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Figure 2  Molar chemical composition of bentonite (MX-80). 

Introduction
The  long-term  transformation  of  montmorillonite  to 
non-swelling  minerals  is  addressed  in  most  safety 
assessments by evaluating the smectite to illite reaction.  
This reaction is usually shown to be unfavourable on 
the  grounds  of  mass  balance  (insufficient  K+)  and 
sluggish kinetics. However, illitisation is only one of a 
number of transformation reactions that could occur. 
It is likely that different alteration reactions will occur 
in the buffer at the interfaces with waste package and 
rock, so alteration will be spatially-variable (e.g. Marty 
et  al.,  2010;  Fig.  1).   Eventual  perforation  of  waste 
packages may lead to significant changes in bentonite 
pore fluids due to exposure of their contents (e.g. waste 
glass,  spent  fuel,  cast  iron canister  insert),  leading to 
‘spikes’  in  SiO2(aq)  and  Fe2+  and  thus  temporally-
variable alteration reactions. 
The relative importance of potential reactions needs to 
be assessed from the following perspectives:  
•  mass balance (is there enough of a key reactant?); 
•  mass action (is the reaction thermodynamically                
favourable?); and 
•  kinetics (is it fast enough to be significant?).

Mass balance
Bentonite buffers are dominated chemically by Si,  Al, 
H2O, and to lesser extent, Mg and Na (Figure 2).  From 
this perspective, the most likely transformations are:
•  Mg-rich sheet silicates, such as saponite or chlorite;
•  zeolites.
Interfaces  with  materials  such  as  steel  (in  waste 
packages, structural elements) and cement/concrete (as 
fracture grouts, tunnel plugs) would mean that (local) 
transformations  would  also  include  Fe-(alumino) 
silicates and zeolites.

Fig. 5 Silica activities of waters from Ocean Drilling Program sites 794 
and 795  and saturation  curves  for  amorphous  silica,  the  smectite-to-
illite  reaction,  and  quartz.   From  Karnland  and  Birgersson  (2006), 
modified from Abercrombie et al. (1994).

Kinetics
Perez and Boles (2005) have produced a compilation of 
kinetic data for the growth of albite (feldspar), analcime 
(zeolite-like feldspathoid), smectite to illite, and quartz 
(Figure 4).  At temperatures < 100 °C, the smectite to 
illite  reaction  is  the  slowest  of  these  reactions,  with 
analcime being the fastest.   The growth rate constant 
for  analcime  is  <  10-16  mol  cm-2  s-1  at  T  <  100  °C, 
demonstrating  that  even  this  reaction  will  be  slow. 
However,  these  data  suggest  that  the  growth  of 
feldspar and/or zeolite will be faster than the smectite 
to illite reaction.

Fig. 3 Reaction-path for pore fluids in a bentonite buffer in fractured hard 
rocks  for  the  system  Na2O-K2O-CaO-MgO-Al2O3-SiO2-CO2-H2O, 
constructed  using  ‘Geochemist’s  Workbench’  and  LLNL  database 
‘thermo.com.V8.R6.230’.  Activities  of  aqueous  species:  albite  (Na+); 
microcline (K+);  kaolinite (Al3);  Ca-saponite (Mg2+);  and calcite (Ca2+).     
f CO2(g) = 10-5 bars  (Coudrain-Ribstein et al., 1998). Conclusions

•  Mass  balance,  mass  action  and  kinetic  constraints 
show that illitisation of smectite is unlikely to be a 
major alteration pathway  in a repository.  

•  Reactions involving zeolites and Fe-aluminosilicates 
are  more  likely,  but  may  vary  spatially  and 
temporally across buffer and backfill.

•  Scoping  calculations  cannot  capture  the  complex 
reactions occurring over the long-term. 

•  Models  should  address  key  controls  of  mass 
balance,  mass  action  and  kinetics  in  a  spatially-, 
temporally-, and thermally-variable framework.

Mass action
An illustrative reaction-path for a bentonite buffer  in 
fractured  hard  rocks  is  shown  in  Figure  3.   Initial 
conditions  are  shown  by  point  A,  where  Na-
montmorillonite  is  stable1.   The  thermal  pulse  from 
emplaced waste is described by the reaction-path A to 
B,  where  it  would  stabilise  zeolite  minerals  such  as 
laumontite.  Point B is defined by quartz solubility at a 
temperature  of  100  °C,  reflecting  the  greater  rate  of 
growth of quartz at higher temperature.  This thermal 
pulse is anticipated to last for a few hundred years at 
most and would limit the conversion of clay to zeolite 
(kinetic constraint).  Point C is defined by the solubility 
of  amorphous  silica  at  15  °C,  reflecting  the  likely 
prolonged supersaturation of pore fluids with respect 
to quartz and chalcedony at low temperature.

1However, note that natural systems would suggest that montmorillonite 
is not stable in fluids with SiO2(aq) < amorphous silica (Fig. 5).
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Fig. 4 Compilation of rate constant data for a number of aluminosilicate 
reactions:  smectite to illite (Huang et al., 1993); albite growth (Knauss 
and Wolery,  1986);  albitisation (Perez and Boles,  2005);  quartz growth 
(Walderhaug,  1994);  and  analcime  growth  (Wilkin  and  Barnes,  2000).  
Modified from Perez and Boles (2005).
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A further important conclusion from Figure 2-2 is that K-montmorillonite and quartz cannot 
coexist in equilibrium, since the silica activity of quartz is too low. Amorphous silica, on the 
contrary, stabilizes montmorillonite with respect to silica activity. The conditions are again 
different with respect to sodium, since high charged Na-montmorillonite is stable at lower silica 
activities and actually may coexist with quartz.

An overarching conclusion from a thermodynamic perspective is that silica activity and potas-
sium concentration are of major importance for the stability of montmorillonite, and if quartz 
can precipitate in the presence of potassium, montmorillonite will not be thermodynamically 
stable, and will start to transform. 

2.3 Transformation processes
The typical montmorillonite transformation processes seems to preserve the 2:1-mineral 
structure. The reaction thus implies a path in the stability diagram directed upwards and to  
the left in Figure 2-2 which is also the direction found in numerous natural analogs.

The process results in a mineral with less silica and more aluminum in the tetrahedral sheets 
compared to the original montmorillonite. The aluminum source may be accessory minerals 
(e.g. feldspar) or the montmorillonite itself by congruent dissolution. The Al for Si substitution 
leads to a tetrahedral layer charge increase, which normally is compensated for by interlayer 
cations. If the charge increase progresses far enough, the electrostatic forces will eventually 
overcome the cation hydrating forces with a resulting interlayer collapse. Potassium has the 
lowest critical charge and collapsed high charged potassium montmorillonite (illite) is logically, 
by far, the most common transformation product. Even though a collapsed interlayer may 
contain some water, it is unable to expand and has obviously lost its swelling capacity.

A complete description of the involved mechanisms in the illitization process is complicated and 
numerous scientific articles have been published on the topic. But, the coupling between quartz 
precipitation and illite formation is generally found both in laboratory experiments and studies 
of natural systems, which may be illustrated by the study of /Abercrombie et al. 1994/, who 
compared pore water chemistry and the extent of illitization in oceanic and sedimentary basins, 
pictured in Figure 2-3.

Figure 2-3. Silica activities for waters from Ocean Drilling Program sites 794 and 795 and saturation 
curves for amorphous silica, smectite-to-illite reaction, and quartz. Modified from /Abercrombie et al. 
1994/.
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5. Results and discussion

5.1. Modelling of mineralogical modifications of the EBS for radioactive
waste confinement

The modelling considers a bentonite “rock” as an initially
equilibrated system, which is in contact with the geological fluid on
one side, while the other side is kept in contact with the steel overpack
corroded in reduced environment (Fig. 1). Themineralogical modifica-
tions of the MX-80 bentonite until 100,000 years are shown in Fig. 2.
According to the degree of smectite transformations, these simulations
show three distinct zones:

(i) The first zone results from the mass transport of the geological
groundwater through MX-80 bentonite. The resulting alteration
front corresponds to a strong illitization of the montmorillonite
together with precipitations of quartz, saponite and vermiculite
(zone “1”).

(ii) In the middle of the EBS, the volume of montmorillonite remains
quite constant. The saponitization and the illitizationprocesses can
be distinguished in lower proportions as minor phase (zone “2”).

(iii) The third alteration front is constituted by significant precipita-
tions of FeIIAl chlorite, FeII saponite and magnetite in contact
with the steel overpack. The strongprecipitation of these phases
decreases significantly the porosity of the EBS (zone “3”).

The alteration front, corresponding to the area “1” extension,
progresses with time. It is characterized by the illitization of the MX-
80 montmorillonite. The reaction is complemented with released
silica incorporated in quartz precipitation at a temperature of 100 °C:

Montmorillonite + 0:73Al3 + + 0:6K + + 1:92H2O
f

Illite + 0:18Na + + 0:1Ca2 + + 0:08Fe2 + + 0:09Fe3 + + 0:03Mg2 +

+ 0:48Si OHð Þ04 + 1:92H
+

ð10Þ

Several studies (e.g. Huang et al., 1993) show that the availability of
potassium strongly controls themontmorillonite transformation. In our
system the geological environment provides potassium through mass

transport and the potassium ion concentration increases in the
bentonite barrier. The EBS tries to preserve a low potassium concentra-
tionwith the help of themontmorillonite illitization process (consump-
tion of potassium). However the potassium concentration could have
been overestimated in the groundwater (Marty, 2006; Gaucher et al.,
2007). In the second part of the profile (zone “2” in Fig. 2), the potassium
provided by dissolution of microcline and biotite allows illite neo-
formation. However this potassium availability is limited by the amount
of microcline and biotite in the bentonite, and illite can only precipitate
in small quantities. Under the influence of magnesium concentration
from the COX groundwater, andmagnesiumprovided by the dissolution
of theMX-80montmorillonite, vermiculite can be oversaturated in zone
“1”. The vermiculite formation is maintained according to the work of
Drits et al. (1997) and Meunier et al. (2000) who suggested the
possibility of smectite–illite–vermiculite interstratifications. In the
major part of the modelled profile, smectite to saponite conversion
appears. The mechanism can be described by the relation:

Montmorillonite + 1:24Mg2 + + 1:07Fe2 + + 1:242H2O
f

MgFeII Saponite + 0:18Na + + 0:1Ca2 + + 0:09Fe3 + + 0:91Al3 +

+ 0:31Si OHð Þ04 + 1:24H
+

ð11Þ

The major part of iron and magnesium ions necessary to form
MgFeII saponite could be extracted from groundwater diffusion and
from biotite dissolution. In regard to Eqs.(10) and (11), the saponitiza-
tion reaction releases the aluminium ions necessary for the formation
of illite. The saponitization of the montmorillonite seems to be an
early stage for the illitization process.

Themetallic corrosionprovides ironwhich is incorporated in ferrous
mineralsmainly near the cell of the steel overpack corrosion (zone “3” in
Fig. 2). A massive formation of smectites as ferrous saponites (FeII

saponite) occurs that clogs the porosity. Some saponites including less
iron precipitate in fewer proportions (MgFeII saponite). Chlorites (FeIIAl
chlorite andMgAl chlorite) are stabilized near the steel over-pack. MgAl
chlorite appears in a zone more distant from the canister (after the
precipitation zone of FeIIAl chlorite). The neo-formation of a ferrous
chlorite at 14 Å does not correspond to recent experiments where 14 Å

Fig. 2. Mineralogical evolution at 100 °C of the MX-80 bentonite (EBS) in contact with the Callovo-Oxfordian formation (COX) and with the modelling cell of the steel overpack
corrosion.
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Fig.  1  A  typical  mineralogical 
alteration profile from a reaction-
transport  simulation  of  the 
interaction  of  a  steel  canister 
(right margin), a 1 m thickness of 
MX-80  bentonite  (main  Figure) 
and a mudstone groundwater (left 
margin)  at  100  °C  after  different 
elapsed times.  From Marty et al. 
(2010).


