific material parameter which can be described by three factors:

e Solubility controlling solid (solubility product, log K°,)
e Complexation reactions (complex formation constants, log 3°)
e lon-ion interactions (activity coefficients )

The experimentally measured solubility can be considered as a superposition of these factors. A
thermodynamic parameterization requires systematization and separation of these factors and is
scientifically ambitious. In the scope of the OECD-NEA thermodynamic database project (NEA-TDB),
data for Am, Th, U, Np, Pu and Tc have been collected and critically reviewed [16-21]. These data
from the NEA TDB are valid for solutions of lower salinity and not for highly concentrated salt brines.
In highly concentrated salt solutions, the effect of the ion-ion interaction coefficients gets increas-
ingly important. A correct description of such saline systems requires a reliable, complete and consis-
tent set of model parameters, such as the Pitzer parameters [22]. A complete set of thermodynamic
and model data is available for some systems only. No Pitzer parameters exist e.g. for actinide-
carbonate species in MgCl, solutions. As a consequence, it is not possible for all relevant geochemical
conditions to predict radionuclide solubility by geochemical modeling. Therefore, the maximum ra-
dionuclide concentrations estimated for the source term need to be derived from experimentally
well investigated reference systems and evaluated accordingly.

The solubility data provided by this study represent radionuclide concentrations in the solutions
without considering any sorption effects onto solid materials. They represent upper limit estimates.
It is known from numerous studies in salt brines, that sorption will provide for significant radionu-
clide retention and lower concentrations away from the source (or if the source is exhausted) in the
aqueous system than projected for pure thermodynamic solubilities. Thermodynamic solubility
represents an upper limit borderline for maximal achievable concentration in a given geochemical
system.

2.1 Methods for estimating radionuclide solubilities

The methods for estimation of radionuclide solubilities are described in detail, elsewhere [23]. Ac-
cording to the boundary conditions for the safety analysis, the radionuclide solubility will be esti-
mated for two different simplified conditions:

1) pure saturated carbonate-free NaCl and

2) pure saturated carbonate-free MgCl, solutions.



General remarks on estimation of radionuclide solubility

The following criteria are applied for estimating the radionuclide solubilities:

Characteristics of the salt solutions according to the dominating cations NaCl / MgCl,. The charac-
teristics of the main components (cations and anions) of the geochemical milieu influence the solu-
bility of actinides in brines. NaCl and MgCl, systems need to be treated separately. The evaluation of
the ion-ion interactions is based on the ionic strength and is defined by the main components.

Effect of pH (-log(my,), molal concentration of H', concentration scale: mol/kg H,0). The solubility
and speciation of actinides are strongly depending on pH. This behavior is usually observed over a
wide range of pH conditions. Consequently, small changes of the pH might affect the solubility of
actinides strongly. The expected pH ranges need to be defined.

Redox conditions and dominating actinide oxidation state. The solubility and speciation of actinides
depend strongly on their oxidation state. These are correlated with the ambient geochemical milieu
and redox conditions. Under the considered evolution scenario, reducing conditions are prevailing
over the long-term.

Solubility controlling solids. Actinides may form different solids, depending on geochemical condi-
tions. Different solids may have completely different solubilities. Therefore the knowledge of the
solid actinide phases controlling solubility for a given set of boundary conditions is indispensible.
Colloids of tetravalent actinides are additional species which contribute significantly to the total
solubility.

Complexing ligands. Actinides show a strong tendency towards hydrolysis. Complexation reactions
with other inorganic ligands like carbonate or nitrate are also known. Complex formation may also
take place with other ligands (EDTA, organic acids, detergents, isosaccharinic acid, etc) which can be
present in the low level waste forms. Hydrolysis reactions and the formations of actinide-hydroxide
complexes are dominating species under the assumed geochemical conditions; the effect of other
complexing ligands has not been assessed within this study reflecting the assumption of simplified
scenarios under absence of carbonate.

lonic strength. The effect of ion-ion interactions may significantly increase the solubility of some
actinides. It is not possible to reliably extrapolate radionuclide solubility exclusively from data ob-
tained at low ionic strength. Assessment of the influence of ion-interaction processes on radionuclide
solubility therefore is of high importance.

Temperature. The temperature dependence of complex formation constants and the activity coeffi-
cients of the different aquatic species are only available for a limited number of species. For solids,
the crystallinity increases by increasing temperatures and the tendency towards formation of meta-
stable solids observed at room temperature is less pronounced. Complex formation reactions, how-
ever, tends to increase with increasing temperatures. It should be noted, that both the solubility
products (of the solubility limiting solid phase) and the tendency towards complex formation (with
ligands present in solution) determine the solubility for a given element or compound and given
boundary conditions. From this it can be assumed that opposite trends in solid phase stability and
complex formation are likely to offset, resulting in rather moderate changes in total solubility with
temperature. If concentrations do not change dramatically with increasing temperature this might be
due to a compensation of counter current effects, e.g. decreased solubility and increased tendency
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towards complex formation. In this case, the distribution of the aqueous species may change drasti-
cally at nearly constant overall nuclide concentration. Due to a lack of thermodynamic data for ele-
vated temperatures, the solubility limits for room temperature are assumed to be valid also for ele-
vated temperature conditions. As this approach is certainly a strong simplification introducing rather
large uncertainties, a verification of radionuclide solubility limits for elevated temperature conditions
is necessary, as it is mentioned in the outlook (see Chapter 0).

Determination of thermodynamic constants based on analogies

In many cases, the RN solubility can be calculated or derived directly from experiments or interpo-
lated at least. Due to experimental problems or a lack of suited experimental methods, a number of
systems cannot be accessed experimentally. In such cases, suited analogue systems have to be ap-
plied. In some cases, experimental data of analoga can be used, e.g. Nd(lll), Eu(lll) or Cm(lll) for
Am(IIl). Furthermore, the thermodynamic data for Np(V) and U(VI) are well established, whereas
reliable data for Pu(V) or Pu(VI) are largely missing. For these systems, the application of data from
analogues is often to be preferred.

Most of the chemical properties of the actinide elements in the oxidation states An(lll, IV, V or Vl),
except for redox reactions, show distinct similarities [24, 25]. The systematic trends in their behavior
are frequently correlated with their effective charge and the ionic radius. This well known chemical
principle of the oxidation state analogues together with systematic trends in the actinide series can
be used to estimate solubility limitations.

The following parameters have to be considered:
(1) Solubility controlling solids (solubility product)

Actinides (and lanthanides) of the same oxidation state (lll and V) and comparable ionic size form
oxides, hydroxides and carbonate solids with the same stoichiometries and very similar crystalline
structures. Slight differences however, have significant effects on lattice energies and hence Gibbs
energy and solubility products impeding direct quantitative transfer of data. Systematic trends in the
actinide series allow interpolation of data and estimation of unknown solubility products. This may
be useful as a first estimate for an underdetermined system but as a general approach for deriving
solubility products, this method cannot be recommended. Experimental validation of the extrapo-
lated solubility is in any case mandatory.

(2) Dissolved species and complexes

The hydrolysis and complex formation constants of metal ions having comparable electron configura-
tion are correlated with respect to the strength of the electrostatic interaction energy ®Ev.. between
the metal ion and the negatively charged ligands [24-27]. The systematic decrease of the stepwise
complex formation constant can be described by a relatively simple approach [28]. These systematic
correlations allow estimates for uncertain experimental data for intermediate species or for estima-
tion of unknown equilibrium constants. Given the uncertainty of extrapolated complex formation
constants, experimental verification is therefore as well advised.
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(3) Activity coefficients (lon-ion interaction parameters)

The activity coefficient of an aquatic species is determined by its interactions with other ions in the
solutions and with the water molecules (H,0). For aquo-ions or complexes having the same charges
and symmetries, slight differences in the ionic radii have negligible effects on the activity coefficients
[16]. Consequently, the ion-ion interaction effects (or the coefficients of the SIT or Pitzer model) of
these agqueous species can be set equal.

Geochemical model calculations allow a robust prediction of the main geochemical processes defin-
ing the geochemical boundary conditions in a repository. They also provide a powerful tool to model
radionuclide solubility and speciation under a broad set of geochemical conditions. Both on the na-
tional (German THEREDA project) and international scale (e.g. NEA-TDB, IUPAC, ...) the importance of
supplying complete sets of reliable quality assured thermodynamic data as main input-parameter for
model calculations has been realized. Despite these efforts, for aqueous systems at high ionic
strength conditions, thermodynamic databases are rather incomplete with respect to thermody-
namic data; especially adequate ionic strength corrections (activity coefficients) are often missing.
Within this work on the radionuclide source term, predictions based upon measured solubility data
are preferred against calculated data. The solubility limits derived in this study are based upon meas-
ured solubility data in well-defined reference systems. It should be understood, however, that for
systems with good thermodynamic description available (like the carbonate free NaCl solutions con-
sidered within this study) a good agreement between geochemical model calculations and the meas-
ured solubility data is observed (cf. Fig. 23 and Fig. 24, Chapter 6.1).

2.2 Definitions and units

Actinide solubility and derived equilibrium constants are defined in literature partly in the molar con-
centration scale (¢; = mol i / Liter solution), partly in the molal concentration scale (m; = mol i / kg
H,0). In the following, the radionuclide concentrations are given in the molar scale. Solubility is de-
fined specifically for elements (not for the individual isotopes).

For all solubility data, a clearly defined thermodynamic definition of the pH is required. Details for
concentrated salt solutions are given in ref. [29]. The pH is defined by the negative decadic logarithm
of the chemical H" activity:

pH =-log ay, = -log my, - log yu.

In diluted solutions (I < 0.1) this definition is unambiguous, and after calibration of pH electrodes by
standard pH buffers, the pH can be measured directly. In saline solutions several problems occur, for
instance related to the conventions used to define activity coefficients. In addition, the combination
pH electrodes used are equipped with diaphragms where diffusion potentials are formed. These dif-
fusion potentials influence the measured potential systematically. As a consequence, the directly
measured “pH” in saline solutions is an operative experimental value (pHey,) (Without direct physi-
cal/chemical relevance) and has to be corrected as described below.

In contrast, the H" concentrations are well defined both in the molar scale (M, Mol H* per Liter) and
in the molal concentration scale (m, Mol H" per kg H,0). These values are determined from the op-
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erative pHey, values and an empirically determined parameter A which is specific for the matrix sys-
tem.

- log My, = pHexp + Am (molar scale) = pH,
- log My, = pHexp + Ar (molal scale) = pHy,

By geochemical modeling, the molal H" concentration is calculated which can be recalculated to ac-

tivities. This recalculation needs a convention with respect to the activity coefficients. The conven-
tion results in a pH (e.g. convention used in EQ3/6):

PH(eas/e) = - 10g Myt - 108 Yr+eas/e)

In this report, the definition pH = pHy, =- log my. = pHexp + Am (molal scale) is used for better readabil-
ity.






3 Relevant data and processes

3.1 HLW glass

The following glass compositions are considered within this study:

e Minimum and maximum specification of the CSD-V glass returned from Areva’s La Hague re-
processing plant in France (labeled COGEMA)

e the inactive glass composition SON-68 (used in many experiments)

e an actinide doped glass CEA-R7T7

e aglass composition BNFL Blend 1 typical for the British Sellafield vitrification process

e glass formulations from the WAK high-level waste solidification in the VEK plant

An overview on the most important mechanisms and parameters regarding the performance of HLW
glass is given in the following section.

Glass composition

Three classes of components can be differentiated in the glass structure: network formers, interme-
diates, and modifiers. The network formers (silicon, boron) build a highly cross-linked three-
dimensional network of chemical bonds. The intermediates (titanium, aluminum, zirconium, beryl-
lium, magnesium, zinc) can enter the network by substitution and act as network formers and modi-
fiers, depending on the glass composition. The modifiers (calcium, lead, lithium, sodium, potassium)
alter the network structure and are usually present as interstitial cations. Nearby non-bridging oxy-
gen atoms, bound by one covalent bond to the glass network, hold one negative charge to compen-
sate for the positive charge of the neighboring ions. The modifiers change the glass properties with
respect to melting point or hydrolytic resistance. Lanthanide elements which are main constituents
of the HLW act as network modifiers. Glasses need a well balanced composition of network formers,
intermediates, and modifiers to prevent the formation of crystallites. An overview on the different
relevant glass compositions is provided in the Appendix (Tab. A - 2).

The glasses listed in the appendix are all boro-silicate glasses having similar compositions. Experi-
mental investigations using the simulated glass products SON 68 and GP WAK 1 did not reveal signifi-
cant differences in their interactions with water or brines. For the inactive glass SON68, which simu-
lates the active R7T7 reference waste glass, an extensive dataset of properties exists. Models were
developed to explain the alteration behavior of this glass by formation of a gel layer and diffusion
processes [2]. Application of the models to other glass compositions is questionable. Glass with a
high alumina/silica ratio, for example, develops only very thin alteration layers, in which Si may, or
may not be depleted. Hence, the concept of silica diffusion through the gel may not be applicable.
The model of [2], which will be used for assessing the glass corrosion, has been tested and developed
for WAK and COGEMA glass.



Relevant data and processes

Evolution of glass alteration

The mechanism of glass dissolution is primarily driven by a number of processes that are schemati-
cally presented in Fig. 1. The two main reactions that are opposed to one another are the parallel
reactions of “matrix dissolution” and “water diffusion / hydration of the glass matrix / ion exchange
reactions”. The fastest process is the rate-dominating process in parallel reactions, whereas in se-
guential reactions, the slowest reaction governs the rate.

long-term rate R.

Si0o(glass)
saturation

| Si-diffusion in gel advection (aquifer)

Y
x
+

¥

h 4

rate: gel dissolution Si-diffusion {near-field)

A

re-precipitation rate

Fig. 1 Schematic drawing of the glass corrosion model according to [2]; the long-term rate is col-
ored orange, matrix dissolution processes are shown in blue color and water diffusion / ion exchange
reactions are marked with green color.

The combination of various mechanisms and processes lead to consecutive regimes of glass altera-
tion (see Fig. 2):

1) Assuming instantaneous fill up with brine in case of container failure, the glass will corrode at
the maximum (initial) rate.

2) However, if the permeable container is not completely or slowly filled with brine, as ex-
pected in the case of access of a limited brine volume, hydration by a vapor phase prior to
the dissolution by liquid water might have to be considered. Vapor phase hydration is much
slower than the initial rate.

12
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Fig. 2 Sketch of the different stages of HLW glass dissolution.

Due to the formation of the gel layers and/or the accumulation of glass constituents in solution, the
glass corrosion rate decreases with time (see Fig. 2). The decrease will continue until a residual cor-
rosion rate (long-term rate) is reached, which is not zero. Reasons may be the continuous removal of
dissolved glass matrix constituents, and remaining diffusion processes [6]. The explanation of the
dominating mechanism responsible for the finite long-term dissolution rate is an important remain-
ing problem. As a result of secondary phase formation, the glass corrosion rate may under conditions
discussed in [6], e.g. secondary phase formation leading to a detachment of the gel layer, increase
again to values higher than the residual rate (‘alteration resumption’) [6].

Temperature of the near field

Temperatures up to 200 °C need to be considered for the disposal of HLW glass. Corrosion and leach
test have been performed in salt brines up to 190 °C [3]. Temperature will have a significant influ-
ence on glass corrosion in a scenario with early brine intrusion. However, temperatures are assumed
to decrease to < 80 °C within the first 1000-5000 years. In the European project NF-Pro [6] the impact
of the temperature of the near field on the glass source term is considered to be insignificant for a
scenario, where the temperature is < 50 °C when solution will contact the glass (after corrosion of
the canister).

Radiolysis

In the scenarios considered in this report, the dominating y-emitter **’Cs has decayed, when the
brine contacts the glass. The same is true for the dose dominating B emitting nuclides. Therefore, the
impact of radiolysis on the HLW glass performance is insignificant (see also [30], “Stellungnahme Nr.
9”). For a-radiolysis, this was shown from experiments with the a.-doped CEA-R7T7 simulate [3, 31].

Mechanical effects

Mechanical stresses caused by the cooling or by variation of the temperature field due to the radio-
active decay [32] are important as far as they lead to breaking or fissuring of the glass. This increases

13
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the surface area of the glass which may be exposed to the brine. From investigations of simulated
glass blocks it was possible to obtain a realistic but conservative estimation of this surface area. R7T7
glass blocks are fractured inside the canister. The cracking is directly related to the temperature gra-
dient between the core and outer surface of the glass block during cooling after the glass is poured
and, to a lesser extent, to the thermal shock arising from decontamination of the package and to
possible impacts during handling. The relation between the stress level and fracturing is difficult to
quantify: it depends on the shape of the package as well as on any heterogeneity liable to redistrib-
ute stresses in the glass. The surface area, exposed to water can slightly increase with time, due to
stresses, and chemically initiated fissure formation. Alternatively the accessible surface area may
decrease due to cementation by formation of alteration products in the fissures, but these changes
are neglected or included in the uncertainty of the surface area estimation.

Glass changes during storage

The HLW glass will be disposed after a certain interim storage period. Changes of the pristine glass
prior to brine access are considered to have negligible effects on the barrier performance of the
glass.

Glass alteration in absence of near field materials

The glass alteration after contact with brines in absence of near field materials has been investigated
in various studies [3]. The applicability of this knowledge to systems including near field materials
such as canister or backfill materials needs to be confirmed [6].

The glass alteration is considered to be very important, at least for the short and medium term of
glass dissolution. On the long term, glass alteration may still be important, but the effect is then cov-
ered by the residual corrosion rate. So far, the long-term corrosion rate has been described only
qualitatively but needs further investigation.

Radionuclide inventory of HLW glass
The glass composition is defined in WP 3 of the vSG project [15].

3.1.1 Temperature dependence of HLW glass dissolution

The influence of temperature on the long-term corrosion was investigated for the various HLW
glasses (see Tab. A - 2 in the Appendix) in different salt solutions [30]. The temperature range was
between 90 °C and 190 °C. Tests with R7T7 glass revealed that Si saturation concentrations (shown in
Tab. | ) are higher in NaCl solution than in MgCl, solution. The release of the highly soluble element Li
behaves differently: up to 150 °C the release rates are the same for NaCl- and MgCl, solutions, how-
ever, for 190 °C, the release rate increases by a factor of 2 in the case of the MgCl, solution [33]. Li
and B are used as indicators for matrix dissolution.

Tab. | shows the concentrations of Si in saturated NaCl and MgCl, solutions which were determined

as a function of time for the temperature range between 110 °C to 190 °C and test durations of 18 to
40 months [34].

14
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Tab. |

Steady state silicon concentration [Si] released from HLW glass as function of tempera-

ture
Temperature NaCl system MgCl, system
measured [Si] measured [Si]
110 °C 16.3+2.8 ppm 12.8 £ 1.5 ppm
150 °C 41.3+7.3 ppm 24.6 £ 1.6 ppm
190 °C 85.3+£20.1 ppm 49.1+4.1 ppm

Fig. 3 shows that the final Si concentration in NaCl solution depends strongly on the temperature.

However, for all three temperatures no significant variation with time was found.

The pH showed different behavior in the solutions: In NaCl solution pH was found between 6 and 8

for all temperatures, whereas in MgCl, systems the pH dropped to values between 6 and 5 [34].

Only for Li, a constant increase of the concentrations was observed (see Fig. 4). For Li, the rate (de-
rived from the slope of the concentration) is 0.05 ppm day ™ for 110 °C, 0.12 ppm day™ for 150 °C and
increases to 0.25 ppm day™ for 190 °C in NaCl and to 0.45 ppm day™ in MgCl,, respectively. The re-
lease of Li from the glass is controlled by diffusion with an Arrhenius temperature dependency of the

diffusion coefficient.
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Fig. 3
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Si concentration with time from corroding R7T7 glass in saturated NaCl solution.
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Fig. 4 Li concentration with time from corroding R7T7 glass in saturated NaCl solution.

3.1.2 Kinetics of HLW glass dissolution

Various glass corrosion models have been developed to quantify the release of glass constituents
associated to either matrix dissolution or ion exchange. Within the present study the “Grambow

IM

model” [2, 5] is applied. The model describes the penetration of water into the glass network, which
is assumed to be a prerequisite for both reactions. The penetration of water into the glass is de-
scribed by an advection/dispersion/reaction equation. The hypothesis that the transport of H,O
molecules is rate limiting for the release of alkali ions and boron is a simplification. In reality, water
inward-diffusion is expected to be coupled by an inter-diffusion process to the outward-diffusion of
alkali ions and boron in a rather complex way, where each component flux depends on the gradients

of all the components.

The model is based on the well known affinity/transition state theory-based interfacial reaction
equation according to Aagaard and Helgeson [35].

r=d—é=F- 1—exp ! eq.1
RT

where & denotes reaction progress, s the effective surface area, A; affinity A; = -RT In(Q/K), R the gas
constant, T the absolute temperature, Q the ion activity product and K the equilibrium constant of
the dissolution reaction.

The saturation of the solution with regard to a silica end member plays a decisive role in slowing
down glass corrosion rates and the rate law often takes the simple form of a first-order dissolution
rate law characterized by a forward rate constant k, (unit: kg glass/(m” s)), the activity of dissolved
silicic acid as; and a corresponding temperature-dependent saturation constant Ko, at the dissolving
glass surface. The rate r of the corrosion reaction is given in simplified manner by
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Fshortterm rate (T) = k+ 11 _& = k+ 11 _i eq. 2
K(T) Ko, (T)

The temperature dependence of the rate constant k, is modeled by an Arrhenius law using the acti-
vation energy E,:

E
k, =A-exp| —Z eq. 3
RT

The reaction rate r is modeled by following equation under consideration of surface reactions and Si
transport [36]:

eq.4

1- k+(T)'FS.B.L+¢'Dsi,aq(T)'pLsg "My
Ks/‘oZ (T)'¢'Ds;,aq(T)'PLsg +k+(T)-FS-,3 L

where B is a factor for surface roughness, L is the distance from the surface, ¢ is porosity, Ds;q is the

Fshortterm rate (T) = k+ (T) (

diffusion coefficient for dissolved silicic acid, p is the solution density, m.y, is the silicium concentra-
tion in the inflow and FS is a conversion factor FS = fg; (1 - f,rec)/MWsio, calculated from the Si fraction
in the glass (f5), a factor quantifying the Si retention (e.g. by precipitation of secondary phases) and
the molar mass of SiO; (MWs0,).

The term k,(T) can be derived by exponential fitting (unit: kg m2 d*) to experimental data according
to [8]:

r shortterm rate €q. >

(T)=6.4-10° -exp(_8323j

For the long term dissolution rate, measured rates in water and salt solutions as function of the tem-
perature are available [37], see Fig. 5. The long term rate can be fitted to the temperature T (in K)
using an exponential equation (unit: kg m2d™):

eq. 6

r longterm rate

(T) =5.6-10? -exp[_7397j

(R =0.8649)
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Fig. 5 Calculated short term (eq. 4) and experimental long term dissolution rates of HLW glass
dissolution tests in salt solutions and water.

Before Si saturation is reached, the release rate of easily soluble elements e.g. boron from the glass
matrix can be described similar to the release rate of Si. However, Si reacts at the surface of the cor-
roding glass forming the gel layer. For this reason, the measured concentration of the easily soluble
elements is always higher compared to the Si concentration. After Si saturation, the dissolution rate
of the easily soluble elements decreases by several orders of magnitude by stabilization of the glass
matrix due to Si saturation. Glass is not a thermodynamically stable phase. For this reason, the re-
lease of the easily soluble elements continues at a slow rate.

The mechanism of glass dissolution under Si saturation is not yet clear, possible mechanisms have
been discussed in literature [38]:

1. solubility and kinetics of the formation of Si-rich secondary mineral phases
2. water diffusion and hydratation of the glass network and/or ion exchange
3. limitation of the Si transport rate through the corrosion/gel layer

The mobilization rate of easily soluble elements (such as Li, Na, Cs, B) from the HLW glass is de-
scribed by the dissolution rate until Si saturation plus the long term dissolution rate (see Fig. 2).

r =

easily soluble elements short term rate (Si) + roo

eq.”7

3.2 Spent nuclear fuel from LWRs

Spent nuclear fuel consists of heterogeneous fractured ceramic UO, pellet contained in a cladding
rod made from zirconium alloys. Spent nuclear fuel is characterized by a large variety of mixed phase
assemblages, a complex distribution of actinides, fission products (FP) and distinct structural hetero-
geneities that results from the fuel’s irradiation history, the neutronics and the initial composition of
the fuel. In addition to radionuclides in the spent nuclear fuel itself, activation products are present
in the cladding. Presently, spent nuclear fuels with typical burn-ups (35 to 45 MWd/kg U), contain
about 95 wt. % of UO, (mainly 22U, remaining ***U and %**U produced from ***U by neutron capture;
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e.g. [39]). Transuranium elements, fission and activation products occur in many different forms in
the spent nuclear fuel. Kleykamp et al. (1985) [40] established a classification for the fission products,
according to their chemical and mineralogical properties:

1. Fission gases and other volatile fission products (Kr, Xe, Br, I) which occur as finely dispersed
bubbles within grains, at grain boundaries and in pores [41]; to some extent they are released to
the open porosity of the fuel and gap.

2. Metallic fission products (Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te) forming immiscible, micron-
to nanometer-sized precipitates. The metallic phases found are &-Ru(Mo, Tc, Rh, Pd) solid solu-
tions (so-called g-particles) with variable concentrations of the components, 3-Mo(Tc, Ru) and a-
Pd(Ru, Rh).

3. Fission products forming oxide precipitates (Rb, Cs, Ba, Sr, Zr, Nb, Mo, Te). These oxides tend to
have the general composition AB[Os] and to adopt a cubic perovskite-type structure with Ba, Sr,
and Cs in the A sites and Zr, Mo, U and lanthanides (Ln) in the B sites [40, 42].

4. Fission products occurring as oxides in the UO, fuel matrix (Sr, Zr, Nb, Y, and the lanthanides
La, Ce, Pr, Pm, Sm). Zr and rare earth elements are partially or completely miscible with UO, to
form a solid solution [43].

There are continuous transitions between the four groups, which depend on the burn-up and conse-
quently on the chemical state and solubilities of the fission products [44]. For example, prominent Sr
and Zr isotopes occur in the dominating ceramic precipitate (Ba;«.,Sr«Csy)(U,Pu,Ln,Zr,M0)0; as well as
solid solutions in the UO, matrix. Similarly to lanthanides, transuranium elements (Pu, Am, Cm, Np)
occur in the UO, matrix, where they substitute U.

In their review, Bruno and Ewing [39] describe that the distribution of radionuclides is not homoge-
neous within a single pellet because of the steep thermal gradient within the pellet (temperature
above 1000 °C at the centre of the pellet and decreasing to few hundreds degrees Celsius at its rim).
Thermal excursion during reactor operation cause a coarsening of the grain size, extensive microfrac-
turing and migration of fission gases and volatile fission products to grain boundaries, fractures, and
the “gap” between the edge of the fuel pellet and the surrounding metal cladding. Due to a gradient
in the burn-up with relatively high burn-ups at the pellet periphery, porous and fine grained micro-
structure “high burn-up structures” are formed. These high burn-up structures are characterized by
relatively high concentrations of 2°Pu at the fuel rim, polygonization of the UO, grains resulting in a
reduction in the size of individual grains [43]. According to the classification of Kleykamp [40, 44],
Johnson et al. [45] and Poinssot et al. [46], radionuclides are spatially distributed among

(i) the gap region,

(ii) grain boundaries,

(iii) U0, grains / the UO, fuel matrix and

(iv) the high burn-up structures / the rim region,

which is depicted in Fig. 6.
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Assuming the presence of aqueous solution in the near field as well as breaching of fuel canisters and
fuel rods, the alteration of the spent nuclear fuel and the consecutive release of radionuclides in-
volves the combination of many different processes, which can be grouped into two stages (e.g.
[39]):
e Fast release of radionuclides at the time of waste package failure. The fast released radionu-
clide fraction is generally referred to as the Instant Release Fraction (IRF)
e A much slower, long-term radionuclide release that results from the alteration and dissolution
of the UO, fuel matrix.

The IRF concerns a fraction of few percent principally of **°Cs, **°I and possibly "°Se, **Tc, '”’Pd. Ra-
dionuclides in structural metal parts of the fuel elements and in the fuel cladding are often also con-
sidered as contributing to the IRF.

With regard to the long-term radionuclide release, the decrease in the radiation dose rate with time
will lead in the long term to a situation where radiolysis effects are negligible. Whether or not radio-
lysis effects are detrimental to spent nuclear fuel stability depends to a large extent on the time
when the fuel canister will fail. In case of canister breaching at a stage, when the spent nuclear fuel
inventory is in the range of several tens to 10000s of GBg/(kg HM), the UO, matrix dissolution and
radionuclide release will be governed by radiolytically enhanced processes. Considering presence of
aqueous solution and breaching of the fuel canister after several 10000 years (when relatively low
inventories remain; see Fig. 7), chemically driven matrix dissolution and radionuclide release will
occur. The main processes affecting alteration of the spent nuclear fuel and the consecutive release
of radionuclides are depicted schematically in Fig. 8.

Spent nuclear fuel alteration processes and radionuclide release processes depend on many spatially
and temporal varying geochemical parameters. In the following, the definition of an alteration pro-
gress indicator and fuel properties defined by the burn-up and radiolytic processes in salt brines are
described. The relevance of the canister concept and disposal concept for the alteration processes
and radionuclide release processes is also discussed.

Grain boundaries:
C, 1, 5,Cs, Se, Tc

Grains:

Gap region: (U,An.L)o,

C, 1 Cs, Se, Tc Oxide precipitates:

/ Rb, Cs, Ba, Zr, Nb, Mo, Tc

£-particles/ metallic precipitates
Mo, Ru, Pd, Tc, Rh
(Ag, Cd, In, Sn, Sb)

BB 203V L 500 10 030591

Fission Gas bubbles: RIM or HBS:
Xe Kr,1 enriched in Pu

Pellet gap

Cladding: C

Fig. 6 Schematic illustration of the microstructure of cladded spent nuclear fuel and the distribu-
tion of actinides, fission and activation products [43].
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Gap Release
(FPs, fission gases)

Schematic illustration of the fundamental processes governing the alteration of spent nu-

Definition of an indicator for spent nuclear fuel matrix dissolution and “FIAP” definition

The main component of spent nuclear fuel is tetravalent uranium as UO,. Its solubility is very low,
and it was confirmed that redox reactions, interactions with groundwater components and corrosion
products as well as the formation of secondary phases control the observed uranium concentrations
in the solutions. For this reason, attempts have been made to identify a fission product which could
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be used as indicator for the UO, matrix dissolution. This fission product should be dissolved congru-
ently with U (when U is significantly undersaturated with respect to secondary U phases), should
occur as oxide in the UO, fuel matrix, should not show accumulations in the rim and gap, should not
be redox sensitive, should be scarcely involved in sorption processes and should be readily soluble in
the considered aqueous system.

Spent nuclear fuel corrosion experiments in diluted and saline solutions showed that *°Sr and U re-
lease rates were rather similar, as long as the U concentration was significantly undersaturated with
respect to secondary U phases [33, 48, 49]. Thus, it was concluded that the Sy release can be used
as indicator for the dissolution of the UO, matrix. Most experimental studies on alteration of the
spent nuclear fuel matrix in brines were derived from static tests which followed a leaching of the
rapidly released radionuclide fraction including a minor portion of the *°Sr inventory. After the re-
lease of the *°Sr inventory attributed to the instant release fraction, the *°Sr release was thought to
reflect the dissolution of the UO, matrix and be useable as matrix indicator. However, the UO, ma-
trix dissolution rate is mostly lower than the “°Sr release rate because most of the dissolved U is rap-
idly re-precipitated again as secondary phases [9].

The dimensionless term Fraction of Inventory in the Aqueous Phase, FIAP, of an element was intro-
duced [50] to relate the dissolved concentration of a radionuclide to its concentration in the spent
nuclear fuel. Regarding the Sr release from spent nuclear fuel, FIAPs, (or “Sr-FIAP”) is calculated ac-
cording to eq. 8 with index i for Sr:

FIAP = [CO”C],- " Vsolution _ mi/aq

Hi ' mspentfuel mi(spentfuel)

eq. 8

where [conc]; is the concentration of i in solution (g:-mL™"), Vioution is the volume of solution (mL), H;
corresponds to the fraction of inventory for i (g/8), Mspent fuer is the mass of the spent nuclear fuel
sample (g), m;qq is the mass of i in the aqueous phase (g) and Mjpent fuey is the mass of i in the spent
nuclear fuel sample (g).

Burn-up and fission yield

Upon irradiation in the reactor core, the nuclear fuel changes its properties, e.g. chemical composi-
tion, radionuclide inventory and pellet structure. At a burn-up of 52 MWd/kg HM (heavy metal), the
concentration of fission products reaches ~5.4 wt. % in an enriched uranium fuel (UOX) and ~5.2
wt. % in a mixed-oxide fuel (MOX). Details can be found in textbooks on radiochemistry of nuclear
fuel / power plants [14, 51].

According to Neeb [14], the disintegration of the heavy nuclides in the neutron-induced fission reac-
tion results in an asymmetric mass division process with a lighter and a heavier fragment. Mass dis-
tribution can be expressed by the fission yields. For **°
mass number 138, while the lighter fragment is distributed around mass number 95, with fission
yields of about 7 % each. In between the two peaks, mass distribution curves for fission products
show a minimum with fission yields on the order of 0.01 %. For fission of 29y, the distribution
curves have a similar shape but peaks of the mass fragments are shifted towards mass numbers 99

and 140. In both fission curves, a certain fine structure can be observed close to mass number 133,

U fission, the heavy fragment is located around
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which originates from the preferential formation of fission fragments with the magic neutron num-
bers 50 and 82 in the nucleus (i.e. saturated neutron shells).

A total kinetic energy of 167 MeV is distributed between the two fragments according to the recipro-
cal ratio of their masses, which causes the fragments to move in opposite directions (~10um recoil
length) affecting the crystalline properties of the spent nuclear fuel. The major amount of kinetic
energy (~95 %) is converted into electronic stopping power, while a minor amount is expended in
atomic collisions causing lattice effects. Around the fragment path, a displacement field of cylindrical
symmetry is usually observed (spur) with a diameter of 10nm and a length of ~6um. The UO, lattice
is affected by the high-speed movement of the fragments causing an intense ionization of the frag-
ments and high local temperatures (~3000 °C) within a diameter of around 10 nm. Among the effects
of the fission fragments are lattice defects caused by the knocking out of atoms from their regular
positions, radiation-induced creep and fission-induced densification of the UO, matrix and re-
dissolution of small fission gas bubbles [14].

In order to describe the relevant radionuclide mobilization / retention processes and to provide data
for a preliminary radionuclide source term, averaging is applied:

e An enrichment of 4% **Uanda burn-up of 50 GWd/t HM is assumed
e [tis not distinguished between BWR and PWR spent nuclear fuel.
e Homogeneous burn-up over the length of the fuel elements / rod is assumed.

The inventory of some radionuclides in the spent nuclear fuel is given in the WP 3 report [15] and
Tab. II.

A series of technical impurities in the spent nuclear fuels (given in [15]) are listed in Tab. lll. The im-
purities are related to the production process of the fuel. Significant is the nitrogen content in the
range of 30 ppm which is considered as an upper limit by the fuel producer ANF in Lingen, Germany
in UO, fuel.

Tab. 1l Inventories of selected fission products in spent nuclear fuel [15].
Element DWR UO, DWR MOX
55 GWd/t 55 GWd/t
Se 86.9 64.8
Sr 1424.0 757.3
Y 744.0 394.1
Zr 5795.0 4136.0
Mo 5424.0 4995.0
Tc 1266.0 1282.0
Ru 4176.0 5101.0
Rh 647.4 1090.0
Pd 2273.0 4071.0
I 339.0 459.8
Cs 4616.0 5378.0
Ba 2467.0 2365.0
La 2012.0 1887.0
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DWR UO, DWR MOX

Flement 55 GWd/t 55 GWd/t

Ce 4370.0 3910.0

Nd 6221.0 5440.0

Eu 273.0 370.3

Tab. Il Technical impurities in the spent nuclear fuel caused by the production process (WP 3 re-
port, [15]).
Element Concentration Element Concentration
[ppm] [ppm]
F 4 Na 5
H,0 2 Pb 5
Bor 0.5 sn 5
Fe 15 v 5
Si 6 Zn 5
Ni 3.5 Ti 5
30 Th 5
4 Ta 5

c 4.5 p 5
Ca 10 w 5
Ag 5 Li 1
Bi 5 Al 21
Co 5 K 10
Cu 5 Cr 3
Mg 5 Mn 1
Mo 5

Radiolysis of salt brines

Radiolysis of salt brines in the near field of spent nuclear fuel is highly important with regard to radia-
tion induced matrix dissolution and radionuclide release. Radiolytic decomposition of aqueous solu-
tions is accompanied by the formation of redox agents. With respect to radiolysis in salt brines, H,
molecules are the main reductants, whereas radiolytic oxidants are dominated by oxo-halogenides,
such as HCIO (both for high and low linear energy transfer (LET) radiation), OH™ (for high LET) and Cl,’
(for low LET) [52]. Since most oxidizing radiolysis products are more reactive than the radiolysis prod-
uct H,, the relatively stable UO,(s) matrix of spent nuclear fuel may be oxidized into the much more
soluble U(VI), as long as concentrations of inhibitors such as H, are sufficiently low [39, 53, 54]. How-
ever, high hydrogen concentrations will be achieved in the near field of the fuel, mainly caused by
anaerobic corrosion of the Fe-based waste canisters. The effect of hydrogen on the radiolytic yield of
long-lived products in concentrated NaCl solutions was measured by means of y-radiolysis [55-57].
These y-irradiation experiments under hydrogen pressure showed a decrease in the radiolytic pro-
duction of H, and O, but still a remarkable yield of chlorate compared to experiments conducted
without hydrogen. Various research studies have been dedicated to examine the influence of mo-
lecular hydrogen on the radiolysis of pure water, diluted aqueous solutions and NaCl rich solutions
([58] and references therein). To the present knowledge, a single reaction accounts for the influence
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of molecular hydrogen on radiolysis of aqueous solution (*OH + H, = H,0 + H®). Ultimately, this re-
action converts oxidizing *OH radicals into reducing H® radicals.

The radiolysis of highly concentrated NaCl and MgCl, solutions was investigated by several authors,
e.g. [58, 59]. Using pulse radiolysis it was found that the Cl,” radical anions are formed in acidic solu-
tions. In neutral or slightly alkaline solutions radical anions Cl,” were observed only in concentrated
solutions (> 0.1M CI"). The vyield of different radiolytic products formed by y-radiolysis from NaCl
brines at ambient temperature and dose rates between 0.1 and 1 kGy/h were determined [59, 60]. In
concentrated NaCl both H,, O, and ClO;~ were formed proportionally to the dose and independently
from the dose rate with radiation-chemical yields of 0.6, 0.16 and 0.074 molecules per 100 eV, re-
spectively. An extended kinetic model for the chloride system which includes the formation of chlo-
rate was used to simulate the experimental results [52].

Though bromide is a minor constituent in brine, it is present in a concentration range relevant for
radiolytic processes, i.e. up to 10™ mol (kg H,0)™ [61-63] Results of a- and y-radiolysis experiments in
NaCl brine demonstrate (i) it is not the major constituent CI', but the presence of Br traces that
dominates formation of radiolytic species, and (ii) Br' concentrations of 10* to 10 mol (kg H,0)™
considerably promote radiolytic decomposition, even at 10% mol H, (kg H,0)" [55-57]. In a pulse-
radiolysis study, Ershov et al. (2002) [64] investigated the interaction of bromide and chloride ions in
concentrated NaCl-NaBr solutions. They determined the production of a broad range of molecular
(Cl,, CIBr, Br;,) and ionic (Cl5", Cl,Br~, CIBr,", Brs') radiolysis products. The hydrolysis of CIBr, Br, results
in the formation of hypobromite HOBr. Hypobromite is the starting substance for the formation of
more stable bromates of higher oxidation state.

Disposal concept

A disposal concept for spent nuclear fuel, the so called "direct disposal of spent nuclear fuel" was
developed in the vSG project [65] and will be optimized within WP 6. Disposal concepts have been
developed for different emplacement options. Option B is split into two alternatives for disposal of
heat-generating waste: In option B1 the use of POLLUX casks is considered for final disposal, while
option B2 covers the transport, storage and final disposal in CASTOR casks. In emplacement option C,
the disposal of heat-generating waste in vertical boreholes is considered @

The POLLUX canister consists of a shielding cask with a screwed lid and an inner cask with bolted
primary and welded secondary lid. The inner cask consists of fine-grained steel 15 MnNi 6.3, the
thickness of the cylindrical wall is 160 mm according to the mechanical and shielding requirements.
The outer cask provides shielding. Its thickness is 265 mm and it consists of cast iron GGG 40. The
weight of the inner cask (including spent nuclear fuel is 31 Mg, the weight of the outer cask is 34 Mg.
10 complete fuel elements can be packed into a POLLUX cask. Another possibility is the accommoda-
tion of consolidated fuel rods (5.4 tHM). For Gorleben, disposal of POLLUX casks in horizontal galler-
ies is foreseen at distances of several meters between the galleries (15 m - 36 m) and between each
cask (1 m -5 m). Afterwards, the galleries should be backfilled using crushed rock salt.

@ Option A comprises the horizontal disposal of waste with negligible heat generation.
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Disposal concept C considers the emplacement in vertical boreholes. At present, it remains to be
demonstrated that retrievability of the wastes can be achieved for the disposal in vertical boreholes
as it is requested by the safety requirements [1]. Within this concept, the spent fuel will be packed
into BSK 3 casks. The BSK 3 cask was designed for accommodation of consolidated fuel rods. The
outer shape of this cask corresponds to the HLW canisters of the COGEMA type, which are packed
into a so-called “triple pack” of three canisters. This fact would allow mixed disposal of spent fuel and
vitrified waste. The capacity of a BSK 3 is designed for three PWR fuel elements or 9 BWR fuel ele-
ments. The wall thickness of the BSK 3 is 50 mm, sufficient to keep the mechanical forces resulting
from the convergence of the rock salt.

In both types of casks, inner baskets are applied holding the fuel elements or fuel rods. The basket
will be composed of stainless steel (1.4541) coated with borated steel sheets (1 wt. % B) and copper.

The POLLUX casks will be stored in horizontal galleries; BSK 3 casks in vertical drill holes. The charac-
teristics of the 2 disposal concepts are given in Table I. Relations between potentially contacting wa-
ter (solution) and iron or Fuel are listed. The table shows, that within the disposal galleries or drill
holes only a minor amount of water would be available to corrode the casks or fuel.

Tab. IV Characteristic data of the POLLUX and BSK 3 disposal concepts for spent fuel [65] and calcu-
lated ratios of inventory to solution.

POLLUX concept BSK 3 concept
Number of fuel rods per cask 3000 900
external diameter d, 156 cm 43 cm
inner diameter d; 69 cm 35cm
Length of the canister 552 cm 498 cm
Mass of steel per cask 57 Mg 2.9 Mg
Mass of polyethylene per cask 1540 kg 7 kg
drift/drill hole cross-section area 17 m? 0.3 m?
Void volume gallery per cask (without backfill) 140 m® 0.85m’
Backfill porosity (t = 500 yrs.) 10% 10%
PWR / BWR PWR / BWR

mass ratios in kg/L fuel (U) / solution 0.4 19.1/19.8

steel / solution 41 34.1
mol ratios in mol/L U / water 1.6/1.7 80.4/83.2

Fe / water 73.0 610.9

3.2.1 Spent nuclear fuel dissolution

The alteration rate of the spent nuclear fuel matrix depends on the surface area. Uncertainties in
measured surface area of spent nuclear fuel samples are very large, up to 5 orders of magnitude for a
given constant specific geometric surface area [13]. However, there exists no proportionality in the
relationship between the measured surface area and the spent nuclear fuel dissolution rate. Hanson
and Stout [50] observed a decrease in dissolution rates, while surface area increases upon long term

26



Relevant data and processes

leaching. Due to the high uncertainties in specific surface areas of SNF samples, radionuclide release
rates and SNF dissolution rates are given generally in FIAP per day; in some cases surface normalized
dissolution (e.g. in units mg m™ d) are estimated.

3.2.1.1 Instant release fraction

Within the European projects SFS (5th Framework Programme) and MICADO (6th Framework Pro-
gramme), the IRF concept was revised and defined as the radionuclide inventory located within mi-
crostructures with low confinement properties: the fuel plenum, gap zone, fracture surfaces, the rim
zone with high-burn up structures and grain boundaries [13]. The fast/instant release processes de-
pend on spent fuel properties, including those caused by the manufacturing process, in-reactor fuel
operating parameters such as linear power rating, burn-up, linear power, fuel temperature, ramping
processes, and interim storage time. The IRF at a given time is defined as the sum of the short term
release of the radionuclide inventory in the gap interface between the cladding and the pellet, the
fractures (released in weeks) and also to grain boundaries (released during months). In experiments
with high burn-up SNF samples it is observed that the IRF contribution from the gap between the
spent nuclear fuel and the Zircaloy cladding is about one order of magnitude larger than the IRF con-
tribution from the fuel grain boundaries. The least IRF contribution originates from internal grain
boundaries [43]. A comprehensive review of published IRF data derived from leaching experiments
was carried out during the SFS project by Johnson et al. (2004) [66]. An updated IRF assessment low-
ered the estimated IRF significantly [67, 68].

The initial distribution of radionuclides between the various microstructures is not completely under-
stood, in particular for high burn-up and MOX fuels. This is particularly the case of highly mobile ele-
ments like *°Cl. In static and dynamic leaching experiments with high burn-up SNF samples, Gonzélez-
Robles [43] determined an inhibitive influence of the high burn-up structure on the IRF. This struc-
ture is characterized by a relatively high surface area on one side and a high fission product content,
which reduces the UO, matrix dissolution on the other side. In this study the predominance of the
inhibiting effect of the fission products on the UO, matrix dissolution and consequently the protec-
tive effect of the high burn-up structure on the radionuclide release were demonstrated.

3.2.1.2 Matrix dissolution

Since the SNF activity decreases with time due to the radioactive decay, it is important to relate the
rate of the radiation induced SNF matrix dissolution to the residual activity. Most studies on the ef-
fect of activity on SNF matrix dissolution kinetics focus on “old” spent nuclear fuel, which is domi-
nated by a-emitters (e.g. [69-78]). Poinssot and coworkers reviewed the large experimental dataset
and drew the following major conclusions on the SNF matrix dissolution kinetics [46, 68]):

e Spent nuclear fuel alteration rates decrease with decreasing a-activity except for the lowest
a-activities for which the rate seems to be controlled by solubility of uranium phases and to

be independent of the a-activity.

e A specific activity threshold occurs below which the a-radiation induced matrix dissolution is
negligible.
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Transition of radiation induced to solubility controlled matrix dissolution

The effective dose threshold is a purely empirical measurement of the competition between oxidants
production and subsequent matrix alteration on the one hand, and the consumption of oxidants by
the other aqueous ions on the other hand. As a consequence, the activity threshold depends on the
geochemical environment. Based on experiments in deionized water, it has been estimated to be in
the range 18 - 33 MBq g. This a--activity range corresponds to spent nuclear fuel ages between 3500
and 55000 yrs (see Fig. 9 and Fig. 10) depending on the fuel types: between 4.5 ky and 15 ky for a 60
GWd/t UOX fuel, and between 42 ky and 55 ky for a 60 GWd/t MOX fuel. The a activity of a typical
spent fuel from Biblis NPP (4 % initial enrichment, 50 GWd/tyy) is shown in Fig. 10. The threshold,
when a radiolysis will no longer contribute to the matrix dissolution is reached after several thou-
sands of years. The contribution of y radiation becomes negligible after some hundreds of years.
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Fig. 9 Dissolution rates of a-doped UO, samples as function of specific a-activity (taken from
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Hydrogen effect

Radiation induced SNF matrix dissolution can only occur if the non-radiolytic redox couples in the
near field do not consume the radiolytic oxidants. Since high hydrogen concentrations will be
achieved in the near field of the fuel, mainly caused by anaerobic corrosion of the Fe-based waste
canisters, a strong inhibition of the SNF matrix dissolution is expected. Leaching experiments with
spent nuclear fuel and UO,(s) as well as radiolysis studies indicate that molecular hydrogen both im-
pedes radiolytic decomposition of the diluted and saline solution and considerably inhibits corrosion
of the UO,(s) matrix [53-55, 58, 70, 80-87]. Still, there is insufficient knowledge about the molecular
mechanisms of the protective hydrogen effect on SNF corrosion [57, 84]. A recent international
benchmark study on modeling of spent nuclear fuel corrosion shows that model uncertainties are
still very large, especially regarding the effect of hydrogen as well as the respective parameters of the
radiolytic reactions [88]. This hydrogen effect, without being well understood, is considered in the
SKB’s and Posiva’s safety analyses [89].

Fig. 11 shows the dissolution rate as a function of hydrogen gas pressure at constant dose rate as it is
used in the SKB SR 97 spent nuclear fuel alteration/dissolution model [89] under the influence of
near field hydrogen. The curves show variations of the base case obtained by assuming a significantly
lower a-dose rate (factor 100), a higher reaction rate between oxygen molecules and uranium diox-
ide (by a factor 10), and a higher reaction rate between hydrogen peroxide and uranium dioxide (by a
factor 10). The variations reveal that for all cases at hydrogen pressures >0.45 MPa the dissolution
rates of spent nuclear fuel as a function of hydrogen gas pressure is below 107 FIAP per year. Com-
plete dissolution would require 10 million years.
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Fig. 11  Dissolution rate as a function of hydrogen gas pressure at constant dose rate for SKB’s SR
97 spent nuclear fuel alteration/dissolution model under the influence of near field hydrogen [89].

The inhibition effect of hydrogen on radiation induced dissolution of the SNF matrix was observed in
leaching experiments with UO,(s) and SNF samples in groundwater simulates. These groundwater
simulates contain only few constituents, mainly Na*, CI" and HCO5/COs>. Bromide is a minor con-
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stituent in groundwater of deep geological formations. Nevertheless, it is present in a concentration
range relevant for radiolytic processes, i.e. up to 10 mol (kg H,0) in granitic groundwater (e.g. [90,
91]), up to 10™ mol (kg H,0)™ in argillaceous pore-water (e.g. [92] ) and up to 10™ mol (kg H,0)™ in
salt brines from deep salt formations [61-63].

In recent experimental studies, SNF dissolution and y-radiation induced UO,(s) dissolution were stud-
ied at elevated hydrogen pressure in NaCl brine containing 10* and 10 mol Br (kg H,0)™ [56, 57].
Both, in the y-radiolysis experiment with Br"and without Br’, the UO,(s) sample was oxidized, and the
concentration of dissolved uranium controlled by precipitation of secondary U(VI) phases. In the
spent nuclear fuel dissolution experiment measured U concentrations were between solubilities of
U(VI) and U(IV) phases. The release rate of Sr was significantly increased in the presence of Br traces.
Results of the spent nuclear fuel corrosion and y-radiolysis experiments allow the conclusion that Br’
traces reduce significantly the protective hydrogen effect with respect to the release of certain ra-
dionuclides and the yield of radiolytic products.

3.2.1.3 Modeling of the spent nuclear fuel dissolution rate

A conceptual IRF model has been developed attributing the rapid radionuclide release to the various
microstructures present within the fuel pellet within the European SFS project (5th FWP). The fast /
instant release fraction is defined as the sum of two terms: The first term represents the fraction of
radionuclides rapidly released by fresh irradiated fuels. The second term takes into account any evo-
lution of the inventory availability prior to the arrival of water in the spent nuclear fuel rod [13]. IRF
values of the first term are based on the correlation between fission gas release (FGR) during irradia-
tion and leaching data available in literature. A detailed description of effects relevant for FGR a
modeling procedures are given in the Ph.D. thesis of Blair (2008) [93]. Modeling procedures for
athermal diffusion and displacement processes of labile fission products are described by Lewis and
Sills (1991) [94] and Wise (1988) [95]. Still, the various processes governing the IRF are insufficiently
integrated into modeling of the gas release on the different microstructures of the spent fuel pellet,
the pellet gap, defects in cladding material. Similarly, modeling of correlations between the gas re-
lease fraction and the fast release of non-gaseous fission products are characterized by considerable
uncertainties. The forthcoming European FIRST-Nuclides project (7th Framework Programme) aims to
couple experimental results with model development and the impact of different experimental find-
ings on the refinement of fast / instant release prediction capability.

The so-called Matrix Alteration Model (MAM) was developed during the European SFS project [96-
98]. The Matrix Alteration Model includes (i) modeling of the generation of oxidants and reductants
by a kinetic radiolysis model of radiolysis (i) oxidation of the spent nuclear fuel surface, (iii) reduc-
tion of (molecular) aqueous oxidants and (iv) dissolution of spent nuclear fuel matrix and radionu-
clides release according to the uranium speciation and groundwater composition with or without
consideration of electrochemical processes. The Matrix Alteration Model is schematically illustrated
in Fig. 8. In the past years, this model approach was continuously improved (see European projects
SFS [99], MICADO [13], [100]). MAM allows predicting the matrix alteration rate of the spent nuclear
fuel pellet with a defined geometry under different environmental conditions. There are still some
processes not considered by the model, such as influence of radiolytically produced radicals, effects
of minor groundwater constituents, formation of secondary phases, etc.
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3.2.2 Temperature effects

3.2.2.1 Temperature dependence of radiolytic reactions

Many reactions involved in radiolysis of diluted and concentrated aqueous solutions are well known
at ambient temperature. Regarding radiolysis of pure water and water containing few trace compo-
nents, rate constants, activation energies, and G-values at elevated temperatures have been deter-
mined for several reactions of importance for predicting steady-state concentrations of radicals and
products during operation of nuclear reactors (e.g. [101-123]). Regarding radiolysis in pure water, a
database of G-values (Tab. V), rate constants and activation energies was compiled by Christensen et
al. [124]. Reported activation energies of the radiolytic reactions are in the range of 8 - 80 kJ mol™.
There are only very few experimental studies dealing with the temperature influence on radiolytic
reactions in chlorine / chloride rich solutions (e.g. [55, 123]).

Summarizing the temperature dependencies of the various elementary radiolysis reactions would be
out of scope of this documentation of the present scientific knowledge on the behavior of heat-
generating waste under saline conditions. Instead, selected studies are mentioned to exemplify tem-
perature effects on radiolysis of aqueous solution. The concentration of the hydroxyl radical, OH®, is
critical for the evolution of radiolytic chain reaction and consecutive UO,(s) / spent nuclear fuel cor-
rosion reaction. For instance, the inhibiting effect of molecular hydrogen on radiolysis of water is
controlled by a reaction with the hydroxyl radical (OH® + H, = H* + H,0). Elliot and McCracken [108]
showed that the pKa for the hydroxyl radical drops by 1.03 units in the temperature range 20 to
80 °C. The activation energy (19 kJ mol™) and rate constants at 20 and 230 °C (3.4°10” and 7.7°10°
dm?® mol™ s, respectively) of this reaction were determined by Christensen and Sehested [106]. In
the range of 10 to 120 °C, the temperature effect on the reaction of H,0,, the dominant oxidative
radiolysis product at high LET radiation, with hydrogen radicals was studied by [108, 113, 117, 122].
The rate constant of reaction H* + H,0, = OH® + H,0 increases from 4.4°10” dm® mol™ s™ at 10 °C to
1.5°10% dm® mol™ s at 120 °C. The activation energy was found to be 10.7 kJ mol™ [113]. Kelm and
Bohnert [55] determined the production of long-lived radiolysis products at 35 °C and 90 °C in con-
centrated NaCl solution under y-irradiation. In contrast to their y-radiolysis experiments at 35 °C, no
significant production of gaseous radiolysis products (H,, O,) and strongly inhibited production of
ClO; were observed at 90 °C.

Tab.V  G-values of primary y—radiolysis products (molecules/100 eV) and their change with tem-
perature [125].

25°C dG/dT 40°C 90 °C
H*, OH 0.1 3.27E-03 0.15 0.31
H 3.55 4.62E-03 3.61 3.85
H, 0.4 5.77E-04 0.41 0.44
OH 2.83 6.54E-03 2.93 3.25
H,0, 0.76 -3.85E-04 0.75 0.74
H,0 -4.45 -4.58 -5.04
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3.2.2.2 Temperature dependence of spent nuclear fuel corrosion

In most projects on experimental determination of radionuclide release from spent nuclear fuel and
SNF corrosion, the quantitative assessment is limited to room temperature. In particular, in the con-
cepts of the European 5" and 6™ FWP projects, influence on SNF behavior at elevated temperatures
are considered as less relevant, because groundwater access to the spent nuclear fuel in a “thermal
phase” was assumed to be excluded by the stability of the container (e.g. [13]). Thus, documentation
and discussion of the temperature dependence of spent nuclear fuel corrosion is very limited be-
cause only very few experimental data are available. To our knowledge, all experimental studies on
the temperature dependency of UO,(s) corrosion and spent nuclear fuel corrosion have been con-
ducted solely under oxic or anaerobic conditions (e.g. [9, 33, 126-128]. The temperature effect on the
instant / fast release fraction, the UO,(s) matrix dissolution rate and the consecutive radionuclide
release has not yet been properly understood.

Regarding the release of radionuclides from the SNF matrix, a minor influence of temperature on
these processes is observed [9]. De Pablo et al. [126, 127] studied the (non-radiolytic) solubility con-
trolled dissolution of UO,(s) at 10, 25, 45, and 60 °C. They observed an increase in the dissolution
rate by almost two orders of magnitude when increasing the temperature from 10 to 60 °C in pres-
ence of carbonate and depending on pH. Published studies on corrosion of irradiated UO, / spent
nuclear fuel show contradictory results of moderate temperature effects [9]. For leaching of CANDU
fuel in granite water, an increase in the corrosion rate by a factor of 10 — 20 was observed as the
temperature was raised from 25 to 150 °C [9, 129]). However, corrosion of high burn-up spent nu-
clear fuel in salt brines in the same temperature range even showed a decrease [33, 130]. Using vari-
ous fuels, Karsten, Loida and co-workers studied SNF corrosion under anaerobic conditions (N, at-
mosphere) in MgCl,-rich solution (Q-brine) at 25, 90, 100 and 150 °C and in concentrated NaCl solu-
tion at 100 and 150 °C [130, 131]. Both under strongly acidic conditions and under near neutral pH
conditions they determined after several months the lowest FIAP values at 150 °C. This observation is
illustrated with a comparison of FIAP values measured in experiments “AL 20/5” conducted at 90 ° C
and “AL 23/5” conducted at 150 °C (Fig. 12). In contrast, an increase in initial FIAP values with in-
creasing temperature was determined in corrosion experiments with medium burn-up (36.6 and 50.4
MWd/(kg HM) and high burn-up (52.3 MWd/(kg HM)) in MgCl,-rich and concentrated NaCl solution
[130]. For example, the fast / instant release fraction of **’Cs increased by a factor of up to 2.5 when
the temperature increased from 100 to 200 °C [132, 133].
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Fig. 12  Effect of temperature on the release of radionuclides from fuel with a 52.3 MWd/(kg HM)
burn-up in MgCl,-rich solution at 90 °C (AL 20/5) and 150 °C (AL 23/5) [130]. FIAP values in AL 20/5
were measured after 226 days at pHe, = 6.5 and FIAP values in AL 23/5 were measured after 263
days at pHeyp = 5.8.

3.3 Compacted hulls, end pieces and spacers (CSD-C waste)

A survey of properties of the compacted solid radioactive wastes in standard canisters (Colis Stan-
dard des Déchets Compactés, CSD-C) and the related radionuclide source term is given in this chap-
ter. CSD-C wastes were produced in the Atelier de Compactage des Coques (ACC) in La Hague, France
and will be transferred to Germany. In the present concept, the CSD-C consist of zircaloy rod pieces
(hulls) and end pieces from PWR and BWR fuel elements as well as the spacers (Fig. 13). These mate-
rials are filled into 90 | cartridges, dried (540 ppmV) with nitrogen at 200 °C to remove all free liquid
and supercompacted using a pressure of 200 MPa. The process is described in details by Chotin
[134]. Discs are produced by supercompaction, and 5 to 7 of such discs are stored in a standard
waste canister. The interior of a simulated test canister is shown in Fig. 14.
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Fig. 13 Compaction of hulls and end-caps from spent nuclear fuel assemblies [135]
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A list of guaranty parameters is agreed upon by AREVA and Germany:

B/y - activity o - activity
65 TBq for **’Cs 3.3 TBq for Pu
115 TBq for *°sr/*°Y 2.0 TBq for **Cm
75 TBq for 21p, 4.2 TBq for nuclides with half-life > 50 yrs.
B/y - contamination a - contamination
4.0 Bq cm? 0.4 Bq cm”

Other parameters

Dose rate: <150 Gy/h
Thermal power <90W
Weight < 850 kg

During the operation of the German WAK pilot reprocessing plant, hulls and end pieces were at low
priority with respect to conditioning and waste management. In total, 3 publications exist [136-138]
on this issue. One publication is available dealing with (super-) compaction of hulls and end pieces
[139]. Unpublished reports (so-called Primarberichte) covered the same spectrum of investigations
[140-154].

Fig. 14 Supercompacted hull and end pieces discs stored in a standard canister [135].

Disposal concept
In disposal option B1, it is foreseen to dispose of the 4.104 canisters of CSD-C waste in 456 specially-

designed POLLUX casks in horizontal galleries. Disposal option B2 considers the disposal of the CSD-C
wastes in 114 TGC36 containers.
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3.3.1 RN-Inventory and composition of the CSD-C waste forms
Initial composition of the materials

Zircaloy (Zry), a zirconium alloy with various metallic constituents, is commonly used as the fuel rod
cladding material. While in BWRs Zircaloy-2 (Zry-2) is the preferred cladding material, PWRs use Zir-
caloy-4 (Zry-4); the compositions of both alloys are shown in the following Tab. VI. The mass of Zir-
caloy in German PWRs amounts to about 290 kg/Mg HM (heavy metal), in BWRs to about 320 kg/Mg
HM (including the fuel assembly channels) [14].

The structural materials consist of 13 kg/t HM Inconel with 7 - 18 wt. % Fe and < 2000 ppm Co. The
end pieces consist also of Inconel with a mass of 42 kg/tHM [15]. Inconel is a trademark and refers to
a group of austenitic nickel-chromium-based alloys. Inconel alloys are typically used in high tempera-
ture applications. According to [14], different types of Inconel are used, which are separated from
the UO, fuel and compacted during reprocessing. Their composition is given in Tab. VII.

Tab. VI Composition of Zircaloy [14]

Zircaloy-2 Zircaloy-4 m5™ [155] 3 Zr-1Nb [155] ®

Zn bal. bal. bal. bal.
Sn 12-1.7wt. % 1.2-1.7wt. % <30 ppm
Nb - - 1 1
Fe 0.07-0.2wt. % 0.18-0.24 wt. % 237 ppm 570 ppm
Cr 0.05-0.15 wt. % 0.07-0.13 wt. % 32 ppm -
Ni 0.03 -0.08 wt. % -
(0} 0.07-0.15wt. % 0.10-0.16 wt. %

Traces
Al 75 ppm 75 ppm
B 0.5 ppm 0.5 ppm
cd 0.5 ppm 0.5 ppm
C 270 ppm 270 ppm
Co 20 ppm 20 ppm
Cu 50 ppm 50 ppm

Hf 100 ppm 100 ppm

H 25 ppm 25 ppm
Mg 20 ppm 20 ppm
Mn 50 ppm 50 ppm
Mo 50 ppm 50 ppm
Ni - 70 ppm
N 65 ppm 65 ppm
Si 120 ppm 120 ppm
S 30 ppm
Ti 50 ppm 50 ppm
V) 3.5 ppm 3.5 ppm
W 100 ppm 100 ppm

*The compositions of M5™ and Zr-1Nb are obtained from specific samples, trace element concentrations have
not been found.
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Tab. VIl Composition of Inconel (http://asm.matweb.com )

Inconel 625 Inconel 718
Nickel min. 58.00 50.0-55.0
Chromium 20.0-23.0 17.0-21.0
Iron max. 5.00 balance
Molybdenum 8.0-10.0 2.8-33
Niobium 3.15-4.15 475-55
Cobalt max. 1.00 1.00
Manganese max. 0.50 max. 0.35
Copper - max. 0.3
Aluminum max. 0.40 0.2-0.8
Titanium max. 0.40 0.65-1.15
Silicon max. 0.50 max. 0.35
Carbon max. 0.10 max. 0.08
Sulfur max. 0.015 max. 0.015
Phosphorus max. 0.015 max. 0.015
Boron - max. 0.006
Density 8.44¢g cm? 8.19¢g cm?

In the WWER PWRs, the cladding material Zr-1Nb (Zr 99 %, Nb 1 %) is used [51]. The data listed in
Tab. VI and Tab. VIl are in agreement with the compositions reported in the WP 3 report [15].

3.3.2 Reactions during neutron irradiation in a nuclear reactor

Activation reactions

The activation of major or trace elements in the irradiated materials can be calculated by the equa-
tion of activation [156]:

A(t):m'H.NA.U'O-(l—e‘“) eq. 9
M
A(t): Activity (Bq) m: mass (g)
o cross section (barn = cm?) Q: neutron flux (n-cm?-s™)
M: atomic mass (g) H: isotopic abundance (- )
Na: Avogadro’s number A decay constant (s™)
t: irradiation time (s)

The number of activated atoms is calculated by dividing the activity in eq. 9 by the decay constant. It
is obvious from eq. 9 that the number of long-lived activated atoms depends on the cross section for
neutron capture, the neutron flux and the irradiation time.

Eq. 9 is applied on the formation of **C by the reaction N (n,p) *C reaction. The cross section for
this reaction is 1.93x102* cm?, a typical neutron flux 10 cm™.s™. Nitrogen concentration of zircaloy
amounts to 65 ppm. After 3 years of irradiation in such a neutron flux, the total **C activity amounts
to 2x10" Ba/kg .
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Alteration of the Zircaloy cladding

During reactor operation, surfaces of the cladding become covered by oxide layers. Onto the inner
Zircaloy surface, a layer of ~25um is formed, which contains up to 0.2 % oxygen compared to about
0.1 % in the Zircaloy bulk material. This oxygen originates from the oxide fuel; however, it does not
significantly affect the stoichiometry of the fuel. The inner oxide layer contains fission products trans-
ported there mainly due to fission recoil. In addition, interaction zones between the cladding oxide
and fuel are observed occasionally which are usually locally limited and tightly adherent to the clad-
ding material.

The cladding is in contact with high-temperature water or steam on the outside. The PWR rods show
a rather homogeneous black oxide layer, the thickness of which depends on the period of exposure
as well as on the thermo-hydraulic design of the fuel assembly. The maximum thickness is generally
observed in the upper third of the fuel rod length, amounting to about 60 to 100 pum. On BWR rods,
normally a very thin oxide layer of a few um only is observed; in addition, nodular corrosion occa-
sionally occurs with zones reaching a thickness up to 100 um. Additionally, local oxide layers can be
present which are generated by chemical action of the coolant and affected by the material proper-
ties of Zircaloy-2. At design burn-up, these local oxide layers reach a maximum thickness of about 25
pum (see above) - by change in the fabrication technology of the material their extent has been sig-
nificantly reduced. Examples of the maximum oxide layer thickness as function of the average fuel
burn-up is shown in Fig. 15 for different cladding materials Zyr-4 and M5 [157].
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Fig. 15 Maximum oxide layer thickness as function of the average fuel burn-up [157].

Additionally, layers consisting of Fe, Co, Ni corrosion products may be present on the outer surface of
the zircaloy rods. Important activation reactions are listed in Tab. VIII.
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Tab. VIII Important activation reactions for long-lived RNs

Reaction Main source
“N(n,p) ™C Zircaloy. water, fuel
%Mo (n,y) —— “Tc Steel

“7r(n,y) ®zr —£> *Nb Zircaloy

248n(n,y) *°Sn —£— *sp Zircaloy

The dominant radioactivity comes from the neutron activation products of the zirconium base mate-
rial, namely *°Zr and its daughter product >>Nb. Calculated with ORIGEN, Neeb [14] reports *Zr activ-
ity concentration in the claddings (discharge) to about 500 MBgq/g. *°Sb is generated with an activity
concentration on the order of 5MBg/g from the tin contained in both Zircaloy-2 and -4. However, the
calculated values yield **Sb activity concentrations that are by a factor of 7 to 20 lower than those of
investigations in the context of spent nuclear fuel reprocessing. This might be an effect of re-
deposition of *°Sb during the leaching of the fuel. An essential contribution to the cladding total
activity comes from ®°Co a neutron activation product of cobalt traces present in the material. Ac-
cording to the trace impurity content of the material, the ®°Co activity concentration varies between
0.7 and 15 MBq/g Zry. Frequently, uranium traces contained in Zircaloy trigger the formation of tran-
suranium isotopes in the cladding during reactor operation. Cladding concentrations of 2°Pu in the
range 20 to 100 Bq/g, in addition to 20 to 50 Bq **°Pu/g, 7 to 10 kBq **'Pu/g and 40 to 120 Bq **'Am/g
have been reported from investigations performed in the context of reprocessing [14]. By means of
nondestructive determination of residual fuel on leached hulls, Wiirz [158] measured in 28 batches
of PWR hulls the remaining Pu. in the waste. It could be shown that up to 0.5 % resulting in 37 g
Pu: left on the hulls per ton of reprocessed heavy metal. The mean value was about 0.3 % or about
24 g PUyo/tHM.

Other effects may also contribute to the total contamination of fuel hulls. Beside diffusion processes
from the fuel to the inner rod surfaces, “knock-out” of FPs may occur. The initial kinetic energy of a
FP is dissipated by electronic interactions with the material over a distance of approx. 10 um from
the FP's formation. If the fission fragment is created sufficiently close to the fuel surface (i.e. <6 to 7
um) the fission fragment can be directly released to the surfaces of the UOX/MOX grains [93].

Due to fuel swelling and cladding creep, fuel and cladding come into close contact under the condi-
tions of operating temperature and pressure. Locally, small fuel particles may stick to the cladding
material, resulting in fuel residues at the inner cladding surface in post-operational cold conditions.
In addition, the inner cladding surface of fuel rods exhibits high linear heat ratings and show layers
covering narrowly limited areas across from pellet cracks. They contain uranium, cesium and tellu-
rium.

An estimation of the production of *C in LWR was presented by Bleier et al., 1987 [159]: In the gas
plenum of the studied fuel elements of PWR and BWR a negligible concentration of **C was found. In
BWR waste, the *C concentration of spent nuclear fuel (22000 MWd/t) was 7000 Bg/g UO,, and the
14C concentration of the cladding was 22600 Bq/g zircaloy-2. In spent nuclear fuel of a 30000 MWd/t
PWR a *C concentration of 9300 Bg/g UO, was determined. PWR cladding was not investigated. A
correlation of the *C production with the burn-up was obtained as 370 - 390 GBq **C per (GWe yr).
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Alteration of the structural materials

According to Neeb [14], the fuel assembly spacer grids are fabricated either of Inconel or of Zircaloy
materials, depending on fuel assembly type and manufacturer. While the central grids are located in
the region of maximum neutron flux, the upper and the lower grids are in the region of decreasing
flux; for this reason, the activity inventories of the individual grids depend on their position in the
fuel assembly.

Neeb [14] states: “The nuclides *’Fe and ®Ni (activation products of the alloy main constituents) pre-

dominate, in addition to ®°Co resulting from cobalt impurities. At a fuel burnup of 32.7 MWd/kg U,
their activity concentrations in the central grids are on the order of 3 GBq/g each, decreasing to about
1 GBq/g in the bottom and top spacer grids. Compared with these nuclides, >’Ni and **Mn only play a
minor role. *’Nb, the (n,7) activation product of the alloy constituent niobium (nominal value about
4 %), shows activity concentrations in the central grids on the order of 4 MBq/q. It is surpassed by far
by *"Nb, which is generated by an (n,n') reaction produced by fast neutrons (threshold energy 0.5
MeV) from stable **Nb, mainly because of its much shorter half-life (13.6 yrs. vs. 2x10% yrs.). ... In Zir-
caloy spacer grids, >>Fe and '>*Sb are the main radionuclides, with 1°Sb being produced from the alloy
constituent tin (1-2%) by the reaction 2*sn (n,y) 2Sn—L—> 1%sb. After a fuel burnup of 41.8
MWad/kg U, their activity concentrations in the central grids amount to about 0.1 GBq/g each. The
other long-lived radionuclides such as ®°Co, ®*Ni and others show activity concentrations which are
lower by two to five orders of magnitude.”

3.3.3 Reactions during head-end treatment of the materials

During reprocessing, the fuel rods are chopped into pieces of ~¥3-4 cm and then sent to a continuous
rotary dissolver with boiling nitric acid. Under these conditions, the fuel and most of the adhering
layers are dissolved and sorbed radionuclides are de-sorbed. After reprocessing and dissolution of
spent nuclear fuel in concentrated HNO; more than 99.0 % of ¢ was found in **CO,. The remaining
!4C content was bound to various compounds, such as **CO, **CH, [14].

3.3.4 Measurements on CSD-C waste

The hull material are parts ( ~ 35 mm length) from the fuel rods consisting of zircaloy-2 (from BWR)
and zircaloy-4 (from PWR). In the final waste form, the radionuclides cannot be determined directly,
for this reason y-activity is measured and the other RN are determined by correlations. Measured
isotopes in Fig. 16 are framed in red, while the other nuclides are calculated.

3 H JECI 10Em Ag NSE 14409"“_ 80 SW 1|13-Ru 229 Ra EZ2U 22?Ac
'dC 41Ca 110m Ag 12-|Sb l-ﬂ'Prn 932r Rth 31 Pa EESU 238 PU
=k [FMn F Cs sb ®Eu [Fzr | Pd Th  [°U ™ Pu
Z | |®Fe Cs |®sn ™ Eu E"hh SNp PP U |;°Pu
53(-:0 147 CS ELI gﬁm Am ;E'JU 41 Pu

N ®Te ~—Cm [P U [2Pu

Co | “Cf =py
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Fig. 16  Relevant radionuclides and determination procedures
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Radiolysis

CSD-C waste is contaminated only with small amounts of a-emitters. Radiolytical impact is higher by
orders of magnitude during the irradiation in a reactor and/or during the storage of un-reprocessed
spent nuclear fuel. For this reason, radiolysis is not expected to cause changes of the material prop-
erties.

Mechanical effects
Zircaloy is sensitive against hydrogen embrittlement. Hydrogen may be formed by corrosion of steel
canisters. Significant partial pressures can arise (> 10 MPa). Under such conditions, H, penetrates

into the crystalline structure of zircaloy and changes the ductility of the material. It is unknown
whether hydrogen embrittlement results in increased corrosion rates.
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4 Boundary Conditions

In the “Preliminary Safety Analyses for Gorleben”, the development of the disposal concept, the FEP
catalogue and the related scenario analysis are performed in parallel to this study. Therefore, the
radionuclide source term has to cover a wide range of conditions and evolutions which may be nar-
rowed in a final disposal concept and scenario development. For the purpose of this documentation
of the present scientific knowledge on the behavior of heat-generating waste under saline condi-
tions, the definition of the scenario and geochemical boundary conditions are highly simplified in this
study. Only concentrated NaCl and MgCl, solutions are considered within this simplified scenario;
more complex brine compositions are discussed in [30]. The initial pH,, is in the range 6< pH,, <9 and
the temperature is below 200 °C (temperature maximum at surface between canister and crushed
salt backfill [65]).

4.1 High-level waste glass

The considered evolution scenario for HLW-glass is defined as follows:

(1) Dissipation of heat from the waste package to the near field is sufficient to keep the centerline
temperature of the vitrified waste below the transformation temperature to avoid changes in the
physical and chemical properties of the unaltered glass.

(2) Salt brine contact with the glass will occur when the canister or overpack materials are perfo-
rated.

(3) Redox conditions are determined by the absence of air (oxygen) and the presence of hydrogen
gas formed by anaerobic steel corrosion.

For modeling of the dissolution of HLW glass as basis for the radionuclide source term, specific data
and parameters are listed in the Appendix (Tab. A - 1).

4.2 Spent Nuclear Fuel

Influence of canister corrosion

In case the confinement (thick-walled metallic canister and fuel cladding) loses integrity and brine
enters the canister, release of radionuclides from the instant release fraction (IRF), corrosion of the
spent nuclear fuel matrix and consecutive release of matrix bound radionuclides need to be consid-
ered. Corrosion of canister materials, cladding and spent nuclear fuel is described elsewhere [9, 160].
Canister materials constructed from carbon steel or on cast iron with spherical graphite such as GGG
40.3 show a rather homogeneous general corrosion under the geochemical conditions expected in a
deep underground repository. Due to the expected corrosion, a corrosion allowance is taken into
account. The actual corrosion rate of the canister depends on the geochemical properties of the at-
tacking solutions, such as concentrations on main and trace components, pH, redox conditions, and
ionic strength [161]. Data are presented in Tab. IX.
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Tab. IX Corrosion of carbon steel GGG 40.3 and fine mild-steel 1.0566 as function of temperature in
MgCl,-rich and in saturated NaCl solution as well as in natural rock salt (in-situ experiment) [161].

T°C MgCl, rich NacCl In-situ exp. in
solution solution natural rock salt
(Asse)
90 70 um/yr. 5 um/yr. <0.1 um/yr.
170 199 um/yr. 46 um/yr. < 0.1 um/yr.

Under reducing conditions in near neutral / weakly alkaline systems, observed corrosion products are
magnetite (Fe;04) and amorphous iron hydroxides and hydrogen gas. During the corrosion process,
dissolved iron reacts with the aqueous medium and forms ferrous hydroxide where iron is divalent
(Fe"). At sufficiently low redox potentials (absence of oxygen), Fe(OH), is transformed into so-called
"green rust" layered double hydroxides, which are stable only in the absence of oxygen. Chloride ions
are included in the "green rusts" which consists of both Fe'" and trivalent iron (Fe"). The “green rust”
end member composition is as following
[Fe';Fe" (OH)g]"CI'xH,0

and can be formed at [CI]/[ OH] > 1 [162]. Especially in concrete systems, green rust formation is
responsible for depassivation of steel. In the presence of MgCl,-rich brines, (Fe,Mg)(OH), and
Fe(OH),Cl compounds were found and characterized [163].

Corrosion of Zircaloy

Corrosion behavior of zircaloy-4 was investigated in saturated NaCl solution, MgCl,-rich brine and
bentonite water [164]. Corrosion rates of < 0.1 um/yr. were measured. However, in the presence of
H, gas formed by corrosion of steel, Zircaloy-4 shows a strong tendency of embrittlement [165]. ZrH,
is formed rapidly onto the grain boundaries and influences the mechanical properties of the zircaloy
negatively. In spite of the low corrosion rate of zircaloy, it can be expected that shortly after the for-
mation of a H, gas pressure, the zircaloy hulls will degrade.

Control rods which may be disposed of together with the spent nuclear fuel rods are composed of
different materials, such as silver—indium—cadmium alloys [166], hafnium or boron carbide. The be-
havior of these materials in disposal relevant systems is not sufficiently investigated.

The considered evolution scenario for spent nuclear fuel is defined as follows:

(1) Contact of salt brine with the fuel will occur only when the overpack materials are perforated.
Most of safety analyses do not attribute any safety function to the cladding. At the time when
perforation will occur, B- and y-dose rates at the spent nuclear fuel surface are expected to be
lower compared to a-dose rate (see Fig. 7).

(2) Dissipation of heat from the waste package to the near field is sufficient to avoid unpredictable
changes in the physical and chemical properties of the fuel prior to water access.

(3) The H, formed by the anoxic corrosion of iron from the container and potential metallic over-
packs and by radiolysis accumulates near the spent nuclear fuel. H, remains dissolved according
to Henry's law. Due to corrosion of the canister the maximal H, production is calculated to be
32100 Nm*(H,) per Pollux canister and a H, partial pressure of 20 MPa is expected [167].
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From the geometries given in work package 5 [65] the mol ratios of UO, to water and iron to water
were calculated as 1.6/1.7 and 73.0 for the POLLUX disposal concept and as 80.4/83.2 and 610.9 for
the BSK 3 concept. With increasing convergence of the backfill, the ratios will continue to increase.
(For complete Fe corrosion the mol ratio of iron to water needs to be 0.75 maximum.) The simplified
boundary conditions taken into account for the considered evolution scenario are given in Tab. X).

Tab. X  Geochemical boundary conditions for the considered evolution scenario

POLLUX concept BSK 3 concept

PWR / BWR PWR / BWR
mol ratios of inventory in mol/L U / water 16/1.7 80.4/83.2
(cf. Tab. IV) Fe / water 73.0 610.9
pH, of the solution NaCl solution 7-9 7-9

MgCl; rich solution 6-9 6-9

Gas atmosphere pH, <20 MPa <20 MPa
Redox condition reducing reducing

4.3 CSD-C waste

No specific boundary conditions can be derived for the considered evolution scenario.

4.4 Human intrusion scenarios

Human intrusion scenarios are not in the focus of the present study. However, to demonstrate the
effect on the geochemical boundary conditions, an example is given:

One possible human intrusion scenario is a drilling into the disposal level of the Gorleben salt dome
and subsequent leaching of a storage cavern having a volume of ~100 000 m®. Independent if the drill
hits one or more waste packages (which may increase the surface area of the exposed waste form),
changes in the geochemical conditions compared to the considered scenario without human intru-
sion have to be accounted for:

(1) It is assumed that human intrusion occurs, when a homogeneous temperature field has formed
over the area of solution mining.

(2) Due to the leaching process, only NaCl solution has to be considered. The volume is in the range
of 10° m’.

(3) Caused by drilling, hydrogen escapes and furthermore, the solution is saturated with respect to
oxygen

Tab. XI Geochemical boundary conditions for the human intrusion scenarios.

Value
pH., of the solution  NaCl solution 7-9
Gas atmosphere pH, 0 MPa
Redox condition 0,(g) saturated
Carbonate pCO, of air
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5 Radionuclide source term

The definition of geochemical boundary conditions within this study is highly simplified, also due to
the preliminary and rough definition of the near-field constituents. As a consequence from these
simplifications, the radionuclide source term has explicitly a preliminary and orienting character. It
does not supersede the development of a site-specific radionuclide source term in a Safety Case for a
potential repository in the Gorleben salt dome.

5.1 Kinetically controlled radionuclide mobilization

5.1.1 HAW glass

Grambow [2] described the kinetically controlled barrier function of HLW glass in an integrated near
field. In this report, a calculation method is given to estimate the short term Si mobilization depend-
ing on the disposal conditions, such as temperature, gap volume between canisters and salt rock,
backfill concepts, and solution exchange rates. This information allows determination of the transi-
tion between the short term dissolution rate and the long term rate and is illustrated with an exam-

ple:

Brine comes into contact with the HLW glass after 500 years. At this time, the temperature is 150 °C,
decreasing until 1000 years to 100 °C and to 50 °C after 2000 yrs. The void volume per canister is
constant (100 L per canister). The leachable surface of the glass block is in the range of 1 m”. In this
case, Si saturation is reached within a few hours/days.

Radionuclide release from HLW glass is described by eq. 10 (for details on the determination of short
and long-term rate see Section 3.1.2):

T

t
dissolved I 1
can e (1) = £ - vovstime | [ Fovore (T) -0t + [ 1 (2)-dlt eq. 10
T

void volume
0

T indicating the leaching duration when the transition between short term and long term rate of glass
dissolution is defined:

dissolved saturated
Cgj (r):csl. eq. 11
Direct disposal of glass canisters in deep boreholes is characterized by the table “Specific data for

modelling the HLW glass dissolution” in the Appendix. Listed data can be used for calculating t and
the released radionuclide mass as function of time.

5.1.2 Spent nuclear fuel

5.1.2.1 Fast/instant release fraction

Based on experimental studies in low ionic strength systems at ambient temperatures and theoreti-
cal considerations [67, 68] estimated the radionuclide inventory that is present within gap, the grain
boundaries, the high burn-up structures of the fuel and the cladding which may be rapidly released
when the canister and cladding is breached. IRF estimates for various fission products and activation
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products for UOX fuel from pressurized water reactors are given in Tab. Xl (compilation of [68]). IRF
values for MOX fuel are significantly higher than for UOX fuel due to the large contribution of Pu-rich
agglomerates. For MOX fuel with burn-up of 40 to 60 GWd /(t HM), [168] presented IRF values for
fission gases released from the gap in the range of 3.8 to 16.6 % and for fission gas released from Pu-
rich agglomerates of 50 %.

In their review, Loida et al. [130] reported "*’Cs IRF from fuel samples measured in MgCl,-rich and
concentrated NaCl solutions at 25, 90, 100, 150 and 200 °C (Fig. 17). Most of these *’Cs IRF are be-
low or in the range of the pessimistic values compiled by [68]. An IRF of 3.7 % of the total *’Cs was
measured in a leaching experiment with a spent nuclear fuel sample from the NPP Biblis (KWB, dis-
charged June 1979; burnup of 36.6 GWd /(t HM)) in concentrated NaCl solution at 200 °C. This value
is slightly higher than the pessimistic **’Cs IRF estimate for fuel with a burn-up of 41 GWd /(t HM).

Tab. XIl Best estimate values of IRF (% of total inventory) for various radionuclides for PWR UO, fuel
(Pessimistic estimate values in brackets [67]).

Burn-up 41 48 60 75
(GWd/t HM)

fission gas 1(2) 2 (4) 4 (8) 8 (16)
“c 10 10 10 10
*cl 5 10 16 28
*osr 1(2) 1(3) 1(5) 1(9)
*1¢, ’pd 0.1(1) 0.1(3) 0.1(5) 0.1(9)
129) B¢, s 1(3) 2 (4) 4(8) 8 (16)

< 25°C Poinssot and Gras (2009)
, 090°C (NaCl / MgCI2)
18% A150°C (MgCI2)
; 0100°C (NaCl / MgClI2)
16% | ©200°C (NaCl / MgCl2) v
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Fig. 17 ’Cs IRF estimates (data from [67, 68]) and **’Cs IRF measured in MgCl,-rich and concen-
trated NaCl solutions at 25, 90, 100, 150 and 200 °C (data from [130]).
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5.1.2.2 Kinetically controlled radionuclide mobilization

The release rate of *°Sr is used as a proxy to assess the rate of the UO, matrix dissolution rate. A
comparison of results of several Canadian, European, German, Swedish and US-American research
programs on spent nuclear fuel corrosion in various synthetic groundwater shows that *°Sr release
rates (measured after 100 days) scatter between 10® and 107 (FIAP(*°Sr)/d) (Fig. 18). Most *°Sr re-
lease rates were measured under weakly reducing / anoxic conditions. Under strongly reducing con-
ditions and an elevated hydrogen partial pressure (pH, > 2 bar), relatively low release rates of < 10®
(FIAP(*°Sr)/d) were measured in bromide-free NaCl brine [85]. Release rates of about 10°
(FIAP(*°Sr)/d) were measured in a brine sampled from the Gorleben site (“Gorleben Einschlusslauge”)
in presence and absence of iron powder [11].

A similar °Sr release rate was observed in bromide-free NaCl brine at pH, = 0.2 bar [85]. When the
hydrogen partial pressure is increased from 0.0003 to 3 bar, the *°Sr release rate in bromide-free
NaCl brine decreases by almost two orders of magnitude (Fig. 19). However “°Sr release rate was
significantly increased (up to 10 (FIAP(*°Sr)/d) in the presence of 10™ and 107 mol (kgH,0)™ bro-
mide. Results of the complementary spent nuclear fuel corrosion and y-radiolysis experiments allow
the conclusion that Br™ traces reduce significantly the protective hydrogen effect with respect to the
release of certain radionuclides (Fig. 19). In the spent nuclear fuel experiments with 10™* and 1073
mol (kgHZO)'l, low concentrations of actinides and Tc are observed. Unlike the kinetically controlled
Sr release, retention processes such as precipitation of secondary phases control the release of the
redox-sensitive radionuclides, i.e. actinides and Tc [57].
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Fig. 18  Comparison of *°Sr release rates (in terms of FIAP per day) measured in SNF corrosion ex-
periments in Gorleben brine, concentrated NaCl solution and low ionic strength groundwater simu-
lates, obtained from various international research programs. Open circles and triangles denote data
from Swedish programs, open diamonds denote data from US-American programs and open squares
denote data from Canadian programs (taken from [10]. X denote data from experiments in cementi-
tious solution and + data from experiments in cementitious solution at pH, > 2 bar (Loida et al.
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[169]). Grey triangles and red triangles denote data from experiments in concentrated NaCl solution
at pH, > 2 bar and at pH, = 0.2 bar, respectively [85]. Red circles denote experiments in concentrated
NaCl solution at pH, > 2 bar in presence of 10* — 10 mol L™ Br [57]. Blue squares and blue diamonds
denote experiments in Gorleben brine under anaerobic conditions without and with Fe, respectively
[11].

Considering the effect of small concentrations of Br' on the *°Sr release rate used as a proxy for the
UO, matrix dissolution, it is recommended to use a corrosion rate of 10° FIAP day™ for spent nuclear
fuel dissolution in concentrated NaCl and MgCl, brine at strongly reducing conditions. This rate is
about one order of magnitude faster than the *°Sr release rate measured for spent nuclear fuel cor-
rosion in Gorleben Einschlusslauge under anoxic and reducing conditions. The studied Gorleben Ein-
schlusslauge contained about 10 mM bromide.

For calculation of the reacted amount of spent nuclear fuel, the FIAP has to be calibrated with re-
spect to the mass / volume ratio defined by the disposal conditions.
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Fig. 19 Variation of Sr release rates (in terms of FIAP per day) as function of hydrogen partial pres-
sure P(H,) in SNF corrosion experiments in NaCl brine. Squares denote results of experiments in pure
NaCl brine, derived from Loida et al. (ref. [85]), diamonds and triangles denote those of experiments
in NaCl brine containing 10™ to 10 mol Br’ (kg H,0)?, respectively.

5.1.3 CSD-C waste

Corrosion behavior of zircaloy-4 was investigated in saturated NaCl solution, MgCl,-rich brine and
bentonite water [164]. Corrosion rates of < 0.1 um/yr were measured. In the presence of H, gas
formed by corrosion of steel, Zircaloy-4 shows a strong tendency of embrittlement [165]. ZrH, is
formed rapidly onto the grain boundaries and influences the mechanical properties of the zircaloy
negatively. In spite of the low corrosion rate of zircaloy, it can be expected that shortly after the for-
mation of a H, gas pressure, the zircaloy hulls will degrade.
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In 1987 irradiated Zircaloy from PWR MOX fuel used in the Kernkraftwerk Obrigheim (KWO) and
from BWR fuel used in Kernkraftwerk Isar (KKI-1) was investigated by Kraftwerk Union (KWU) [170].
The characteristic data of these materials are shown in Tab. XIII.

Tab. Xlll Characteristics of the analyzed Zircaloy from exemplary German SWR and BWR

PWR (KWO) BWR (KKI-1)
Material Zircaloy-4 Zircaloy-2
Initial N content (cladding) 46 ppm
Initial enrichment 3.2 wt. % **°Pu 1.99 wt. % *°U
Operation under full load 882 days 804 days
Burn-up average 35700 MWd/tum 22435 MWd/tym
local burn-up 40.3 MWd/kgum 24.6 — 28.0 MWd/kgum
Linear power 229 W/cm 214 W/cm
No. of cycles 3 2

The samples were prepared by (i) cutting the rod segments (hulls and fuel), (ii) removing the fuel
mechanically, and to simulate the procedure in a reprocessing plant, (iii) the hull pieces were treated
in boiling HNO; for 1 hour. The initial **C inventory was 1.9x10* Bq/g for the PWR and 2.4x10" Bg/g
for the BWR material.

The cladding material was exposed to a saturated NaCl solution for 83 days at 200 °C in order to gain
basic data on '*C behavior after water ingress into a sealed repository. Cladding corrosion was initi-
ated only after 100 ppm fluoride was added to the leaching medium. The observed mass loss after 83
days was 0.087 g (2.4 %) for the PWR and 0.059 (1-2 %) g for the BWR materials. The *C results ob-
tained under these conditions indicated that cladding corrosion mobilizes about 50 % of the *C in
PWR hulls and about 90 % of the *C in BWR hulls. The mobilized **C was found ~95 % in the
4co/*cH, fraction, whereas *CO, at ~ 5 % represented a minor part. Dissolving hulls in diluted hy-
drofluoric acid showed similar **C species distribution. This is shown in Tab. XIV .

Tab. XIV Measured speciation of **C leached from zircaloy in saturated NaCl at 200 °C

PWR (Bq/g) BWR (Bq/g)
“co, “co/*cH, “co, “co/*cH,
Gas phase 2.8x10" 1.0x10* 7.8x10" 2.4x10*
solution 3.5x10 1.6x10" 2.5x10° <1.9x10"
solid 9.8x10" < 1.4x10" <1.0x10° <5.0x10"
Sum 4.8x10° 1.0x10* 4.2x10° 2.4x10*

Kaneko et al. [171] performed a study on the chemical speciation of *C leached from simulated hull
waste under disposal conditions. The chemical speciation of carbon leached from carbon-containing
Zr and Fe-based metallic materials were investigated. Both organic and inorganic carbon were identi-
fied in the leaching solution, and the concentrations of total carbon (organic plus inorganic) in the
leaching solutions increased with time. The carbon concentrations in the leaching solution for both
metallic samples were higher at higher pH. With High Performance Liquid Chromatography (HPLC),
organic carbon was identified to be low-molecular weight alcohols, carboxylic acids and aldehydes.
To explore the chemical state of carbon in the matrix materials, the leaching experiments were car-
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ried out also for ZrC, FesC, powder mixtures of carbon and zirconium, and of carbon and iron. The
low-molecular weight organic carbon was detected only in the case of the carbides ZrC and Fe;C. The
result suggests that the chemical speciation of carbon in zirconium or iron is mainly carbide.

Agarwala et al. [172] determined the diffusion of carbon in zirconium, and zircaloy-2 in the tempera-
ture range 873-1523 K, using the residual activity technique. The diffusivities (in m%/s) in the a and B
phases could be represented by

Do.z:(873-1123 K) = (2.00+0.37)x10” x exp[-(151.59 + 2.51)/RT]
Do.zyr-2r(873-1043 K) = (1.41+0.32)x10” x exp[-(158.99 + 3.14)/RT]
Dp2(1143-1523 K) = (8.90+1.60)x10°® x exp[-(133.05 + 1.46)/RT]
Dp.2yr-2r(1263-1523 K) = (2.45+0.61)x10” x exp[-(150.29 + 1.72)/RT]

The activation energies are given in klJ/mol. In the phase transition region, the diffusivities could be
represented by the empirical relation: D = D<* - DBCB, where C,, Cg are the concentrations of the two
phases in the alloy and D,, Dg are the extrapolated values of diffusion coefficients in the o and B
phases respectively.

In 2007, H. Tanabe [173] presented a study on the “characterization of hull waste in underground
condition”. In the Japanese safety assessment for an underground disposal, **C from zircaloy wastes
is the key radionuclide. Therefore, the study included irradiated Zircaloy (Zry) tubes of PWR and
BWR. Key parameters which are evaluated are the inventory of **C in Zry metal and Zry oxide film,
the release properties from metal and oxide films, the chemical form of **C in the presence of
groundwater, and finally the distribution coefficient to various cements. The samples were obtained
from PWR spent nuclear fuel with a burn-up of 47.9 GWd/t) and from BWR spent nuclear fuel with a
burn-up of 39.4 GWd/t). The initial nitrogen concentration was 47 ppm in the case of the PWR and
34 ppm for the BWR. The reported inventory and **C distribution is shown in the following table (Tab.
XV).

Tab. XV Characteristics of the analyzed zircaloy and oxide layers [173]

thickness, um weight, % activity, 10* Ba/g C-14 distribution, % note
Zry oxide Zry oxide Zry oxide oxide/ Zry oxide oxide
metal layer metal layer metal layer metal metal layer layer
inner
PWR 44 15 '
47.9 GWd/t - - - - 3.0 N . 83 17 +
N: 47 ppm (5.9) (2.0) outer
BWR 20 outer 33 1.7
394Gwd/t 752 o 97.8 2.2 1.9 96 4 outer
thin inner (4.4)* (2.3)*

N: 34 ppm

* in terms of metal weight

!4C concentrations were found by a factor 1.3 to 2.3 lower in the experiments of Tanabe et al. [173]
than calculated. Leach test have been performed between 3 and 5.5 months. **C leach rates were in
the range between 2 - 2.3x107 yr* for the oxide layer covering the Zircaloy and in the range between
2.9 and 4.6x10/yr " for Zyr metal.
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The speciation of **C was already presented above (Kaneko [171]).

The Japanese and German experiments revealed the comparable **C concentrations in the Zircaloy
material. Meanwhile, for high burn-up fuel rods, zircaloy-4 is partly replaced by the tenary Zr-1%Nb
alloy M5 with a slightly lower nitrogen concentration (0.002 wt. %). However, radionuclide release
data under disposal conditions are not available in literature.

5.2 Thermodynamically Controlled Radionuclide Mobilization

The simplified scenario, which is defined in Chapter 1 is the basis for the thermodynamically deter-
mined source term. An overview on the essential criteria for the reference systems is given in Tab.
XVI. The scenario “human intrusion” is additionally included in the table to represent a system with
different redox conditions and, consequently, partly different dominating actinide oxidation states.

Tab. XVI Summary of the essential criteria of considered NaCl and MgCl, dominated systems and
expected dominating radionuclide oxidation states.

NaCl system MgCl, system human intrusion
scenario
Reference system 5.6 m NaCl > 4.0 m MgCl, 5.6 m NaCl
Carbonate scenario dependent scenario dependent  carbonate present
pHm 6<pH,<9 6<pHL<9 6<pHL<9
Redox state reducing reducing oxidizing
Radionuclide oxidation
state
Americium Am(llI) Am(lll) Am(lll)
Thorium Th(IV) Th(IV) Th(IV)
Uranium u(1v), U(vi) u(1v), U(vi) u(vi)
Neptunium Np(IV) Np(IV) Np(V)
Plutonium Pu (1), Pu(IV) Pu (111), Pu(IV) Pu(IV), Pu(V)
Technetium Tc(IV) Tc(IV) Tc(VIN)
Zirconium Zr(1V) Zr (IV) Zr (IV)

5.3 Effect of temperature on radionuclide solubility

As the temperature ranges for the scenario considered within this study also include elevated tem-
perature conditions, it needs to be discussed how well the predictions made for room temperature
can be transferred to the systems at higher temperatures potentially relevant. The following para-
graphs are intending to outline the basic assumptions and problems related to this aspect. It is not
meant to provide a comprehensive review of elevated temperature effects, but to give an overview
on the potential impact of temperature.
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5.3.1 Temperature dependence of thermodynamic properties in the aquatic system

Modeling of the aqueous chemistry at elevated temperatures requires knowledge of the stability and
solubility products of solubility limiting solid phases, the effect of temperature on complex formation
constants and finally ion-interaction parameters for all species involved (SIT, Pitzer). At present, no
comprehensive thermodynamic model covering elevated temperature conditions is available. Ex-
perimental work on aqueous actinide chemistry at higher temperature is rather limited and does not
cover all relevant systems. On the other hand, thermodynamic data for the main components of the
solution matrix are often available with adequate precision.

Thermodynamic data used to predict the chemical speciation of contaminants in the environment
rely on data measured at 20 °C or 25 °C. In the waste package and disturbed zone of the repository
where elevated temperatures will exist, the calculated speciation can dramatically differ from the
speciation at 20 - 25 °C. For instance, up to three orders of magnitude difference in the extrapolated
and actual stability constants has been observed. Typical mathematical extrapolation techniques,
such as the van’t-Hoff or Helgeson-Kirkham-Flowers equations, cannot be assumed to predict the
chemical systems at higher temperatures with the required precision.

As a recent case study, the carbonate complexation of Cm(lll) in aqueous solutions with high ionic
strength was investigated below solubility limits in the 10-70 °C temperature range using time-
resolved laser-induced fluorescence spectroscopy (TRLFS) [174]. The equilibrium constant, Ks, for the
formation reaction Cm(COs), + COs* = Cm(C05);> was determined (log K3 =2.01+0.05at25°C, | =
3 M (NaClQ,)). The log K; value for Cm(lll) was found to increase linearly with 1/T, reflecting a negli-
gible temperature influence on the corresponding molar enthalpy change, AH; = 12.2 + 4.4 ki mol™,
and molar entropy change, A,S; = 79 + 16 ) mol™ K™. These values were extrapolated to | = 0 with the
SIT formula. Virtually the same values were obtained from the solubility data for the analogous
Am(Ill) complexes, which were reinterpreted considering the transformation of the solubility-
controlling solid. The reaction studied was found to be driven by the entropy. This was interpreted as
a result of hydration changes. As expected, excess energy changes of the reaction showed that the
ionic strength had a greater influence on A,S3 than it did on AHa.

Skerencak et al. [175, 176] have also investigated Cm(lll)-nitrate and Cm(lll)-fluoride complexation at
elevated temperatures. Nitrate complexation was studied at strongly acidic conditions up to 200 °C,
the fluoride system up to 90 °C. For both ligands the tendency towards complex formation with
Cm(lll) increases with increasing temperature. In the nitrate system, the mono-nitrato complex is
dominant up to 160 °C, above this temperature the di-nitrato complex dominates speciation. The
fluoride system studies show an analogous inversion of species distribution between the mono- and
di-ligand complex even at temperatures below 90 °C. Although the experimental boundary condi-
tions in these studies are not relevant for waste disposal scenarios, a strong influence of temperature
upon actinide speciation was shown.

Fig. 20 shows the stability constant for neutral complexes (y < z) as function of the temperature
[177]. In the cases of divalent metals, the complexation constant increases only by about one order
of magnitude between 25 °C and 350 °C. Only very few Me(ll) hydroxides show a higher increase in
the temperature range considered.
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Fig. 20  Solubility of metal oxides as function of temperature [177].

The temperature dependence of complex formation constants has only been investigated for a lim-
ited number of ligands and actinides. The situation regarding the ion-interaction parameters, re-
quired to calculate activity coefficients for the different aquatic species included in a chemical model
is equally problematic.

At present, no detailed model prediction of complex formation at higher temperatures can be made
and no adequate description of actinide trace activity coefficients at elevated temperatures is avail-
able. It is, however, possible is to give trends in order to estimate solubility data development as a
function of T, which in turn can be extremely valuable for safety case considerations.

5.3.2 Temperature dependence of the solubility of solid phases

The stability and solubility product of the solubility limiting solid phases must be evaluated for ele-
vated temperature conditions. Nickel and zinc solubility and speciation have been investigated for
PWR primary circuits [178]. Experimental results on the solubility of nickel oxide and hydroxide are
determined as functions of temperature and pH. The former was studied from 0 to 350 °C, whereas
the hydroxide was investigated from 0 to 200 °C, at pressures exceeding the saturation vapor pres-
sure. These experiments were carried out in either flow-through cells or a hydrogen-electrode con-
centration cell for mildly acidic solutions. The results of these experiments were treated with a ther-
modynamic model involving two aqueous nickel species whose solubility constants were then fitted
as functions of temperature, to cover the range of operation of the primary circuit of a PWR. The
solubility of NiO and ZnO at 100, 200 and 300 °C shown in Fig. 21 are taken from [179]. Fig. 21 indi-
cates the tendency of both metal oxides to precipitate at lower pH for increasing temperature at
pHn < 7.
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Fig. 21  Total solubility of NiO and ZnO at 100, 200 and 300 °C.

In the case of lanthanide/actinide elements, only a few measurements are published and therefore
only a preliminary and cautious evaluation of temperature effects can be attempted here. Rao [180]
investigated the solubility of Nd(OH); in 0.1 M NaCl solution between 25 °C and 90 °C. Within the
scatter of experimental data, no significant temperature effect was found. Giffaut analyzed the solu-
bility of Am(lll) in NaCl-NaHCO;-Na,CO; systems. between 20 °C and 70 °C [181]. The variation of the
dissolved Am concentration in the temperature range under investigation was less than a factor of 5.
Unfortunately the solubility controlling solids could not be identified.

For ThO,(cr) and UO,(cr), the crystallinity increased with increasing temperatures [182]. The rather
fast transformation into the thermodynamically stable solid phases seems to be a general trend in-
creasing with higher temperatures. Obviously the tendency towards formation of metastable solids
that often affects experimental work at room temperature is overcome by the much faster kinetics at
increased temperature conditions. The elevated temperature conditions seem to favor the transfor-
mation into more stable (less soluble) phases. Experiments by Parks and Pohl [183] showed no tem-
perature dependence of the solubility of UO,(cr) up to 300 °C. Also no temperature effect was found
for Np(V) solubility at pH = 6 [184]. However, at 7 <pH < 8.5 the solubility dropped by 0.5 orders of
magnitude. The measured Pu concentration in presence of PuO,(am,hyd) decreased slightly log[Pu]=
-7.7 (25 °C), -8.5(60 °C) to -8.4(90 °C) with mainly colloidal species being dominant in solution.

From these studies, one can conclude that temperature changes between room temperature and
90 °C have no significant effect on the actinide solubility of the systems investigated so far. In this
context, the counteracting effects of temperature on the solubility product and the complex forma-
tion should be recalled. It should be understood, that the assumption of only moderate effects of
temperature on total solubility is a strong simplification and needs to be validated in order to de-
crease the uncertainties associated with this approach.

5.4 Relevance of carbonate in the high-level waste disposal

Carbonates are not expected to be present at relevant concentrations in the disposal galleries in the
Gorleben salt dome. However, it might be assumed that carbonates can form by degradation of plas-
tic materials which are present in the containers / overpacks for neutron moderation / shielding. A
list of the mass of plastic in the containers is given in Tab. XVII.
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Tab. XVII Plastic materials in containers / overpacks for neutron moderation / shielding [185].

Pollux-10 cask BSK3 cask
HM load per canister in kg (DWR / SWR) 5420 /5610 1626/ 1683
Polyethylene per canister in kg total 1540 total 7
Carbon (C,H,) in mol total 5.5x10" (2.4 C /U) total 250 (0.04 C/U)

Another source of carbonates in the near-field environment is correlated with the presence of hy-
drocarbons in the Gorleben salt formation. At elevated temperatures, the hydrocarbons may un-
dergo a thermochemical sulfate reduction [186]. Most of the papers published on sulfate reduction
imply the presence of bacteria (e.g. [187, 188]). According to [189], one can separate two different
processes, the bacterial sulfate reduction (BSR), which occurs at temperatures below 80 °C and the
thermochemical sulfate reduction (TSR), which has been observed at temperatures higher than
100 - 140 °C. While BSR seems to occur instantaneously, TSR is a kinetically-driven process. Detailed
investigations have been performed using CH, to CsHg hydrocarbons and pure calcium sulfate [190].
Though dissolved SO,* is in fact required for thermochemical sulfate reduction, the simplified overall
reaction can be written as

CaSO, + CH, = CaCO; + H,S + H,0 eq. 12

It is assumed that the number of carbon atoms per hydrocarbon molecules in the Gorleben rock salt
is 6 to 16, mostly being < 10 [186]. In the case of a hydrocarbon CgH1g, eq. 12 changes to

8CaS0, + CgH13 = 8CaCO; + 8H,S + H,0 + oxidized species eq. 13

A complete reaction scheme for the C; to C3 compounds is given in [190]. The outcome of this work
on the thermodynamics and kinetics of reactions between C1-C3 hydrocarbons and calcium sulfate
in deep carbonate reservoirs revealed measured date and a model to estimate the reaction rates
based on spontaneous reaction experiments. The processes simulated by these experiments are
close to the situation to be expected in the disposal galleries. The authors calculated time periods
which are required to transform sulfate into sulfide. It was shown that the reaction between CH, and
CaS0, had the highest activation energy while that between C;Hg and CaSO, had the lowest activa-
tion energy. When extrapolated to the temperature of the geological environment, the time needed
to reach 50 % conversion at a temperature of 200 °C is 1.44 million years for CH,4 (7790 years for C3Hg
at 200 °C). At 100°C the time period required for the 50 % conversion was calculated to be 4.8x10™
years (2.88x10’ years for C3Hg at 100 °C) [190].

Equations 12 and 13 show that one carbonate molecule is formed per sulfate molecule. Assuming a
typical sulfate concentration of a saturated NaCl solution in contact with polyhalite, the sulfate con-
centration is 0.1 mol/I. For this case, Fig. 22 shows the areas of predominance for the species sulfate
— sulfide (red lines) and carbonate (CO,(g), HCO;3, and COs*) — CH, (blue dotted lines). The figure
shows a very small area (between the red and blue lines), where the reaction is possible in a closed
system which means that H,S or HS” and carbonate species can co-exist.
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S CO4(9)

Fig. 22  Areas of predominance of sulfate — sulfide species and carbonate species — CH,.

Fig. 22 only serves as a rough estimation as it is calculated for 25 °C while thermochemical sulfate
reaction occurs at temperatures higher than 100 °C. In addition, predicted and actual redox condi-
tions often differ due to the slow kinetics of oxidation/reduction processes. With increasing tempera-
tures, however, reaction rates tend to increase and TSR can be accelerated due to alteration of the
hydrocarbons and changes in their redox potential.
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6 Radionuclide solubility

Analyzing the waste form behavior under the considered evolution scenario, a list of elements is
identified for which the maximum dissolved concentrations can be expected to be controlled by the
solubility of solid phases. The following solubility limits are derived for a scenario without carbonate
and other complexing ligands for 25 °C.

Within safety assessment modeling, the reported data can be used as an upper limit for the radionu-
clide concentrations expected for the boundary conditions and disposal concept defined above. Sub-
sequent sorption processes are not included. However, it should be clearly noted that this consti-
tutes a simplified approach of orientating character valid only for the considered scenarios. Both the
analysis of the geochemical boundary conditions and the subsequent source term estimation need to
be systematically extended, improved and validated in order to reduce the presently related large
uncertainties in the reported solubility limits. Uncertainties are not explicitly quantified within this
study.

6.1 Americium

The concentration of Americium in spent nuclear fuel is ~1000 g / tHM after 500 years. Americium
exists only in the trivalent oxidation state Am(lll) in disposal relevant conditions. A summary of the
literature on Am including a detailed discussion of the proposed thermodynamic data is presented in
a NEA book [17]. Thermodynamic data and solubility investigations have been performed directly
with Am. Due to radiation protection issues and its spectroscopic properties, analogues are also ap-
plied, especially Cm(lll) which is a perfect analogue with excellent spectroscopic properties. Solubility
studies have been performed with Nd(lIl). All in all, a well advanced thermodynamic database exists
for Am(lll) in dilute to concentrated carbonate free NaCl, MgCl, and CaCl, solutions. Thermodynamic
data of Am(lIl) in carbonate containing MgCl, solutions are still missing.

NaCl system

Thermodynamic data of Am(lll) in the NaCl system was developed by Neck [191] and the solubility
curve derived from Nd and Cm is shown in Fig. 23. Under highly alkaline conditions, the solubility of
neodymium, which is taken as analogue for Am, is in the range of 10® M. In the relevant pH,, range
solubility is above 10™ M at pH,, = 6 and 10° M for pH,, = 9.

Mg(l, system

The behavior of americium in MgCl, solution was also investigated by Neck et al. [191]. Their paper
describes the carbonate free system relevant for the present work. In Fig. 24 the investigations for
3.5 M MgCl, solution are summarized. The solubility of neodymium (analogue for Am) at pH,, 9 is
10™° M. The effect of carbonate was investigated [192]. No increase of the solubility in comparison
to the carbonate free system in MgCl, solution was found. In contrast, at —log [H'] ~ 8.4 the meas-
ured solubility was by one order of magnitude lower as in the carbonate free system at the same
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Fig. 23 Solubility of Nd(OH)s(am) and Cm(lll) [191] Fig. 24  Solubility of Nd(OH);(am) in carbonate free
3.5 M MgCl, solution [191, 192]

6.2 Thorium

In aqueous solutions, thorium exists only in the tetravalent oxidation state. It represents a good ana-
logue for other tetravalent actinides; it is certainly the most investigated tetravalent actinide. A re-
cent publication by OECD-NEA provides a comprehensive description of the present knowledge on its
thermodynamic data and solubility [21].

NaCl system

The thorium concentration in NaCl solution is derived from [193]. Fig. 25 shows the solubility of
amorphous thorium hydroxide ThO,xH,0(am) in NaCl solution. After removal of colloids solubility
was found in a concentration range of 10® M for the whole relevant pH,, range, largely independent
of ionic strength. Without phase separation, the thorium concentration is dominated by colloidal or
polymeric Th(IV) species and ranges at 10° M. The colloid effect was corroborated by data from
Nabivanets et al. [194] at low ionic strengths (Fig. 26). The concentrations of both ionic species and
colloidal fractions are independent of pH,, for pH,, > 6.

MgCl, system

Fig. 25 shows the solubility of thorium hydroxide ThO,xH,0(am) in concentrated MgCl, solutions. As
described in [193] and [29], the presence of colloidal Th(IV) phases are assumed from the high Th
concentrations even after ultra-centrifugation. The observed concentration is ~10°® M over the whole
investigated pH,, range. The elevated Thorium concentration in 4.5 M MgCl, solution could be corre-
lated with experimental artifacts and is irrelevant for source term considerations. Investigations of
the carbonate complexation of Th in NaCl media [195, 196] showed that due to the low expected
carbonate concentrations in the repository, the Th solubility remains in the range of 10° M.

The maximum thorium concentration in the NaCl and the MgCl, solution is estimated to 10° M.
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[193].

6.3 Uranium

Under oxidizing or redox neutral conditions, uranium is present in the hexavalent redox state as
uranyl UO,** moiety. Under reducing conditions the tetravalent oxidation state is preferred. Under
the reducing conditions in a repository, uranium will be predominantly present as U(IV). However, it
is not confirmed that U(VI) species released e.g. from spent nuclear fuel are quantitatively removed.
Consequently, we consider both solubility limits for U(IV) and U(VI). A similar approach has been
taken by the WIPP project. Solubility data and thermodynamics of uranium are reported and re-
viewed in two OECD-NEA books [17, 197].

NaCl system

Under oxidizing or redox neutral conditions in a NaCl solutions (e.g. in the case of human intrusion)
the uranium concentration is controlled by hexavalent U(VI) solids (see Fig. 27). Investigations for
these conditions have been performed by KIT-INE [29, 198].

U(VI) concentrations in the NaCl system under oxidizing conditions are estimated between 10*> M
for pH, 6 and 10°%> M at pH,, 9. Under reducing conditions U(IV) behaves similar to thorium and
should exhibit the same tendency towards colloid formation. The solubility will be then controlled by
a solid UO,xH,0(am) phase. In [29, 193] an approach was presented, which allows for quantification
of An(IV) eigen-colloids.

Experimental investigations show that stable An(lV) colloids can be described according to the fol-
lowing equilibrium:

An(OH)4(aq) ¢> An(OH),(coll)
With logK, =2.5+0.8 and: An(OH)s(am) <> An(OH)4(aq)
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The concentration level of the tetra hydroxide complexes can be calculated as sum of the solubility
products of the related actinide hydroxide solids (log K°s,(AnO,xH,0(am)) and the complexation con-
stants of this species (log B14). An effect of ionic strength was not found (see also Fig. 25).

Using log K°,,(UO,xH,0) = -54.5 and log P14 = 46.0 [17] the concentration of U(OH)4(aq) results to
10> M. In combination with the colloid formation constant (log Kicom = 2.5) a concentration of U(IV)
colloids of 10 M is calculated. The U(IV) solubility in NaCl solutions above pH., = 6 is estimated in the
range of 10° M.
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Fig. 27  Solubility of U(VI) in 5 M NaCl solution [199].

Mg(l, solution

In a recent study by KIT-INE [200], the U(VI) solubility was investigated in dilute to concentrated
MgCl, systems from slightly acidic conditions to pH,, fixed by magnesium-hydroxide or magnesium-
oxy-hydroxides. Under these conditions, the solubility is controlled by the meta-schoepite solid
phase and shows a pronounced effect of ionic strength on solubility.
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Fig. 28 Solubility of U(VI) in various MgCl, solutions

The U(VI) concentration in MgCl, solutions is estimated to 10°° M at pHm 9 and 10 M for pH 6.

The U(IV) concentration in MgCl, solutions is estimated to 10° M in analogy to the Th(IV) system
discussed above.
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6.4 Neptunium

Under oxidizing or redox neutral conditions neptunium exists in the pentavalent state Np(V), under
reducing conditions in the tetravalent state Np(lV). Thermodynamic data and a detailed evaluation of
various solubility test are reported in [17, 18].

NaCl system
The solubility of Np(V) was investigated experimentally in 5 M NaCl solution [29].

Fig. 29 shows that the initially precipitating NpO,OH(am) solid changes slowly into an aged solid
NpO,0H(aged) having a lower solubility by 0.5 orders of magnitude.

The Np(V) concentration in the pH,, range 6 < pH., < 9 in NaCl solutions is below 10> M.

The solubility of Np(IV) is treated like the Th(IV) analogue. As elaborated for U(IV), the solubility is
estimated by application of the thermodynamic scheme of Th(IV) [17] for Np(IV). The Np(IV) concen-
tration is controlled by the tetra hydroxo complex Np(OH)4(aq) which is in the range of 10° M. The
contribution of eigencolloids (log Ko = 2.5), reveals a concentration of Np(IV) colloids in the range
of 10°® M. This number is taken as upper limit of the Np(IV) concentration for NaCl and MgCl, sys-
tems.

The Neptunium(IV) concentration in NaCl and MgCl, systems is estimated to 10° M.
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Fig. 29  Solubility of NpO,0H(am), AmO,0H(am) und NpO,0OH(aged) in carbonate free 5 M
NaCl/NaOH solution [29].

6.5 Plutonium

The aqueous chemistry of plutonium is very complex due to the different oxidation states Pu(lll, IV,
V, VI) which may even co-exist under many geochemical conditions. Under reducing conditions the
tri- and tetravalent oxidation states are relevant, under redox neutral and slightly oxidizing condi-
tions the tetra- and pentavalent states, and with further increasing redox potential and strongly oxi-
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dizing conditions, even the hexavalent state may become relevant. Fundamental investigations on
the plutonium solubility and speciation were performed at KIT-INE in the recent years [201-204] in-
cluding highly saline solutions. OECD-NEA published a comprehensive data base of thermodynamic
data on plutonium [17, 18].

Pu(lll) solubility in NaCl solutions

Thermodynamic calculations and experimental data show that Pu(OH)s(s) is not stable in systems
without strongly complexing ligands. Under reducing conditions in the stability field of water it con-
verts into a thermodynamically more stable tetravalent PuO,(s,hyd). The solubility is given by the
equilibrium concentrations of aqueous Pu(lll) and Pu(lV) species following a reductive dissolution
mechanism. In the absence of reducing and oxidizing chemical agents but in the presence of traces of
0,(g), the total Pu concentration at pH,, > 3 is dominated by aqueous Pu(V) species and the solubility
is controlled by PuO,.(s,hyd), a mixed valent (Pu"),(Pu")1.5¢02:x(s,hyd). Small Pu(1V) colloids/ poly-
mers present in neutral to alkaline solutions at a constant level of log[Pu(IV)]. = 8.3 £ 1.0 play an
important role for the redox potentials in these systems and contribute to the total dissolved Pu
[203].

The Pu(lll) concentration in reducing NaCl systems in the range 6 < pH,, < 9 is well established for
diluted solutions. For saturated NaCl solutions, in the relevant pH,, range from 6 < pH,, <9, solubility
of a Pu(lll) hydroxide phase (analogue to Am(OH);(am)) would be partly above 10 M. However, as
seen in Fig. 30 and Fig. 31 for dilute systems solid Pu(lll) phases are transformed to Pu(lV) with a
solubility of 10°® at pH,, 6 to 10®* M at pHy, 9.
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mined by Nilsson [205] after 320 and 480 days in 0.1
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after the transformation of the initial Pu(lll) hydrox-
ide precipitate [203].

study with Pu(lV) hydrous oxide under Ar (<10 ppm
0,) at 22°C in 0.1 M NaCl [203]. Pu(lV) (crosses),
Pu(lll) (filled squares), Pu(V) (triangles)
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Pu(1V) solubility in NaCl solutions

The solubility of Pu(lV) and the formation of Pu(lV) colloids was investigated experimentally by KIT-
INE Neck et al. [201]. The solubility of solid PuO,..(s,hyd) is shown in Fig. 32 for a 0.1 M NaCl solution.
The figure reveals the solubility of Pu(IV), Pu(V) and of Pu(IV) colloids.

Pu(IV) species in contact with a Pu(lV) solid are expected in the range 6 < pH,, < 9. Pu(lV) in solution
will be dominated by Pu(IV) intrinsic colloids at a concentration below 108 M, largely independent on
the ionic strength and pH,,.

Pu(V) solubility in NaCl solutions

Fig. 32 shows also that in the relevant pH,, range, pentavalent PuO," dominates the aquatic Pu speci-
ation whereas PuQ,.,(s,hyd) is the solubility limiting solid phase. In the range 6 < pH,, <9, the con-
centration of Pu(V) is between 10 (pH,, 6) and 10® M (pH., 9). Solubility experiments by Rai et al.
[206] using PuO,(am, hyd) in 0.4 und 4.4 m NacCl in the range pH,, 5 to 8 showed only a slight de-
pendence on the ionic strength.
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Fig. 32  Solubility of PuO,.,(s,hyd) in 0.1 M NaCl [201].

MgCl, system

Only tri- and tetravalent plutonium compounds are expected under reducing conditions in MgCl,
solutions reflecting the respective formation conditions.

Pu(lll) solubility in MgCl, systems

For carbonate free 3.5 M MgCl, solution it was shown that under strongly reducing conditions (pres-
ence of corroding Fe powder) the sparingly soluble PuO,(am) solid was formed in systems without
strongly complexing ligands. Reductive dissolution of this phase produces dissolved Pu(lll) concentra-
tions from above 10 M at pH,, 6 and 107> M at pH., 9. [204]. Experiments starting from oversatura-
tion of Pu(lll) show a strong decrease of the solubility to the level obtained by starting with the solid
PuO,(am), see Fig. 33.
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Fig. 33  Solubility of PuO,(am) in a carbonate free 3.5 M MgCl, solution under strongly reducing
conditions [204].

The solubility of Pu was also investigated in presence of carbonate which is controlled by the forma-
tion of meta-stable solids, such as Hydromagnesite / dypingite or chlorartinite. The experiments
were performed in both procedures from undersaturation using PuO,,,(am) solid and from oversatu-
ration of dissolved Pu(lll) [192]. The concentrations obtained from undersaturation didn’t show any
deviation to the carbonate free experiments. The experiments using oversaturated Pu(lll) solution
showed a certain decrease over 1 year, but didn’t come to the lower concentration level of the un-
dersaturation experiments. Pu concentrations remained at 10°° M at pH., 8.5. The reason is not yet
clear, EXAFS investigations [207] revealed Pu(lll) solids which are not yet characterized.

The Pu(lll) concentration in the carbonate free MgCl, system ranges from above 10° M at pH,, 6 to
107° M at pH,, 9 in 3.5 M MgCl, brines. Considering a potential ionic strength effect for 4.5 M MgCl,
solution, the Pu concentration could be higher by 0.5 log units.

Pu(IV) solubility in the MgCl, system

The estimation of Pu(IV) solubility corresponds to the considerations for Pu(lV) in NaCl solution and
for the analogues Np(lV) and U(IV). The solubility is dominated by intrinsic Pu(lV) colloids which are
expected to exist largely independent on pH,, and ionic strength above pH,, 6. According to the Th(IV)
system [195, 196] supplemented by Pu(IV) measurements [208] [209], an increase of Pu(IV) concen-

trations above the values given for the NaCl system are not expected.

In the range 6 < pH,, <9, the concentration of tetravalent Pu(IV) species in contact with a Pu(IV) solid
is estimated to 10 M.

Pu(V) solubility in the MgCl, system

The estimation of the Pu(V) solubility in 4.5 M MgCl, solution is following [204]. The Pu solubility is
10°° M at pHm 6 and 10® M at pHm 9, respectively.
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6.6 Technetium

Under oxidizing or redox neutral conditions technetium exists as anionic pertechnetate TcO, species
in aquatic solutions. In the case of a reducing chemical environment, Tc is reduced and transforms
into the tetravalent oxidation state. In the scope of the OECD-NEA Thermodynamic Database Project
thermodynamic data and solubility data have been reviewed [19].

NaCl and MgCl, systems

According to the present knowledge, TcO, solubility is not controlled by a solid phase in NaCl and
MgCl, solutions under oxidizing conditions. Therefore, no solubility limit can be derived. Under re-
ducing conditions, a solid TcO,xH,0(am) phase exists. Investigations by Meyer et al. [210] and Eriksen
et al. [211] on the solubility of TcO,xH,0(am) are discussed in [212]. Similar to the behavior of tho-
rium, Tc(IV) shows a concentration plateau at 10® M in the pH,, range between 3 and 10. This pla-
teau is controlled by uncharged Tc(IV)(OH)s(aq) complexes subject to only weak ion-interaction proc-
esses and showing a tendency to form intrinsic colloids. The concentration of such colloids would be
around 10° M in analogy to the well-investigated Th(IV) system. The Tc(VIl) concentration in both
carbonate free NaCl and MgCl, solutions is not limited by solubility. Tc(IV) solubility is estimated in
the range of 10° M.

6.7 Selenium

Selenium is very redox sensitive element. It can exist in aquatic solutions in four different redox
states, such as hexavalent selenate (Se0,%), tetravalent selenite (Se05%), selenide (Se?), and in me-
tallic form (zero valent Se°). A full review of the chemical thermodynamics of selenium in aque-
ous/solid systems has recently been presented by the NEA-TDB project [213].

Investigations of the behavior of Se in saline systems are currently being performed within the VESPA
project. Solubility limits are not estimated for saline systems, at present.

6.8 Zirconium

In aqueous solution, Zr exists in the tetravalent oxidation state. Zr(IV) concentrations are estimated
to be similar to analogous Th(IV) data, as similar solid oxy-hydroxide phases (Zr(OH)4(am)) precipitate
from solution and also the aqueous speciation under the given conditions will be dominated by simi-
lar charge-neutral aqueous tetrahydroxide species. Consequently, the estimated Zr concentrations
for the given boundary conditions are at 10° M.

6.9 Rare earth elements

Rare earth elements (REE) are present in the radioactive waste either as fission products or in the
case of gadolinium as component of the control rods or as homogeneous neutron poisons. The REE
(lanthanides) exist mainly in the trivalent oxidation state and have comparable solubility and aquatic
speciation as Am and Cm. The REE Nd is used as analogue for Am and has been studied extensively
also at high ionic strength conditions. From this analogy, the solubility of REE can be estimated under
the assumption that only trivalent ions are present.
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It should be noted, that the different trivalent rare earth elements and trivalent actinides are treated
separately with each element contributing fully to its respective source term. However, if these ele-
ments will in fact exhibit nearly identical solubility behavior and solid phase characteristics, it can be
imagined that the solubility limitation refers to the sum of these elements. In this case, the individual
concentrations of the REE(IIl) and An(lIl) source term concentrations would be lower than the overall
solubility limit, according to their relative abundance.

6.10 Summary of the solubility data

In the previous chapters, thermodynamic solubility of some elements is reported as shown in Tab.
XVIII for the pH,, range 6 < pH,, < 9. These data are relevant for pure radionuclide solution systems.
In the case of the presence of solid materials, sorption processes will take place and change the ob-
served concentrations to lower values under many conditions. As soon as radionuclides are trans-
ported away from the source, they certainly will undergo sorption to surfaces of container corrosion
product, backfill material etc., which will decrease their concentrations in the near field and lower
radionuclide transport. It should be emphasized, that the radionuclide concentrations given below
are only relevant for the scenario detailed above. The concentrations depend on the geochemical
boundary conditions and cannot be generalized independent of the geochemical conditions.

Tab. XVIII Solubility controlled element concentrations in the relevant pH,, range.

5 M Nacl 5 M Nacl 4.5 M MgCl, 4.5 M MgCl,

PHm 6, (M) PHm 9, (M) PHm 6, (M) PHm 9 (M)
Am(Il1) >10* 10° >10* 10*°
Th(IV) 10°® 10°® 10°® 10°®
u(Iv) 10° 10°® 10° 10°
u(vI) 103 10°%° >1072 103
Np(IV) 10-6.5 10-6.5 10-6.5 10-6.5
Np(V) >10? 10 >10? 10°
Pu(ll) >10™ 10® >10%° 10°®
Pu(IV) 10 108 10 10
Pu(V) 10°° 108 10°° 108
Zr(1v) 10° 10° 10° 10°
Tc(IV) 10°® 10°® 10°® 10°®
Te(VIN) >10* >10™ >10* >10*
Se solubility not estimated

e The solubility of Am(lll) is above 10*> M for pH,, < 9.

e The U(VI) concentration in the NaCl System under oxidizing conditions is estimated between
10™* M for pH,, 6 and 10°° M at pH,, 9. Under reducing conditions U(IV) behaves similar to
thorium. The solubility will be controlled by a solid UO,xH,0(am) phase. The U(IV) solubility
in NaCl and MgCl, solutions is estimated in the range of 10° M.
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e The Np(V) concentration in the pH,, range < 9 in NaCl solutions is above 10 M. The Np(IV)
concentration in NaCl and MgCl, systems is estimated to 10> M.

e The Pu(lll) concentration in NaCl system in the range 6 < pH,, <9 is well established for diluted
solutions. For saturated NaCl solutions, in the relevant pH,, range from 6 < pH,, <9, solubility
of Pu(lll) would be between 10* M and 10® M. However, solid Pu(lll) is transformed to Pu(IV)
with a solubility of 10® M in the relevant pH range. The Pu(lll) concentration in the carbonate
free MgCl, system ranges from above 10> M at pH,, 6 and 10® M at pH,, 9. The concentra-
tion of Pu in contact with a Pu(IV) solid is estimated at 10 over the considered pH range.

e The Tc(VIl) concentration in both solutions is not limited by solubility. Tc(IV) solubility is esti-
mated in the range of 10° M.

6.11 Application to the preliminary safety analysis for Gorleben

The void volume of the disposal drifts per canister is required to estimate the maximum concentra-
tions of each radionuclide given by the inventory. An average cross section of 17 m? is assumed for
these drifts. Depending on the degree of backfill compaction, different volumes of brine may interact
with the canister material or with the wastes. Based on disposal concept B1 (Pollux-10) [65], ex-
pected void volumes are calculated and compared to the inventory of heavy metal and steel (see
Tab. XIX). The internal void volume of the canisters is taken into account. The average void volume in
SNF disposal drifts is given in Tab. XIX for two degrees of backfill compaction.

Tab. XIX Average void volume in spent nuclear fuel disposal drifts for two degrees of backfill com-
paction, calculated from data of WP 5 [65].

Initial state Final state Units
Porosity of backfill 35 1 %
Void volume per canister 45.5 2.0 m3
. mass of heavy metal )
Ratio 0.12 2.67 kg dm?
void volume
. massof steel (Fe) ]
Ratio 1.30 28.4 kg dm™
void volume
5610 (BWR)
Mass of heavy metal (U) kg
5420 (PWR)
Mass of steel (Fe) 57560 kg

According to the “Safety Requirements Governing the Final Disposal of Heat-Generating Radioactive
Waste”, manageability of the waste containers must be guaranteed for a period of 500 years [1]
which implies a “lifetime” of the containers of 500 years. The crushed salt backfill will be compacted
significantly within this time period and a porosity of the crushed salt of 1 vol.% (final state) is as-
sumed. Under this assumption, the maximum total void volume is 2 m*® per Pollux canister. Using the
calculated yields of fission products and actinides in spent nuclear fuel, the load of a canister (mass
of heavy metal) and the void volume per canister, a maximum “inventory controlled” concentration
(assuming complete dissolution of the inventory) can be calculated (Tab. XX). This concentration is
then compared to the solubility limits to assess whether final concentrations will be controlled by the
RN-inventory or by solubility limits. Water will also be consumed by iron corrosion processes; how-
ever, this is not taken into account in Tab. XX.
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Radionuclide solubility

Tab. XX Concentrations based on the inventory and the void volume in a disposal drift for SNF.

®: Thermodynamic solubility < inventory controlled concentration
O: Thermodynamic solubility > inventory controlled concentration or no data available

Element mass in mass per inventory NacCl NacCl MgCl2 MgCl2

SNF canister controlled pH,=6 pH,=9 pH,=6 pH,=9

conc. (max)

mol/t mol mol dm mol mol mol mol
He gas gas gas gas
C - - - -
Fe* ® [ ) ° [ )
Co* O O O O
Ni* O O O O
Se 0.920 5.16E+00 2.58E-03 ©) O O O
Rb 6.127 3.44E+01 1.72E-02 ©) ©) O O
Sr 5.495 3.08E+01 1.54E-02 ©) O O O
Y 7.335 4.11E+01 2.06E-02 O ® O °
Zr 64.130 3.60E+02 1.80E-01 ® ® ® ®
Nb 0.0025 1.42E-02 7.11E-06 ©) O O O
Mo 50.581 2.84E+02 1.42E-01 ® ® L] ®
Tc 11.500 6.45E+01 3.23E-02 ® ® ® L]
Ru 30.609 1.72E+02 8.59E-02 ©) O O O
Rh 6.011 3.37E+01 1.69E-02 O O O O
Pd 11.334 6.36E+01 3.18E-02 ©) O O O
Ag 0.627 3.52E+00 1.76E-03 ©) O O O
Cd 1.009 5.66E+00 2.83E-03 ©) O O O
In 0.0255 1.43E-01 7.15E-05 @) O O O
Sn 0.763 4.28E+00 2.14E-03 ©) O O O
Sb 0.148 8.30E-01 4.15E-04 O O O O
Te 3.247 1.82E+01 9.11E-03 ©) O O O
I 2.391 1.34E+01 6.71E-03 @) O O O
Xe 56.911 3.19E+02 1.60E-01 gas gas gas gas
Cs 16.283 9.13E+01 4.57E-02 @) O O O
Ba 30.344 1.70E+02 8.51E-02 ©) ©) O O
La 12.890 7.23E+01 3.62E-02 @) ® O ®
Ce 25.220 1.41E+02 7.07E-02 O ® O °
Pr 11.790 6.61E+01 3.31E-02 @) [ O ®
Nd 39.447 2.21E+02 1.11E-01 O ® O (]
Sm 8.216 4.61E+01 2.30E-02 O ® O °
Eu 1.395 7.82E+00 3.91E-03 ©) L] O ®
Gd 1.754 9.84E+00 4.92E-03 O ® O °
Ra 5.75E-04 3.22E-03 1.61E-06 O O O O
Ac ©) O O O
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Radionuclide solubility

Element mass in mass per inventory NacCl NacCl MgCl2 MgCl2
SNF canister controlled pH,=6 pH,=9 pH,=6 pH,=9
conc. (max)
mol/t mol mol dm? mol mol mol mol
Th 0.0457 2.56E-01 1.28E-04 o ® ® ®
Pa 1.88E-04 1.05E-03 5.25E-07 ©) @) O O
u 3916.086 2.20E+04 1.10E+01 ® L] ° L]
Np 10.190 5.72E+01 2.86E-02 ® ® L] ®
Pu 38.372 2.15E+02 1.08E-01 ® ® ] ®
Am 4.157 2.33E+01 1.17E-02 O ® O °
Cm 0.0144 8.06E-02 4.03E-05 @) ® O O

* inventory in canister material
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7 Radionuclide retention by sorption

The radionuclide concentrations listed in Tab. XVIII or calculated from the total inventory divided by
the relevant brine volume represent upper limits of radionuclide concentrations. During the interac-
tions of solutions with the waste forms, a multitude of coupled geochemical reactions take place.
These reactions are complex, but by application of chemical principles, they can be reduced to few
basic processes.

e The radionuclide concentrations are the highest directly in the waste containers. Mobilization
will always lead to a dilution.

e The primarily released radionuclides from the waste forms undergo various reactions depend-
ing on the geochemical environment. These reactions include hydrolysis, redox and com-
plexation reactions as well as the formation of eigen-colloids or the attachment to pseudo
colloids. The radionuclides are present as ions, complexes or colloidal species. They may re-
act with solid surfaces by adsorption, chemical sorption, ionic exchange, or by incorporation
in newly formed solids in the case of super saturation. Simultaneously corrosion of waste
forms and re-mineralization reactions occur, which influence the geochemical environment
and consequently effect the solubility and sorption of radionuclides.

e Sorption reactions are considered in competition with dissolution/precipitation reactions. By
the different reactions, a geochemical system will always tend to approach an energetically
favored state in the long term. This may lead to dissolution of primary solids and transfer the
radionuclides in more stable sorption phases. Dissolution/precipitation reactions can be de-
scribed by thermodynamic / geochemical modeling. For sorption processes, especially in
highly saline solutions, neither sorption models nor the required data bases exist presently.
For this reason, it is assumed that either a thermodynamically well defined solid is formed or
that sorption phases control the concentration of the element under consideration. For
source term considerations, this statement is relevant for elements/radionuclides of high
abundance: If radionuclide bearing solids can be formed, the concentrations are defined by
the solubility of the solids, whereas otherwise, the concentrations are controlled by sorption
onto the available surfaces.

Various solid phases with different surface sizes and properties are present in the near-field. Promi-
nent solids are the corrosion products of the waste forms, the corrosion products of the canisters,
backfill materials and the natural rock salt. Sorption coefficients Rs are used frequently within source
term modeling to assess the influence of sorption processes.

__concentration of the element inthe solid phase

Rs eq. 14

concentration of the element in the solution

Very few data exist, showing sorption onto natural rock salt. Tab. XXI shows unpublished data meas-
ured at INE [214].



Radionuclide retention by sorption

Tab. XXI Sorption coefficient of some fission products onto solid NaCl in contact with saturated NaCl
and Q-brine [214].

Rs /cm3g™
Isotope sat. NaCl Q brine
sy 0.15 0.17
*Tc 0.1 0.2
Ycs 0.2 0.2

The sorption coefficients onto ERAM rock salt were measured for some of the actinides [215].

Tab. XXII Sorption coefficient of actinides onto solid NaCl from ERAM in contact with saturated NaCl
and Q-brine [215]

Rs/cm*g”
Isotope sat. NaCl Q brine
Pu 301 20
Th 85 135
Np 71 0.2
u 0.4

The salt samples used in Tab. XXI and Tab. XXII may be different from the rock salt at the Gorleben
salt dome. Therefore the sorption properties need to be rechecked. If other backfill materials or ad-
ditions to the backfill materials are considered, the sorption coefficients of these materials have to
be determined.
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8 Summary and outlook

A radionuclide source term for HLW glass, spent nuclear fuel and CSD-C waste has been derived in
this study. The study outlines that it is possible to derive a radionuclide source term for geochemical
systems of interest as long as the fundamental geochemical processes are understood, the proper-
ties of HLW and other near-field components are sufficiently characterized and the knowledge on the
specific properties of relevant radionuclide species are known. As has been described explicitly in the
above text, the preliminary and rough definition of the envisioned waste inventory and other near-
field constituents lead to simplifications and model assumptions relevant for the source term. These
simplifications and assumptions were made to derive a source term for the scenarios considered in
this study. As a consequence, the source term needs refinements for a future safety analysis.

The radionuclide source term (dissolution of waste forms, solubilities, etc.) is significantly influenced
by geochemical boundary conditions, such as brine composition, pH, redox species, temperature
and relevant minor components of the system. Better information on the disposal concept (invento-
ries and temporal evolution), will help to establish a more comprehensive definition of the geo-
chemical boundary conditions. The robustness of the geochemical conditions can be optimized by
applying tailored engineered barrier materials buffering the pH. Especially for the low pH range pH,,
~ 6, there is almost no effective solubility limitation. As a consequence, it would be beneficial for
safety considerations, to buffer the pH,, in a neutral to slightly alkaline region around pH,, 9. This
could be easily achieved by addition of magnesium hydroxide or Sorel-based backfill materials.

The international discussion concerning HLW glass under disposal conditions refers to the combina-
tion of the various mechanisms and processes resulting in a time-dependent glass corrosion rate.
This rate influences the radionuclide source term especially for easily soluble elements. Some related
mechanisms have the potential to alter the performance of the glass. This is the case for the cemen-
tation of fissures by alteration products and the retention of radionuclides in the gel. These retention
processes can presently not be quantified unambiguously and will be neglected. The study of natural
analogs (natural glasses) can help to determine the long term relevance of certain mechanisms. Such
studies have been used to document the transition of glass gel to clay minerals [216-218]. However,
reliable rates cannot be derived from natural analog studies. An important key mechanism relates to
the role of the gel in the decrease of the glass corrosion rate with time. Some authors assume that
the rate decrease is mainly due to the formation of a protective gel, whereas other authors assume
that water diffusion and ion exchange are more important for the rate decrease and the long term
rate. This was discussed within the GLAMOR project (2001-2004) [219]. The final conclusions of this
project are as follows: "There is agreement that the decrease of the corrosion rate of glass is due to
both an affinity effect (Si saturation), and a kinetic effect caused by the condensation and diffusion of
Si in the gel layer. There is agreement that there needs to be a mathematical coupling between affin-
ity driven glass dissolution and mass transfer through the gel. There is no conclusion on the relative
importance of these two mechanisms and, as a consequence, on their parameterization in the mod-
els. However the evidence of a residual corrosion rate has increased, and there is a consensus about
its importance. There are also indications that water diffusion affects the rate decrease, and the re-
sidual rate (along with other mechanisms such as precipitation of secondary phases). It is recom-
mended to elaborate a more complete documentation (values, uncertainties) of the various input
parameters that are used in the models.”



Summary and outlook

With respect to the IRF from spent nuclear fuel pessimistic estimate values exist. Values for the fast /
instant release fraction of **C, *cl, *°Cs, **°I, "°Se and *Tc are still largely unknown and are repre-
sented by bounding values. Ongoing research (Euratom 7" FP CP FIRST-Nuclides,
www.firstnuclides.eu) improves the knowledge and data and reduces uncertainties also providing for
realistic data on the relevant radionuclide release for the Safety Case. A physico-chemical mechanism
for the radiation induced spent nuclear fuel matrix dissolution was developed in the past decade.

The effect of H, in lowering the potentially oxidizing effect of radiolysis is known for relatively
simple solutions, e.g. concentrated NaCl. There are indications that redox-sensitive radionuclides
(such as Np, Pu, U and Tc) are precipitated in the close vicinity of the spent nuclear fuel under
(strongly) reducing conditions. This retention process is not considered in this study.

With respect to basic thermodynamics and solubility, it should be noted that the radionuclide con-
centrations derived in this study are relevant for the considered simplified scenario and geochemical
boundary conditions. If a more refined scenario is derived, this must also be reflected in updated
predictions of the geochemical conditions, and hence a refined discussion of radionuclide solubility
limits under the resulting geochemical boundary conditions will be required. This is notably true if a
new scenario involving significant amounts of carbonate is considered relevant. The assessment of
human intrusion scenarios, leading to a disturbance of the expected reducing conditions, will result
in drastically changed geochemical boundary conditions. Under conditions of air contacting the
waste, oxidizing conditions will prevail and CO, from the atmosphere will lead to considerable car-
bonate concentrations at high pH conditions. A totally new source term will be needed for this sce-
nario.

Estimations of solubility limitations are only relevant for cases where solubility limits are expected to
be below the respective radionuclide inventories for a given set of geochemical boundary conditions
and precipitation reactions can therefore be expected to promote radionuclide retention. The poten-
tially solubility controlled elements will strongly depend on the specific scenario analyzed (i.e.
amount of water, geochemical boundary conditions). Formation of radionuclide bearing secondary
phases (also solid solutions) is expected to lead to decreasing solubility limits. This process contrib-
utes to radionuclide retention and is not considered in the source term.

Sorption processes can decrease radionuclide concentrations in solution relative to the thermody-
namic solubility limits under many conditions. For low ionic strength systems, a detailed understand-
ing of many key sorption processes has been achieved. For concentrated brine conditions, similar
effects are known to exist, however many of them are still lacking a reliable quantification or funda-
mental scientific process understanding. Sorption and reduction of U(VI) onto steel corrosion prod-
ucts have been observed [163]. However, presently it is not possible to quantify the radionuclide
retention onto canister corrosion products. The reason is attributed to the fact that the mineralogy
of the corrosion products in the salt brines is unclear. Also, the surface properties and the permeabil-
ity of the corrosion products formed under the confining pressures of the backfilled disposal galleries
are not known.

A thermodynamic database for modeling actinide solubility in brine conditions is currently inte-
grated into the German THEREDA database project. This is certainly a scientifically challenging and
demanding task. The experimental studies required to complete THEREDA database to fill important
data gaps will clearly also require additional and dedicated research efforts.
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Summary and outlook

In the following, a list of open questions, mostly related to the geochemical behavior of HLW and
aquatic chemistry of released radionuclides is discussed. A more detailed analysis of these questions
would reduce uncertainties. Two different types of open questions are identified which are attrib-
uted to

(1) parameters resulting from present state of the design/layout and closure concept of the disposal
and

(2) unsatisfactory knowledge of geochemical processes, mechanisms and data.
Design/layout and closure concept of the disposal

e The source term comprises a generic study. For a future safety analysis, more detailed infor-
mation on the fuel load of the canisters are required, such as the type of fuel / fuel elements,
initial enrichments, burn-ups, presence of neutron poisons as absorber rods or burnable poi-
sons.

e The geochemical boundary conditions depend on the disposal concept. With respect to opti-
mization, types and design of canisters, emplacement technology as well as kind and type of
backfill, its behavior and compaction should be evaluated with respect to the geochemical
conditions and the related radionuclide source term. Assessment of temporal evolution and
spatial distribution of the geochemical conditions in particular chemical buffering of pH and
redox potential is required.

e Rock salt considered as backfill material has a very limited sorption capacity for radionuclides.
Specific additions to the backfill (thermodynamically stable materials such as Sorel cements)
can improve the sorption potential for radionuclides and increase radionuclide retention.

e For the waste forms considered in this study, the use of materials based on Portland cement is
not recommended. In the case of the penetration of small quantities of MgCl,-rich solutions,
the pH may rise accompanied by an increase of [Ca®'] due to Ca-Mg exchange reactions. This
may lead to the formation of calcium stabilized actinide complexes at elevated Ca®'-
concentrations that are associated to highly alkaline pH values.

Research on geochemical processes, mechanisms and data

HLW glass:
e Jodine (

certain percentage of the initial inventory remains in the HLW glass. However, during spent

12%)) is one of the elements relevant for the long-term dose rate. It is assumed that a

nuclear fuel reprocessing and the subsequent vitrification, iodine may have been released.

129

Measurement of the | concentration in the HLW glass could provide a realistic value and

reduce conservative estimations.

Spent LWR fuel:
e Following issues are of particular importance for the evaluation of the instant release fraction

(IRF):
o Experimental data on the dependency of the fast / instant release processes on tem-
perature.
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o IRF measurements for MOX fuel.

e A mechanistic description of the dose threshold for the transition of radiolysis induced to
solubility controlled matrix dissolution needs to be developed.

o Additional spent nuclear fuel corrosion experiments are needed at elevated tem-
perature conditions in particular under (strongly) reducing conditions, i.e. in hydro-
gen-saturated iron-rich systems.

o Experimental data on spent MOX fuel dissolution are required under strongly reduc-
ing conditions.

CSD-C waste:
e Corrosion rates / RN mobilization rates need to be provided.

e Release of **C and its speciation needs to be quantified.

Basic thermodynamics and solubility:
e Estimated solubility limits are not provided in the present study if experimental data for a par-

ticular element are not available.

e Interactions of radionuclides (and waste form components) with minor components of the
geochemical system, such as HS’, borate, organics etc. need to be included for an improved
source term estimation.

e The temperature dependences of the formation of aquatic and solid radionuclide phases need
to be studied further.

e Redox processes as function of the temperature need to be quantified, especially for actinides.

Sorption processes:
e Improved characterization and quantification of sorption processes under high ionic strength

conditions is needed in order to include this retention mechanism in source term estima-
tions.

e Temperature dependent sorption studies are required to assess sorption processes under ele-
vated temperature conditions.

In this study the concentrations of hydrocarbons and possible related reactions are not explicitly
analyzed or quantified. The presence of hydrocarbons in the Gorleben salt formation may lead to the
formation of sulfides and carbonates in the near-field environment. These reactions might also be
influenced by microbial activities. Information on microbial populations, biological activities, and
behavior under the temperature conditions of HLW and the expected strongly reducing geochemical
conditions are missing.

Furthermore, human intrusion scenarios are not addressed: Human intrusion might change the geo-

chemical boundary conditions significantly. Drilling into the disposal level will release hydrogen to
the atmosphere and may deliver oxygen and CO, gas to the disposal level.
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Annex A

Parameters for modelling the HLW glass dissolution

Tab.A-1 Parameters for the glass corrosion model after [2]
Parameter Symbol Value Units
Data for the COGEMA glass + canister
inner diameter of the canister 0.42 m
length of the canister L_kok 1.338 m
mass fraction of SiO; in the glass f Sl 0.45 -
mass (glass) Wt_gl 412 kg
density (glass) rho_gl 2.75 g/cm?®
volume (glass) V_gl 0.15 m?
length of partially filled glass cylinder L gl 1.08 m
surface area of glass filled part 1.43 m’
base area (inside) Q_gl 0.1385 m’
geometric surface of partially filled cylinder S g 1.7039 m’
surface roughness factor beta 2 -
diameter of precipitates d_Ph 1 um
void volume of the canister V_leer 0.02 m®
fraction factor 10 -
total glass surface (incl. fracture surfaces) S tot 17 m®
Canister
material steel 1.4833 -
material density rho_Beh 7.5 g/cm’
mass Wt_Beh 80 kg
wall thickness d_Stahl 0.005 m
outside diameter d_Beh 043 m
outside surface area 2.098 m’
inside surface area 2.029 m’
total surface S_Beh 4127 m?
corrosion rate of the steel r Beh 0.1 um/yr
(simplification: temperature independent) 3 g/canister/yr
HLW drillhole
diameter d Bo 0.55 m
annular gap: to be calculated d_RI 0.06 m
annular gap width Q_Ri 0.043 m?
porosity phi 03 -



Parameters for modelling the HLW glass dissolution

Parameter Symbol Value Units

tortuosity lambda 1 -

Scenario-dependent parameters

linear solution exchange rate V_adv 0-100 m/yr
max. solution reservoir V_max ?m’
time of solution contact to

number of canisters per drillhole NB

density of the solution rho_Lsg 1.1-1.35 g/cm?
composition of the solution NaCl to MgCl,-rich

initial Si concentration of the solution m_ccb 0 mol/L

General parameters

gas constant R 8.3145 J
molar weight SiO, MW_SiO2 60 g/mol
Tab.A-2 Composition of HLW glasses. COGEMA min./max. spec.: minimum and maximum val-

ues guaranteed by AREVA, CEA-R7T7: Experimentally simulated glass according to the COGEMA
specification, SON 68: Composition of a simulated glass representative for the COGEMA/AREVA
composition, BNFL Blend1: Composition of a simulated glass representative for the Sellafield vitrifica-
tion plant, GP WAK1: Composition of a simulated glass representative for the VEK glass, VEK glass:
High level radioactive waste glass from the VEK process

Oxides / % COGEMA COGEMA CEA-R7T7 SON 68 BNFL GP VEK

min. max. [34] [220] Blend 1 WAK1 glass

spec. spec. [30], “Stel- [221]

lungnahme
Nr. 5"
Sio, 42.4 51.7 46.2 45.48 47.0 50.4 50.40
Al,0; 3.6 6.6 4.9 491 1.9 2.6 2.60
B,0; 12.4 16.5 14.3 14.02 17.2 14.8 14.78
sum
Si0,+B,0;+ 60 65.4 64.31 66.1 67.8 67.78
Al,O;

Cao 3.5 4.8 4.1 4.04 - 4.5 4.54
MgO 2.1 1.80 1.97
Na,0 8.1 11.0 9.7 9.86 8.5 10.3 10.31
Li,O 1.6 2.4 2.0 1.98 4.0 2.9 2.94
TiO, 1.01
ZnO 2.2 2.8 2.5 2.50 0.002 -
sum glass
matrix com- 88.55
ponents
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Parameters for modelling the HLW glass dissolution

Oxides / % COGEMA COGEMA CEA-R7T7 SON 68 BNFL GP VEK

min. max. [34] [220] Blend 1 WAK1 glass

spec. spec. [30], “Stel- [221]

lungnahme
Nr. 5”

NiO 0.5 0.4 0.41 0.31
Cr,03 0.5 0.51 0.49 0.44
Fe,0; 4.5 2.7 291 1.0 1.87 1.68
CoO 0.12
MnO 0.72 0.34 0.06
P,0; 1.0 0.3 0.28 0.38 0.45
Zr0, 1.0 1.0 2.0 0.60
corrosion-
products/ 3.48
chemicals
uo, 1.25 0.5 0.52 0.1 1.27 1.19
ThO, 0.33 -
PuO, 0.03 0.26 <0.1 0.04
NpO, 0.0007 0.1 0.09
AmO, 0.019 0.1 0.08
actinides 1.40
waste oxides 10.6 11.25 <19.0 16.0 16.00
noble metals
RuO,+Rh+Pd 3.0 2.0 0.91 0.93
SrO 0.33 0.10 0.16
Cs,0 1.42 0.59 0.59
La,03 0.90 0.43 0.42
Ce,0; 0.93 0.34 0.63
Nd,0; 1.59 1.29 0.13
Pr,0; 0.44 0.29 0.29
Sm,0; 0.25 0.23
Eu,0; 0.026 0.03
Gd,0; 0.064 0.08
Y,0; 0.20 0.13 0.13
Sh,0; 0.004 0.002 -
TeO, 0.24 0.13 0.12
BaO 0.61 0.46 0.46
Sn0O, 0.02 0.013 0.01
Ccdo 0.03 0.016 0.02
SeO 0.02
Ag,0 0.03 0.02 0.02
TcO, 0.24
MoO; 1.7 0.89 0.93
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Annex B

Overview on the kinetic models of glass and spent fuel corrosion

1. Glass corrosion:

The model of [2] differentiates between a short-term and a long-term dissolution rate. As soon
as the solution is saturated with respect to SiO,(am) , which is usually achieved within
hours/days, the long-term corrosion rate becomes relevant. Considering the time scales of a
nuclear waste repository, the short-term rate can be neglected in a simplified approach, so

that only the long-term dissolution is accounted for (cf. Section 3.1.2):

(T) =5.6-10? -exp(_ 7397}

r longterm rate

For this approximation, the long-term corrosion rate was fitted to the temperature in K (unit of

the rate is kg m2 day™).

2. Spent Fuel corrosion:

e The instant release fraction (IRF) comprises the contribution of radionuclides released from

gaps and fissures given in % of the inventory (see Tab. A - 3).

Tab. A - 3. Best estimate values of IRF (% of total inventory) for various radionuclides for

PWR UQ, fuel (Pessimistic estimate values in brackets [67]).

Burn-up 41 48 60 75
(GWd/t HM)

fission gas 1(2) 2 (4) 4 (8) 8 (16)
“c 10 10 10 10
*cl 5 10 16 28
sy 1(2) 1(3) 1(5) 1(9)
#1c, 7pd 0.1(1) 0.1(3) 0.1(5) 0.1(9)
129) B5¢g B 1(3) 2(4) 4(8) 8 (16)

e Release from the matrix depends on the boundary conditions, e.g. H, partial pressure. With
increasing partial pressure of H,, decreasing dissolution rates have been observed (inhibi-
tion effect). However, experiments in salt brines with traces of Br  (10™ and 10~ mol
(kgH,0)™) have shown that the presence of Br significantly reduces the protective hydro-
gen effect. Considering the effect of even small concentrations of Br on the *°Sr release
rate (used as a proxy for the UO, matrix dissolution), it is recommended to use a corrosion
rate of 10™ FIAP day" for spent nuclear fuel dissolution in concentrated NaCl and MgCl,

brine at strongly reducing conditions.



Overview on the kinetic models of glass and spent fuel corrosion

e C(Cladding corrosion: See mobilization of radionuclides from CSD-C wastes (next paragraph)
3. Mobilization of radionuclides from CSD-C wastes:
Kaneko et al. [171] observed *C leach rates between 2 - 2.3x107 yr™* for the oxide layer cover-

ing the Zircaloy and 2.9 and 4.6x10°/yr™" for Zry metal. Since there is no information available
on the other radionuclides, similar leach rates are assumed.
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