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About this brochure

Clays play an important role in Switzerland’s concept for radioactive waste disposal. The deep geo-
logical repository (see Glossary) will eventually be constructed in the Opalinus Clay, which is also 
referred to as the host rock. The rock mainly consists of clay. The bentonite backfill material used in 
a high-level waste repository also contains a high proportion of clay.

Why clay? It has numerous advantages that contribute significantly to the safety of a deep geological 
repository. Its characteristics include its ability to swell and retain radioactive substances until 
radioactive decay has made them harmless. Radioactive substances are also called radionuclides 
(see Glossary).

These aspects will be explained in this brochure based on the example of a deep geological reposi-
tory for high-level waste (see Glossary) and spent fuel assemblies.

Opalinus Clay
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Disposal
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1 metre

Diagram of an emplace- 
ment drift for high-level 
waste with clay used for 
safety barriers 

2

clay rocks



Contents

What are clay rocks?   4 – 9

The Opalinus Clay host rock 10 – 15

Confining geological units: an additional barrier 16 – 17

Bentonite: backfill material for the emplacement drifts 18 – 19 

Clay analogues: nature shows us how it is done 20 – 21

Glossary – Further reading 22 – 23

3



Switzerland plans to confine its radioactive waste 
in a deep repository in the Opalinus Clay. As the 
name indicates, Opalinus Clay is a clay rock. These 
rocks can be found in many locations and form 
both on land and in the sea. Their chemical and 
physical properties play an important role for 
deep geological disposal. 

How are clay rocks formed ?

Clay rocks usually consist of a mixture of different 
minerals. However, they also contain components 
of quartz, feldspar and calcite (limestone). Rocks 
are called clay rocks only if they consist predomi-
nantly of clay minerals. These minerals can form, 
for example, through the weathering of feldspar 
found in granite, or of volcanic glass (obsidian). 
Upon contact with water, the original minerals are 
altered chemically over time into clay minerals (see 
Figure 2). Rivers transport these minerals into 
lakes or the sea (see Figure 3), where the minerals 
are deposited at the bottom. During this process, a 
layer of clay mud with a water content of 50 to 60% 
is formed. As more and more material is deposited 
on top of this layer, the water is squeezed out. At the 

end, what remains is a clay rock that typically has a 
water content of 10 to 15% contained in microscop-
ically small pores.

The term clay is also used to describe very small 
rock particles. In general, the grain size of clay 
rocks is below 0.002 millimetres, which is equiva-
lent to one twentieth of the diameter of a human 
hair.

What are clay rocks?

clay rocks
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Figure 2
Feldspar can be seen in the middle of the photograph. 
Through natural weathering, new clay minerals formed 
in the lower part of the crystal (photo width approxi-
mately 0.85 mm). Photo: Decher and Friedrich (1991)

Figure 1
Over the course of millions of years, thick layers of 

sedimentary rocks can form through deposition in the 
sea (photo right: Frick clay pit, Canton Aargau).

Photo: Nagra

New clay mineralsNew clay minerals

FeldsparFeldspar



What are clay rocks?

Erosion and transport

Deposition in the sea

Weathering
Soil formation Deposition

on land

The rock cycle

Rocks are formed during a very slow process 
that generally takes hundreds of millions of 
years. Through alteration, in this process one 
rock is formed from another. Mountains form 
and erode, and sedimentary rocks are formed 
from the eroded material (see Figure 1). 
Rocks can sink to great depths and be trans-
formed or melted under high pressure and 
temperature. As a part of this cycle, the Opa-
linus Clay was formed as a sedimentary rock. 

Magma

Metamorphic
rocks

Igneous
rocks

Sedimentary 
rocks
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Figure 3
Formation of clay rocks: Weathered rock is transported away and deposited either on land or in the sea. 
Source: Iwan Stössel



Clay minerals: their structure determines their properties

There is no single type of clay mineral but rather 
many different ones. They belong to the so-called 
sheet silicates that are composed according to a 
specific pattern. They develop individual platelets 
that are layered on top of one another. Their main 
differences are of a chemical and structural nature.

Clay minerals can roughly be divided into two 
groups. One group is capable of swelling, the other 
one is not (see Figure 4). This property can be attri- 
buted to the electrically negatively charged  surface 
of the clay platelets.

Not just the electrical charge of the platelets influ-
ences the properties; the size of the mineral sur-
face is also important.

Large surface

The small grain sizes result in an inner (specific) 
surface of the clay minerals of up to eight hundred 
square metres per gram. An important effect of this 
is a large potential to capture and bind positively 
charged particles (cations), see Figure 4. This capa-
bility is called sorption and results, in turn, from 
negatively charged minerals.

Clay minerals capable of swelling
Clay minerals capable of swelling can store water between the layers. As a result, the clay increases in volume. 
As opposed to other rocks (e.g. limestone), cracks can quickly be sealed through swelling.

Limestone
not capable of swelling

Clay
capable of swelling

Limestone
not capable of swelling

Clay
capable of swelling

clay rocks
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Figure 4
In clay minerals, the atomic structure determines 
whether the mineral is capable of swelling or not. 
Clay minerals with an even number of layers have 

a lower negative charge than clay minerals with an 
uneven number of layers. When the negative charge 

is high, the positively charged particles and water 
can enter in between the layers. 

Source: Jasmund and Lagaly (1992)
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Sample from the Mont Terri Rock
Laboratory

Addition of water

Layering
00:00:00

00:04:09 00:11:11

Pressure build-up through swelling

Large amounts of water can be absorbed into the 
pore spaces between the clay minerals (see box on 
right). The water in the pore spaces differs chemi-
cally from that found in the interlayers of the miner-
als. The rock tries to balance this difference and, as 
a result, more water is drawn into the pore spaces. 
This process is called osmotic swelling. It can only 
occur when the clay comes into contact with addi-
tional water.

In sedimentary rocks with a high proportion of clay 
minerals capable of swelling, osmotic swelling can 
generate a pressure of several hundred tonnes per 
square metre (around 150 t/m2 for Opalinus Clay; 
see Figure 5). This is what makes clays structurally 
challenging and has to be considered in mining and 
tunnel construction (see page 14 ).

clay rocks
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Free porewater

Swelling clay mineral

Non-swelling clay mineral

Structure of the Opalinus Clay (schematic)

Bound porewater

~1 nm

Free porewater

Swelling clay mineral

Non-swelling clay mineral

Structure of the Opalinus Clay (schematic)

Bound porewater

~1 nm

Figure 5
Equipment for measuring the pressure generated during the swelling of 
rocks. It measures the force required to avoid enlarging the sample. 
An exposed piece of Opalinus Clay that is not fixed to the device will 
continue to swell when water is added until it decomposes entirely. If 
enough pressure is exerted on the Opalinus Clay, either underground or 
in a laboratory, it retains its form.

Photos: Seiphoori (2019)

Water millions of years old: bound and difficult to leach
Today, Opalinus Clay still has a water content of approximately 12 per cent. The majority of this 
porewater is bound to the clay minerals. Considerable technical effort in the laboratory involving 
very high pressure is required to extract even a small amount of water from the pores of the Opal-
inus Clay. Investigations show that up to 20 grams of salts are dissolved in every litre of porewater. 
The water in the fine pores still contains components of seawater that is many millions of years old. 
By comparison, present-day seawater contains around 35 grams of salts per litre. 
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The Opalinus Clay host rock

In an elaborate process, the Opalinus Clay was 
identified as the host rock best suited for the dis-
posal of radioactive waste in Switzerland. It has 
properties that are favourable for the long-term 
safety of a deep geological repository.

Where does the Opalinus Clay come 
from?
Approximately 173 million years ago, an offshoot of 
the ancient Tethys Sea (see Figure 6), covered large 
parts of Europe. Sediments from different islands 
were washed into this sea. Clay-rich mud was de-
posited in present-day Northern Switzerland and 
Southern Germany and, in the course of geological 
history, this mud solidified to form the Opalinus 
Clay rock.

Land and sea around 173 million years ago
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What is the Opalinus Clay composed of?

Roughly 40 to 80 per cent of the Opalinus Clay consist 
of clay minerals (of which 10 per cent are capable of 
swelling). The other components are quartz (10 to 40 
per cent), calcite (5 to 40 per cent) and smaller pro-
portions of other minerals as well as organic carbon. 
These properties remain similar over large areas. 
The reason for this is that Opalinus Clay was depos-
ited in a calm shallow sea. Based on this, research-
ers can make statements that apply over large areas, 
and their research results are transferable. This 
conclusion was drawn based on boreholes and map-
ping of outcrops at the surface. Outcrops are sites 
where rock that normally lies below ground is visible 
at the earth's surface, for example on rock faces. 

clay rocks
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Figure 6
Around 173 million years ago, the 
landscape in “Middle Europe” looked 
very different.
Source: Nüesch (1991), Riegraf et al. 
(1984) and Wetzel and Allia (1996)



The Opalinus Clay host rock

The search for the best host rock for a repository
Nagra conducted thorough investigations of the geology of the whole of Switzerland. Due to their 
geological instability, the Alps and the Jura Mountains, for example, cannot be considered for 
radioactive waste disposal. This is why, in a second step, Nagra’s investigations focused on the 
Swiss Plateau and Northern Switzerland.

There, the search was for a rock formation with low water permeability and the ability to safely 
contain radioactive particles. The layer has to be thick enough, lie sufficiently deep and provide 
enough space for the repository. These properties should remain stable over very long time periods.

From this search, Opalinus Clay has emerged as the best rock. Three siting regions with Opalinus 
Clay are particularly suitable for a repository: Jura Ost, Nördlich Lägern and Zürich Nordost. All 
three regions are characterised by a stable geological situation. The Opalinus Clay lies at a depth 
between 400 and 900 metres.

Jura Ost (AG)

Nördlich Lägern (ZH, AG)

Zürich Nordost (ZH, TG)

Siting regions for low-
and intermediate-level waste (L/ILW)

Siting regions for high-level
waste (HLW); overlap with L/ILW

11The host rock

The three siting regions Jura Ost, Nördlich Lägern and Zürich Nordost are located in an area where Opali-
nus Clay was deposited.



Opalinus Clay is self-sealing

One of the most important properties of the Opali-
nus Clay – with regard to a repository – is its capac-
ity to self-seal fissures even though the proportion 
of clay minerals capable of swelling only amounts 
to ten per cent of the rock. If fissures form, the rock 
swells and potential water flowpaths are sealed 
(so-called self-sealing). As a result, no water can 
enter into the repository through faults in the rock, 
and radioactive substances cannot be transported 
away. The self-sealing capacity has been demon-
strated in multiple experiments and can be seen 
directly in the rock (see Figure 7).

Practically impermeable

Due to its clay minerals, Opalinus Clay can also bind 
radionuclides. Most radioactive substances in the 
waste are metals and positively charged. These 
substances are captured by the negatively charged 
clay platelets (sorption; see page 6). Despite the 
property of the Opalinus Clay to bind most radio- 
nuclides, a few can migrate through the rock at a 
very slow rate. To understand the transport pro-

Main fault

Fault/crack

Direction of movement

Legend

Figure 7
In this photo, cracks in a fault zone run 
through the Opalinus Clay. Despite 
adjacent water-conducting rock layers, 
the Opalinus Clay is dry, and no water 
enters the tunnel (Mont Terri Rock 
Laboratory).
Photo: Nagra

How long is the waste harmful?
Most of the radioactive waste decays rapidly. 
After around two hundred years, the radia-
tion level of the waste in a high-level waste 
repository amounts to only a few percent 
compared to the level at the time of emplace-
ment. The proportion of radioactive sub-
stances with long half-lives irradiates less 
strongly but over a longer period of time.

After 200,000 years, the high-level waste is 
around as harmful as the corresponding 
amount of natural uranium ore that was 
mined to make fuel assemblies.

clay rocks
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Figure 8
Opalinus Clay under the 
scanning electron microscope: 
one gram of Opalinus Clay 
has a surface area of approxi-
mately 100 square metres. 
This is roughly equivalent to the 
size of a badminton court 
(photo width around 0.05 mm).

cesses in the Opalinus Clay, it is necessary to take a 
closer look at the pore spaces (see Figure 8). Pore-
water and dissolved substances are “captured” in 
the innumerable tiny pores and rendered almost 
immobile. Substances can only move through the 
rock, and only under great constraint, via diffusion 
(see Glossary). This is a very slow process.

Using a NASA probe to track 
radionuclides
For over 20 years, Nagra has been conduct-
ing experiments to better understand the 
“migration” of radionuclides through rock. 
Using an “X-ray fluorescence probe” devel-
oped for NASA, Nagra can, for the first time, 
investigate diffusion directly in the Opalinus 
Clay over a period of at least ten years. With 
this experiment, Nagra verifies its under-
standing of the process and the results are 
included in its considerations on long-term 
safety.

Photo : M
aria Schm

id
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Figure 9
Model of an emplacement 
drift for high-level waste. 
The drift wall is secured 
using a concrete lining 
segment.
Graphic: Nagra

Opalinus Clay has a number of good and very good 
properties, but there is no such thing as a perfect 
rock that can fulfil all the requirements for radio-
active waste disposal. However, it is still possible 
to build safe repositories.

Structurally challenging

Constructing a repository in Opalinus Clay is chal-
lenging in terms of engineering. Underground 
structures in the Opalinus Clay have to be secured. 
This is usually achieved by using, for example, con-
crete lining segments, rock bolts or steel rings (see 
Figure 9). In general, as can be seen in the Bözberg 
or Mont Terri motorway tunnels, Switzerland has 
overcome the challenges facing tunnel construc-
tion in the Opalinus Clay. 

An additional challenge is that Opalinus Clay does 
not always react the same way to pressure. There is 
a difference whether the pressure on the bedding is 
perpendicular or parallel. In the former case, the 
Opalinus Clay is more resilient. This must be con-
sidered when designing the repository so that the 
stability of the tunnels can be ensured.

Gas in the Opalinus Clay

Chemical processes occur in a sealed repository for 
radioactive waste. In particular, non-radioactive 
hydrogen is produced when the disposal canisters 
(see Glossary) corrode under anaerobic conditions. 
The gas must be able to leave the repository without 
exerting too much stress on the host rock; other-
wise the gas pressure could lead to the formation of 
cracks in the rock. The gas can escape along the 
repository structures between the host rock and the 
bentonite (see pages 18 and 19) without water being 
able to enter or exit or for cracks to form. 

Opalinus Clay: very good, but it also has a few disadvantages 

clay rocks
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Figure 10
The high-level waste and 
spent fuel assemblies 
produce heat as a result 
of radioactive decay. 
After around 1000 years, 
the radioactivity and thus 
also heat production will 
have decreased strongly. 
The heat produced by the 
decay leads to a tempera-
ture increase in the 
Opalinus Clay.
Source: Diomidis N. et al. 
(2016) and Senger R. 
et al. (2017)
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What are the effects of decay heat?

The radioactive decay of high-level waste generates 
heat over a long time period. As the clay minerals in 
the Opalinus Clay could be damaged by excessive 
heat (thermally induced generation of cracks, min-
eral transformations), these effects have been in-
vestigated in detail.
 
The relatively poor thermal conductivity of the Opali-
nus Clay and bentonite impact the layout of the repos-
itory tunnels. To prevent the radioactive waste from 
excessively heating up its surroundings, the individual 
emplacement drifts have to maintain a minimum dis-
tance from one another (around forty metres). This 
prevents the temperatures and thus also the pressure 
in the Opalinus Clay from increasing too much.

The maximum temperature in the areas surrounding 
the backfilled emplacement drifts is approximately 
90 degrees Celsius (see Figure 10). Over the course of 
its history, the Opalinus Clay has been exposed to 
similarly high temperatures (around 85 to 95 degrees 
Celsius) over very long time periods.

Testing waste emplacement 
Nagra performs demonstration experiments 
to test procedures for emplacing disposal 
canisters. At the Mont Terri Rock Laboratory, 
which is under the lead of swisstopo (Swiss 
Federal Office of Topography), the emplace-
ment concept for spent fuel assemblies is 
being verified in the “FE experiment”. The 
heat produced by the disposal canisters as a 
result of radioactive decay is simulated using 
heater elements.

Opalinus Clay: very good, but it also has a few disadvantages 
Photo: ©

 Com
et Photoshopping, Dieter Enz
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Figure 11
The Frick clay pit with some 
of the lower confining 
geological units, the Staffel- 
egg and Klettgau Formations 
(see Figure 12).
Photo : Nagra

The safety of a deep geological repository does 
not rely solely on the Opalinus Clay, but also on 
the clay-rich rocks lying above and below it, the 
so-called confining geological units.

Between the host rock and the groundwater- 
bearing layers are further clay-rich rocks with a low 
permeability. These form an additional geological 
barrier. Like the Opalinus Clay, the confining geo-
logical units (see Figures 11&12) significantly 
retard radionuclide transport, meaning that they 
decay to a harmless level before they reach the bio-
sphere at the earth's surface. 

Properties similar to those of the 
host rock 

Examples of these confining units are the Brauner 
Dogger or the Effingen Member. Compared to the 
host rock, these geological units are not evenly 
composed and contain a larger range of rocks and 
minerals. Both mainly consist of marl, which is a 
mixture of clay and limestone, but they also include 
sand- and limestones or, as in the case of the 
Brauner Dogger, iron oolites (iron ore).

These layers have a lower clay content, making 
them slightly less impermeable than the Opalinus 
Clay. Based on drill core investigations and tests in 
numerous deep boreholes in Northern Switzerland, 
the permeability of the different rocks is well char-
acterised.

Confining geological units: an additional barrier

clay rocks
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Confining geological units: an additional barrier
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Deep boreholes
Nagra is drilling a series of deep boreholes in 
the three siting regions (see page 11). The 
boreholes will complete the overall geologi-
cal picture of the regions and will include 
studies of the thickness, permeability and 
composition of the Opalinus Clay host rock 
and the confining geological units.

Figure 12
Geological profile of the Zürich Nordost siting region. 
The figure shows the different rock formations and the 
so-called “containment-providing rock zone”. This 
includes the Opalinus Clay host rock and the confining 
geological units lying above and below it.
Source: Nagra (2008)

Nagra’s deep borehole in Trüllikon

Photo : N
agra
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Bentonite: backfill for the emplacement drifts
The backfill material used to close the emplace-
ment drifts has to keep water from reaching the 
disposal canisters and retain any emerging radio-
nuclides. Bentonite is a clay material that fulfils 
both requirements.

In Switzerland, bentonite is the material intended 
for the closure of the emplacement drifts, in which 
the high-level waste will be emplaced (see page 2), 
thus making it one of the repository’s engineered 
barriers.

What is bentonite?

Bentonite is a mineral resource that mainly con-
sists of clay minerals. It was named after Fort Ben-
ton, a town in Montana (USA), where bentonite was 
first described scientifically.

It is formed through the chemical transformation 
(weathering) of volcanic ash during which the orig-
inal minerals were altered into clay (see Figure 13). 

Many possible applications

Bentonite is mainly used in the foundry industry (to 
bind moulding sand in a wet moulding process). In 
the drilling industry, it is used as an additive to drill-
ing fluid. In the food industry, bentonite is used, for 
example, as a wine clarifier. It is also used in cat 
litter to absorb moisture and odours.

Bentonite in a repository

In a deep geological repository, the drifts are back-
filled with bentonite. After they have been closed, 
the bentonite slowly saturates with porewater that 
comes from the surrounding Opalinus Clay host 
rock and slowly diffuses into the bentonite sur-
rounding the canisters. Taking up water causes the 
bentonite to swell and thus form a tight and practi-
cally impermeable homogeneous mass. As a result 
of the swelling pressure, the rock fissures gener- 
ated during tunnel construction close again. The 
bentonite thus supports the self -sealing capacity of 
the Opalinus Clay.

Formation of bentonite

Volcanic ash

Eruption

Time

Bentonite

Open-pit mining of bentonite

Figure 13
Bentonite was formed through the transformation of volcanic ash.
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Bentonite: backfill for the emplacement drifts

China 29.6%

USA 19.6%
India 9.0%

Turkey 7.8%

Other
countries 13.9%

Greece 5.8%

Iran 4.2%

Russia 3.1%
Brazil 2.6%
Japan 2.2%

Germany 2.2%

Bentonite production world-wide
Due to its many possible applications, bentonite is a 
sought-after commodity. Worldwide, more than 50 
nations mine bentonite, and a total of around 
18,900,000 tonnes are extracted per year. China and 
the USA are the largest producers (as of 2017).

Source: Brown et al. (2019)

Due to the clay minerals it contains, the properties 
of the bentonite are similar to those of the sur-
rounding host rock. Aside from its tightness, it also 
has the capacity to bind radionuclides.

For the closure of the emplacement drifts in a 
high-level waste repository, around 80,000 cubic 
metres of bentonite are needed.

19Bentonite



Clay analogues: nature shows us how it is done
Experiments conducted in the laboratory or in un-
derground rock laboratories can only be observed 
over a relatively short time period. With a view to the 
long-term safety of a deep geological repository for 
radioactive waste, observations made in nature can 
help to support laboratory experiments and theo-
retical calculations.

The capacity to retain water and other substances 
explains why very well preserved fossils can be 
found in clay. Impressive examples have been dis-
covered in Germany, Italy and Switzerland (see 
Figure 14).

Two-million-year-old trees

While mining in a clay pit in the Italian region of Um-
bria, many very well preserved tree trunks were 
found. Around two million years ago, these up to 
eight-metre-high tree trunks had been covered with 
clay mud. What makes this discovery so special is 
that the wood has remained intact, and the trees are 
still rooted in their original location.

Fossils from a clay pit 

At the Messel pit in Germany, volcanism resulted in 
the formation of a crater around 48 million years 
ago. The crater filled with water, and clay mud was 
deposited at the bottom of it. Many different fossils 
were found in the latter-day clay pit, including pre-
decessors of marmots, horses and insects. It is still 
possible to identify the fur and stomach contents of 
mammals or the colour of beetles.

These examples demonstrate that clay can confine 
substances over millions of years. Nagra makes 
good use of this property when constructing a safe 
repository.

Cigar Lake ore deposit
The 1.3 billion-year-old uranium ore 
deposit in Cigar Lake (Saskatchewan, 
Canada) has one of the world’s highest 
concentrations of uranium. The ore 
body cannot be detected radiologically 
at the earth's surface. The radio- 
nuclides are so effectively contained by 
a clay layer 10 to 50 metres thick that 
boreholes drilled just a few tens of me-
tres away from the ore body show no 
increase in radioactivity. The deposit 
was discovered more or less by chance.
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Figure 14 
Examples of well-preserved fossils in clay rocks with 

age and place of origin. Photos in reading direction: 
Cantalamessa (CC BY-SA 3.0), Daderot, Messel research, 

© Comet Photoshopping, Dieter Enz, Nagra, 
Dinosaur museum Frick (Switzerland)



Clay analogues: nature shows us how it is done

Tree trunks (approximately 2 million years old, Italy)

Stag beetle (approximately 48 million years old, Germany)

Plateosaurus (approximately 200 million years old, Switzerland)

Ammonite (approximately 173 million years old, Switzerland)

Ammonite (approximately 180 million years old, Germany)

Giant snake (approximately 48 million years old, Germany)
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Glossary
Deep geological repository 
The deep geological repository is a facility con-
structed in stable and impermeable rock forma-
tions in which radioactive waste can be safely dis-
posed of. 

Diffusion
Diffusion is a passive equilibrium of the concentra-
tion of dissolved substances between areas with 
higher and lower concentrations. A simple example 
is when a sugar cube is dropped into a cup of coffee. 
After a while, the coffee becomes sweet even if it 
has not been stirred. The sugar molecules diffuse 
until the level of sweetness in the coffee is the same 
everywhere, in other words until the concentration 
of sugar molecules has equalised in the coffee.

Disposal canister
In deep geological repositories, radioactive waste is 
enclosed in several barriers. One of the barriers is 
the disposal canister – the actual encapsulation 
shell for spent fuel assemblies or vitrified high- 
level waste from reprocessing. 

High-level waste
Waste that emits strong radiation and consists of 
fission and activation products separated from 
spent fuel during reprocessing and then immobili-
sed with glass. In Switzerland, spent fuel assem-
blies that are not reprocessed are also considered 
high-level waste.

Ion
If an atom or a molecule has an electric charge re-
sulting from a gain or loss of one or several elec-
trons compared to its neutral condition, it is called 
an ion.
 
Molecule
A molecule is the term for a chemical compound 
consisting of several atoms. 

Radionuclide
Unstable atomic nucleus that spontaneously decays 
while emitting ionising radiation. There are natural-
ly occurring and artificially produced radionuclides.
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Brochures and special issues
“Erosion – long-term geological evolution and deep geological repositories”, October 2018

“Radioactive waste – where from, how much, where to”, November 2018
“Long-term safety — the main goal of deep geological disposal of radioactive waste”,
December 2018

These documents are available under www.nagra.ch in the section “Publications” 
where they can be downloaded.
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