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Abstract The 20 papers in this Special Issue address

questions related to the safe deep geological disposal of

radioactive waste. Here we summarize the main results of

these papers related to issues such as: formation of the

excavation damaged zone, self-sealing processes, thermo-

hydro-mechanical processes, anaerobic corrosion, hydro-

gen production and effects of microbial activity, and

transport and retention processes of radionuclides. In

addition, we clarify the question of transferability of results

to other sites and programs and the role of rock laboratories

for cooperation and training. Finally, we address the

important role of the Mont Terri rock laboratory for the

public acceptance of radioactive waste disposal.

Keywords Opalinus Clay � Deep geological disposal of
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1 Summarizing the key results of the 20 papers
in this Special Issue

1.1 Development of investigation techniques

Numerous methods and investigation techniques have been

developed in the Mont Terri rock laboratory, mainly for the

characterization of claystone like the Opalinus Clay (Bos-

sart and Thury 2007; Delay et al. 2014). Examples are: a

methodology for geochemical characterization of pore-

waters (Pearson et al. 2003), a new technique for in situ

diffusion and retention of radionuclides (Wersin et al.

2004), and new geophysical methods for testing the gen-

eration and self-sealing of the excavation disturbed and

damaged zones in argillaceous rocks (Schuster et al. 2017).

One of the major benefits for the Mont Terri Project

Partners is the experience gained from these investigations

in the Mont Terri rock laboratory. This can be used for the

development and planning of new site investigations and

characterization programs. Furthermore, these techniques

and methodologies can be also transferred for development

of new underground rock facilities in other countries.

1.2 Properties of Opalinus Clay at Mont Terri

The following properties are a somewhat arbitrary selec-

tion. They are important for the Swiss deep geological

disposal concept, but may not have the same relevance in

other countries with different disposal concepts.

• Lithology and tectonics: Opalinus Clay as exposed in

the region of the Mont Terri rock laboratory is a

homogeneous, extended claystone formation with a

pronounced bedding anisotropy. It is an over-consoli-

dated claystone exhibiting shaly, sandy, and carbonate-

rich facies. The shaly and sandy facies evidence a

mineral composition of 30–80% clay minerals (where

about 10% consist of smectite-illite mixed-layer min-

erals), 10–44% quartz, and 4–35% carbonates. The

sedimentary age is of Toarcian/Aalenian age (ca.

174 Ma, Hostettler et al. 2017). The whole 130 m-

thick sequence was deposited in a shallow sea in less
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than 1 million years. Numerous tectonically deformed

zones at different scales result from fault-bend fold

thrusting with a shortening of almost 3 km (Nussbaum

et al. 2017).

• Hydrogeological properties: Opalinus Clay is considered

as an aquiclude, over- and underlain by aquifers. Total

physical porosity is on the order of 18 vol%. The mean

pore diameter is ca. 40 nm. The pore-space in pristine

Opalinus Clay is water-saturated and hydraulic conduc-

tivity varies between 2 9 10-14 and 7 9 10-12 m/s (Yu

et al. 2017). Under normal hydraulic gradients, the free

pore-water does not flow (Pearson et al. 2003). Perme-

ability in Opalinus Clay seems not to be affected by

tectonic deformations due to the partial self-sealing of

open fractures with calcite, quartz, celestine, and fault-

gouge material (Jaeggi et al. 2017).

• Geochemical properties: Opalinus Clay pore-water is of

Na–Cl–SO4 type and, according to measured Cl-/Br-

ratios, evidences a seawater signature (Pearson et al.

2003). The age of this marine pore-water is younger

than the 174 Ma sedimentation age, and is associated

with the upper Eocene and Oligocene/Miocene marine

incursions into the region of the future folded Jura

(Clauer et al. 2017; Mazurek and de Haller 2017).

Reducing conditions occur in pristine Opalinus Clay.

There is a considerable sorption potential, which is

based on the high total specific surface (mean of

130 m2/g) and on the reactivity of the clay minerals.

Thus Opalinus Clay considerably retards the transport

of radionuclides.

• Rock-mechanical properties: Opalinus Clay behaves as

a mechanically transverse isotropic material. Deforma-

tion mechanism is cataclastic flow at low effective

confining pressures, low temperatures, and high strain

rates (e.g. conditions as they might be at a real

repository in the Opalinus Clay) (Nüesch 1991). The

claystone swells on contact with water, with swelling-

expansion and pressures perpendicular to the bedding

of up to 10% and 1 MPa respectively. The uniaxial

compressive strength of saturated Opalinus Clay varies

between 10 (shaly facies) and 35 MPa (sandy and

carbonate rich facies). Desaturated Opalinus Clay

shows shrinkage cracks and significantly increased

compressive strengths and stiffness (Ziefle et al. 2017).

Rheologically, the shaly facies behaves as a ‘‘soil-like’’

clay shale (Amann et al. 2017).

1.3 Generation of the excavation damaged zone

(EDZ) and processes related to self-sealing

• Permeabilities and transmissivities of newly generated

EDZ fractures are orders of magnitudes higher

compared to those of the undisturbed Opalinus Clay

(Bossart et al. 2004; Marschall et al. 2017).

• Mini-seismic investigations in radial boreholes around

the tunnel yielded reduced seismic P-wave velocities

and amplitudes compared with undisturbed claystone

(Schuster et al. 2017).

• Self-sealing of the EDZ fracture network occurs during

re-saturation of tunnel walls, where pore-water driven

by hydraulic gradients is flowing into the fracture

network. Both swelling of clay minerals (mainly

smectite-illite mixed layers) in the EDZ fractures and

mechanical fracture closure by the swelling bentonite

contribute to self-sealing. Simultaneously, hydraulic

transmissivities decrease and P-wave velocity increases

(Bossart et al. 2004; Marschall et al. 2017; Schuster

et al. 2017).

• The road header technique without water has shown to

allow for a precise and smooth excavation, minimizing

development of the EDZ.

1.4 Thermo-hydro-mechanical (THM) processes

• Although temperatures applied in the heater experi-

ments are in the order of 100 �C and thus rather high,

temperature and pore-water increases in the Opalinus

Clay are moderate due to rapid thermal attenuation with

distance and the isolating nature of the artificial ben-

tonite barrier (Gens et al. 2017; Mueller et al. 2017). A

thermally induced damaged zone (TDZ) in the Opali-

nus Clay is theoretically possible (e.g. increased

hydraulic conductivities). So far, there is no evidence

for such a TDZ, even though in one experiment the

Opalinus Clay was exposed to temperatures[100 �C.
• Interaction of buffer with host rock causes additional

effects (e.g. heterogeneous saturation of granular ben-

tonite by preferential flow paths through the EDZ) that

cannot always be quantified or even anticipated from

small-scale laboratory tests. THM in situ testing of the

integrated buffer/rock or seal/rock system is an impor-

tant element contributing to an integrated system

understanding (Wieczorek et al. 2017).

• Conceptual models and coupled constitutive equations

for adequate design and prediction calculations have

been developed (Laloui 2013; Gens et al. 2017). These

give useful insights into the THM system response.

1.5 Corrosion-related processes

• Corrosion rates of different steels in contact with clay or

bentonite decrease with time due to growth of corrosion

products on the steel surfaces (Necib et al. 2017).
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• Anaerobic corrosion of steel occurs as a result of redox

reactions that generate molecular hydrogen. After

hydrogen is experimentally injected into Opalinus

Clay, its concentration decreases sharply, most proba-

bly due to sulphate-reducing bacteria that foster

reduction of sulphates to sulphides (Vinsot et al.

2014, 2017).

1.6 Microbial activity

• Microbial reproduction in pristine Opalinus Clay is

strongly limited due to the very small mean pore-di-

ameter (ca. 40 nm), low water activity, and the recal-

citrant nature of the organic matter.

• Compacted bentonite also limits microbial activity.

Thus, microbially induced corrosion can be controlled

by the dry density of the bentonite buffer (Necib et al.

2017; Mueller et al. 2017).

• Microorganisms in a clay environment will affect

geochemical conditions and processes in a repository

(e.g. the redox and pH conditions, anaerobic steel

corrosion, and production and consumption of reaction

products (Leupin et al. 2017a; Bleyen et al. 2017) if the

conditions allow for it (e.g. water availability, sufficient

pores space and nutrients).

1.7 Interaction of Opalinus Clay with high-pH

cement fluids

• The CI experiment shows that the extent of the alter-

ation zone within Opalinus Clay is limited (mm- to cm-

range). There is a well-defined reaction zone within the

cement matrix, the latter is more extensive in low-alkali

cement. The interfaces show de-calcification and

overprint a carbonate alteration, resulting in a porosity

reduction (Maeder et al. 2017).

• First results indicate that low-alkali cementitious prod-

ucts do not minimise the extent of reactions between

Opalinus Clay and cementitious materials. Currently

there is no clear advantage of substituting OPC

(ordinary Portland cement) by low-alkali cements

(Maeder et al. 2017).

1.8 Diffusion processes in Opalinus Clay

• Diffusion is the main transport process in the Opalinus

Clay at Mont Terri, even in tectonically deformed fault

zones and self-sealed EDZ. This has been evidenced by

interpreting natural tracer profiles in and around the

Mont Terri rock laboratory (assessing the kilometre

scale, and timescale of several millions of years), and

by field experiments (assessing the centimetre to

decimetre scale, and timescale of 1–5 years) (Mazurek

and de Haller 2017; Leupin et al. 2017b).

• Due to anion exclusion, the diffusive flux of anions

(e.g. I-, Br-) is lower than that of water tracers (HTO,

HDO), while that of cations (e.g. Sr2?, Cs?) tends to be

higher (Leupin et al. 2017b).

• There is a significant anisotropy effect: diffusion

coefficients parallel to bedding planes are 3–5 times

higher than normal to bedding planes.

• There seems to be no scale effect: diffusion and

sorption parameters of in situ experiments are consis-

tent with those obtained from small-scale laboratory

tests.

2 Transferability of results

2.1 What can, and what cannot, be transferred?

A good discussion of what is transferable and not has been

presented by Mazurek et al. (2008). In Sect. 2.1, we refer

mainly to their findings and conclusions.

The mineralogy, porosity and pore size distributions at

many claystone sites are similar and comparable (e.g.

Opalinus Clay at Mont Terri and the Callovian-Oxfordian

claystone at Meuse/Haute Marne, in the Paris basin of

France). The same is true for the chemical type and evo-

lution of their pore-waters. Hydraulic conductivities and

diffusion coefficients are often in comparable ranges. Many

claystone-formations are compacted and even over-con-

solidated, and thus rockmechanical parameters show sim-

ilar ranges.

However, we have to be prudent when comparing clay

sites, or transferring information from one site to another.

Discrepancies at different claystone sites may be more

pronounced than similarities, i.e. when Opalinus Clay is

compared with the Toarcian–Domerian claystone at the

rock laboratory in Tournemire, southern France (higher

over-consolidation, exposed to higher temperatures than

Opalinus Clay), or when it is compared with the more

plastically behaving Boom Clay of the Hades rock labo-

ratory in Mol, Belgium. Different sedimentary conditions

leading to different coarser- or finer grained clastic material

and thus to different clay mineralogy, different diagenetic

histories, all leading to different degrees of cementation,

followed by different burial depth and uplift histories. In

turn, these lead to different degrees of compaction and

pore-size distributions. Finally, different tectonic evolu-

tions of the claystones at different sites can lead to different

deformation fabrics and present-day stress fields. When we

want to transfer processes and even individual parameters
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to other claystone sites, a good knowledge of mineralogy,

of the diagenetic evolution, burial and erosion history, and

the tectonic and metamorphic development of a site are

essential to assess the transferability.

Finally,we conclude that transferability to other claystone

sites is possible among weakly consolidated formations with

similar mineralogy and porosity distributions. Highly com-

pacted and highly over-consolidated claystone formations

limit the transferability from lesser compacted formations,

such as the Opalinus Clay. Transferability may also be

restricted among formations with different mineralogical

compositions and porosities, and with different pore-water

chemistries and different present-day stress fields.

2.2 Transferability to the potential sites of Northern

Switzerland

In the framework of the Swiss Sectorial Plan, Nagra pro-

posed three locations where high-level radioactive waste

could be stored in the Opalinus Clay (Nagra 2010): Jura-

Ost, Nördlich Lägern, and Zürich Nordost in the Cantons

of Aargau, Thurgau, and Zurich in northern Switzerland.

The siting depth of these sites ranges between 400 and

900 m below the surface, which is considerably deeper

than the overburden at Mont Terri rock laboratory (280 m).

The Opalinus Clay at Mont Terri has a unique burial

geology (the formation was subjected to two burial stages,

and maximum burial to ca. 1350 m below surface occurred

in the late Cretaceous, see Mazurek et al. 2006), a different

uplift and erosion history, and a present-day stress field, all

of which differ from the situation in northern Switzerland.

Thus, results from the Mont Terri rock laboratory cannot be

transferred and applied without restriction to the proposed

sites of Northern Switzerland.

On the other hand, hydrogeological, geomechanical, and

geochemical processes identified at Mont Terri are indeed

at least partially transferrable; for example, processes

related to the formation of an excavation damaged zone

when tunneling in Opalinus Clay, or the processes related

to the diffusion and retention of radionuclides. Based on

different consolidation histories, present-day depths and

stress fields at the different sites, some characteristic

parameters may be different, such as the total physical

porosity, hydraulic conductivity, mechanical strength and

elastic moduli, and diffusion coefficients. However, when

borehole and test data at proposed disposal sites are

available, it will be possible to correlate and adapt

parameters. For instance, effective porosity and hydraulic

conductivity values derived from the Benken borehole in

the Zürich Nordost region are systematically lower than

those found at Mont Terri due to deeper burial of the

Opalinus Clay in Northern Switzerland. Modelling plays an

important role when applying results to other potential

sites. Critical to such modeling are clear definitions and

good estimates of model parameters for the different sites

with their different geological consolidation histories.

3 Cooperation and training

Over the last 20 years scientists, engineers, technicians and

contractors from the Mont Terri project partners have

planned, financed, and realised experiments in the Mont

Terri rock laboratory. Universities and research organisa-

tions from different countries are largely involved in the

experimental programmes. Their students and trainees are

co-funded by the Mont Terri project partners. Up to date, a

total of 9 master theses and 22 PhDs were completed or are

still going on (in situ experiments, laboratory experiments

on clay samples, modelling). The EU and SERI (Swiss

State Secretariat for Education, Research and Innovation)

financially supported parts of the experiments. The Mont

Terri project partners and research institutions have gained

extensive knowledge and know-how, and have developed

standards for quality and control.

Transfer of information and knowledge among scientists

over two decades of experiments in underground argilla-

ceous research laboratories such as Meuse/Haute Marne in

France, Hades in Belgium, and Mont Terri in Switzerland,

can only be done properly through direct interaction among

partners over extended periods of time and by allowing the

teams to develop their own expertise (Delay et al. 2014).

One can document processes, parameters, and even pro-

cedures on how to carry out different kinds of tests.

However, such documentation is not enough: tacit knowl-

edge is the kind of know-how that is difficult to transfer to

another person by means of documenting or reporting on it.

Rock laboratories are thus key elements to perpetrate

valuable tacit knowledge. Junior staff receive apprentice-

ships and are trained by experienced senior scientists and

technicians who have worked for many years in rock lab-

oratories. The IAEA (International Atomic Energy

Agency) offers and finances fellowships in rock laborato-

ries where scientists and technicians from other countries

can learn and achieve their skills.

Thus all rock laboratories have created working groups

for exchanging information and seeking international

cooperation, either at the level of programme strategies,

evaluation of results, or scientific topics. Within that pro-

cess, the Mont Terri Project has played a major role

through the creation of working groups, especially in

geochemistry and rock mechanics.

We conclude that rock laboratories provide (i) privi-

leged access to specific information (ii) partners that share

resources needed to run in situ experiments (iii) interesting

opportunities for the education and formation of students.
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Rock laboratories will prevail in the future to train stu-

dents, junior staff and specialists that are needed, for

instance, to realise safe geological disposal systems, CO2

storage projects, or other related topics that rely on the

unique properties of indurated clay rocks.

4 Public acceptance

Rock laboratories are also essential elements in the dissem-

ination of information and communication policy among

implementers, safety authorities, and regulators. People

visiting these facilities get an impression of the underground

works and the different types of scientific and engineering

experiments. Especially important are open days allowing

stakeholders to contact scientist and engineers, ask detailed

questions about repository concepts and technical issues, and

also discuss phenomena and time scales that cannot easily be

comprehended. During such visits, people can build an

educated opinion about geological disposal in a neutral and

informed manner. As in all of the communications from

Mont Terri rock laboratory, we express what has been learnt

and the domains within which these apply in an under-

standable, neutral, and scientific fashion.

Since 2011, swisstopo, Nagra, and ENSI have been

operating the Mont Terri visitors center. About 4000–5000

persons visit the Mont Terri rock laboratory each year.

These visits contribute essentially to the acceptance and

credibility of the research in the context of deep geological

disposal of radioactive waste. Critics and supporters of

deep geological disposal will be informed about the

national and international developments of deep geological

disposal and they can exchange their ideas and opinions.

5 Conclusions

TheMont Terri rock laboratory has considerably contributed

to the safety and technical feasibility of geological reposi-

tories and process understanding related to e.g. formation of

the Opalinus Clay, its properties as cap rock, etc. In view of

long-term safety of geological repository in a clay rock

environment, the advantages of claystone formations such as

the Opalinus Clay are threefold: (1) claystone formations

exhibit an extensive retention potential for sorbing

radionuclides due to the large reactive surface areas of clay

minerals. Themajor part of radionuclides will be sorbed onto

clay mineral surfaces. (2) Non- or weakly-sorbing radionu-

clides are transported through Opalinus Clay by molecular

diffusion (in undeformed Opalinus Clay and tectonic fault

zones). (3) Opalinus Clay reveals distinct self-sealing

properties due its smectite-illite mixed-layer clay minerals.

Interconnected fracture networks, which are formed in the

EDZ during repository construction or possibly generated in

the future by earthquakes, will self-seal in relatively short

time spans. Thus rapid advective radionuclide transport

along preferential flow paths (e.g. through EDZ fracture

network) out of the repository into the biosphere is unlikely.

The weaknesses of Opalinus Clay are twofold. (1) Heat-

conductivity of Opalinus Clay is rather small when com-

pared to other host rocks. Heating of Opalinus Clay

[100 �C in a high-level waste repository might create a

thermally induced damaged zone and/or reduce the sorp-

tion capacity. (2) Construction of a repository at greater

depths (e.g. at 800 m depth) could result in a more

extended EDZ and high tunnel convergences. Both weak-

nesses can be reduced with adequate measures, such as

ensuring enough distance between emplacement galleries

to avoid overheating, and engineered lining measures that

guarantee short term stability of the access galleries.

In conclusion, the methodologies developed, experience

gained, and experimental results achieved in the Mont Terri

rock laboratory have increased our general knowledge of the

complex behaviour of argillaceous formations in response to

coupled hydrogeological, mechanical, thermal, chemical,

and biological processes. The research we have carried out at

Mont Terri over the last 20 years provides invaluable

information on repository evolution and yields strong argu-

ments supporting a sound safety case for a repository in

argillaceous formations (Bossart et al. 2017). Although

extrapolating results to similar potential sites elsewheremust

always be applied with care, many general findings from

Mont Terri may also be valid at other potential sites in other

countries for the deep geological disposal of radioactive

waste.
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Nüesch, R. (1991). Das mechanische Verhalten von Opalinuston.

Ph.D. dissertation No. 9349, ETH Zurich, Switzerland, 294 pp.

Nussbaum, C., Kloppenburg, A., Caër, T., & Bossart, P. (2017).
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