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1 Introduction

Germany gave a fresh start to its site selection procedure for
a repository for high-level radioactive waste with the Reposi-
tory Site Selection Act (StandAG, 2017) in 2017. The proce-
dure consists of three phases; Phase I is split into two steps.
BGE published the Sub-areas Interim Report in 2020 to con-
clude Step 1 (BGE, 2020). Ninety areas passed the geosci-
entific criteria and were declared sub-areas with a generally
favourable geological situation.

To select a site for a high-level radioactive waste repos-
itory, the performance of the possible sites as disposal sys-
tems that safely contain radionuclides over 1 million years
has to be investigated. Hence, in Step 2 of Phase I, represen-
tative preliminary safety assessments are an important part
of the regulatory toolbox for finding the most suitable ar-
eas. They are performed according to the Disposal Safety
Analysis Ordinance (EndlSiAnfV, 2020; EndlSiUntV, 2020)
of 2020. Their results will help in narrowing down the sub-
areas, which currently cover approximately 54 % of the Ger-
man land surface, to a small number of siting regions that
will be subject to surface exploration in Phase II. Preliminary
safety assessments are performed in each phase of the Ger-
man site selection procedure. The representative preliminary
safety assessments of Phase I have a limited scope compared
to the assessments in Phases II and III (EndlSiAnfV, 2020).
For a more detailed overview of the site selection process and

the role of the preliminary safety assessments, see Hoyer et
al. (2021).

2 Evolutions of the disposal system

The safety of a disposal system is not only dependent on the
present-day geological situation of its site, a good repository
design, and an excellent technological implementation dur-
ing construction and operation of the repository but also es-
pecially on the future behaviour of the whole system. Since
safety has to be achieved for 1 million years, a well-founded,
circumspect estimate of the processes acting in and on the
repository becomes vital. In the representative preliminary
safety assessments, the focus is on future processes in the
geosphere, with the challenge to estimate and attach proba-
bilities and risks to any of these geogenic processes!.

The range of possible evolutions of the system is the
core of a safety assessment. They are ordered by likelihood
(§ 3 EndlISiAnfV):

1. the expected evolution is the most likely development
from the most likely initial state of the disposal system,
and

A term newly used in the context of nuclear waste disposal in
the Site Selection Act. It is interpreted as those geogenic processes
that would occur independently of the repository and is used to dis-
tinguish them from fechnogenic processes, which are dependent on
the existence of the repository structures.
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2. deviating evolutions are not expected, but they are con-
sidered as far as they cannot be ruled out from occurring
in the future.

For now, the geogenic processes are the starting point for
developing the evolutions (§ 7 EndISiUntV). In later phases,
all components and processes in the disposal system can be
a starting point for deviating evolutions.

Any attempt at forecasting the future is likely to be wrong
to some degree. The aim of a safety assessment structured
around the scenario method (a particular method of think-
ing about the future, further explained below) is to optimise
the repository in such a way that deviating unexpected de-
velopments are very unlikely to compromise the safety of
the repository — as far as it is humanly possible to tell. To
achieve this, it is necessary to stretch the imagination beyond
extrapolating past or current trends and data observations, to
examine all assumptions, and to question the sufficiency of
the data used.

Sandia National Laboratories first applied the scenario
methodology in the context of nuclear disposal in the USA,
after the method was previously used for policy strategy de-
velopment for both governments and businesses (Cranwell
et al., 1990). As part of an OECD-NEA (Organisation for
Economic Co-operation and Development Nuclear Energy
Agency) initiative, several national nuclear waste disposal
organisations started using the scenario methodology. Since
then, it has become a standard instrument for the develop-
ment of a safety case (IAEA, 2012).

A scenario study requires

1. a clearly defined scope (area of interest, time period,
goals),

2. a compilation of knowledge about the current state (rel-
evant actors, facts, well-known processes and trends in
science and society), and

3. an understanding of which elements of the current state
are least understood or least predictable in their prop-
erties or behaviour while posing the greatest risk to the
goals (MacKay and McKiernan, 2018).

In a safety assessment for a potential nuclear waste disposal
site, the scope is defined by national regulations. In the Ger-
man site selection process, the areas of interest are the sub-
areas identified in Step 1 of Phase I. The period of interest is
1 million years after closure of the repository; the goal is a
disposal system that keeps within the limits of radionuclide
mass and number of atoms transported beyond the essential
barriers as given by the Disposal Safety Requirements Or-
dinance (EndISiAnfV, 2020; StandAG, 2017). Dose calcula-
tions are excluded from the representative preliminary safety
assessments but will be part of later assessments.

The compilation of knowledge about the current state and
trends is limited to a description of the components and pro-
cesses in the geosphere and the repository by the EndlSi-
UntV. Future human actions will not be taken into account,
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and at this stage, it is permitted to assume that the repository
was successfully constructed and closed according to the cur-
rent repository concept. Possible risks related to these aspects
will be included in the preliminary safety assessments from
Phase II onward.

Safety assessments for potential nuclear waste disposal
sites usually build up a database called a “FEP catalogue”
to document the description of the features, events, and pro-
cesses studied in the safety assessment. SKB developed this
highly structured system description for their safety assess-
ments (Swedish Nuclear Fuel and Waste Management Co.,
1989). Today, the OECD-NEA provides the International
FEP List as a starting point or auditing instrument for new
safety assessment projects (Capouet et al., 2019).

A catalogue entry of a feature, event, or process will typ-
ically include a short definition and a longer description, a
statement on whether the element is relevant to the reposi-
tory and why, the times at which the element is relevant, and
its influence on other elements with a record of the reasoning
behind the identified influence (Fig. 1).

The complete FEP catalogue holds a network of direct
and indirect influences that have to be assessed for their
safety relevance. This is done by analysing the performance
of safety functions of different barriers in the disposal system
over time.

The third part of a scenario study is an examination of
knowledge, lack of knowledge, and risk. Uncertainties for
all features and processes under consideration need to be
mapped out and quantified wherever possible.

3 Example — subglacial tunnel valley erosion

Subglacial tunnel valley erosion is a geogenic process (occur-
ring independently of the existence of a repository system)
that has produced large-scale linear erosional features during
past glaciations of what is now Germany (e.g. Weitkamp and
Bebiolka, 2017). The process that leads to the development
of subglacial tunnel valleys is still under debate (Weitkamp
and Bebiolka, 2017). Indications that tunnel valleys are filled
in quickly (most commonly with coarse material or locally
reworked sediments) but can be reactivated in successive
glaciations have been observed (Kuster and Meyer, 1979).
The minimum depth for a containment-providing rock
zone (CRZ)? is 300 m below present ground surface. How-
ever, the integrity of the CRZ has to hold for 1 million years.
Therefore, the depth of the repository must be below the
depth reached by direct and indirect effects of exogenic pro-
cesses, and there must be no reasonable doubt about the long-
term integrity of the barriers in the disposal system, particu-
larly the host rock (§ 23 StandAG). If subglacial tunnel val-
ley erosion can be expected to occur with any glaciation, the

2The part of the host rock that ensures the safe containment of
the radioactive waste in interaction with technical and geotechnical
barriers (§ 2 Nr. 9 StandAG).
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Definition
fronts during glacial periods.

Description

Generic Manifestation
Geometry Width, Length, Depth
Timescale Duration, Interval

Subglacial Tunnel Valleys are erosive features connected to ice

The process that leads to the development of Subglacial Tunnel
Valleys is still under debate. The proposed mechanisms are...

Expected occurrence

Z
e%

//7
Directly influenced by:
= Climate Record

= Overburden Material Properties Record

= Overburden Geometry Record

Subglacial Tunnel
Valley Erosion

Influences directly:

= Overburden Material properties
Record

= Host Rock Geometry
Record

Figure 1. Sketch of FEP catalogue entry for the process of subglacial tunnel valley erosion. These are only examples of possible influences
within the system. The final FEP catalogue entry in the representative preliminary safety assessments performed by BGE may look different

and include different conclusions.

likely intensity of the process (erosional depth) is the key to
estimating whether the siting of a repository at a certain loca-
tion and depth can ensure the long-term integrity of the CRZ.

In the safety assessment, the process will first be entered
into the FEP catalogue (Fig. 1). Its definition distinguishes it
from other forms of erosion. The description contains a sum-
mary of the current understanding of the process in the scien-
tific community, as well as the areas affected by the process
in the past.

Next, the properties of features in the catalogue that can
directly influence the manifestation of the process are identi-
fied, as are the properties of features that are in turn directly
affected by the process. Tunnel valley erosion can locally re-
duce the thickness of the overburden of the CRZ, as well as
change the permeability when the valley is filled up again.
Assuming, for instance, 10 future glaciations over 1 million
years, then multiple potential erosion “events” can affect a
potential disposal system.

4 Consequences of expected and deviating
evolutions

Uncertainty about the processes that form subglacial tunnel
valleys could invite the definition of a vertical safety margin,
for example 100 m. This strategy, though, has issues: to start
with, increasing the depth of the repository may offer more
long-term safety, but it can increase short-term risks during
the operational phase, depending on the host rock, since the
drilling of the mine can become more difficult.

Another issue is the problem of missing knowledge (epis-
temic): how can we know that we have observed the deep-
est possible tunnel valley? For example, in the Netherlands,
a maximum erosion depth of 500 m was known. Reprocess-
ing of existing seismic data, however, led to the discovery
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of “new” tunnel valleys with depths of nearly 600 m be-
low ground surface (Ten Veen, 2015). This necessitated a
re-evaluation of the risk tunnel valley erosion posits for ra-
dioactive waste disposal, increasing the maximum observed
depth by approximately 100 m.

The deepest known tunnel valley in Germany is the so-
called Hagenower Rinne with a depth of 584 m below present
ground surface (Kuster and Meyer, 1979), but there is no way
of knowing at this time whether that is the deepest valley.
Tunnel valley research in the North Sea allows for the con-
clusion that tunnel valleys will be found when specifically
(re)processing data, e.g. seismic data (e.g. Lutz et al., 2009).
An absence of tunnel valleys on a thematic map does not
imply that there are none present. It may just mean no appro-
priate study has been conducted there to gain significant data,
or existing data were not analysed for this special purpose.

This leads to our understanding of the risks of tunnel val-
ley erosion and how we assess which evolution is expected
and which is deviating. It becomes hard to judge whether a
safety buffer of 100 m below the deepest known tunnel valley
is actually a sensible conservative measure. To account for
this, Weitkamp and Bebiolka (2017) suggest zones of dif-
ferent representative predicted depths of erosion. Even so,
this could either exclude possibly safe sites from further con-
sideration by strongly overestimating tunnel valley erosion
depths or include too many by underestimating them.

5 Conclusions

Considering the future with scenario methods should in-
evitably call into question the extent and certainty of our
knowledge and understanding regarding both the past and the
present. Particularly in high-reliability institutions such as a
disposal system for high-level radioactive waste, the conse-
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quences of error need to be minimised as far as possible. A
disposal system needs to be sited and conceptualised with
sufficient safety reserves to accommodate a range of future
evolutions beyond the expected evolution.
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