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ABSTRACT

This report summarizes the geology and design concepts of four major spent fuel repositories from
around the world. The crystalline rock with bentonite backfill is currently implemented in Finland with
another repository being constructed in Sweden. The salt formation design focuses on the Waste Isolation
Pilot Plant (WIPP) repository in the United States. The volcanic tuff open air design is based on the
Yucca Mountain location. The volcanic tuff open air design at Yucca Mountain is only a concept as this
repository has not been approved for operations. The last spent fuel repository design, clay/shale
formation with backfill, focuses on the Cigeo Project in France, which is also pending.
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1. INTRODUCTION

International Atomic Energy Agency (IAEA) member states are discussing whether and to what degree
reversibility and retrievability can be built into radioactive waste storage facilities (IAEA 2009). The
notion of retrievability is to increase the level of flexibility and to provide the ability to benefit from new
technological advances in waste management (IAEA 2009). Radioactive waste can be categorized, based
on the radionuclide content, the longevity of the radiological hazard presented, and the activity level,
typically as low- and intermediate-level wastes (both short and long lived) and high-level wastes (LLW,
ILW, HLW) (IAEA 2009). Geologically, radioactive waste can generally be stored in near-surface or
deep geological disposal sites, as summarized in Table 1-1. Geological disposal is based upon the
isolation of the waste in locations that are determined to be stable over long periods of time. The main
host rocks for storage are typically crystalline igneous and volcanic rocks (e.g., intrusive igneous),
argillaceous clay, indurated clay and plastic clay-rich rocks, as well as salt formations (IAEA 2009; Chin-
Fu et al. 2004), each having its own unique properties (Table 1-2). The choice of host rock is determined
by the availability of appropriate geological formations and by suitable thickness (IAEA 2009). Location
and host rock composition and characteristics, as well as type of waste, all determine the type of
radioactive and nuclear waste storage method.

Table 1-1: Commonly accepted radioactive waste disposal options.

Option Suitable Waste Type Repository Depth below Surface

Near-surface disposal

. LLW and short-lived ILW 10s of meters
At ground level or in

caverns below ground level

Long-lived ILW and HLW 250-1000 m for mined repositories

Deep geological disposal (including used fuel) 2000-5000 m for boreholes

Table 1-2: Favorable and unfavorable properties of potential host media relevant for disposal.*

Property Salt Crystalline Rock Argillaceous Formations

Thermal Conductivity High Medium Low

Very low (unfractured)

Permeability Very low Permeable (fractured) Very low — low
Deformation Behavior** Vis&%c;—eils)s e Brittle Plastic to brittle
Strength Medium High Low — medium
Dissolution Behavior** High Very low Very low
Sorption Behavior** Very low Medium — high Very high

* Adapted from Winterle et al., 2012. Green = Favorable; Yellow = Average; Red = Unfavorable
**Does not include changes because of thermal perturbation



2. DEEP GEOLOGICAL REPOSITORIES

2.1 MINED REPOSITORIES

Mined repositories are the most widely proposed deep geological disposal concept as they are composed
of tunnels or caverns into which packaged radioactive waste would be placed. In certain circumstances,
such as when wet rock is present, waste containers are then surrounded by backfill, which is typically
cement, clay, or a combination of both. Waste container design and backfill material vary, depending on
the type of waste and the geology of the host rock type available (World Nuclear Association 2018).
Excavation of these deep geological facilities is limited to rock units that are stable without major
groundwater flow and with depth of 250-1000 m.

2.2 DEEP BOREHOLES

This concept consists of drilling a borehole into bedrock to a depth of about 5000 m, emplacing
radioactive waste containers in the lower 40% of the borehole and sealing the upper 60% with clay (e.g.,
bentonite), asphalt, or concrete. Containers are separated from each other by a layer of bentonite or
cement. Boreholes can be drilled in a variety of locations both on and offshore in both crystalline and
sedimentary bedrock. Borehole repositories are typically considered non-retrievable. Currently, no
country has plans for deep borehole repositories and therefore will not be the focus of this report.



3. CRYSTALLINE ROCK WITH BACKFILL DESIGN

3.1 DESIGN CONCEPT

One of the most predominant and modeled crystalline rock repositories is the KBS-3 design and therefore
will be the focus of this section. The KBS-3 repository concept was developed by SKB (Swedish Nuclear
Fuel and Waste Management Co.) who is responsible for nuclear waste management in Sweden. A key
component of the design is that it uses multiple overlapping barriers to contain the radioactive nuclear
waste to ensure public safety. In KBS-3, spent nuclear fuel is encapsulated in corrosion-resistant and
load-bearing canisters which are deposited in crystalline rock at a depth of 400-700 m. Deposited
canisters are surrounded by a protective buffer which also prevents flowing water from contacting the
canister, as shown in Figure 3-1 (SKB 2010). Tunnels throughout the bedrock required for the deposition
of canisters are backfilled and closed. The KBS-3 repository consists of; the spent nuclear fuel, canister,
buffer, bedrock, backfill in deposition tunnels, underground openings, closure, and plugs.

Storage Tunnel
though Bedrock

Backfill
(Clay Blocks and Pellets)

Bentonite Clay
Buffer

Borehole Canlister

*Figure not to scale

Figure 3-1: Crystalline rock with backfill design (e.g., KBS-3) showing one of the many tunnels that consist of
the following: canister containing spent nuclear fuel; buffer, which consists primarily of bentonite, a
montmorillonite clay; and backfill, which consists of compacted bentonite blocks with surrounding clay
pellets.

3.2 SPENT NUCLEAR FUEL

The bulk of the fuel that is to be deposited in a KBS-3 repository consists of uranium oxide, which has
very low solubility in this repository design environment. If a radioactive substance is not in an oxide
form, it must be in a state of similar low solubility to prevent it from dissolving into the groundwater that
may penetrate deposited canisters (SKB 2010).

3.3 CANISTER

The canister is the structure that contains the spent nuclear fuel and prevents the release of radionuclides
into the surrounding environment. The canister serves three major functions: contain the spent nuclear



fuel and prevent the dispersion of radioactive substances, withstand mechanical loads of the bedrock, and
withstand corrosion (SKB 2010).

Design of the canister is cylindrical and consists of a tight copper shell with a load-bearing insert
(Figure 3-2). Copper was selected as an outer shell due to its corrosion-resistant properties. However,
copper cannot provide the required mechanical strength needed in the final repository. Therefore, a cast
iron insert provides sufficient mechanical strength for the canister. All canisters within the repository
have the same external dimensions for efficient and cost-effective handling and disposal. Depending on
the type of fuel assembly within the canister, different inserts may be required (SKB 2010).
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Figure 3-2: Example of fuel rod assembly, canister insert, and copper protective shell of the spent fuel
package being deposited.

3.4 BUFFER

The buffer material, usually clay, is used as protective material to prevent water flow in the deposition
hole and to keep the canister in its centered position (Figure 3-1). In the event of a canister breach, the
buffer also prevents and retards the dispersion of radioactive substances into the bedrock. Buffer blocks
are also placed on the top of the canister to serve as radiation protection during the backfilling of the
tunnel. The buffer clay is usually bentonite, which contains swelling minerals (SKB 2010). Bentonite is a
clay formed from the alteration of volcanic tuff, ash, or silica-bearing rocks (granite, basalt) and contains
smectite minerals. The major constituent mineral of bentonite clays is montmorillonite.



3.5 BEDROCK

For the KBS-3 design the host rock and geological conditions are important when determining a final
repository. The bedrock is crystalline rock such as granite.

3.6 BACKFILL

For the KBS-3 design to maintain the multi-barrier principle, backfill is the material used to fill the
deposition tunnels. The backfill acts as an additional barrier to limit groundwater flow and to keep the
buffer in place by restricting upward swelling and expansion. Backfill material generally consists of
compacted bentonite clay blocks and pellets that are then installed in the deposition tunnel (Figure 3-1).

3.7 UNDERGROUND OPENINGS

Underground openings refer to the cavities within the bedrock that are required for the subsurface part of
the final repository facility. The underground openings do not have any barrier functions, but the
locations of the deposition areas and holes are important with respect to the thermal, hydrological,
mechanical, and chemical properties of the rock.

3.8 CLOSURE

Closure consists of materials installed in investigation boreholes, rock caverns, shafts, ramps, and tunnels
that are not deposition tunnels, to fill and close them. The function of the closure material is to not only
continue to maintain the multi-barrier principle but to also restrict groundwater flow through the
underground openings and to obstruct intrusion into the final repository. Closure material also helps
prevent backfill swelling and expansion from the deposition tunnels.

Depending on the section of the repository and type of closure being installed, different geologic
materials are used. For investigation boreholes and underground openings where groundwater needs to be
restricted, pre-compacted clay is used as a closure material. In the case of underground openings where
there needs to be no restriction of groundwater flow, compacted rock material is used. Within the section
of repository where underground openings are connected to the surface, the closure consists of close-
fitting blocks of crystalline rocks to prevent intrusion (SKB 2010).

3.9 PLUGS

Plugs are used at the end of deposition tunnels when they are closed and keeps the backfill within the
tunnel in place. The plugs also limit the flow of water until the main tunnel has been filled and saturated.
However, the plugs have no long-term functions in the final repository.

3.10 USE CASES

3.10.1 Forsmark, Sweden

In Forsmark, Sweden, spent fuel that is to be deposited in the final repository will mainly consist of fuel
assemblies from Swedish boiling light water reactors (BWR) and pressurized light water reactors (PWR).

The canisters will be the same size for both spent fuel types, but the cast iron insert will hold 12
assemblies in a BWR insert and four in a PWR insert (SKB 2010).

The bedrock at Forsmark consists mostly of meta-intrusive rocks that formed between 1.89 and 1.85
billion years ago. The bedrock can be separated into four major rock groups (Groups A-D) based on their



relative age relationships (Table 3-1). Within each group, the bedrock can be further classified into rock
units and then rock types (Stephens 2010). Overall, the bedrock at the location of the final repository in
Forsmark, Sweden, generally consists of granite and granodiorite based on borehole samples.
Granodiorite is similar to granite but contains more plagioclase than orthoclase feldspar. Construction on
the Forsmark spent fuel repository is expected to start in the early 2020s.

Table 3-1: Major rock groups with simplified rock units and rock types at Forsmark.

Rock Groups Rock Units / Rock Types

-Granite, fine- to medium grained

D -Pegmatite, pegmatitic granite
Cc -Granite, granodiorite and tonalite, metamorphic, fine to medium grained
-Granite, metamorphic, aplitic
-Granite to granodiorite, metamorphic, medium grained
B -Granodiorite, metamorphic
-Tonalite to granodiorite, metamorphic
- Diorite, quartz diorite and gabbro, metamorphic
A -Felsic to intermediate volcanic rock, metamorphic

3.10.2 Olkiluoto, Finland

The spent fuel repository in Olkiluoto, Finland, is currently active and is considered the world’s first
permanent disposal site for commercial reactor fuel. It is expected that there will be nearly 3000 sealed
copper canisters. Of the Finnish nuclear power plants, there are three different fuel assembly types, but all
have widths of 1.05 m in diameter. The shortest of canisters is from plants Loviisa 1 and 2, while the
tallest is from Olkiluoto 3. Canisters from Olkiluoto 1 and 2 are between the other two canister lengths
(Posiva 2020).

The overall geologic history of the Olkiluoto area is very complex. The bedrock generally consists of
migmatized supracrustal high-grade metamorphic rocks. These typically are migmatized meta-pelites,
meta-arenites, and intermediate pyroclastic metavolcanites (Aaltonen et al. 2016). Simply, the main
bedrock type is migmatitic gneiss with occurrences of metamorphosed fine-grained sedimentary rock,
metamorphosed sand-size grained sedimentary rock, and metamorphosed volcanic rock.



4. SALT FORMATION DESIGN

4.1 DESIGN CONCEPT

Salt formations are considered for long-term HLW disposal due to their unique properties of low water
content, tectonic stability, and high elasticity (Winterle et al., 2012). While salt has several favorable
properties such as low permeability and high visco-elastic creep, its high solubility and low sorption
properties can affect storage capabilities in certain settings (Table 1-2). Because rock salt reacts to
mechanical loads by creep, cavities within the formation can be “self-sealed” or “healed”. Salt formations
also exhibit low porosity and are generally impervious to gases and liquids, which are desirable
characteristics of a host rock (Winterle et al. 2012).

The typical design of a salt formation spent fuel repository is similar to that of a crystalline rock design in
that they are located 400-700 m below ground and have many excavated tunnels (Figure 4-1). In the salt
formation repository design, large disposal panels are mined out, with each panel consisting of seven
rooms. The panels and rooms are not mined out until waste emplacement due to the fast nature of salt
creep. Multiple spent fuel canisters are placed in each room. Once a room is full and sealed, over time, the
salt will completely encapsulate the waste, safely isolating it from the environment. In active portions of
the mine, long steel bolts and wire mesh are installed into the roof and walls for stability and control of
salt creep. The design of the Waste Isolation Pilot Plant (WIPP) in New Mexico, United States, will be
discussed further in a later section.

For potential salt formation sites, barrier capabilities of the repository system need to follow and are
affected by four design-dependent characteristics: permeability barrier effectiveness, brine/water mobility
in the repository near field, waste package integrity, and radionuclide mobility. However, the suitability
of any salt formation for geologic disposal of HLWs will depend on its physical and geochemical
characteristics. Overall, the salt formation itself is the principal barrier that facilitates waste isolation. In
the process of selecting a suitable site, it is important to evaluate the integrity and thickness of the salt
formation.

Salt Bedrock

Tunnel with Multiple
Storage Rooms

Excavated Room

I
gal

=
h |

*Figure not to scale Room whgre mulitple spent fuel Room that has been §ealed and
canisters are placed salt creep is encapsulating the waste

Figure 4-1: Typical tunnel within a spent fuel repository located in a salt formation. Multiple waste containers
are placed in an excavated room. Once the room is sealed, over time, salt creep and deformation will encapsulate the
waste, isolating it from the environment.



4.2 PERMEABILITY BARRIER EFFECTIVENESS

The extremely low permeability of intact rock salt can prevent water from outside the formation from
penetrating into it and fluids trapped inside from migrating out. However, stress changes due to excavated
openings and the introduction of a significant heat source from HLW canisters can result in a deformation
damage zone around the repository. This damage would enhance permeability in the near field
surrounding the emplacement tunnels. Due to creep of the rock salt, the damaged zone would gradually
heal over time, but there will likely still be increased porosity in the rock salt. Overall, potential sites need
to be evaluated for specific repository design and heat load to ensure the formation is thick enough to
handle damage if it may occur (Winterle et al. 2012).

4.3 BRINE/WATER MOBILITY IN THE REPOSITORY NEAR FIELD

Existing brine pockets and fluid near the salt formation could contact the waste packages if they are
present in sufficient quantity and mobilized by heat or a hydraulic gradient through cracks or fissures. As
previously mentioned, deformation due to excavation and heat will likely produce a zone of enhanced
permeability. This zone could facilitate movement of fluids around the waste containers. If fluid is
present, thermal and hydrological processes can drive the movement of fluid toward the heat source until
it reaches a fracture where it would become more mobile. As the waste cools, the deformation zone
begins to self-heal over time. However, in the presence of fluid, there still may be a zone with relatively
higher, but still low, fluid content surrounding the waste packages (Winterle et al. 2012).

44 WASTE PACKAGE INTEGRITY

Regardless of fluid mobility within or outside the formation, waste can only be released if waste packages
are breached. Corrosion is the primary threat to waste package integrity in a salt repository. Titanium or
nickel-chromium alloys are typical materials that are used for containers, but a lead and steel design may
be used based on the repository design and geochemical properties of the surrounding bedrock.

45 RADIONUCLIDE MOBILITY

In the event water contacts the waste and there are existing aqueous pathways through the formation, the
mobility of radionuclides determines the magnitude of release to the environment. Radionuclide
dissolution and transport outside of the waste package may be impeded by the limed water content and
the design of the storage container (Winterle et al. 2012).

46 GEOLOGY

Salt formations consist primarily of the mineral halite and can include other evaporite minerals (e.g.,
sylvite, gypsum, anhydrite), carbonates (e.g., limestone, dolostone), and fine-grained siliciclastic
sedimentary rocks (mudstone, siltstone, sandstone) (Hovorka and Nava 2000; Winterle et al. 2012). The
formation of salt layers, and any sedimentary layers, are deposited horizontally. Some salt layers will
remain approximately planar after deposition and are referred to as bedded salt deposits. However, other
salt layers develop into diapirs which include salt domes, pillars, and walls (Hovorka and Nava 2000,
Winterle et al. 2012).

Salt deformation occurs in response to mechanical stress and a temperature increase. Excavation of an
underground opening and heat release from disposed nuclear waste can affect the deformation rate. Creep
rate increases with an increase in the magnitude of deviatoric stress and temperature. Disposal openings at
WIPP that were initially 4 m high, 10 m wide, and 91 m long underwent a convergence of approximately
30 cm the first year and 7—13 cm per year thereafter (Chin-Fu et al. 2004; Winterle et al. 2012).



Salt deformation can either be dilation or compaction. Salt dilation consists of growth and opening of
microcracks and pores, which result in an increase in porosity and permeability but a decrease in stiffness
and load-bearing capacity (Winterle et al. 2012). Dilation occurs when there is a high ratio between
deviatoric and confining stress. Salt compaction consists of the closure of microcracks and pores, which
results in a decrease in porosity and permeability but an increase in stiffness and load-bearing capacity.
Compaction occurs when the ratio is low between deviatoric and confining stress. Compaction can be
associated with healing, while dilation is associated with damage (Winterle et al. 2012). Deformation of
the salt bedrock influences waste containers as well. The whole design of a salt repository is for the salt to
converge on the containers and isolate them from the environment. The amount of pressure exerted on a
container is determined by the depth of overburden along with local heat effects and local stresses. Waste
container design is critical to withstand formation pressures.

4.7 USE CASES
4.7.1 Waste Isolation Pilot Plant (WIPP), New Mexico, United States

While not designed as a spent fuel repository, WIPP permanently isolates non-heat-generating transuranic
(TRU) waste 655 m below ground in an approximately 600 m thick salt formation. At the repository
level, large disposal panels are mined out, with each panel consisting of seven rooms. Each room is 4 m
high, 10 m wide, and 91 m long with a 30 m wall of salt separating each room. Overall, the repository has
eight panels, four on each side of the main tunnel.

There are two types of TRU waste that is buried at WIPP. About 96% of the volume of waste disposed of
at WIPP is contact handled (CH). CH waste primarily emits alpha and beta radiation and is stored in
55-gallon steel drums (DOE 2000). Remote-handled (RH) waste emits gamma radiation that must be
handled in lead and steel-shielded transportation containers. CH waste is typically deposited in an
excavated salt room, and bags of magnesium oxide are placed on top of the containers to serve as backfill
and to control the solubility of radionuclides (DOE 2020). RH waste can be stored within the rooms as
well but in horizontal boreholes within the salt walls. Most of the waste at WIPP are in thin steel drums
that are intended to eventually be crushed by the converging salt formation (Winterle et al. 2012).



5. VOLCANIC TUFF OPEN AIR DESIGN

51 GEOLOGY

The volcanic tuff open air design model is currently being proposed for Yucca Mountain in the United
States, and therefore Yucca will be used as the model for this section. Yucca Mountain is located adjacent
to the Nevada Test Site in the state of Nevada, in the United States, about 160 km northwest of Las Vegas
and consists of a series of ridges extending 40 km from Timber Mountain to the Amargosa Desert. The
repository would be in a welded volcanic tuff layer (Topopah Spring Tuff) that is approximately 11—

14 million years old. This rock layer exhibits the proper characteristics of thickness, proximity of faults,
mechanical stability to maintain excavated openings, and heat absorption. The water table at this location
is approximately 500-800 m below the surface. The final repository would be located in the unsaturated
zone about 200-500 m below the surface and on average 300 m above the water table. A deep water table
and thick unsaturated zone are a result from the slow infiltration rate of surface water due to the dry
climate (DOE 2002).

5.2 DESIGN CONCEPT OF YUCCA MOUNTAIN

The Yucca Mountain spent fuel repository has a flexible design which gives future generations a choice
of either closing and sealing the repository or keeping it open for long-term monitoring as well as
adapting to various construction and operational requirements. As stated by a DOE report (2002), the four
key aspects of design flexibility are

ability of the repository design to support a range of construction approaches,

capability to dispose of a wide range of radioactive waste containers,

ability to support a range of thermal modes, and

ability to continue to enhance the design to best achieve performance-related benefits identified
through ongoing analyses.

el NS>

5.3 THERMAL MANAGEMENT STRATEGY

Heat from HLW can affect thermal, hydrologic, chemical, and mechanical processes in the emplacement
tunnels and surrounding rocks. In this potential repository, the flexibility of thermal modes can be
potentially beneficial. A repository operated at higher temperatures above 100°C would dry out the
emplacement tunnels and drifts (circular room), which would limit the amount of water available that
could contact the waste containers. On the other hand, lower temperatures would cause less disturbance of
the local environment near the emplaced waste and hydrologic and geochemical processes in the rock
would be less complex than at higher temperatures (DOE 2002). The design of the Yucca Mountain
repository would be able to operate and change between both high and low temperature modes.

54 UNDERGROUND FACILITY

Waste packages would be disposed of in dedicated drifts on emplacement pallets and aligned end-to-end
on the drift floor (Figure 5-1). If the facility is in a high-temperature operating mode, packages would be
spaced about 10 cm apart. In low-temperature operating mode, several waste package and drift spacings
are being evaluated. The facility would include 58 horizontal emplacement drifts that are 5.5 m in
diameter with a center-to-center drift spacing of 81 m. The underground facility would take up
approximately 1150 acres. When emplacing the waste packages, they would be moved one at a time from
the surface to the drifts by a connecting rail system. Before the repository is permanently closed,
overlapping and interlocking drip shields (Figure 5-1) would be placed over the packages to divert any
potential water that may drip from the top of the drift (DOE 2002).
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Figure 5-1: Volcanic tuff open air design (e.g., Yucca Mountain) where canisters containing spent fuel are
aligned end-to-end on the drift floor. Granular material is located beneath the rail as a protective buffer material.
A drift liner and drip shields are present to divert any water that may enter the drift.

5.5 NATURAL BARRIERS

Natural barriers at Yucca Mountain include surface soil, unsaturated rock layers above and below the
repository, and volcanic tuff and alluvial deposits below the water table. These barriers are important as
they isolate the waste, limit the amount of water entering the emplacement drifts, and limit the transport
of radionuclides through the environment. The surrounding bedrock (Topopah Spring Tuff) has a
maximum thickness of 375 m (DOE 2002).

As previously mentioned, the bedrock can sustain excavated tunnels and absorb any heat generated by
waste packages. However, in this welded tuff layer, fractures are present which are dominant pathways
for water to flow in both the unsaturated and saturated zones. The design of the final repository would
take advantage of the fractures and free-draining nature of the host rock, which would promote the flow
of water past the emplaced waste and limit water availability to the waste packages. The water table
below the proposed repository is located in the Calico Hills Formation and Crater Flat Group, which are
less fractured. The Calico Hills Formation also contains an abundance of zeolite minerals, which have the
ability to sorb radionuclides that might be transported in solution in water through the fractures (DOE
2002).

5.6 ENGINEERED BARRIERS

Components of the engineered barriers are designed to complement the natural barriers in isolating the
waste packages. The design of the repository’s engineered barriers includes the waste package, waste
form, drip shield, and the emplacement drift invert (Supporting structures) (Figure 5-1). Overall,
engineered barriers contribute to waste isolation by using long-lived waste packages, using drip shields to
divert water away and limit the release of radionuclides (DOE 2002).

5.7 WASTE PACKAGES AND WASTE FORM

The waste package would have a dual-metal design with two concentric cylinders. The inner cylinder
would be made of stainless steel 316NG, and the outer cylinder would be nickel-based alloy 22. The alloy
22 would protect against corrosion, while the inner steel cylinder would provide structural support (DOE
2002).
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Materials deposited would include spent nuclear fuel and vitrified HLW, both which are in solid form.
These materials will degrade very slowly in the Yucca Mountain environment. Spent nuclear fuel
primarily consists of heavy metal oxides (e.g., uranium, plutonium). HLW consists of vitrified
borosilicate glass containing radionuclides (DOE 2002).

5.8 DRIP SHIELDS AND DRIFT INVERT

Drip shields are a major component of the engineered barrier system (Figure 5-1). They are installed over
the waste packages prior to repository closure. The function of drip shields is to divert any moisture that
may drip from the drift walls, ceilings, and condensed water vapor around the waste packages. Drip
shields would be of a standard size as they are to be used with all waste package types and made from
titanium to provide corrosion resistance and structural strength (DOE 2002).

Drift invert includes the structures and materials that support the pallet, waste package, rail system, and
drip shield. It is composed of a steel invert structure and a ballast that consists of granular material. Upon
closure, the granular material provides a layer below the waste packages that would slow the movement
of radionuclides into the bedrock (DOE 2002).
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6. CLAY OR SHALE FORMATION WITH BACKFILL

6.1 GEOLOGY

Many countries such as France, Switzerland, Belgium, Japan, and Canada are considering the use of
argillaceous (high clay content, clay-size materials) formations as a potential host rock for disposal and
containment of their nuclear wastes (Hendry et al. 2015). Argillaceous formations are being considered
due to their low permeability and high sorption capacity in respect to radioactive wastes and other
hazardous materials (Deniau et al. 2007; Hendry et al. 2015). These formations are located throughout the
world as surficial deposits (e.g., glacial tills or glacio-lacustrine deposits) or consolidated or
unconsolidated units within sedimentary basins (e.g., mudstone, claystone, shales) (Hendry et al. 2015).

6.2 USE CASES
6.2.1 Haute-Marne, France (Cigeo Project)

The Cigeo deep geological repository in France is designed for the disposal of high- and intermediate-
level long-lived radioactive waste (HLW and ILW) while adhering to the French requirements of
reversibility (Gaussen and Andra 2005; Labalette et al. 2013). It will be constructed in the 160 million-
year-old Callovo-Oxfordian argillite formation within the Paris Basin (Stavropoulou et al. 2020). This
low permeability formation starts at a depth below the surface of 420 m and ends at approximately 600 m.
Thickness varies throughout the formation between 130-160 m (Gaussen and Andra 2005).

The disposal facility would consist of disposal cells excavated in the argillite formation which would
contain the waste packages. The repository would have sections based on the type of waste being
disposed of (e.g., HLW, ILW). HLW would be disposed of in lined horizontal tunnels extending from the
main access drifts (tunnels). The layout of the repository and process is similar to the KBS-3 design in
that after the waste packages are emplaced in the tunnels, they are overpacked with bentonite or similar
clay (Labalette and Hoorelbeke 2011). The Cigeo Project is currently pending and will tentatively start in
the mid 2020s.
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7. CONCLUSION

Based on the above findings, the four deep geological storage designs will be considered in small-scale
laboratory tests—crystalline bedrock with bentonite backfill (KBS-3), salt formation (WIPP), volcanic
tuff open air design (Yucca), and clay formation with backfill (Cigeo). All four designs are located within
deep bedrock layers. Bedrock types for KBS-3 and Yucca designs are either igneous or metamorphic,
whereas the salt design is located within a sedimentary salt layer. The Cigeo design is located within a
sedimentary layer. The crystalline rock, salt formation, and clay formation designs make use of
emplacement drifts with either rooms or boreholes for the spent fuel canisters. What makes them different
are that KBS-3 (vertical emplacement tunnels) and Cigeo (horizontal emplacement tunnels) rely on buffer
and/or backfill material (typically bentonite clay) for sealing, while the salt design depends on the unique
deformation properties of salt to encapsulate the waste. The volcanic tuff open air design, while not
currently implemented, is unique in that the canisters are emplaced in an open room environment which
can be controlled, depending on the type of waste.

For small-scale laboratory designs, a modular design was chosen for the ability to reconfigure tunnels and
rooms as needed. Standard 6-in. concrete construction blocks are chosen to simulate boreholes and
emplacement rooms, while solid concrete construction blocks are used to represent the surrounding
bedrock material. Bentonite clay is used for the buffer and backfill material like the KBS-3 design. To
approximately simulate the geological properties of a salt layer, while considering the availability of
materials, salt blocks can be used to represent an excavated room within the layer.
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