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Unsaturated compacted bentonite is foreseen by several countries as a backfill and sealing material in high-
level radioactive waste repositories. The FEBEX project provides the opportunity to understand and
quantify the geochemical processes taking place in the near-field and to evaluate the long-term behaviour
of the FEBEX bentonite. FEBEX is a demonstration and research project, which includes a large-scale in
situ experiment performed in a gallery excavated in granite at the Grimsel underground laboratory research
(URL) in Switzerland. Two main operational phases have been executed: a) the First Operational Phase
(1996-2002), which corresponds to the FEBEX-I and FEBEX-II projects, and b) the Second Operational
Phase (2002-2007), which was carried out within the frame of the NF-PRO project.

In the first Operation Phase, the in situ test consisted of: 1) the heating system formed by two heaters
separated horizontally by 1 m, which simulate full-sized canisters and maintain a temperature of 100ºC; 2)
the bentonite barrier, made of blocks of highly compacted bentonite (w.c.: 14.4%; ρd: 1.70 g/cm3); 3) the
drift excavated in the granite. This rock is saturated and hydrates the clay with a water flow of 7-12 L/
day; and 4) the instrumentation, monitoring and control systems. The in situ test began on February 27th

1997 (Figure 1). Heater 1 was switched-off in February 2002. The dismantling of section 1 of the in situ
test provided the opportunity to analyse the thermo-hydro-geochemical (THG) processes taking place in the
bentonite barrier.

In the second Operational Phase, after removing the buffer and all the components, a dummy steel cylinder
with a length of 1 m was inserted in the void left by Heater 1 in the centre of the buffer. A new concrete
plug with a total length of 3 m was constructed by shotcreting. Heater 2 maintained its temperature of
100ºC at contact with the bentonite throughout the entire dismantling operation. The final test configuration
was completely operative from June 2003. In this phase different in situ tests were performed in order to
obtain pore water and gas samples, as well as to characterize the key parameters of the bentonite pore water
(pH, pCO2, redox potential, E.C., and ion concentrations).

Figure 1: Layout of the bentonite sampling sections. Vertical lines: sections for THG and THM studies;
Red circles: gas sampling points during the first Operation Phase (1996-2002); Green circles and lines:
pore water and gas sampling points in the second Operation phase (2002-2007).
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The aim of this work is: 1) to analyse the physical, chemical, mineralogical, textural and pore water
chemistry modifications experienced by the bentonite from samples obtained during dismantling of
Heater 1, the THG processes that took place in the bentonite barrier being evaluated; and 2) to describe
the main parameters of the pore waters and gases measured in situ after removing the Heater 1.

Subsequent to dismantling the Heater 1, an exhaustive post-mortem bentonite sampling and analysis
program was performed (ENRESA, 2006). The location of the bentonite sampling points were fixed to
allow a good representation of physico-chemical alterations and hydration distribution: a) two sections in
the heater zone (S19, S29), in order to evaluate the influence of the thermo-hydraulic processes; b) a
section in the zone between the concrete seal and the heater (S12), in order to evaluate the influence of
the hydraulic processes; and c) a section in contact with the concrete seal (S7) to study the modification
of the clay and the pore water in contact with alkaline solutions.

The analyses of the bentonite samples after dismantling indicate that: 1) no significant changes in the
mineralogy have been occurred in the smectite mineral phase; 2) as a consequence of the hydration and
heating different types of geochemical processes occurred in the bentonite: the hydration of bentonite at
the external blocks in contact with the granite produces the dissolution and dilution of the accessory
minerals of the bentonite (sulphates, carbonates and chlorides), which move by advection-diffusion towards
the most heated zones, but affected by dissolution/precipitation and exchange reactions. The temperature
favours the faster transport of solutes and other mineralogical changes; 3) the calcium in the exchange
positions, as well as the total CEC increased in all samples analysed; and 4) in the most hydrated zone,
there is a reduction of microporosity although, the mesopores structure is preserved;

In the second Operational Phase, different key parameters of the bentonite pore water were measured from
pipes located inside the section 2 of the barrier. The evolution of the pore water was obtained from
different water sampling campaigns The partial pressure of CO2 (g) changes from atmospheric conditions,
10-3.5 atm., to values of 10-2.0 atm., increasing the CO2(g) content with time (Figure 3a). A consumption of
O2 is observed up to values of 1-2%. An in situ redox value of the bentonite pore water of –284.2 mV
(SHE) was measured. A diluted bentonite pore water was observed at the bentonite-granite interface, but
salinity increases with time. Waters with similar composition to the reference pore water were obtained in
the pipes located in the inner part of the bentonite (Figure 2b).

References:
ENRESA, 2006. Full-scale Engineered Barriers Experiment. Updated Final Report 1994-2004. Technical

Publication ENRESA 05-0/2006. 590 pp. Madrid.

Fernández, A.M., Jockwer, N., Martín, P.L., 2007. Evolution of the Chemical Parameters in the FEBEX in
situ experiment. Deliverable D2.2.10. EC NF-PRO Project, 33 pp.

Figure 2: a) Evolution of the partial pressure of CO2 (g) during the FEBEX in situ test (1996-2002); and
b) Shoeller diagram with the chemical composition of the waters obtained in different pipes located inside
the bentonite from 2002 to 2007 and comparison with the FEBEX bentonite pore water (Fernández et al.,
2007).


