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7 - ALKALINE PLUME ON CLAYEY MATERIALS 
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and Delphine PELLEGRINI (IRSN, France) 

Context and global approach 

Most designs for geological disposal facilities of long-lived radioactive waste envisage the 
use of large amounts of concretes for mechanical support of excavated drifts and, in some cases, 
as containment material. Depending on the concept, these materials will be in contact with 
swelling clays used as engineered barriers and with the argillaceous host rock. The incoming of 
host rock groundwater in concretes after the sealing of drifts will induce the degradation of 
these materials (portlandite and CSH dissolution mainly), generating a hyperalkaline water (pH > 
13 for fresh concretes, pH ~ 12.4 for evolved ones in equilibrium with portlandite, 10 < pH < 11 for 
old ones in equilibrium with CSH phases) in strong disequilibrium with clayey pore waters. As a 
result, the interaction of clayey materials with high-pH fluids may lead to a modification of their 
favourable hydraulic and chemical containment properties. Indeed, the migration of an alkaline 
plume will induce mineralogical changes that could modify the porosity, sorption properties and 
swelling capacity of clayey materials. Besides, the rise of pH could influence the solubility of 
radionuclides in clays. Therefore, the intensity and the extent of the perturbations induced by 
the alkaline plume must be assessed on the very long term (several hundred thousand years). 

The main difficulty encountered to deal with this complex problem is to predict the 
evolution of clays under an alkaline perturbation on geological times. Numerical modelling 
enables to tackle these time scales, but should indubitably be associated with laboratory 
experiments and studies of engineered and natural analogues in order to better understand the 
mineralogical pathways and to acquire thermodynamic and kinetic data needed for the 
simulations, as well as to precise the evolution of transport properties of clays under an alkaline 
stress. The present paper addresses a review of the main outcomes from each of these subjects. 
A first section is devoted to laboratory experiments, such as batch, diffusion and advection 
experiments, giving access to time scales of about one year. Observations on engineered and 
natural analogues are then described, providing information between a few years and a few 
thousands years. A third section is dedicated to numerical modelling on the very long term. 
Illustrations of these types of work carried out by the scientific community are given together 
with the associated outcomes, with a special focus on IRSN results acquired notably on 
Tournemire argillite (Aveyron, France). A particular attention is given to the uncertainties 
already underlined in precedent reviews by Gaucher et al. (2006) and in the framework of the NF-
PRO project (2008) concerning the reaction pathways (kinetic or thermodynamic control, 
reliability of data), the influence of the anionic exclusion process and the evolution of hydraulic 
properties (clogging, swelling capacity). 

Laboratory experiments 

A large number of mineralogical modifications has been observed in laboratory experiments 
on diverse clayey and concrete materials (various bentonite types or samples of argillaceous 
geological formation; pH 13-fresh concretes, pH ~ 12.4-evolved ones) in diverse conditions 
(dispersed, compacted samples). Most of them report the dissolution of montmorillonite, quartz 
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and dolomite and the precipitation of phases such as calcite, CSH and CASH. Nevertheless, the 
neoformation of other minerals, notably low kinetics minerals such as zeolites (high retention 
properties; efficient pH buffer) or illite, is also noticed but not systematically. For example, 
laboratory experiments performed on Tournemire argillite highlight the precipitation of K-
feldspar and illite, as well as Na-zeolite (Devol-Brown et al., 2007; Devol-Brown et al., 2009). It is 
worth noting that zeolites mainly precipitate on dispersed media, except in the work of 
Nakayama et al. (2004), confirmed by Yamaguchi et al. (2007), which reports the formation of 
analcime in column experiments on compacted mixtures of bentonite and sand. Furthermore, 
Savage et al. (2007) mentioned that thermodynamic data of zeolites probably overestimate their 
stability. 

Concerning the evolution of hydraulic properties of clays, the data are still scarce. Melkior et 
al. (2004) and Devol-Brown et al. (2009) confirmed the occurrence of the anionic exclusion process 
and a potential clogging of the porosity in diffusion experiments on geological argillite samples. 
Karnland et al. (2007) observed a decrease of the swelling pressure of compacted bentonite, but 
only under a strong alkaline stress (pH > 13). 

Engineered and natural analogues 

Even though their transposition to radioactive waste disposal systems is not 
straightforward, the observations on natural analogues enable to access to transformation over 
long time periods (up to one hundred thousand years). Savage et al. (2009) notably highlighted 
the dissolution of montmorillonite at mildly alkaline pH (9 < pH < 10) over 100 ky at Searles Lake 
(California). Interesting mineralogical neoformations (zeolite, illite, calcite, CSH) have also been 
observed on Jordanian natural analogues, but their hydraulic conditions prevailing over geologic 
time scales are not well-known. 

In comparison with natural analogues, the engineered ones present the drawback to access 
only to smaller time scales, but the invaluable advantage to present hydro-chemical conditions 
better known and close to those that could be encountered in a waste repository. Wersin et al. 
(2008) notably confirmed the occurrence of the anionic exclusion process in an in-situ 
experiment in Opalinus Clay (Switzerland). Tinseau et al. (2006) studied a 15-year vertical 
borehole in Tournemire sealed with concrete. Macroscopic observations showed a drastic 
change in the argillite texture and mineralogy at a distance of 1 cm from the concrete contact in 
the argillite matrix and 1.5-2 cm in decompression fractures orthogonal to the interface (see 
Figure 1). The experimental characterization highlighted three successive front zones. 
Precipitation of carbonates and ettringite occurs in the first millimetres of the concrete/argillite 
interface. C(A)SH and calcite precipitate in a second centimetric-scale zone, followed by a third 
centimetric-scale zone where calcite and possible K-feldspar overgrowth are observed. A current 
study on a 5-year engineered analogue in Tournemire highlights the emergence of a 5 mm-thick 
dark front comparable to that observed on the 15-year analogue (Techer et al. 2009), which tend 
to show that the formation of these fronts occurs progressively.  

Figure 1: Observation of a centimetric perturbation front within the argillite after 15 years of 
argillite/concrete interactions (Tinseau, personal communication) 

 



NEA/RWM/R(2012)3/REV 

APPENDIX C: WORKSHOP PAPERS 

87 

Long term modelling 

Recent works in reactive transport modelling have shown that pathways under kinetic 
control may be of concerns. In terms of results, a pure thermodynamic approach would lead to 
strong disturbances in a restricted zone located near the concrete/argillite interface, whereas a 
kinetic approach with a similar set of minerals taken into account would globally lead to 
moderate disturbances on a further distance (NF-PRO, 2008; Marty et al. 2009). This statement 
has been confirmed by the modelling of the 15-year engineered analogue mentioned above with 
the reactive transport code HYTEC (De Windt et al., 2008). Moreover, strong uncertainties remain 
due to the lack of reliable thermodynamic and kinetic data, notably related to zeolites and 
C(A)SH (Savage et al. 2007). In addition to this, calculations under thermodynamic control 
globally lead to a fast clogging of the porosity, whereas partial clogging generally occurs as an 
ongoing process under kinetic control of the concrete/clay systems on the very long term (see 
Figure 2). These uncertainties should be covered by considering both thermodynamic and kinetic 
approaches in reactive transport modelling. The influence of the anionic exclusion process is 
also not accurately well-known, which leads to another uncertainty on the diffusion coefficient, 
and thus on the extent of the perturbation. 

It is worth noting that the modelling of the concrete alteration, instead of alkaline water 
only, allows a better representation of the alkaline reservoir and thus a better description of 
interaction processes likely to occur (diffusion of solutes through the altered concrete). In 
addition to this, simulations performed in the framework of NF-PRO (2008) also indicate that the 
near-field designs (geometry and quantity of concrete components) may significantly control the 
intensity and the extent of the alkaline perturbation, which means that specific calculations will 
still be required for each waste disposal concept.  

Figure 2: Sensitivity to mineral buffering of long term calculations (low kinetic minerals not 
allowed and allowed to precipitate, resp. left and right). Mathieu et al. (2006). 

Discussion 

Concerning the mineralogical evolutions, a large number of laboratory experiments has 
been performed, providing essential information on phases likely to precipitate or dissolve due 
to the interaction of clayey materials with concrete fluids. However, some uncertainties still 
persist, notably concerning the precipitation of zeolites which are not systematically observed, 
particularly in compacted media. Numerical simulations highlighted the high sensitivity to the 
mineralogical hypotheses and a combination of both thermodynamic and kinetic approaches 
would be recommended in order to cover the uncertainties. Again, a consensus still exists on the 
need to provide accurate thermodynamic and kinetic data for numerical modelling. The 
occurrence of anionic exclusion, supposed to slow down the perturbation, has also been 
confirmed in recent studies, but its real consequence on the alkaline plume migration is still 
unclear. 
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Regarding the hydraulic properties, the diminution of the swelling pressures of compacted 
bentonite has been noticed. Besides, most experiments on compacted media and numerical 
simulations show a possible clogging of the clayey porosity. However, the influence of the 
alkaline plume on transport properties is difficult to assess; the clogging issue is still open, as 
well as the potential consequences of clayey chemical transformations on the mechanical 
properties of the argillite. At last, the influence of system heterogeneities, e.g. at the 
concrete/argillite interface, would worth further investigations. 
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