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4 - IMPLICATIONS OF CEMENTITIOUS EVOLUTION FOR SOLUBILITY AND RETENTION 
OF RADIONUCLIDES OVER LONG TIMESCALES 

Steve WILLIAMS and Simon NORRIS (NDA) UK 

Introduction 

Cementitious materials are used in a number of roles in the long–term management and 
disposal of radioactive wastes (Nirex 2001). Such materials may be present (depending on the 
facility design) as: 

• wasteform - in-package grouting materials and package design materials; 

• backfill material; 

• shotcrete and other vault lining technologies that could be employed during construction 
and operation; 

• engineered seals; and 

• structural features e.g. floor slabs. 

The roles of these various components in relation to the development of safety cases in the 
context of the management of higher activity wastes in the UK is considered in an 
accompanying presentation (Norris and Williams 2009). One of the roles of a cementitious 
backfill is to contribute to the post-closure retention of radionuclides within a disposal facility by 
imposing conditions under which the solubility of many elements is minimised and by providing 
sites for sorption from solution. Waste encapsulation grouts contribute to the containment of 
radionuclides within waste packages in addition to the physical containment provided by the 
waste container. 

In the engineered barrier system (EBS) of a cement-based disposal facility the key processes 
affecting radionuclide behaviour after closure will be release from the wasteform through 
leaching and transport through the engineered barrier system. These will be influenced by 
solubility limitation (dissolution, precipitation/co-precipitation) and by sorption contributing to 
the chemical containment provided by the EBS.  Resaturation of the EBS will determine the onset 
of release of radionuclides from a waste package.  Water will eventually enter a waste package 
through features such as vents, where present, or due to eventual penetration of the container 
by corrosion. Thus, the chemical containment provided by the highly alkaline environment (and 
low redox conditions) plays an important role in the long-term retention of many radionuclides 
and a key requirement of a cementitious backfill is the ability to maintain these conditions in 
the long- term. 

Evolution of a cement-based EBS 

The evolution of the mineralogy of cementitious materials, and hence their properties 
contributing to physical and chemical barrier performance within the EBS, will be driven by a 
number of processes including (Chambers et al. 2003): 

• dissolution of cements in flowing groundwater and reactions with groundwater solutes; 
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• transformation of metastable minerals to more stable and crystalline forms including 
continuing hydration and hydrothermal alteration; 

• reactions between cementitious materials of different compositions (e.g. backfill and 
waste encapsulation grouts); 

• reactions between cementitious materials, wastes and their degradation products, and 
non-cementitious wasteforms; 

• development of spatial heterogeneity in the EBS through cracking, precipitation of new 
mineral and development of preferential groundwater flow. 

A description of the evolution of pH within a homogeneous near field can be based on 
models of the dissolution of cements combined with a groundwater composition and expected 
flow rate. As a basis for such models the pH evolution for the leaching of a calcium hydroxide 
/CSH system in pure water can be broadly characterised by a period of dissolution of calcium 
hydroxide (approximately pH 12.5), followed by incongruent dissolution of CSH (pH decreasing 
from 12.5 to about 10.5) and then congruent dissolution of CSH at about pH 10.5 until the CSH is 
exhausted.  Based on this simple description it is possible to maintain pH values of 10.5 or above 
for hundreds of thousands of years for representative groundwater flow rates through a 
homogeneous deep underground repository concept. The presence or absence of calcium 
hydroxide in the cement and the initial composition of the CSH gel will depend on the 
formulation. 

In reactive groundwaters this behaviour will be modified, for example by the precipitation 
of magnesium hydroxide or calcium carbonate. Reactions with wasteform grouts of different 
compositions from the backfill will lead to changes in mineralogical composition. Such changes 
can be accompanied by changes to the porosity and permeability in the affected region. Cracking 
within the backfill can lead to localised water flow along the cracks and preferential leaching or 
the deposition of reaction products. The alteration of material in the body of the cement will be 
influenced by the rate of migration to or from the surface of the crack. Thus the transport 
properties of the crack surfaces will impact on the chemical buffering of groundwater flowing 
along the crack and alteration of the backfill. The leaching of minerals from a cementitious 
backfill, their conversion to more stable and crystalline forms and the formation of new products 
can all alter sorption properties. 

The distribution of backfill and waste in a repository will be heterogeneous and the 
evolution of the backfill will also display spatial and temporal heterogeneity.  Different types of 
heterogeneity will be significant over different length scales and the timescales over which they 
are important will also vary. Diffusion and dispersion will lead to a trend of decreasing 
heterogeneity with time. The chemical containment provided by the components of the EBS is 
assumed to be established on a timescale that is short compared to that over which 
radionuclides whose behaviour is determined by the chemistry of the near field are released. 
Developing understanding in order to support this assumption and the expected evolution of the 
near field is important as part of including appropriate uncertainty in performance assessment 
calculations. 

Radionuclide solubility and the evolution of a cement-based EBS 

Having considered the processes and trends in the evolution of the EBS, the possible 
implications for radionuclide solubility can be considered.  Key influences on solubility control 
will be the aqueous conditions, and hence the speciation of dissolved radionuclides, and the 
nature of the solid phases containing those radionuclides. “Fresh” cements generally result in 
pore waters with a high pH and low carbonate concentration controlled by the precipitation of 
calcium carbonate. Hydrolysis is an important control on the solubility under these conditions 
and work over several decades by a number of workers under a range of programmes has 
provided data to enable the solubility of the hydroxides and calcium salts of many elements to 
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be modelled accurately. The importance of solubility-control for individual radionuclides will 
depend on the total inventory of the element (and its availability) and its aqueous chemistry. 

Much of the experimental data for the solubilities of phases in contact with cement-
equilibrated waters comes from laboratory experiments in which the solids are amorphous or 
have compositions which may not be the most thermodynamically stable due to kinetics of 
reaction (e.g. the possible long-term formation of uranium silicates). In these cases the long-term 
aqueous concentration above the solid is likely to be lower than that based upon observations 
from laboratory experiments. Such ageing and incorporation processes are expected to be 
beneficial in reducing the release from the EBS. However, demonstrating such processes and 
obtaining robust quantitative data is challenging. 

As the pH in the near field decreases over the very long–term species other than hydroxide 
may become important in controlling the aqueous speciation, for example carbonate is an 
important complexant at lower pH values. Although organic complexants such as EDTA would 
be expected to become more important complexants as competition from hydroxyl decreased, 
they would be expected to have been leached from the EBS before the pH had decreased 
significantly. 

Radionuclide sorption and the evolution of a cement-based EBS 

The importance of most retention/retardation processes varies from radionuclide to 
radionuclide.  For example, some radionuclides are sorbed strongly, and consequently migrate 
slowly from an EBS, whereas others are sorbed very weakly. The nature and extent of sorption is 
determined by the speciation of radionuclide and the surface properties of the sorbing surface. 
In general the study of specific sorption processes is more difficult in cement systems than for 
single minerals and thus sorption is used as a generic term to cover all uptake processes where a 
radionuclide is partitioned between a cement and the solution. Most data for radionuclide 
sorption onto cements have been obtained on relatively young materials. However, some studies 
have been made for CSH gels and some leached systems which extend the data to low pH.  

Treatment of uncertainty in solubility and sorption in performance assessment calculations 

The objective of radionuclide solubility and sorption studies in a needs–driven research 
programme is to provide an understanding that is sufficient and suitable to justify the simplified 
representations that are made in assessment models. The EBS is a complex system that needs to 
be considered over very long timescales and this introduces inevitable uncertainty in the 
expected chemical evolution that contributes associated uncertainty in radionuclide behaviour. 

In order to treat such uncertainty in performance assessment calculations it important that 
is represented adequately in the input data. One approach to this that has been employed in the 
UK programme is to undertake a formal structured data elicitation to obtain a cumulative 
distribution function for the parameter of interest (Phillips and Wisbey 1993). An example of a 
CDF for the solubility of uranium(VI) in a cementitious environment is given below (Swan and 
Jackson 2007). 
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Figure 1: Elicited CDF for solubility of uranium(VI) in  pH range 9 to 12.3 

 

An alternative approach is to review available data corresponding to the chemical 
conditions of interest and provide best estimate, lower bound and upper bound values based on 
these data. Such an approach has been used recently to obtain sorption parameters in support of 
performance assessment calculations for the development of a near-surface disposal facility in 
Belgium (Wang et al. 2009). 

Conclusions 

The chemical containment provided by a cementitious EBS is important in long–term post-
closure performance and the general characteristics of the evolution of this EBS are understood. 
Research continues to address detailed aspects of evolution in order to underpin understanding 
of the possible impact on radionuclide behaviour. However, the EBS is a complex system that 
needs to be considered over very long timescales. This introduces inevitable uncertainties in 
radionuclide behaviour that need to taken into account when considering input data for 
performance assessment calculations. These uncertainties can be captured through the use of 
expert groups to review available data in the context of the expected evolution of the system. 
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