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Abstract 

The near field of the planned deep geological repository for low- and intermediate-level 

radioactive waste (L/ILW) in Switzerland will consist of different waste materials with different 

reactivities that are conditioned in cementitious matrices. Geochemical modelling was applied to 

predict the temporal evolution of the chemical conditions in a cement-stabilised model waste 

form by simulating the degradation of the waste materials and the alteration of the cementitious 

matrix. The model waste form contains large amounts of metallic waste and a low amount of 

organic waste. The geochemical modelling considered the use of either siliceous or calcareous 

aggregates for fabrication of the cementitious matrix used to condition the waste form. The 

results show that the type of aggregates has a major effect on the temporal evolution of the 

chemical conditions in the waste form. The use of calcareous aggregate instead of the commonly 

used siliceous aggregate is expected to maintain highly alkaline conditions of the waste form over 

the period of concern for the L/ILW repository. The latter conditions prevent accelerated iron 

corrosion and, related to that, accelerated H2 production from occurring due to the high pH. The 

evolution of the waste form is decisively controlled by the availability of water. In the absence of 

water ingress from the near field, the degradation process ceases as free water in the waste 

package is exhausted. In the case of saturation achieved by water ingress with time, the 

degradation processes continue over the entire period of concern for the L/ILW repository. The 

present study aims to illustrate the potential of geochemical modelling for predicting the 

temporal evolution of the chemical conditions of a  cement-stabilised waste form.  
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1. Introduction 1 

The Swiss disposal concept for low- and intermediate-level waste (L/ILW) foresees waste isolation 2 

by a multi-barrier system in a stable geologic formation (Nagra, 2002, 2016). Although the 3 

inventory of radionuclides in the L/ILW repository and the radiotoxicity associated with L/ILW are 4 

much less than those in the planned spent fuel and high-level waste repositories, the variety of 5 

waste materials with different reactivity may be of importance in conjunction with the long-term 6 

performance of the repository. The various components of the multi-barrier system of the L/ILW 7 

repository contribute to ensuring safe disposal of the waste forms for a very long period. The 8 

barriers include the waste matrix, steel drums, infill mortar, emplacement containers, the cavern 9 

backfill, the liner and the host rock. Cementitious materials will be used as encapsulants as well as 10 

backfill and construction materials. The materials will be emplaced in a manner to function as the 11 

major physical and chemical barriers to the release of radionuclides from the cementitious near 12 

field into the host rock. For safety assessment (SA) modelling it is considered that hardened 13 

cement paste of the solidifying cementitious material in waste packages and in the cavern backfill 14 

is the most important material available in the near field that is capable of retarding the migration 15 

of radionuclides. The source term for radionuclide migration from the near field into the geologic 16 

formation, which is considered the main barrier for radionuclide migration in the Swiss disposal 17 

concept, is determined by partition of radionuclides between hardened cement paste and pore 18 

solution.  19 

Very different types of materials contribute to the inventory of a cement-based L/ILW repository, 20 

such as metallic and organic wastes, conditioned in a solidifying cementitious matrix. These 21 

materials are subjected to degradation processes and therefore, it is expected that the barrier 22 

function of the near field will alter with time due to interaction of the products from waste 23 

degradation with the solidifying cementitious material. The degradation processes include i) 24 
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(bio)chemical degradation of organic wastes and the interaction of the main degradation 25 

products, CO2 (and it bases) with hydrated cement, ii) corrosion of the metallic waste materials 26 

and the interaction of corrosion products with hydrated cement, and iii) internal degradation of 27 

hydrated cement due to interaction of highly alkaline cement pore water with siliceous aggregate 28 

in the cementitious environment (Kosakowski et al., 2014; Huang et al., 2018). These processes 29 

account for the alteration of the cementitious materials of the engineered barrier by internal 30 

processes, which occur in addition to external processes. The latter processes are related to the 31 

infiltration of formation water, which is very low in claystone host rock due to diffusive transport 32 

across the cement-clay interface (e.g. Walton et al., 1997; De Windt et al., 2004; Gaucher et al., 33 

2004;  Marty et al., 2015). 34 

To the best of our knowledge the effect of waste degradation on the chemical evolution of the 35 

conditions in waste packages has not yet been explored in detail, while it was noted that state-of-36 

the-art modelling of waste container and waste package performance is required for long-term 37 

predictions in support of safety assessment (Askarieh et al., 2000; Askarieh et al., 1998; Sullivan, 38 

2004; Small and Thompson, 2008). In a previous study (Wieland et al., 2018), it was demonstrated 39 

that the long-term evolution of the chemical conditions of cemented model waste forms can be 40 

assessed by geochemical modelling using the Gibbs Energy Minimization Selektor (GEM-Selektor) 41 

software package (Kulik et al., 2013; http://gems.web.psi.ch). A consistent set of thermodynamic 42 

data for cement phases is nowadays available that allows the initial conditions in waste packages 43 

to be modelled and conversion of the cementitious materials by the degradation of wastes to be 44 

predicted as a function of time (e.g. Lothenbach et al., 2019; https://www.empa.ch/cemdata).  45 

The simulations reported in this study aim to demonstrate the potential of geochemical modelling 46 

to assess the effect and consequences of waste evolution, exemplarily illustrated for a model 47 

waste form and matrix. The approach provides important geochemical information (volume and 48 
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chemical composition of gas phase, solution and mineral assemblage) over the entire period of 49 

concern for the L/ILW repository, which is assumed to be 105 years. The approach allows the 50 

relevance of degradation processes on the evolution of the chemical conditions in waste packages 51 

to be assessed and trends in the long-term behaviour of the various waste forms to be identified. 52 

In this study, the modelling approach previously outlined by Wieland et al. (2018) was applied with 53 

the aim of addressing the effect of different types of aggregates on the temporal evolution of a 54 

decommissioning model waste form. Geochemical modelling was performed by assuming that 55 

either siliceous or calcareous aggregates are employed for fabrication of the cementitious material 56 

used for waste encapsulation. Otherwise, the same concepts and model parameters were applied 57 

as previously reported by Wieland et al. (2018). The modelling approach assumes that all materials 58 

are evenly distributed inside a waste package, i.e. homogenised in accordance with a “mixing 59 

tank” and further that transport processes are not rate-limiting. As a consequence of this, the 60 

modelling approach does not provide information on the spatially resolved evolution of the 61 

chemical conditions in a waste package and, in particular, it does not account for the effect of gas 62 

production on transport processes in the waste package. It is to be noted that gas production and 63 

transport processes could significantly affect the time scales reported in this study for the 64 

chemical evolution of the waste form. Furthermore, the observed processes cannot be up-scaled 65 

to the repository-level as the model does not account for chemical interaction of the conditioned 66 

waste matrix with the container and the surrounding cavern materials. 67 

2. Waste form 68 

2.1 Inventory 69 

A potential waste form produced during decommissioning of nuclear power plants was considered 70 

for this study. The material inventory listed in Table 1 has been selected from the database for a 71 

model waste form (Nagra, 2014).  72 
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The waste materials will be stored in a concrete container, which has a total volume of 5.95 m3, 73 

and stabilised by the solidifying cementitious material. The waste form mainly contains metallic 74 

waste, such as steel (5930 kg), cast iron (210 kg), copper (139 kg), brass (124 kg), aluminium (3.17 75 

kg) and zinc (0.557 kg). The inventory of organic materials is comparably low, i.e. comprising small 76 

amounts of low molecular weight (LMW) organics (12.92 kg), polyvinyl chloride (PVC) (0.752 kg), 77 

and urea (4.49 kg). 78 

Table 1: Materials present in the model waste form (Nagra, 2014). 79 

Material Mass (kg) Material Mass (kg) 

Aluminium 3.17 Polyvinyl chloride (PVC) 0.752 

Brass 124 Quartz sand 1950 

Cement (unhydrated) 1250 Silica fume (“Micropoz”) 375 

Clinoptilolite 187 Steel 5930 

Copper 139 Urea 4.49 

Iron (cast) 210 Water 757 

LMW organics 12.92 Zinc 0.557 
 80 

2.2 Materials used for fabrication of the solidifying cementitious matrix 81 

The solidifying cementitious material is made at a water/binder (w/b) ratio of ~ 0.42 (binder 82 

materials: sulphate-resisting ordinary Portland cement (OPC), clinoptilolite, silica fume as given in 83 

Table 2) and using quartz sand as aggregate in the original formulation (Table 1).  84 

Addition of clinoptilolite, a natural zeolite, is considered to improve Cs retention while silica fume 85 

(“Micropoz”) is added to reduce the volume of free water. According to the MIRAM 14 databases 86 

(Modellhaftes Inventar für RAdioaktive Materialien) quartz sand is used as siliceous aggregate for 87 

fabrication of the solidifying cementitious matrix (Nagra, 2014). In this study it was assumed that 88 

siliceous aggregate can be replaced by calcareous aggregate (limestone). Note that only the 89 

solidifying cementitious matrix inside the container was considered, while other concrete 90 

structures, in particular concrete of the emplacement container, were ignored. 91 
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Table 2: Materials used for fabrication of the solidifying cementitious material. 92 

 Mass (kg)a 

Mix Original Alternative 

 Water 757 757 

 Binders   

 - HTS cement (unhydrated) 1250 1250 

 - Silica fume (“Micropoz”)b 375 375 

 - Clinoptiloliteb 187 187 

Gluconic acid (Na form)c (3.12) (3.12) 

Quartz sand 1950  

Calcareous aggregate  1950 

a  Only the solidifying cementitious material was considered for the modelling, thus implying that the emplacement 93 
container for this waste form was not considered; 94 

b  Silica fume and clinoptilolite were assumed to have the same reactivity during hydration; 95 
c  Gluconic acid (superplasticizer) was not considered for modelling the initial conditions. 96 

2.3 Composition of sulphate-resisting OPC 97 

Chemical and normative phase compositions of the HTS CEM I 52.5 cement (HTS = Haute Teneur 98 

en Silice, Lafarge, France) listed in Table 3 have been taken from earlier studies (Lothenbach and 99 

Wieland, 2006; Berner, 2009). The aluminate and ferrite contents are relatively low, and the 100 

cement has been classified as sulphate-resistant. The contents of Li2O and Rb2O are very low and, 101 

for the sake of simplification, they were assigned to the Na2O content. 102 

The mineral composition of cement paste has not been reported in the MIRAM 14 databases 103 

(Nagra, 2014). This information was gained by thermodynamic modelling of cement hydration in 104 

accordance with earlier work (Lothenbach and Wieland, 2006; Berner, 2009). 105 

2.4 Metals 106 

Steel and cast iron are the most important metallic waste materials present in this waste form, 107 

while the inventories of aluminium, brass, copper and zinc are comparatively small. It was 108 

assumed that all steel is present as carbon steel (89.4 wt.% of steel inventory) and consists of pure 109 

iron. This is a conservative assumption as a small portion of the metallic waste will be stainless 110 
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steel (10.6 wt.% of steel inventory) (Diomidis et al., 2016). Brass is a CuZn alloy, and for modelling 111 

purposes, a Cu:Zn 1:1 stoichiometry (molar ratio) was assumed. All metals except copper were 112 

considered to be susceptible to anoxic corrosion, while no corrosion rates were available for 113 

copper (Diomidis, 2014). Hence, copper was considered to be subject to instantaneous reaction. 114 

Table 3: Chemical and normative phase compositions of HTS CEM I 52.5 N  115 

according to Lothenbach and Wieland (2006) and Berner (2009). 116 

Chemical 

Analysis 

HTS 

(g/100 g) 

Normative composition HTS 

(g/100 g) 

CaOa 66.15 Alited (C3S) 61 

SiO2 22.3 Belited  (C2S) 18 

Al2O3 2.7 Aluminated (C3A) 3.9 

Fe2O3 1.9 Ferrited (C4AF) 5.8 

MgO 0.85 CaO (free) 0.45 

SrO 0.16 CaCO3 3.7 

BaO 0.002 Gypsum (CaSO4·2H2O) 1.3 

K2O 0.22 Hemihydrite (CaSO4·0.5H2O) 1.1 

Na2Ob 0.19 Anhydrite (CaSO4) 1.5 

CO2 1.6 K2SO4 0.14 

SO3 2.2 Na2SO4 0.09 

LOIc 1.728 K2O 0.14 

  Na2O 0.09 

  MgO 0.85 

  SrO 0.16 

  BaO 0.002 

  SO3 0.01 
a  Reactive CaO also contains 0.45 g/100 g free lime. 117 
b  The amount of Na2O also accounts for Li2O (0.03 % =10.04 mmol/g) and Rb2O as Li and Rb is not considered in the 118 

calculations; 119 
c  Loss on ignition (LOI) is not specified and considered as “inert phase” with the properties of quartz (Berner, 2009). 120 
d Cement notation: C = CaO, S = SiO2, A = Al2O3, F = Fe2O3 121 
 122 
2.5 Organics  123 

Low-molecular-weight organics comprise small, readily degradable molecules, such as 124 

diethanolamine, formaldehyde, gluconic acid, methanol, melamine resins, surfactants etc. For 125 

modelling purposes, the amount of urea was assigned to the inventory of LMW organics. PVC was 126 
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the only slowly degrading polymeric material present in this waste form. 127 

3. Degradation processes 128 

3.1 Decomposition of organic matter 129 

For SA, two broad categories of organic wastes have been classified: a) readily degrading organic 130 

compounds, such as cellulose and LMW organics (e.g. detergents, surfactants, cement admixtures 131 

etc.) and b) slowly degrading polymeric organic materials, such as acrylic glass, bitumen, plastics, 132 

polystyrene, PVC, resins, and rubber that may be resistant to complete degradation (Wiborgh et 133 

al., 1986; Nagra, 2008). Decomposition of organic waste materials, presumably catalysed by 134 

microbes, will produce methane (CH4) and carbon dioxide (CO2) as follows: 135 

LMW organics: C2H4O2 = CO2 + CH4   PVC: 4 C2H3Cl + 6 H2O = 3 CO2 + 5 CH4 + 4 HCl 136 

The reaction stoichiometries have been developed on the basis of the following assumptions: 1) 137 

acetic acid (CH3COOH) is the surrogate for LMW organics, and 2) polymeric PVC is decomposed 138 

into its monomeric component (C2H3Cl) (Wieland et al., 2018). Hence, organic matter is 139 

characterised in terms of the mean oxidation state of carbon and the carbon content, which were 140 

determined from the monomeric components of the polymeric materials. The oxidation state of 141 

carbon corresponds to the reduction capacity of organic matter, and determines the ratio of CH4 142 

to CO2 produced during decomposition. The carbon content determines the total volume of CH4 143 

and CO2 produced in the course of decomposition. Details of the material properties and 144 

implementation for modelling purposes are reported elsewhere (Wieland et al., 2018). 145 

The degradation rates of organic matter were estimated on the basis of currently used reference 146 

gas generation rates for SA (Wiborgh et al., 1986). The reference rates per year (annum: a) were 147 

0.07 mol kg-1 a-1 in case of the readily degrading materials (e.g. LMW organics) and 0.005 mol kg-1 148 

a-1 in case of the slowly degrading materials (e.g. PVC). From investigations of gas generation rates 149 

of actual mixed wastes in both brine and cementitious waters it was claimed that gas generation 150 
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rates could be more than an order of magnitude lower than the above reference values  (Kannen 151 

and Müller, 1999). Furthermore, the rates imply the possibility of microbial degradation of organic 152 

matter, which is limited in strongly alkaline conditions although the latter are unlikely to prevent 153 

microbial activity from occurring. 154 

The reference gas generation rates expressed in terms of moles of gas produced per kilogram 155 

organic matter per year (mol kg-1 a-1) can be converted into a first-order degradation kinetics of 156 

the organics (Wieland et al., 2018): 157 

   m(t) = m(0)⋅ e−kDt  (mol)  (1) 158 

 m(0): Initial inventory of organic matter (mol) 159 

 kD: Degradation rate constant (a-1) 160 

The rate constants were estimated to be kD = 2.10·10-3 a-1 for LMW organic matter and kD = 161 

3.91·10-5 a-1 for PVC (Wieland et al., 2018), respectively. The degradation rates are consistent with 162 

those used for modelling gas generation in a deep geological repository (Poller et al., 2016). 163 

Hence, LMW organics are predicted to decompose almost completely (1% residual inventory) 164 

within about 2200 years, while the decomposition of PVC is much slower, i.e. a 1% residual 165 

inventory is achieved in about 1.2·105 years (Figure 1).  166 

The proposed model for the decomposition of readily degrading organic matter is supported by 167 

experimental evidence. The rate constant of hydrolysis of reactive cellulose was estimated to be 168 

1.35·10-3 a-1 from modelling gas production in small-scale laboratory experiments (Small et al., 169 

2006) and 4.73·10-4 a-1 from modelling a large-scale gas generation experiment (Small et al., 2017). 170 

The rate constant used for the decomposition of readily degrading LMW organic matter in this 171 

study (2.10·10-3 a-1) is thus in good agreement with the available experimental data. Note, 172 

however, that the hydrolysis constant reported by Small and co-workers refers to gas generation 173 

under near-neutral pH conditions. This suggests that the constant used in this study may 174 

overestimate the degradation of LMW organics in strongly alkaline conditions, while it seems to be 175 
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suitable for modelling the degradation of organics under the conditions of a degraded 176 

cementitious matrix. 177 

  To the best of our knowledge, degradation rates for slowly degrading organic matter have not yet 178 

been reported. It is expected that the degradation of PVC is very unlikely to occur in anaerobic, 179 

strongly alkaline conditions and at limited water availability, while it has been noted that well 180 

supported experimental data are lacking (Warthmann et al., 2013). Small et al. (2006) estimated 181 

the rate constant of hydrolysis of less reactive, polymeric cellulose to be  182 

1.35·10-4 a-1. These authors considered hydrolysis as the rate-determining step during cellulose 183 

degradation. The rate determined by Small et al. (2006) is less than a factor 4 higher as compared 184 

to the value used for the degradation of PVC in this study. The decomposition model for organic 185 

matter anticipates that readily degradable organic compounds, such as reactive cellulose and 186 

other LMW organic materials, decompose within a few thousand years in anaerobic, strongly 187 

alkaline conditions, while PVC (and other polymeric materials) persist over a much longer time, i.e. 188 

at least up to a few ten thousand years. 189 

 190 

Figure 1: Kinetics of the degradation of LMW organics and PVC. 191 
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3.2 Carbonation of cementitious materials 192 

Carbon dioxide (CO2) produced during the decomposition of organic matter dissolves in the 193 

alkaline porewater, deprotonates to form its bases (HCO3
2-, CO3

2-) and, upon supersaturation, 194 

precipitates as calcium carbonate. The latter reaction gives rise to the conversion of Ca-bearing 195 

cement phases, in particular portlandite (Ca(OH)2) and C-S-H phases (xCaO· SiO2· nH2O) into 196 

calcium carbonate. Reaction of CO2 with the main Ca-bearing phases can be expressed as follows: 197 

Ca(OH)2(s) + CO2 (aq)  ⇔   CaCO3(s) + H2O  (2) 198 

(CaO)1.667· SiO2·  (H2O)2.1(s) + 1.667 CO2(aq)  ⇔   1.667 CaCO3(s)  + SiO2(s) + 2.1 H2O (3) 199 

(CaO)0.833· SiO2·  (H2O)1.33(s) + 0.833 CO2(aq)  ⇔   0.833 CaCO3(s)  + SiO2(s) + 1.33 H2O (4) 200 

The stoichiometry shows that water is released during carbonation in addition to SiO2 and it plays 201 

an important role in the kinetics of carbonation processes. Carbonation requires water, which acts 202 

as a catalyst, even though the reactions releases water from a stoichiometric perspective. 203 

Carbonation was found to be most efficient at a humidity of 50-70% (Lagerblad, 2005). 204 

3.3 Corrosion of metals 205 

A cement-stabilised waste form likely contains a small volume of air due to voids and air-filled 206 

porosity present in the waste package, while no information on the exact volume of air is 207 

available. Hence, oxic corrosion of metals is likely to occur in the early stage of the evolution of the 208 

waste form. This stage will be short as the inventory of oxygen is limited and residual oxygen will 209 

be consumed shortly after sealing the waste package. Thus oxic corrosion of metals is negligible 210 

and the corrosion of metals will be anoxic in humid/wet conditions in the long term, which 211 

produces hydrogen gas (H2(g)) according to the following reactions: 212 

Aluminium: Al(s) + 3 H2O(l) → Al(OH)3(s) + 3/2 H2(g) 213 

Brass: CuZn(s) + 4 H2O(l) →  Zn(OH)2(s) + Cu(OH)2(s) + 2 H2(g) 214 

Iron/steel: 3 Fe(s) + 4 H2O(l) → Fe3O4(s)+ 4 H2(g) 215 

Zinc: Zn(s) + 2 H2O(l) → Zn(OH)2(s) + H2(g) 216 
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Time-dependent metal corrosion can be represented by a zero-order kinetics: 217 

   mFe(t) =mFe(0) −kt  (mol) (5a) 218 

 k: pH-dependent and surface area-adapted constant (mol a-1) 219 

 mFe(0): Initial inventory of metal (mol) 220 

with 
⋅ ⋅ρ= R A

k
M

 (5b) 221 

 R: Steady-state corrosion rate of metal (m a-1) (Table 4) 222 

 A:  Surface area of metal in the waste form (m2) (Table 4) 223 

 ρ: Density of metal (Fe = 7855 kg m-3; Al = 2710 kg m-3,  224 

  Zn = 7130 kg m-3, brass = 8400 kg m-3) 225 

 M:  Molar mass of metal (Fe = 0.05585 kg mol-1, Al = 0.02698 kg mol-1, 226 

  Zn = 0.06539 kg mol-1, brass: 0.06447 kg mol-1 (1:1 Cu:Zn stoichiometry) 227 

The steady-state corrosion rates correspond to reference values currently used for modelling the 228 

gas generation in deep geological repositories (Diomidis, 2014; Diomidis et al., 2016; Poller et al., 229 

2016). MIRAM 14 databases also include a compilation of the surface areas of the various metallic 230 

wastes (Nagra, 2014). This information was used to calculate the effective corrosion rates of 231 

metals in the waste form (Table 4). The modelling approach does not account for changes in the 232 

specific surface areas of the materials with time on the basis of specific geometric models, thus 233 

implying that surface areas are constant in the course of the temporal evolution of the waste 234 

form. 235 

Table 4:  Corrosion rates, surface areas and kinetic constants used for simulating the corrosion 236 

of aluminium, brass, iron/steel and zinc. 237 

 Ra 

(m a-1) 

Surface areab  

 (m2) 

kc 

(mol s-1) 

Aluminium 1.0·10-5 2.350 7.48·10-8 

Brass 1.0·10-4 29.60 1.22·10-5 

Iron/steel alkaline conditions (pH ≥ 10.5) 2.0·10-8 413.78 3.68·10-8 

Iron/steel near-neutral conditions (pH < 10.5) 2.0·10-6 413.78 3.68·10-6 

Zinc 1.0·10-4 3.12 1.08·10-6 
a  Table 4.4 in Diomidis (2014); 238 
b  Surface areas as given in Nagra (2014); 239 
c  Estimated from Eq.(5b). 240 
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3.4 Internal degradation of cementitious material 241 

The modelling scenario implies that the solidifying cementitious material will be fabricated either 242 

by using siliceous aggregate (e.g. quartz sand, sand etc.) or calcareous aggregate (e.g. limestone), 243 

respectively (Table 2). The presence of significant amounts of alkali hydroxides in the HTS cement 244 

gives rise to a high pH of the pore solution, which promotes the dissolution of siliceous aggregates 245 

in a cementitious environment. Silica release from siliceous aggregates is a commonly observed 246 

process in ageing cementitious material structures (e.g. Bérubé et al., 2000). In contrast, calcite is 247 

very stable in cementitious environments and therefore, the use of calcareous aggregate does not 248 

promote internal degradation of cementitious material. 249 

The dissolution kinetics of quartz, used as a surrogate for siliceous aggregate (sand), can be 250 

expressed in terms of a (simplified) pH-dependent rate as reported by Palandri and Kharaka (2004) 251 

for neutral and alkaline conditions: 252 

 ( ) ( )( )+
−= = − Ω + − Ω0.5

dis 1 2 H

dm
R (t) A k 1 k a 1

dt
       (mol s-1) (6) 253 

 A: Reactive surface area (m2) 254 

 k:  Rate constants in neutral (k1) and alkaline (k2) conditions (mol s-1 m-2)  255 

  log k1 = -13.99; log k2 = -16.29 256 

 aH
+:  Activity of protons 257 

 Ω:  Saturation index 258 

The dissolution rate depends on the saturation index, Ω, which gradually changes from 0 to 1 259 

while approaching equilibrium. 260 

In this study the mass of siliceous aggregate (quartz) is considered to decrease by zero-order 261 

kinetics: 262 

2 2SiO SiOm (t) m (0) A(t)* k * t= − ⋅ ⋅         (mol)                                            (7) 
 

2SiOm (0) : Initial inventory of siliceous aggregate (mol) 263 

 A(t)*: Time-dependent reactive surface area (m2) (
2SiOA(t)* m (t) A(t)= ⋅ ) with  264 

  A(t) as the molar area of the solid (m2/mol) 265 
 k*: ( ) ( )0.5

1 2 H
k* k 1 k a 1+

−= − Ω + − Ω  (mol s-1 m-2) 266 
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Changes in the surface area and pH modify the dissolution rate. The specific surface area (As in 267 

m2/g) is expected to increase with time as the size of particles decreases with time. In contrast, a 268 

decrease of the reactive surface area has been proposed elsewhere (Cochepin et al., 2008). 269 

However, it is currently uncertain as to what extent the reactive surface area actually changes in 270 

the course of the dissolution of siliceous aggregate. While the specific surface area increases with 271 

time, the reactive surface area per moles of particles may not significantly change with time due 272 

to precipitation of secondary phases on the surface of aggregates. In view of the latter 273 

uncertainty, the reactive surface area per moles of particles was assumed to be constant, i.e. A(t) 274 

= A(0) = constant in Eq. (7). Grain size and inventory of the aggregate used to fabricate the 275 

solidifying cementitious material are listed in Table 5. 276 

Table 5:  Aggregate: Inventory, grain size, and initial surface area. 277 

Inventory of 

aggregatea 

 

(kg) 

Grain size 

diameterb 

 

(mm) 

Initial surface 

areac   

A(0) 

(m2) 

Initial GEMS 

surface aread 

A(0) 

(m2 mol-1) 

1971.58 1.5 2976.00 9.07⋅10-2 

a  See Table 7. The inventory of aggregate corresponds to that of aggregate added (Table 1) plus the LOI of cement 278 
(Table 3); 279 
b  Estimated grain size; 280 
c Estimated for the inventory of aggregates by assuming spheres at the given grain size; 281 
d  Reactive surface area (A(0)) as implemented in GEMS. 282 

4. Modelling approach 283 

4.1 Geochemical modelling set-up 284 

The geochemical modelling set-up corresponds to that reported elsewhere (Wieland et al., 2018): 285 

1) The GEM-Selektor (GEMS) v3.3 code was used (Kulik et al., 2013); 286 

2)  The basic thermodynamic properties of the aqueous species, the minerals and cement phases 287 

were assigned according to the Nagra/PSI thermodynamic database (Hummel et al., 2002; 288 

Thoenen et al., 2014) and the CEMDATA 14.01 database (Lothenbach et al., 2012b); 289 
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3)  Uptake of alkalis by C-S-H phases was modelled using an ideal solid solution model between 290 

jennite, tobermorite, [(KOH)2.5SiO2H2O]0.2 and [(NaOH)2.5SiO2H2O]0.2, and the thermodynamic 291 

properties listed in Wieland et al. (2018) that had previously been derived by Kulik et al. (2007) 292 

and Lothenbach et al. (2012a); 293 

4)  Thermodynamic properties of zeolites were selected from the Thermoddem database (Blanc et 294 

al., 2012); 295 

5)  Thermodynamic data of Zn and Cu species were selected from the SUPCRT92 database 296 

(Helgeson et al., 1978; Johnson et al., 1992); 297 

6)  Thermodynamic data of chloride salts were selected from the SUPCRT92 database (halite, 298 

sylvite) and according to Robie and Hemingway (1995) (chloromagnesite, hydrophilite and 299 

laurencite); 300 

7)  Modelling was performed at standard conditions (T = 25°C and 1 bar); 301 

8)  Ionic strength corrections in GEMS were calculated based on the built-in extended Debye-302 

Hückel equation applicable up to about I = 1 M (parameters: ai = 3.31 Å, by = 0.098 for NaOH 303 

electrolyte at 25 °C). 304 

Thermodynamic properties of the relevant species are listed elsewhere (Kosakowski and Berner, 305 

2013). Minerals and cement phases found to be relevant for this study are listed in Table 6. The 306 

inventories of some minerals were found to be very low compared to the main minerals and 307 

cement phases, such as pyrite, zincite, sphalerite, cuprite and chalcocite. Nevertheless, they are 308 

displayed in the plots, although hardly visible, in order to account for the products formed in the 309 

presence of brass, copper and zinc. In addition to the minerals listed in Table 6, the formation of 310 

other minerals was observed, such as celestite, strontianite, barite and witherite. These minerals 311 

are not displayed, as their amounts are small due to the low Sr and Ba contents of cement. 312 
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4.2 Cement paste 313 

Thermodynamic modelling of the hydration process was carried out to quantify the mineral 314 

composition and important solution parameters of the solidifying cementitious material at 315 

equilibrium. Kinetics of the hydration process was not taken into account as it is plausible to 316 

assume that the hydration process is completed within a short period of time compared to the 317 

period of concern for the L/ILW repository (105 years). Furthermore, it was assumed that both 318 

silica fume and clinoptilolite are supplementary materials with the same reactivity, and therefore, 319 

completely dissolve in the course of the hydration process. The input parameters used for 320 

modelling cement hydration are listed in Table 2 (siliceous aggregate in normal type, calcareous 321 

aggregate in italic type) and Table 3. The results are discussed below. 322 

4.3 Simplifications 323 

1) Copper was treated in terms of equilibrium chemistry (instantaneous reaction), while the 324 

dissolution of aluminium, brass, iron/steel and zinc was controlled by kinetics.  325 

2) Thermodynamic data of both magnetite (Fe3O4) and hydromagnetite (Fe3O4·2H2O) were 326 

included in the thermodynamic database, thus taking into account also the higher solubility of 327 

hydromagnetite (Kosakowski and Berner, 2013). Note, however, that the total mass of magnetite 328 

and hydromagnetite is displayed.  329 

3) The total mass of Mg-bearing carbonates (dolomite and magnesite) is shown. 330 

4) The formation of zeolites was either allowed or suppressed with the aim of assessing the effect 331 

of zeolite formation on the chemical evolution of the waste form. The inventory of zeolites is given 332 

in terms of the total amount of all zeolite-type minerals that were formed. Zeolite formation in 333 

cementitious systems was considered previously by Kosakowski and Berner (2013), and the 334 

subject is further discussed in Lothenbach et al. (2017). 335 
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Table 6:  Important minerals and cement phases of the mineral assemblage. The 336 

thermodynamic properties are listed in Kosakowski and Berner (2013). 337 

Mineral Composition Mineral Composition 

Calcite CaCO3(cr) Gibbsite Al(OH)3(s) 

C-S-H see text Kaolinite Al2Si2O5(OH)4(s) 

Portlandite Ca(OH)2(cr) Quartz SiO2(cr) 

(Al/Fe)-Si Hydro-

garnet ss 

Ca3(Al/Fe)2(SiO2)O6·4H2O am. Silica SiO2(s) 

Ettringite Ca6Al2(SO4)3(OH)12·26H2O Zeolites  

Strätlingite 

AFm phases e.g. 

Ca2Al2(SiO2)(OH)10·3H2O 

 

- Analcime 

- Clinoptilolite 

NaAl(Si2O6)·H2O 

Ca3(Al6Si30)O72·20H2O 

- Monocarbonate Ca4Al 2(CO3)O6·11H2O - Chabazite (Ca0.5,Na,K)4[Al4Si8O24]·12H2O 

- Friedel’s salt Ca4Al 2Cl2(OH)12·4H2O  - Scolecite CaAl2Si3O10·3H2O 

- Kuzel’s salt Ca4Al 2Cl(SO4)0.5(OH)12·6H2O - Laumontite Ca(AlSi2O6)2·4H2O 

Hydrotalcite Mg4Al2(OH)14·3H2O - Ca-Phillipsite Ca3Al6Si10O32·12H2O 

Magnetite Fe3O4 - K-Phillipsite K6Al6Si10O32·12H2O 

Hydromagnetite Fe3O4·2H2O(s) - Na-Phillipsite Na6Al6Si10O32·12H2O 

Pyrite FeS2(cr)   

Siderite FeCO3(cr) Chloride salts  

Dolomite CaMg(CO3)2(cr) - Halite NaCl(cr) 

Magnesite MgCO3(cr) - Sylvite KCl(cr) 

Zincite ZnO(cr) - Chloromagn. MgCl2(cr) 

Sphalerite ZnS(cr) - Hydrophilite CaCl2(cr) 

Cuprite Cu2O(cr) - Laurencite FeCl2(cr) 

Chalcocite Cu2S(cr)   

4.4 Modelling strategy 338 

The modelling approach corresponds to that reported earlier by Wieland et al. (2018). It is based 339 

on the following step-by-step procedure:  340 

i) The inventory of waste materials was selected from the MIRAM database and arranged for 341 

the geochemical modelling, e.g. by combining urea and LMW organics;  342 

ii) The initial composition of the solidifying cementitious material used for conditioning the 343 

waste was modelled;  344 

iii) The effect of the degradation of organic waste materials, metal corrosion and internal 345 

degradation of cementitious material in the presence of siliceous aggregate on the 346 
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temporal evolution of the chemical condition in the waste package was modelled. Note 347 

that the latter process is not relevant in the case of calcareous aggregate. 348 

Three modelling scenarios were considered: 1) use of either siliceous or calcareous aggregate; 2) 349 

formation or absence, respectively, of zeolites; 3) limited and unlimited water availability. 350 

5. Results 351 

5.1 Initial conditions 352 

The phase assemblage and solution composition of the solidifying cementitious material 353 

corresponds to a “low pH” cement (Table 7). According to the thermodynamic calculations, 354 

portlandite was completely converted into C-S-H phases (calcium silicate hydrate with variable 355 

composition) by the addition of large amounts of silica fume and clinoptilolite (Table 2). Note that 356 

portlandite was formed in the first stage of the hydration process, while it was consumed by 357 

pozzolanic reaction with siliceous materials in the subsequent stage. The initial pH was 12.68 and 358 

the Ca/Si ratio of the C-S-H phases was relatively low (Ca/Si ratio = 1.01). Ettringite (AFt, Al2O3-359 

Fe2O3-tri phase), Al/Fe siliceous hydrogarnet (Fe(III)-bearing phase), hydrotalcite (Mg-bearing 360 

phase), and calcite were the main constituents of the cement paste in addition to C-S-H phases 361 

(Table 7). Interestingly, the formation of AFm phases (Al2O3-Fe2O3-mono phases) was not 362 

observed likely due to the relatively large SO3/Al2O3 ratio of the cement. The Eh value was positive 363 

(0.45 V), indicating initially oxidising conditions (Table 7). Replacing siliceous by calcareous 364 

aggregate had, besides differences in the quartz and calcite inventories, no significant effect on 365 

the composition of the hydrate assemblage, as well as on the composition of the pore solution at 366 

equilibrium. It should be noted that modelling the composition of the solidifying cementitious 367 

material implicitly assumes that the time required to reach the equilibrium state of the cement 368 

paste is much shorter than the period of concern for the L/ILW repository. 369 

 370 
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Table 7: Initial conditions of the cementitious matrix with either siliceous (quartz) or calcareous 371 

aggregate (limestone). Thermodynamic calculations were performed using the input 372 

data listed in Tables 2 and 3. 373 

Cementitious material mix Quartz Limestone 

 - w/c ratioa 0.61 0.61 

 - w/b ratioa 0.47 0.47 

 - cement/aggregate ratio 0.64 0.64 

 - bulk density (g cm-3) 2.33 2.35 

 - dry density (g cm-3) 2.50 2.52 

 - total volume (dm3) 1941.16 1924.40 

 - total mass (aq. + sol.) (kg) 4518.97 4519.00 

 - pH  12.68 12.68 

 - Eh (V)b 0.45 0.45 

 - Ionic strength (mol kg-1) 0.172 0.172 

Solids and aqueous phase Quartz Limestone 

 Mass (kg) 

 - Portlandite 0 0 

 - C-S-H 1891.53 1891.53 

   - Ca/Si ratio 1.01 1.01 

 - Ettringite 140.10 140.10 

 - Al/Fe-Si hydrogarnet 220.50 220.50 

 - Hydrotalcite 29.22 29.22 

 - Calcite 45.47 1995.47 

 - Barite 3.8⋅10-2  3.8⋅10-2 

 Quartz
c 1971.58 21.60 

 Aqueous phase 220.55 220.55 
a  w/c ratio: water-to-cement ratio, w/b ratio: water-to-binder ratio (= cement plus silica fume plus clinoptilolite); 374 
b  Eh: Electrode potential relative to standard hydrogen electrode (SHE); 375 
c  Quartz accounts for the total inventory of quartz sand and sand as listed in Table 1. The difference between input 376 

data for inert quartz (Table 1) and the output can be attributed to the loss on ignition (LOI) of HTS cement (Table 3) 377 
which was assumed to be an “inert phase” with the properties of quartz (Berner, 2009). 378 

 379 

5.2 Chemical evolution at limited water availability 380 

Geochemical modelling of the waste form was performed on the assumption that only free water 381 

entrapped in the waste package was available for reaction (Figures 2 and 3). This assumption 382 

implies that the containment of the waste form remains “intact” and that water cannot enter the 383 
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waste package. Hence, the amount of water in the waste package corresponds to water entrapped 384 

in the pore space of the solidifying cementitious material. As the amount of free water was 385 

limited, the reactivity of this waste form ceased already at ~ 1500 years, if siliceous aggregate was 386 

used for fabrication of the solidifying cementitious material and zeolites were formed (Figure 2). 387 

At this point in time, the reactivity of the waste form came to a halt according to the 388 

thermodynamic calculations and the pH remained stable. Metal corrosion was the dominant 389 

water-consuming reaction, as the inventories of organic materials (LMW, PVC) were low 390 

compared to the total material inventory. Thus, iron/steel corrosion consumed water and limited 391 

the reactivity of this waste form (Figure 2).  392 

The absence of portlandite lowered the pH at which the buffering capacity of the cement paste 393 

was active, which had an effect on the pH evolution (Figure 2d). According to the current 394 

modelling assumption, portlandite was not formed during cement hydration (Table 7) due to the 395 

large amount of silica fume and clinoptilolite added (Table 2). Quartz sand with a relatively low 396 

particle size was used as siliceous aggregate, which is the main Si source of the waste form (Tables 397 

2 and 5). Siliceous aggregates dissolve in the highly alkaline cement pore water with time, which 398 

allowed for a continuous conversion of C-S-H phases with an intermediate Ca/Si ratio (1.01) into C-399 

S-H phases with a low Ca/Si ratio (0.79) (Figure 6). Zeolites were thermodynamically stable at ~ 400 

200 years (Figure 2b) as a result of a pH drop below 12.5 and due to the presence of a Si source. 401 

The pH steadily dropped from initially 12.68 to ~ 10.5 as a result of alkali uptake by zeolites and 402 

the low Ca/Si C-S-H phases, which is reflected by a continuous decrease of the aqueous alkali 403 

concentration (Figures 2d/e). Iron/steel corrosion was accelerated below pH 10.5. The influence of 404 

zeolites on the pH evolution was observed when modelling the same system on the assumption 405 

that zeolite formation was inhibited (data not shown). In this case, pH > 10.5 was maintained over 406 

the entire period of reactivity of the waste form. 407 

 408 
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 412 
Figure 2:  Time-dependent evolution of the waste form at limited water content, siliceous 413 

aggregate, and possible formation of zeolites, a) waste materials and aggregate (left) 414 

and zoom in (right), b) cement phases and minerals (left) and zoom in (right), c) gas 415 

production, d) pH and Eh, e) major cations (T-Ca = total Ca), f) major anions (T-CO3 = 416 

total carbonate; T-SiO2 = total silica). 417 
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Temporal evolution of the mineral composition of cement paste revealed thermodynamic 418 

instability of all cement phases, except C-S-H phases, before ~ 400 years (Figure 2b). At the early 419 

stage, the main cement phases were ettringite (AFt), Al/Fe siliceous hydrogarnet, hydrotalcite and 420 

C-S-H phases, while strätlingite was formed as an intermediate phase. 421 

Hydrogen was the main gaseous compound, while only traces of CH4 were produced because of 422 

the low inventory of organic materials (Figure 2c, Table 1). As a consequence, also the amount of 423 

CO2 produced with time was low and therefore, carbonation of C-S-H phases was limited. 424 

Hydrogen gas production drastically accelerated at ~ 1300 years, once the pH dropped below 10.5 425 

due to the factor 100 higher corrosion rate of iron/steel at these conditions (Figures 2c/d).   426 

The redox potential dropped from +0.45 V to values ranging between -0.51 V and -0.65 V as a 427 

result of O2 consumption by oxic corrosion already in the early stage of the evolution of the waste 428 

form (Figure 2d). Reducing conditions stabilised the S(-II) redox state at the expense of S(VI) and 429 

therefore, HS- was the main aqueous sulphur species (Figure 2f). The reduction of S(VI) to sulphur 430 

species with lower oxidations states was observed in Fe(0)-containing slag cements, suggesting 431 

that the reduction may not be kinetically hindered in iron/steel-containing waste forms (e.g. 432 

Lothenbach and Gruskovnjak, 2007; Gruskovnjak et al., 2011). As a consequence, ettringite, which 433 

is the main SO4
2- source in cement paste, was destabilised with time. The aqueous Cl- 434 

concentration continuously increased as a result of PVC degradation in all scenarios. Nevertheless, 435 

the maximum Cl- concentration was below 0.1 M due to the low inventory of PVC (Figure 2f). Na+ 436 

was the main charge-compensating cation in all conditions (Figure 2e). 437 

Temporal evolution of the chemical conditions of the waste form with calcareous aggregate 438 

revealed notable differences compared to the waste form containing siliceous aggregate (compare 439 

Figures 2 and 3). Reactivity of the waste form was extended to ~ 8500 years due to limited water 440 

availability and zeolites were not formed in the presence of calcareous aggregate (Figure 3b). The 441 

absence of a substantial Si source (i.e. siliceous aggregate) and the high pH prevented zeolite           442 
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Figure 3:  Time-dependent evolution of the waste form at limited water content, calcareous 447 

aggregate, and possible formation of zeolites, a) waste materials and aggregate (left) 448 

and zoom in (right), b) cement phases and minerals (left) and zoom in (right), c) gas 449 

production, d) pH and Eh, e) major cations (T-Ca = total Ca), f) major anions (T-CO3 = 450 

total carbonate; T-SiO2 = total silica). 451 
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formation (Figure 3d). As a consequence of this, the pH was stabilised above 10.5, and H2 was 452 

continuously produced in accordance with the slow corrosion of iron/steel at pH ≥ 10.5. The 453 

apparent decrease of pH after ~ 8000 years is a consequence of significant reduction of the small 454 

amount of free water available in the waste package, which resulted in a strong increase in the Cl- 455 

concentration. 456 

The use of calcareous instead of siliceous aggregate had an effect on the evolution of the mineral 457 

assemblage, besides the absence of zeolites (Figure 3b). Magnetite was steadily formed with time 458 

due to slow corrosion of iron/steel in the highly alkaline cement porewater and Al/Fe siliceous 459 

hydrogarnet was thermodynamically stable over the entire period of time to the end of reactivity 460 

of the waste form. C-S-H was the dominant cement phase. The Ca/Si ratio of C-S-H changed only 461 

slightly from initially 1.01 to 0.96 after ~ 8500 years as a result of the small amount of quartz that 462 

was present in the waste form (associated with LOI). The pH was stabilised above 12.5 as the 463 

major sinks for the alkalis, i.e. zeolites and C-S-H phases with a low Ca/Si ratio, were absent. The 464 

aqueous alkali concentration was high over the entire period of reactivity of the waste form. 465 

The modelling results may be of limited accuracy at the very end of the reactivity of the waste 466 

form for both scenarios, i.e. with siliceous and calcareous aggregates, due to the very limited 467 

amount of water available in this stage. For example, the aqueous concentrations of all solutes 468 

may be strongly increased which results in ionic strengths > 1 mol/kg, the threshold molality 469 

allowed for activity corrections with the applied Debye-Hückel approach. Furthermore, the strong 470 

increase in the Cl- concentration may affect the corrosion rate of steel and iron, while little is 471 

known about the degradation kinetics and dissolution of silicates in brine-like conditions. Hence, 472 

the model predictions available for the last few time steps before the reactivity of the waste form 473 

comes to a halt, i.e. beyond 1400 years in the scenario with siliceous aggregate and beyond 8000 474 

years in the scenario with calcareous aggregate, are associated with large uncertainties.  475 
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5.3 Chemical evolution at unlimited water availability 476 

Geochemical modelling of the waste form at unlimited water availability accounts for the 477 

temporal evolution of the chemical conditions over the entire period of concern for the L/ILW 478 

repository. Unlimited water availability implies that the containment of this waste form does not 479 

remain “intact”, and gas can escape (and enter) through one or more small openings or by vents, 480 

such as small holes drilled in the walls of the drums (mm diameter or smaller). In this case, 481 

availability of water is not limited by free water in the waste package, but by the humidity outside 482 

the containment and vapour transport from the surrounding backfill into the waste package.  483 

As previously mentioned, the corrosion of iron/steel was completed within less than a few 484 

thousand years once pH dropped below 10.5 in the system with siliceous aggregate (Figure 4). 485 

With calcareous aggregate, however, iron/steel corrosion proceeded at the very low rate assigned 486 

to highly alkaline conditions (i.e. pH ~ 12.7) (Figure 5c). The gas phase was mainly composed of H2 487 

in the long term, as the inventory of organics, producing CO2 and CH4 during decomposition of 488 

organic matter, was low.  489 

Temporal evolution of the mineral composition revealed that all cement phases, with the 490 

exception of C-S-H phases, were chemically unstable already in the very early stage of the 491 

evolution of this waste form, i.e. before ~ 400 years. C-S-H phases, however, were present over 492 

the entire period of concern for the L/ILW repository, also in the waste form containing siliceous 493 

aggregate (Figure 4b). In the long term, in the modelling scenario with siliceous aggregate, the 494 

main constituents of the mineral assemblage were C-S-H phases, quartz and magnetite in addition 495 

to small amounts of calcite and zeolites. In the modelling scenario with calcareous aggregate, the 496 

main constituents were C-S-H phases, calcite and magnetite in addition to small amounts of Al/Fe 497 

siliceous hydrogarnet and quartz. Hydrotalcite, gibbsite, zincite, sphalerite, cuprite and chalcocite 498 

were found to be minor constituents of the mineral assemblage in all modelling scenarios.  499 
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Figure 4:  Time-dependent evolution of the waste form at unlimited water content, siliceous 504 

aggregate, and possible formation of zeolites, a) waste materials and aggregate, b) 505 

cement phases and minerals, c) gas production, d) pH and Eh, e) major cations (T-Ca = 506 

total Ca), f) major anions (T-CO3 = total carbonate; T-SiO2 = total silica). 507 
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Figure 5:  Time-dependent evolution of the waste form at unlimited water content, calcareous 512 

aggregate, and possible formation of zeolites, a) waste materials and aggregate, b) 513 

cement phases and minerals, c) gas production, d) pH and Eh, e) major cations (T-Ca = 514 

total Ca), f) major anions (T-CO3 = total carbonate; T-SiO2 = total silica). 515 
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In the long term, the porewater chemistry was dominated by Cl- as anion and Na+ as the charge-516 

compensating cation in solution for both systems, i.e. with either siliceous or calcareous 517 

aggregate, respectively (Figures 4e/f and 5e/f). Note that Cl- was steadily released to solution by 518 

the degradation of PVC. The pH dropped to either ~ 9.9 in the system with siliceous aggregate, 519 

while the pH was buffered at ~ 12.7 in the waste form with calcareous aggregate (Figures 4d and 520 

5d). In the latter case, Na+ uptake by C-S-H phases and zeolites was limited and OH- was an 521 

important aqueous anionic species in addition to Cl-. In both systems, the Eh ranged between -0.45 522 

V and -0.64 V in the long term (Figures 4d and 5d). Reducing conditions stabilised the S(-II) redox 523 

state at the expense of S(VI). Thus, HS- was the dominant aqueous sulphur species, and its 524 

concentration was controlled by the solubility of sphalerite and chalcocite. 525 

6. Discussion 526 

The relevant processes of waste degradation include the corrosion of metals (aluminium, brass, 527 

iron, steel, zinc), the decomposition of organic materials and subsequent carbonation of 528 

cementitious material as well as the dissolution of siliceous aggregate (quartz). These processes, 529 

and, in particular, the interaction of the reaction products (e.g. CO2) with the cement matrix, 530 

determine the long-term evolution of the chemical conditions of the waste form.  531 

Geochemical modelling enables us to assess the long-term behaviour of the specific waste form 532 

considered in this study in view of the following initial conditions: 533 

Absence of portlandite: The initial hydrate assemblage of cement pastes is composed of main 534 

cement phases, in particular C-S-H phases, ettringite, Al/Fe siliceous hydrogarnet, hydrotalcite and 535 

calcite while portlandite is absent. Significant amounts of silica fume (“Micropoz”; 375 kg) and less 536 

clinoptilolite (187 kg) are added during fabrication of the solidifying cementitious material and, as 537 

a consequence, portlandite is completely converted into C-S-H phases during cement hydration. 538 

Thus, the composition of the hydrate assemblage corresponds to that of a cement paste reported 539 
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for so-called “low pH” cements (e.g. Cau Dit Coumes et al., 2006; Garcia Calvo et al., 2010; 540 

Lothenbach et al., 2014; Rossen et al., 2015). The absence of portlandite significantly reduces the 541 

pH at which the pH buffering capacity of the cement paste is active. The Ca/Si ratio of C-S-H 542 

phases is lower than in a portlandite-containing cement paste, which lowers the initial equilibrium 543 

pH to 12.68 (Table 7).  Thus, the cement paste of the solidifying cementitious matrix has already 544 

reached an altered stage in the degradation process of cements compared to a cement paste 545 

prepared in the absence of large amounts of supplementary cementitious materials. It has to be 546 

noted that the same reactivity has been assigned to silica fume (micron-sized) and clinoptilolite 547 

(sand grade) in this study, which is a conservative assumption as it may overestimate the reactivity 548 

of clinoptilolite and therefore, the availability of silica in the pozzolanic reaction. Further 549 

assessment of the current modelling approach will also require an alternative scenario to be 550 

considered where clinoptilolite has the same reactivity as siliceous aggregates with comparable 551 

grain size rather than the reactivity of a supplementary cementitious material. 552 

Water availability: The availability of water determines the period of time over which the waste 553 

form is reactive because all degradation reactions (metal corrosion, decomposition of organics, 554 

dissolution of siliceous aggregate) consume water, while carbonation is the only reaction releasing 555 

water. The pore water of cementitious material is likely to provide a connected water phase, 556 

which allows diffusion of water and solutes in the waste package. With time, however, water is 557 

consumed by the aforementioned reactions and gas is produced. After some time, water 558 

flow/diffusion could be inhibited as pores are filled with gas or, to some extent, carbonate as a 559 

result of carbonation, given that water is available to catalyse carbonation. Replacing siliceous by 560 

calcareous aggregate extends the period of reactivity of the waste form in the modelling scenario 561 

with limited water availability. The latter scenario implies that only water entrapped during waste 562 

conditioning in the pore space of the solidifying cementitious material is available for waste 563 
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degradation and dissolution of siliceous aggregate. The period of water availability is mainly 564 

determined by iron/steel corrosion, as water is rapidly consumed once accelerated iron/steel 565 

corrosion starts. Note that iron/steel corrosion is completed within a few hundred up to few 566 

thousand years once pH drops below 10.5. The period of water availability is prolonged in the 567 

presence of calcareous aggregate as conditions remain highly alkaline, thus preventing accelerated 568 

iron/steel corrosion. 569 

Overall, the evolution of pH in the waste form is a key factor determining the progress of 570 

iron/steel corrosion and the mineral composition of the cementitious backfill. The evolution of pH 571 

is controlled by the following processes:  572 

Carbonation: The production of CO2 by the decomposition of organic matter and conversion of the 573 

Ca-containing cement phases into calcite by carbonation governs the evolution of the chemical 574 

conditions of those waste forms with large inventories of degrading organic waste (Wieland et al., 575 

2018). The degradation of organics may take place by microbial activity while hydrolysis of the 576 

organics is the rate-determining step (Small et al., 2008). Microbially mediated decomposition of 577 

organic matter could occur as the amounts of substrates (carbon source) and oxidants (electron 578 

acceptors) that are present in the waste matrix are considered to be large (Leupin et al., 2016). In 579 

contrast, however, microbial activity could be limited because of the harsh living conditions in a 580 

cementitious environment at pH 12 and above, while microbiological niches with a lower pH value 581 

could exist due to local heterogeneities in the waste form. Thus, an overall assessment of whether 582 

the degradation of organics occurs predominantly by chemical or microbial processes is presently 583 

difficult on the basis of the available information. For this study, it was assumed that i) the 584 

decomposition of organic matter is complete, ii) CO2 and CH4 production does not depend on pH, 585 

and iii) the degradation processes of readily and slowly degrading organics can be represented by 586 

the simplified models outline in section 3.1. In a previous study, it was further observed that the 587 
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type of aggregate has only a minor effect on the temporal evolution of the chemical conditions in 588 

waste forms with a large inventory of organic matter (Wieland, 2019). The waste form considered 589 

in this study has a low inventory of organics and therefore, carbonation is not a determining factor 590 

in the course of the evolution of this waste form. 591 

Zeolite formation: Zeolites play an important role in controlling the pH evolution in addition to 592 

continuous conversion of C-S-H phases. Alkalis are taken up into the structure of some zeolites 593 

(Table 6) and therefore, formation of zeolites results in a steady decrease of the aqueous alkali 594 

concentration. The favourable effect of calcareous aggregate on the pH evolution and the 595 

prevention of zeolite formation is highlighted for the waste form considered in this study. Zeolites 596 

start forming already after ~ 200 years in the modelling scenario with siliceous aggregate, while 597 

zeolites are not formed in the presence of calcareous aggregate. The latter observation shows that 598 

the use of calcareous aggregate may prevent zeolite formation. 599 

C-S-H phases: Replacing siliceous by calcareous aggregate influences the chemical composition of 600 

the C-S-H phases with time. Siliceous aggregate is chemically not stable in the highly alkaline 601 

cement pore water and progressively dissolves. Silica released in the course of the dissolution of 602 

siliceous aggregate reacts with C-S-H phases, thus converting C-S-H phases with a high Ca/Si ratio 603 

into C-S-H phases with a low Ca/Si ratio (Figure 6). The formation of C-S-H phases with a low Ca/Si 604 

ratio furthers alkali uptake. Hong and Glasser (1999) showed that alkali binding into C-S-H phases 605 

improves with decreasing Ca/Si ratio. This observation is further supported by recent studies (Bach 606 

et al., 2013; L’Hôpital et al., 2016). As a result, the pH decreases in those systems where the alkalis 607 

are the main cations in solution and OH- is the main charge-compensating anion. 608 
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 609 
Figure 6:  Time dependence of the Ca/Si ratio of C-S-H phases using siliceous or calcareous 610 

aggregates, respectively, for fabrication of the solidifying cementitious material. 611 

The modelling further shows that C-S-H phases might persist in both systems, i.e. the waste forms 612 

produced with either siliceous or calcareous aggregates, respectively, over the entire period of 613 

concern for an L/ILW repository (105 years). C-S-H phases are the most important component of 614 

cementitious materials and, further, the most important sorbing material in the cement matrix for 615 

metal cations. Therefore, C-S-H phases play a decisive role in the retardation of cationic 616 

radionuclides due to their presence in the waste form over a very long period of time. 617 

Presence of Cl
-
: The degradation of PVC imposes an additional constraint on the evolution of the 618 

chemical conditions of this waste form. Cl- is continuously released in the course of PVC 619 

degradation, which gives rise to continuous increase in the aqueous Cl- concentration. The 620 

progressively increasing Cl- concentration has an influence on the pH evolution over time. Cl- 621 

becomes the main charge-compensating anion in solution instead of OH-, which reduces the OH- 622 

concentration in solution and thus the pH. 623 
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Modelling the long-term evolution of the waste form has been conducted on the assumption that 624 

water availability is not limited due to ingress of humidity through openings and vents. It should 625 

be noted that the transport of vapour could be influenced by gas produced in the waste package.  626 

The containment of the waste form thus plays a key role in the transport of water, solutes and gas 627 

between the different compartments, i.e. from the emplacement container and further into the 628 

backfill of the near field. The following findings are important in connection with the long-term 629 

evolution of the waste form:  630 

Gas production: Corrosion of iron/steel is the main source of gas production (H2) as the inventory  631 

of organics (giving rise to CH4 production) is very low in this waste form. The temporal evolution 632 

clearly reflects the consequences of the assumptions made regarding the pH dependence of the 633 

corrosions rates, i.e. a factor 100 difference between the rates above and below pH 10.5. This 634 

assumption is based on our current knowledge about the dependence of corrosion rates on pH as 635 

reliable data are available at strongly alkaline conditions (typically pH > 12) and near-neutral 636 

conditions. To the best of our knowledge, however, no reliable data have been reported for the 637 

intermediate pH range. Nevertheless, a scenario for the temporal evolution of gas production can 638 

be anticipated by tentatively assuming a steady decrease in the corrosion rate with deceasing pH 639 

(linear interpolation between the two rates listed in Table 4). A linear increase in the corrosion 640 

rate with decreasing pH would result in larger gas volumes produced in the pH range between 641 

12.68 (initial pH of waste form) and 10.5.  For example, the H2 production displayed in Figure 2c 642 

would be higher in the time period up to ~ 1300 years compared to present model. Nevertheless, 643 

once pH drops below pH 10.5 after ~ 1300 years, corrosion proceeds in accordance with a rate of 2 644 

µm/a assigned to the pH range < 10.5 (Table 4). As a result, steel/iron corrosion is still completed 645 

within a few thousand years, as depicted in Figure 4c, which has been predicted based on the 646 

current model, i.e. two distinct rates assigned to pH above and below 10.5. Hence, the conclusions 647 



 34

drawn from the modelling are still sound at pH < 10.5, while they must be reconsidered regarding 648 

the temporal evolution of H2 production in the pH range 10.5 to 12.68.  649 

The current modelling approach specifically highlights the consequences on gas production by the 650 

type of aggregates used. Replacing siliceous by calcareous aggregates prevents the conversion of 651 

C-S-H phases with a high Ca/Si ratio into C-S-H phases with a low Ca/Si ratio, and also zeolite 652 

formation, as no additional silica source is available. Using siliceous aggregate results in a drop in 653 

pH below 10.5 and accelerated iron/steel corrosion coinciding with the production of a large H2 654 

volume within a short period of time compared to the period of concern for the L/ILW repository 655 

(Figure 7). Nevertheless, both processes are inhibited by using calcareous aggregate. 656 

Consequently, the pH is stabilised above the threshold value for accelerated iron/steel corrosion 657 

and therefore, the production of H2 proceeds continuously at the very slow corrosion anticipated 658 

in strongly alkaline conditions over the period of concern for the L/ILW repository. 659 

Waste volume: The degradation of organic waste produces gaseous CH4 and CO2. As a result of the 660 

formation of gaseous compounds, the volume of organic waste decreases with time. In contrast, 661 

iron/steel corrosion produces large volumes of H2 and magnetite as corrosion product. For the 662 

model waste form considered in this study the reduction in the waste volume by the degradation 663 

of organic matter is negligible, while the formation of corrosion products increases the waste 664 

volume due to differences in the molar volume of iron and magnetite. The internal stress 665 

associated with the overall increase in volume may affect the mechanical stability of the waste 666 

form, in particular causing crack formation in the concrete casing. The overall volume changes may 667 

further have an effect on porosity of the waste form and consequently on water transport inside 668 

the container.  It was noted that the extent of changes in the volume of a waste form depends on 669 

the iron/steel inventory and the ratio between the inventories of organic matter and iron/steel 670 

(Wieland et al., 2018). 671 
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 672 

 673 

 674 

Figure 7:  Temporal evolution of gas phase and pH in presence of a) siliceous aggregates and b) 675 

calcareous aggregates.  Note that different scales of the x-axes are applied to the 676 

systems with siliceous and calcareous aggregates. 677 

 678 
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7. Conclusions 679 

The chemical processes responsible for the degradation of waste materials and the solidifying 680 

cementitious material are i) corrosion of metals (aluminium, brass, iron, steel, zinc), ii) 681 

decomposition of organic compounds (LMW and polymeric materials), iii) carbonation of 682 

cementitious materials and corrosion products, and iv) internal degradation of the solidifying 683 

cementitious material by the dissolution of siliceous aggregate. The present study demonstrates 684 

that geochemical modelling by using the Gibbs Energy Minimization Selektor (GEM-Selektor) 685 

software package allows the long-term evolution of the chemical conditions in waste forms to be 686 

assessed for different design options, for example the replacement of siliceous by calcareous 687 

aggregate for fabrication of the solidifying cementitious material. The results suggest that 688 

adequate knowledge of internal degradation processes in waste forms provides supporting 689 

information in connection with an overall assessment of the long-term safety of an L/ILW 690 

repository. For example, using calcareous aggregate instead of siliceous aggregate for fabrication 691 

of the solidifying cementitious material allows highly alkaline conditions in the waste form to be 692 

maintained over the period of concern for the L/ILW repository. 693 

Geochemical modelling further shows that water plays a decisive role in waste degradation.  All 694 

the aforementioned degradation processes are water-consuming reactions except carbonation, 695 

which releases water. In the absence of water ingress from the near field, the degradation 696 

processes come to a halt once free water in the waste package is exhausted. In a saturated system 697 

achieved by water ingress, however, the degradation processes continue over the entire period of 698 

concern for the L/ILW repository.  699 

The geochemical modelling approach reported in this study provides a tool for an overall 700 

assessment of the relevance and consequences of the individual chemical processes that govern 701 

the chemical evolution of a waste form. Various initial conditions and model assumptions can be 702 
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considered, such as varying waste inventories and varying compositions of the solidifying 703 

(conditioning) cementitious material, as it has been demonstrated for the model waste form used 704 

in the present case study. Thus, it is believed that the proposed modelling approach is well suited 705 

for “screening” applications, while it is of limited use for realistic predictions of the long-term 706 

evolution of waste forms in time and space. In particular, the approach does not provide 707 

information on the spatially resolved evolution of the chemical conditions in a waste package, as it 708 

is based on the concept of a “mixing tank”. Furthermore, the current approach does not account 709 

for the effect of gas production on transport processes in the waste package, which requires new 710 

developments in the framework of coupled two-phase reactive transport modelling (e.g. Huang et 711 

al., 2018). 712 
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Highlights 

• Geochemical modelling allows prediction of the chemical evolution of waste forms 

• The model waste form consists of waste materials conditioned in a cementitious matrix 

• Degradation of waste and dissolution of aggregate determine the chemical evolution 

• The type of aggregate has a strong effect on the chemical evolution  

• Calcareous aggregates maintain the strongly alkaline conditions in the waste form 
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