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Abstract

Nagra, the National Cooperative for the Disposal of Radioactive Waste, is responsible for the
development and safe implementation of a deep geological repository for radioactive waste in
Switzerland. The concept involves the disposal of low-, intermediate-, and high-level waste in a
deep geological repository within a clay-rock formation (Opalinus Clay) at a depth of over 800 m.
There, the disposed waste inventory will remain isolated from the surface environment, allowing
radionuclides to decay, significantly reducing their radiological hazard down to a level where it
is of no significant concern.

In the very long term (10°~107 years), uplift and erosion by both glacial and non-glacial processes
may bring the repository closer to the surface, potentially resulting in the excavation of repository
material. In its guidance related to deep geological disposal in Switzerland, ENSI requires assess-
ment of potential dose consequences of repository excavation scenarios in the very long term.

Assessment calculations have been undertaken to explore potential dose consequences of reposi-
tory excavation scenarios. These have separately considered excavation by deep glacial erosion
and non-glacial erosion.

e Assessment of deep glacial erosion considers an overdeepening directly impacting the
repository and transporting excavated material to the near-surface region and surface,
with a range of post-glacial landscape settings.

e Assessment of non-glacial erosion considers the emergence of what remains of a reposi-
tory below a valley or in a hillside setting, with a range of erosion rates and valley geom-
etries and the subsequent dispersal of that material by hillslope or fluvial processes.

A compartment-modelling approach is used to represent the distribution of material excavated
from the repository, subsequent radionuclide release, transport and potential exposure. The expo-
sure assessment assumes that humans are present in the area local to the excavated material and
make maximum use of that environment. The exposure-modelling approach is based on Nagra's
established reference biosphere assessment modelling.

A range of potential excavation contexts has been studied, accompanied by sensitivity calcu-
lations to help identify important processes, parameters and assumptions. The assessment ex-
plores potential consequences of excavation over timescales ranging from 700,000 years to four
million years after repository closure. These timescales span both early hypothetical and more
plausible timescales for repository excavation.

Overall, the assessment demonstrates a degree of consistency in the potential dose consequences
calculated across a wide range of different excavation settings. Both excavation by deep glacial
erosion and by non-glacial erosion result in potential dose consequences that are lower than
or comparable with the natural, current radiation exposure in Switzerland (approximately
1 — 13 mSv/a).
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1 Introduction

1.1 Context

In Switzerland, legal regulations (Nuclear Energy Act (KEG 2003) and Nuclear Energy Ordi-
nance (KEV 2004)) and guidelines are in place for the management of radioactive waste. The
Nuclear Energy Ordinance (KEV) classifies Switzerland's radioactive waste into low- and inter-
mediate-level waste (L/ILW), alpha-toxic waste’ (ATW) and high-level waste (HLW), the latter
comprising spent fuel (SF) and vitrified HLW from reprocessing (RP-HLW). The Nuclear Energy
Act (KEG) requires the disposal of all these types of radioactive waste in deep geological repos-
itories. The feasibility of this disposal solution has been demonstrated for L/ILW in Nagra (1985)
and for long-lived intermediate-level waste and HLW in Nagra (2002).

The Sectoral Plan for Deep Geological Repositories (SGT) regulates the search for suitable siting
regions for deep geological repositories in Switzerland. This site selection process is conducted
in three stages (BFE 2008). Stages 1 and 2 have already been completed and Nagra is currently
in Stage 3 (SGT-E3). Clarifications on the safety-related specifications for this stage are provided
in ENSI 33/649 (ENSI 2018), while ENSI Guideline G03 and the corresponding explanatory
report (ENSI 2023, ENSI 2020) specify the protection objective, protection criteria and design
principles for deep geological repositories.

In SGT-E3, three siting regions located in Northern Switzerland have been considered — Jura Ost
(JO), Nordlich Lagern (NL) and Ziirich Nordost (ZNO) — with the objective of selecting one siting
region for an HLW repository, one for an L/ILW repository, or one for a combined repository for
all waste types.

Following a comparison of the three siting regions, Nagra concluded that NL is the safest and
most flexible siting region and is therefore applying for a general licence for a combined repos-
itory for both HLW and L/ILW at the Haberstal site.

The justification for this selection and the safety demonstration for a repository at the site are
submitted as part of the general licence application (RBG?). The reports relating to post-closure
safety, shown in Fig. 1-1, are structured as follows:

o The overall safety-related argumentation, including post-closure and operational safety, is
summarised in an overarching safety report ("Sicherheitsbericht") NTB 24-01 (Nagra 2025b)
shown at the top of Fig. 1-1.

e The upper left side of Fig. 1-1 shows the reports supporting Nagra's site comparison. The
available options are compared with respect to safety and technical feasibility, and the results
are synthesised in NTB 24-03 (Nagra 2025a) ("Bericht zur Begriindung der Standortwahl").

e The upper right side of Fig. 1-1 shows the reports documenting the post-closure safety case
for the combined repository at the site, including its synthesis in the post-closure safety report
NTB 24-10 (Nagra 2024h).

o The lower part of Fig. 1-1 shows a report that presents the safety and repository concept,
including the provisional design, and reports providing the assessment basis.

According to Nagra (2024a), ATW can coexist with L/ILW within the same emplacement caverns. As a result, for
the sake of simplicity, the term L/ILW encompasses ATW without explicit mention.

From the German Rahmenbewilligungsgesuch.
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Safety-related argumentation in support of the general licence application

NTB 24-01
Sicherheitsbericht
SITE PARISO

NTB 24-03 NTB 24-10

Bericht zur Begriindung

Post-Closure Safety Report
der Standortwahl

Analy of site-specific radiological quences Analy of radiological conseq e
NTB 24-18 (PartA) NTB 24-18 (PartB) NAB 24-08 NAB 24-09
Radiological Consequence Radiological Conse- Radiological Conse- Radiological Conse-
nalysis quence Analysis quences of quences of
Repository Excavationf| | Future Human Actions

Supporting documents to the radiological consequence analysis

NAB 24-06 NAB 24-07
Biosphere Assessment Treatment of "C in the
Post-Closure Safety Assessment

Safety scenario development

NTB 24-21
Development of Safety Scenarios

Evaluation of the CRZ for site comparison Performance assessment
NAB 24-23 NTB 24-22
Qualitative Bewertung Synthesis of the Performance
fir den Assessment
sicherheitstechnischen Vergleich

NAB 24-01 NAB 24-26 NAB 24-25 NTB 24-23
Definition der Bewertungsobjekte Model-Based Assessment Model-Based Performance Production and Fate
fir den of the Containment-Providing Assessment of Gases
sicherheitstechnischen Vergleich Rock Zone in Support of the
Site Selection

Safety and repository concept

NAB 24-18

Safety and Repository Concept
and Provisional Design

Assessment basis: Various supporting reports (this list is not exhaustive)

I L I
Methodology Databases System evolution and performance Geology
NTB 24-19 NTB 22-05 NAB 24-20 NAB 23-10 NTB 24-17
Safety Assessment MIRAM-RBG Storyboard Radionuclide Release Model Geosynthesis
Methodology for Spent Fuel
NAB 20-31 NTB 23-08 NAB 24-20 NAB 23-09 NAB 24-10
Methodik Mindestabstand Diffusion Database Supplementary Volume Aqueous Corrosion of Geological Site
Kombilager FEP Database Vitrified HLW Characterisation
NTB 23-04 NTB 23-02 NTB 24-20
Solubility Limits in Bentonite Geochemical Evolution Design of Disposal Canisters
Waste allocation of the HLW Near Field Design and operation
NAB 24-05 NTB 23-06 NTB 23-03 NTB 22-04 NAB 23-01
Abfallzuteilung und Sorption Database: Bentonite, Geochemical Evolution 14C Speciation and Release Bautechnisches Dossier
Betrachtungszeitraum Hostrock and Confining Units of the L/ILW Near Field from Radioactive Waste
NAB 23-28 NTB 23-07 NAB 23-21 NAB 23-22 NTB 24-11
Waste Group Cement Sorption Database Performance of Sealing Corrosion Rates Anlage und Betrieb
Classification L/ILW System
NTB 21-03 NAB 22-34 NTB 23-11 NAB 24-29
Thermodynamic Database Cement-Clay Synthesis Degradation of Organics Einfluss Betriebssicherheit
auf Langzeitsicherheit |H

Fig. 1-1:  Structure of reports covering post-closure safety aspects of the site comparison and
the post-closure safety case
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The present report is bordered in red in Fig. 1-1 and is part of the analyses of radiological con-
sequences in support of the post-closure safety case for the combined repository at the site.

The landscapes in the siting regions considered in SGT-E3 are continuously eroded by up-
lift-related fluvial incision and coupled hillslope denudation. These regional erosion processes
result in downcutting. This will be intensified during future glaciations when glacial processes
dominate erosion and so-called overdeepened valleys could be excavated. Northern Switzerland
has a number of overdeepened valleys, where the total local erosion due to past glacial processes
has been deeper than the regional erosion base. The current Nagra investigations of the present
geological situation (Nagra 2024e) include scenarios for the future evolution due to erosion
processes, detailed in NAB 24-15 (Nagra 2024d).

In the context of the site selection process, this knowledge is used to reduce the likelihood of the
repository being impacted directly by future glacial erosion. However, uplift and erosion by both
glacial and non-glacial processes may bring the repository closer to the surface, potentially also
resulting in the excavation of repository material in the very long term (10°-107 years).

This study evaluates the potential radiological consequences of two hypothetical safety scenarios
for different points in time, in which erosive processes excavate the deep geological repository.
The first safety scenario considers repository excavation by glacial processes, the second con-
siders repository excavation by non-glacial processes.

1.2 Regulatory requirements and guidance

This section describes regulatory guidelines relevant for this work. The original ENSI guidelines
were written in German. While an English translation exists for most of them, it is provided for
information purposes only and has no legal force. For this reason, this section quotes the original
German text of the guidelines and provides an English translation immediately below.

The investigation of the radiological consequences of repository excavation by erosion processes
described in this report is explicitly required by the ENSI 33/649 guideline (ENSI 2018), which
defines the following requirement for the site comparison:

ENSI 33/649, Section 4.4:

Gemdiss den Vorgaben der Richtlinie ENSI-G03 und den im Folgenden beschriebenen Prdzisier-
ungen und Ergdnzungen haben die Sicherheitsanalysen fiir den Standortvergleich mindestens die
folgenden Aspekte zu umfassen:

[...]

f- Aufzeigen der radiologischen Konsequenzen von Freilegungsszenarien innerhalb des Betrach-
tungszeitraums (z. B. durch flichenhafte Erosion oder glaziale Tiefenerosion) und ihre Bedeutung
fiir den Standortvergleich.

According to the requirements of ENSI Guideline GO3 and the clarifications and additions de-
scribed below, the safety analyses for the site comparison must include at least the following
aspects:

[...]

f. Illustration of the radiological consequences of exposure scenarios within the period under
consideration (e.g. due to extensive erosion or deep glacial erosion) and their significance for the
site comparison.
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It should be noted that this guidance refers to the ENSI Guideline GO03. This is further elaborated
in the following section of the ENSI 33/649 guidance on the requirements on the approach to the
assessment of the radiological consequences of repository excavation, which states that envel-
oping variants should be explored in accordance with ENSI Guideline G03:

ENSI 33/649, Section 5.2:

Die Sicherheitsanalyse des Standortvergleichs (siche Kap. 4.4) fiir den gewdhliten Standort wird
entsprechend vertieft und mit umfassenden Szenarien- und Risikoanalysen gemdss Richtlinie
ENSI-GO03 ergdinzt.

]

Die moglichen radiologischen Auswirkungen zukiinftiger Entwicklungen sind durch umbhiillende
Varianten aufzuzeigen. Die radiologischen Konsequenzen von Freilegungsszenarien (bspw.
durch flichenhafte Erosion oder glaziale Tiefenerosion) sind gemdss Richtlinie ENSI-G03 darzu-
legen.

The safety analysis of the site comparison (see Section 4.4) for the selected site will be expanded
accordingly and supplemented with comprehensive scenario and risk analyses in accordance with
ENSI Guideline GO3.

[.]

The possible radiological impacts of future developments are to be demonstrated by means of
enveloping variants. The radiological consequences of uncovering [excavation] scenarios (e.g.
due to extensive erosion or deep glacial erosion) must be presented in accordance with ENSI
Guideline GO03.

The ENSI Guideline G03 (ENSI 2023) most importantly defines the modelling approaches, which
can be used to address the investigations listed in ENSI 33/649 Section 4.4. These requirements
are further clarified in the ENSI G03 explanatory report (ENSI 2020):

ENSI GO3 explanatory report, Section 9.3.1 c:

Allenfalls sind auch konservative Annahmen fiir die Wahl der Modellansdtze und Modellpara-
meter in die Berechnungen einzubeziehen. Dazu gehéren auch Freilegungsszenarien und das un-
beabsichtigte menschliche Eindringen. Bei der Modellierung von Szenarien konnen auch stili-
sierte Annahmen verwendet werden wie zum Beispiel die Biosphdrenmodellierung.

If need be, conservative assumptions for the choice of model approaches and model parameters
may also be included in the calculations. These include scenarios in which the repository is
uncovered [exposed] and accidental human intrusion. Conventionalised [stylised] assumptions
such as biosphere modelling can also be used when modelling scenarios.

It should be noted that this section explicitly mentions the use of stylised models as an acceptable
methodology. Following this guideline, stylised modelling is employed in the present work.
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Given the fact that the proposed repository is located more than 800 m below ground level, the
repository excavation by erosive processes is not expected (Nagra 2024¢). However, following
the requirements set forth in the guidelines described in this section, the radiological conse-
quences of repository excavation by erosive processes were anyway calculated (using stylised
models), as required. These calculations are documented in this this report.

The evaluation of these results with respect to the protection criteria (as defined in ENSI Guide-
line G03, Section 4.3.2) is presented in the post-closure safety report NTB 24-10 (Nagra 2024h)
by considering the probability of occurrence reported in the erosion report NAB 24-15
(Nagra 2024d). The impact of erosion processes on site comparison will be discussed in
NTB 24-03 ("Bericht zur Begriindung der Standortwahl") (Nagra 2025a).

1.3 Previous analyses of radiological consequences of erosion

This work builds on the knowledge from previous studies on this subject. Radiological conse-
quences of a potential excavation of the repository by deep glacial erosion were calculated at the
end of SGT-E2 and documented in Nagra (2016). The results of that analysis have been confirmed
in this study.

Repository excavation by non-glacial erosion processes was previously considered as part of
Nagra (2008b), which investigated the following three scenarios:

1. Model 1 considered a scenario in which the emplacement drifts are close to the earth's surface
and below an aquifer, allowing the radionuclides to be released into the groundwater.

2. Model 2 considered a scenario in which the emplacement drifts are excavated by river ero-
sion, with the waste material carried off by the river and deposited in a downstream accumu-
lation area.

3. Model 3 assessed the consequences of a potential increase in the permeability resulting from
the decompaction of the host rock caused by the erosion-induced decrease in cover.

Modelling of the excavation by non-glacial erosion processes is informed by an understanding of
the long-term evolution of the local topography. For the Jura Ost siting region and its surrounding
area, this was explored in Ludwig (2018). That work focused on the geographic information
system (GIS) based mapping and analysis of the spatial distribution, controls, and effects of hill-
slope processes. The aim was to form the basis (both qualitative and quantitative) of future land-
scape evolution scenarios with an emphasis on local topography and hillslope processes in partic-
ular at a scale similar to that of the repository.

14 Organisation of this report

Excavation by glacial erosion processes and excavation by non-glacial erosion processes are
treated as two separate safety scenarios’. Chapter 2 covers the aspects of long-term evolution that
overlap in both repository excavation scenarios, including geological evolution, timescales for
excavation, the long-term evolution of the repository system and the general basis for the assess-
ments.

Chapter 3 evaluates excavation by glacial erosion processes and Chapter 4 evaluates excavation
by non-glacial erosion processes. Both chapters follow the same structure, starting with a descript-
tion of the relevant geological processes (Sections 3.1 and 4.1), which are then collected into a
storyboard (Sections 3.2 and 4.2). Afterwards, the storyboards are conceptualised (Sections 3.3
and 4.3), calculation cases to be investigated are identified (Sections 3.4 and 4.4), and the

3 See NTB 24-21 (Nagra 2024b) for the full definition of safety scenarios and their development.
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mathematical models capturing these assessments are defined (Sections 3.5 and 4.5). The data
needed for the models are described in Sections 3.6 and 4.6. Finally, the results are presented in
Sections 3.7 and 4.7.

An overall discussion of the results and the report conclusions are presented in Chapter 5.
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2 Long-term evolution towards excavation

This chapter describes components of the study that are relevant for both repository excavation
scenarios. Section 2.1 describes the geological evolution, which eventually leads to repository
excavation, identifying excavation by glacial erosion processes and excavation by non-glacial
erosion processes. Section 2.2 then defines for which points in time the assessment is performed.
The long-term evolution of the repository system is then discussed in Section 2.3. The general
basis for the assessment is then presented in Section 2.4.

2.1 Geological evolution leading towards excavation

Long-term geological evolution and the detailed description of erosion processes can be found in
NAB 24-15 (Nagra 2024d); this section offers a concise summary as context for the present work.

The Quaternary climate history in Northern Switzerland was dominated by a succession of glacial
and interglacial cycles. These changes, together with uplift of rock of variable erodibility, caused
by neotectonic activity and/or isostatic compensation to mass redistribution by glacial loading/un-
loading, glacial erosion or other erosive processes, have shaped the present-day landscape of
Northern Switzerland. These processes and their relations are expected to drive the geological
evolution of the region in the future as well. The main erosional processes involved are the com-
bined action of rivers, especially the drainage evolution of the Aare — Rhine river system (defining
the local erosion base), as well as erosion and sedimentation by repeated large foreland glaci-
ations. Depending on the erodibility of the substratum and the local erosive power of a glacier,
(sub)glacial erosion processes can erode several hundreds of metres below the river system within
a relatively short time. Fluvial incision and deep glacial erosion processes in turn define the pace
at which hillslopes respond. Slope stability tracks fluvial and glacial base-level controls on topog-
raphic slope and shallow hydrology-driven mass movements. Thus, the channel-hillslope cou-
pling drives non-glacial denudation of the topography.

Most of Northern Switzerland is characterised by a low-relief landscape and low erosion rates.
Fluvial channels and extended terrace systems define the postglacial terrain. The oldest glacio-
fluvial deposits are only preserved as relicts, and the younger ones follow a continuous and trace-
able fluvial network. Thus, the time needed to organise the landscape substantially, based on this
observation, could be in the order of several hundred thousand years. During this time, the fluvial
network is expected to change slowly by lateral erosion and vertical incision. Small-scale
deviations from such general patterns of a distinct long-lived fluvial network exist. A prominent
example of an abrupt change in the drainage system that has locally caused rapid incision is
represented by the Wutach River, which was captured by the Rhine River. Several smaller exam-
ples of lateral channels (breakthrough channels) have been observed throughout Northern Swit-
zerland. Most of these channels developed in association with large foreland glaciations, either
by glacial impoundment of a present drainage and subsequent overspill, or by ice-marginal drain-
age. Such breakthrough channels can be either temporary or persistent features. Finally, while the
processes are largely separated in this analysis, it is important to recognise that the landscape
lowering results from the coupled hillslope-fluvial and glacial-fluvial systems. In particular, that
means that landscape lowering over time by one process can bring the repository closer to the
surface, where it can then be affected by other process (e.g. fluvial lowering followed by deep
glacial erosion).

In the long term, the first-order control on fluvial incision is rock uplift. The spatial pattern of
rock uplift over the next one million years and beyond is expected to continue to be dominated
by a declining Alpine uplift, regardless of whether it is caused by tectonic shortening or isostatic
compensatory motion. Rock uplift rates (mean of all sites) are expected to be between 0.02 and
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0.34 mm/a (median 0.16 mm/a) (Nagra 2024d). This rock uplift drives fluvial incision, which in
turn sets the pace for hillslope processes. Considering the low rates and repository depths and
position within the landscape, a repository excavation by non-glacial processes is considered
unlikely within the period of consideration for high-level radioactive waste of one million years
and even for hundreds of thousands to millions of years beyond (Nagra 2024d).

For future deep glacial erosion to be a threat to the geological barrier of a deep geological repos-
itory, a series of events must occur. First, a future glaciation must cover the siting region. The
climate driver — insolation — can, with some confidence, be projected into the (far) future because
the variations of astronomical drivers (precession, obliquity and tilt) are understood
(Berger & Loutre 1991). However, atmospheric concentration of greenhouse gases has a very
strong influence on the timing and severity of future glaciations. Considering the present condi-
tions and the longevity of the carbon dioxide gases within the atmosphere, the next glacial
inception could be significantly delayed, and the next large glaciation might only occur after the
next ~ 200,000 or even 350,000 years (Fischer et al. 2021, Talento & Ganopolski 2021). Accord-
ingly, an initial extended interglacial period followed by a swing to the overarching 100-ka cycle
is only expected ~ 500,000 years into the future. Secondly, the eroded overdeepening must be
deep enough to reach the level of the disposal field. This depth is a combination of the future local
(fluvial) erosion base, the size and erosional potential of the glaciation, and the incised rock type.
Third, the overdeepening must incise at the location of the future repository. Accordingly, a repos-
itory excavation by glacial processes is considered unlikely within the period of consideration for
high-level radioactive waste of one million years (Nagra 2024d). Despite the very low probability
of all these factors playing unfavourably together, this report considers the repository excavation
by erosive processes and its consequences as requested by the regulatory guidance described in
Section 1.2.

2.2 Assessment timescales

As described in the previous section, very long timescales are required before excavation by deep
glacial erosion or a downcutting river network might be considered feasible. For example,
sustained fluvial erosion or more than one glacial episode would be needed for deep glacial
erosion to reach repository depths. Given predictable patterns of insolation and less-predictable
anthropogenic influences on global climate, timescales in the order of millions of years are needed
before such a scenario could reasonably be expected to occur.

Based on the erosion modelling (Nagra 2024d), as well as the climate modelling (Nagra 2024c),
the points in time for the present assessment were defined as follows: 700,000 years, 1 million
years, 2 million years and 4 million years after repository closure.

The point in time 700,000 years from repository closure coincides with an expected major glaci-
ation and is considered hypothetical for repository excavation. One million years aligns with the
time at which the erosion modelling calculated the probabilities of repository excavation (for ex-
cavation by glacial erosion and by non-glacial erosion, respectively). Finally, two and four million
years approximately correspond to the estimated time needed for repository excavation based on
the 5th and 50th percentiles of the erosion rate calculated for the NL siting region (Nagra 2024d).
The same set of time points was used for glacial as well as non-glacial excavation scenarios.
Together, these timesteps show how the results change over a long period of time, providing an
insight into the sensitivity of the result to this parameter, and are appropriate given the require-
ments of this study.

The consequence analysis presented here aims to evaluate potential doses based on the assumption
that the repository excavation scenarios will occur. The assessments aim to provide a realistic
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evaluation of potential consequences. However, several unavoidable and significant uncertainties
relevant to the assessment remain, not least with regard to:

o the timescales for deep glacial erosion to reach repository depths or for the repository to be-
come exposed in the side of the valley;

e the timescales and nature of the processes associated with the resulting excavation, transport,
deposition, and subsequent reworking of repository and surrounding material; and

e uncertainties concerning the timescale before which it might be feasible for humans to return
to the environment affected by the glacial erosion scenario.

Rather than assess all possible permutations and combinations of situations, the study aims to
evaluate a reasonable bounding range of situations.

Consistent with this context, simplifications and assumptions are adopted in defining the invent-
tory in the repository at the time of excavation:

e Shorter-lived radionuclides and contamination associated with L/ILW will have decayed to
relatively insignificant levels over the timescale of hundreds of thousands of years relevant
to the scenario. Therefore, the study focuses on potential consequences associated with the
excavation of spent fuel (SF), which remains hazardous over such timescales.

o The study assumes that none of the radionuclides associated with the spent fuel will have
been lost from the repository prior to excavation. Given that the facility is engineered to retain
the radionuclides, this can be considered to be a minor pessimism.

As described in Section 1.1, the modelling assumptions draw on situations and processes observ-
able in Northern Switzerland at the present day, albeit giving consideration to the context for the
repository host rock and overlying Malm limestone.

The glacial erosion scenario is, therefore, made on the basis that the excavated material is distri-
buted in the post-glacial landscape immediately after excavation of the repository. This avoids
conjecture about timescales and detailed evolution between excavation and potential exposure. It
also maximises the potential for eroded spent fuel to be deposited directly in the accessible near-
surface environment. Potential implications of different distributions of eroded spent fuel between
the repository and accessible near-surface region are reviewed in evaluating the results.

For the non-glacial erosion scenario, the presence of the remaining repository within the biosphere
is explicitly considered. For hillside erosion, this includes transport of excavated material down
the hillslope.

2.3 Evolution of repository system on excavation timescales

This section discusses the evolution of the repository system over the long timelines associated
with repository excavation scenarios. The repository system is described in Section 2.3.1; its evo-
lution is explored in Section 2.3.2. Finally, Section 2.3.3 discusses the availability of radionu-
clides during an excavation of the repository.

2.3.1 Overview of repository system and its environment

The proposed repository system consists of a combined deep geological repository in the Opalinus
Clay with separate disposal areas for high-level waste (HLW) and for low- and intermediate-level
waste (L/ILW) (Fig. 2-1). A detailed description of the repository system is provided in Nagra
(2021).
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The repository consists of a main repository for emplacement of the radioactive waste, a pilot
repository and test areas. Both the HLW and L/ILW pilot repositories will be constructed in an
area of the host rock that fulfils the safety requirements relating to the main repository and can
ensure the long-term containment of the waste (i.e. act as a geological barrier).

Fig. 2-1:  Schematic illustration of the combined deep geological repository in the Opalinus
Clay

Left: L/ILW repository section. Right: HLW repository section.

In the disposal concept for HLW (right in Fig. 2-1), spent fuel and vitrified HLW from repro-
cessing are packaged in steel canisters. The canisters are emplaced in drifts, which are backfilled
with a compacted bentonite buffer and sealed. In the disposal concept for L/ILW (left in Fig. 2-1),
L/ILW waste containers are emplaced in caverns and backfilled with cement-based mortar.

The HLW section of the repository includes drifts for emplacement of HLW disposal canisters as
well as the associated disposal area accesses. It contains one or more disposal areas in which the
emplacement drifts are arranged.

The L/ILW section of the repository includes caverns for emplacing L/ILW disposal containers
as well as the associated disposal area accesses. It is arranged into one or more disposal areas.

The emplacement drifts and caverns are constructed in the Opalinus Clay host rock at a depth of
over 800 m, with all underground openings and access structures closed following emplacement
operations and a subsequent monitoring period by means of a system of seals and backfill.

The geological barrier is provided by the Opalinus Clay and its confining geological units (shown
in Fig. 2-2), termed the containment-providing rock zone. The Opalinus Clay is characterised by
a fine and homogeneous pore structure, extremely low hydraulic permeability, a homogeneous
and high clay mineral content and the associated high sorption capacity for many radionuclides.
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It provides an effective and stable barrier against radionuclide transport and a suitable physical
and chemical environment for the engineered barriers.

Upper deep aquifer

g it
Upper confining geologlcal units

idi CRZ)
Containment-provndlng rock zone [
o o - : 0 Lower confining geological units
v ¥
A =
Lower deep aquifer
Fig. 2-2:  Sketch of the location of the repository within the Opalinus Clay host rock, as well

as the containment-providing rock zone (not to scale)

The containment-providing rock zone includes the Opalinus Clay and its confining
geological units and is bounded above and below by deep aquifers.
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2.3.2 Evolution of the repository over long timescales

Due to radioactive decay, the activity and radiotoxicity of the waste inventory decrease with time.
After 100,000 years, the radiotoxicity of the L/ILW inventory falls below the radiotoxicity of the
equivalent volume of granite (Nagra 2024a). The activity of the HLW stays high for much longer.
For this reason, both the time period under consideration (for the site comparison) and the time
period for assessment (for the safety case) are defined as one million years for HLW (Nagra
2024a). Given the timescales considered in this work (described in Section 2.2), only HLW (spent
fuel (SF) and vitrified high-level waste from reprocessing (RP-HLW)) needs to be considered.

Assumptions about the state of the repository and SF/RP-HLW are needed for the timescales
associated with the potential repository excavation scenarios. Disposal canisters will continue to
contain the waste over very long timescales under repository conditions at depth. Similarly,
engineered barriers and the bentonite buffer will protect the canisters and will also act to retard
potential radionuclide releases. However, in the very long term, the canisters and the engineered
barriers will evolve, with some degradation in performance, whereas the bentonite buffer and the
Opalinus Clay, in particular, will continue to provide reliable containment.

As discussed in Section 2.2, extremely long timescales are needed before repository excavation
scenarios could become plausible. Given uncertainty about the exact evolution of the repository
systems on these timescales, assessment of potential consequences of repository excavation sce-
narios is undertaken on the basis that no reliance is placed on continued isolation within waste
canisters. This means that consequence analysis does not need to consider the detail of the gradual
evolution of repository conditions between emplacement and potential excavation. However, the
potential distribution of radionuclides at the time that repository excavation scenarios become
feasible does need consideration.

For excavation by deep glacial erosion, the repository will have been breached by glacial erosion
processes at depth, resulting in the transport of material — including SF and/or RP-HLW — to the
near-surface region. Prior to or during disruption, transport and deposition of eroded material, the
containment function is assumed to have been lost for the purpose of consequence analysis.
Eroded material is expected to be transported, deposited and reworked alongside other glacial
materials and sediments.

For excavation by non-glacial processes, the repository itself needs to be present in the near-
surface environment. In addition to the evolving repository conditions over long timescales, as it
approaches the surface, the repository will enter zones of increased weathering and more oxi-
dising environments. These conditions, coupled with physical disruption from deformation, land-
slides and erosion, again mean that canisters and repository engineering are taken to be signif-
icantly degraded by the time of excavation by non-glacial processes, so no reliance is placed on
repository containment under these circumstances.

233 Radionuclide availability during excavation

Spent fuel is expected to be a durable waste form under repository conditions, in which the
porewater chemistry is conditioned by the Opalinus Clay and bentonite, and conditions are re-
ducing (Mider & Wersin 2023). In safety assessments, the fractional release rate for spent fuel
under repository conditions is typically assumed to be in the order of 10”7 a’!, meaning that it takes
a characteristic timescale of 10 million years for the spent fuel to dissolve and release the radio-
nuclide inventory (Johnson et al. 2023). This fractional release rate is determined from consid-
eration of parameters such as the dissolution rate, surface area, particle size and shape, and geo-
chemical conditions.
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Measured dissolution rates of spent fuel under oxidising conditions show that fuel will dissolve
in the range of tens to hundreds of years.

The dissolution rate for vitrified high-level waste from the reprocessing of spent fuel in safety
assessments is generally assumed to be such that the glass dissolves and the associated radio-
activity is released on a timescale of approximately 10° years (Curti 2022). The dissolution rate
of vitrified waste is expected to be faster under erosion scenarios, such that the glass would not
be expected to remain present in the surface or near-surface environment after erosion and depo-
sition.

For excavation by deep glacial erosion, it is therefore anticipated that, while radionuclides
associated with disrupted material will be present and deposited in the near-surface and surface
environment, the spent fuel particles and glass that the material is initially associated with at the
time of excavation will have completely dissolved on the timescale relevant to assessing potential
dose consequences.

For excavation by non-glacial processes, the radionuclides are taken to have been released from
the degraded canisters, spent fuel and glass, and are distributed throughout the clay layer, repre-
sentative of the Opalinus Clay host rock and remaining buffer.

The radionuclide source term for both repository excavation scenarios is, therefore, taken to be
readily available for dissolution and sorption onto host material (e.g. clays and gravels).

On the basis of screening calculations (Nagra 20241), the following 63 radionuclides are explicitly
addressed in the post-closure safety assessments:

Ac-227, Ag-108m, Al-26, Am-241, Am-242m, Am-243, C-14, Ca-41, Cf-249, Cf-251, Cl-36,
Cm-242, Cm-243, Cm-244, Cm-245, Cm-246, Cm-247, Cm-248, Cs-135, Cs-137, Fe-60,
Hg-194, Ho-166m, I-129, M0-93, Nb-91, Nb-93m, Nb-94, Ni-59, Ni-63, Np-237, Pa-231, Pb 202,
Pb-210, Pd-107, Po-209, Po-210, Pu-238, Pu-239, Pu-240, Pu-241, Pu-242, Ra-226, Ra-228,
Se-79, Si-32, Sm-151, Sn-121m, Sn-126, Sr-90, Tc-99, Th-228, Th 229, Th-230, Th-232, Ti-44,
U-232, U-233, U-234, U-235, U-236, U-238, Zr-93.

The list of radionuclides considered for repository excavation scenarios is the same as that consid-
ered for all of Nagra's post-closure safety scenarios. The basis of the screening was reviewed to
provide confidence that no radionuclides relevant to the long-term excavation context were
omitted.

2.4 General basis for the assessment

This assessment is based on conservative and pessimistic, yet still plausible, assumptions, which
are used to develop stylised safety scenarios applicable to all three siting regions. This assessment
is thus not site-specific and, if excavation were to occur (at a particular point in time), the pro-
cesses and assumptions are taken to be identical in each region. The only general difference be-
tween the sites is taken to be the expected time of occurrence (Nagra 2024d).

Observations from the present-day landscape in Northern Switzerland are used to define the geo-
metries and sediments in which contaminated materials from an eroded repository could be found.
This approach is used to ensure the assessed calculation cases are physically plausible although it
is accepted that, particularly in the case of glacial erosion, there could be systematic differences

The term "conservative" is used in this report to refer to simplifications, assumptions, or parameter values, which
are confidently expected to lead to results that are less favourable than those anticipated under real conditions,
taking uncertainty into account. Conservative parameter values can lie outside the range of what is physically
possible (e.g. hypothetical assumptions). The term "pessimistic" is used in this report to refer to assumptions or
parameter values which are possible but lead to results less favourable than the most likely outcome.
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in the eroded rock types, which would affect sediment types and volumes and hence deposition
environments. Given that there are no known examples of sedimentation following deep glacial
erosion into the Opalinus Clay, the present-day analogues are used as the best available infor-
mation, with the associated uncertainty explored by assessing different assumptions about the
types of sediment that radionuclides are deposited within, as well as through sensitivity calcu-
lations.

The chosen points in time for radiological consequence assessment in this report (cf. Section 2.2)
illustrate the generic evolution of radiological consequences of repository excavation over time.
The probabilities of the repository excavation scenarios occurring at the different sites are not
discussed in this report; they are addressed in the erosion report NAB 24-15 (Nagra 2024d). The
assessment of these scenarios (based on the calculated consequences and probabilities) against
the regulatory limits is performed in the post-closure safety report NTB 24-10 (Nagra 2024h).
The impact of erosion processes on site comparison is discussed in NTB 24-03 ("Bericht zur
Begriindung der Standortwahl") (Nagra 2025a).
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3 Excavation by deep glacial erosion

Section 3.1 describes glacial processes observed in present-day Northern Switzerland. These ob-
servations provide a basis for storyboards relating to deep glacial erosion in Section 3.2. Those
storyboards are conceptualised in terms of potential for repository excavation in Section 3.3, with
resulting calculation cases being described in Section 3.4. The mathematical models for the deep
glacial erosion cases are described in Section 3.5, along with associated data in Section 3.6.
Results of the dose assessment are presented in Section 3.7, along with conclusions from sensi-
tivity calculations.

3.1 Glacial processes

Sections 3.1.1 and 3.1.2 set the stage for assessing repository excavation by deep glacial erosion.
They provide a brief overview of the Quaternary glaciation history and associated landscape evo-
lution in Northern Switzerland. This is followed by a summary of the general concepts on erosion,
transport and deposition of sediments in a glacial system in Section 3.1.3. Section 3.1.4 reviews
the processes of glacial sediment deposition on land as well as in water. Section 3.1.5 discusses
the postglacial geology and hydrogeology in Northern Switzerland to indicate what glacial depos-
its arising from deep glacial erosion are expected to look like in the far future. Finally, Section
3.1.6 uses the information from observations in Northern Switzerland to define three plausible
variant cases for consideration in the assessment of the excavation by deep glacial erosion sce-
nario. The variant cases bound the range of exposure scenarios that can be plausibly expected.

3.1.1 Glaciation in Northern Switzerland

Glaciations play a significant role in landscape evolution at regional to continental scales. By
sculpting the landscape (Valla et al. 2011, Ward et al. 2012) and transporting and depositing
sediment (Hallet et al. 1996, Cowton et al. 2012), glaciers exert a strong influence on relief and
landscape dynamics. Glacial processes not only result in an area-wide denudation and the erosion
of deep and sometimes overdeepened basins, but also in an areal distribution of erosional debris
(moraines) as well as glaciofluvial and glaciolacustrine infill of valleys.

The evolution of the Swiss landscape during the Quaternary over the past 2.6 million years was
characterised by multiple glaciations and deglaciations with at least 15 ice advances that reached
the foreland (Preusser et al. 2011, Ivy-Ochs et al. 2006, Schliichter et al. 2020). The three main
glaciations (Fig. 3-1) were, from young to old, the Last Glacial Maximum (LGM) that occurred
during Marine Isotope Stage (MIS) 2 (Preusser et al. 2011) the Beringen glaciation, which proba-
bly occurred during MIS 6 (Preusser et al. 2011) and the M6hlin glaciation (or Most Extensive
Glaciation (MEG)). The latter is not yet dated, and evidence for its extent is rare and might not
even be synchronous. Evidence of smaller, less significant advances might have been erased by
subsequent events. Of significance is that all the proposed siting regions (Nagra 2008a, Nagra
2014) are located within the ice extent during the MEG, the eastern two are within the extent of
Beringen, and only one is fully located within that of the LGM (Fig. 3-1).

One of the relevant aspects with respect to foreland glaciations concerns the effects of "deep gla-
cial erosion". This term refers to the origin of deeply incised troughs and overdeepened valleys
(Jordan 2010, Pietsch & Jordan 2014, Nagra 2008c, Nagra 2014) beneath glaciers that extended
from the Alps far into the Alpine Foreland and repeatedly covered the midland areas of Northern
Switzerland (Swiss Plateau) with hundreds of metres of ice during the Quaternary (Schliichter
1986, Preusser et al. 2011).
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Fig. 3-1:  Geological map of Northern Switzerland emphasising glacial overdeepenings

Black/red-dashed lines show the proposed deep geological repository siting regions. The
thickness of the Quaternary sediments (below the local fluvial erosion base which corre-
sponds to glacial overdeepening) indicates a system of deep, overdeepened, and buried val-
leys (Jordan 2010, Pietsch & Jordan 2014). Also shown is the ice extent at the Last Glacial
Maximum (LGM) (Kelly et al. 2004, Bini et al. 2009), the Beringen glaciation (Preusser et
al. 2011) and the Mdhlin glaciation (Most Extensive Glaciation, MEG) (Preusser et al. 2011).
Note that most of the overdeepenings were cut into the easily eroded Molasse sedimentary
rocks (Paleogene and Neogene).

Most overdeepenings are observed within the LGM ice extent (Fig. 3-1). However, within many
overdeepened valleys, pre-LGM sediments are also preserved (Dehnert et al. 2012, Buechi et al.
2018). No example of LGM-based bedrock erosion is known in the foreland of Northern Swit-
zerland. Although not all glaciations were able to excavate the postglacial sediment infill and
produce renewed overdeepening, progressive deepening over successive glacial cycles may take
place because ice is likely steered away from hills and ridges into already existing troughs and
valleys (Kessler et al. 2008). This topographic steering causes the thicker and faster-flowing ice
to generate more basal melting that will further increase basal sliding and sediment evacuation
and thus result in enhanced erosion.

The time of first ice advances far into the foreland of Northern Switzerland is debated, but might
have occurred only after the glacial cycle switched from a predominantly 40 ka- to a 100 ka-cycle
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during the Mid-Pleistocene Transition (between 1.25 and 0.7 Ma BP) (Knudsen et al. 2020). The
future climate in the time period of consideration (1 Ma) is expected to continue to oscillate be-
tween glacial and interglacial periods. However, because anthropogenic CO:2 input has signifi-
cantly altered the climate evolution, the inception of the next glaciation could be delayed by
several hundred thousand years (Fischer et al. 2021, Talento & Ganopolski 2021).

3.1.2 Ice conditions during glaciation

The LGM is the best understood glaciation to date. Conditions inferred for it are assumed to apply
to the other glaciations. During the coldest time intervals, the frontal reaches of the glaciers
spreading out over the Swiss Plateau (Fig. 3-1) were predominantly polythermal (Blatter &
Haeberli 1984, Cohen et al. 2018, Seguinot et al. 2018), surrounded by up to 150-metre-thick
continuous periglacial permafrost (Schindler et al. 1978, Frenzel et al. 1992, Vandenberghe &
Pissart 1993, Deslisle et al., Lindgren et al. 2016), and characterised by low driving stresses and
correspondingly low mass balance gradients, mass turnover and flow velocities (Haeberli & Penz
1985, Benz-Meier 2003). Glacier ice tended to be cold at high elevations, but warm-based (not
frozen to the bed) over large areas in the Alpine valleys and the Alpine Foreland. In the piedmont
lobes of the LGM Rhine glacier, basal sliding dictated main fluxes of ice (Cohen et al. 2018). The
ice was channelled in between bedrock highs along troughs, some of which coincide with prior
glacially eroded overdeepenings (Fig. 3-1). More humid conditions with higher flow velocities,
increased mass turnover and meltwater effects must have prevailed during ice advance across the
Swiss Plateau, and rapid downwasting or even collapse of the ice masses accompanied by violent
outburst floods from temporarily ice-dammed lakes is likely to have taken place during the retreat
phase into the Alpine valleys (Haeberli 2010).

3.13 Erosion, transport and deposition of sediment in a glacial system

The main processes of direct glacial erosion are abrasion and quarrying. Abrasion involves the
wearing down of rock surfaces by the grinding effect of glacier ice charged with basal debris.
Quarrying, or plucking, is the removal of well-jointed or loosened blocks of bedrock by the over-
riding glacier. For abrasion and quarrying to take place, there must be relative movement between
the glacier sole and the bed, which requires the basal ice to be at the pressure-melting point and
sliding. Abrasion and quarrying, therefore, depend on the temperature and velocity of the basal
ice, debris concentrations, ice thickness and subglacial water pressure (Iverson 2002, Bennett &
Glasser 2009, Burki 2009, Swift et al. 2015, Swift et al. 2021, Alley et al. 2019).

Significant wear to the glacier bed can also be caused by subglacial fluvial action. Erosion of
bedrock in subglacial meltwater channels proceeds in a manner similar to the bedrock incision by
subaerial streams and is dependent on water velocity, discharge and turbulence as well as the
quantity of suspended sediment and bedload in traction (Drewry 1986, Burki 2009, Benn & Evans
2010, Swift et al. 2015, Swift et al. 2021, Alley et al. 2019). Of specific importance in subglacial
environments is that high water velocities and discharges require strong pressure gradients in
relatively large, hydraulically efficient and well-connected subglacial channels. The efficiency of
subglacial drainage not only affects meltwater erosion but also likely plays a predominate role in
evacuating sediments produced by erosion, thus keeping bed surfaces accessible for further ero-
sion (Fischer & Haeberli 2010, Fischer & Haeberli 2012).

Glacial erosion occurs where ice is warm-based, which enables basal sliding and thus abrasion.
Furthermore, where surface meltwater is produced and reaches the bed, this promotes rapid
sliding, stimulates quarrying or can directly lead to subglacial meltwater erosion and sediment
evacuation. Generally, the three processes can lead to erosion in all rock types, however, quarry-
ing is particularly relevant in fractured rocks. Fluvial action of subglacially flowing meltwater is
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most effective in mechanically weak rocks. While areal denudation by glaciers and the overall
glacially eroded volumes are primarily associated with the processes of abrasion and quarrying
(Drewry 1986, Burki 2009), local maxima of erosion depth may more strongly be linked to the
complex behaviour of subglacial meltwater drainage and erosion, which can be linearly
concentrated in places (Fischer & Haeberli 2010, Fischer & Haeberli 2012, Beaud & Flowers
2015, Beaud et al. 2016, Beaud et al. 2018).

The formation of glacial overdeepenings is likely the result of the combined action of ice and
basal water and depends on the extent to which processes and feedbacks are able to focus erosion
and maintain the evacuation of water and sediment (Cook & Swift 2012). Overdeepening forma-
tion occurs time-transgressively during ice advance, when the steep surface slope of the ice
margin provides the large hydraulic gradients necessary for a vigorous subglacial water flow and
an efficient evacuation of erosion products from the ice-bed interface. It may also occur during
the retreat phase by the outburst of subglacial meltwater dammed behind a cold-based ice margin
or a marginal permafrost wedge (Fischer 2015, Fischer et al. 2015, Fischer et al. 2021).

Depending on the dynamic and thermodynamic conditions, different processes contribute to how
the eroded material is entrained and transported by the glacier, modified during glacial transfer,
deposited beneath or in front of the glacier, and subsequently reworked (Fig. 3-2). Because gla-
ciers concentrate runoff, subglacial stream channels are exceptionally efficient in transporting
sediment if abundant surface melt reaches the bed (Alley et al. 1997). Away from channels,
subglacial bed deformation (glaciotectonic deformation of sediment at the bed of a glacier) is an
important mechanism for sediment transport if unconsolidated sediment is available. Alterna-
tively, sediment may be incorporated into the base of the glacier through regelation into subglacial
sediment, conductive freeze-on, freeze-on by supercooling of rising subglacial waters, or
thrusting and folding. In general, subglacial fluvial transport tends to be dominant beneath
temperate glaciers whereas sediment transport within the ice is more important in polythermal
and cold glaciers (Cook & Swift 2012). During transport, the sediment is subject to further
abrasion, fracturing and crushing at the ice-bed interface (Alley et al. 1997, Hambrey & Glasser
2003). An important aspect is the evacuation of sediment out of an overdeepening, sometimes
along steeply inclined adverse slopes. The grinding up of larger rock fragments produces finer
particles that can be more easily transported upslope as suspended material.
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Fig. 3-2:  Schematic diagram showing the processes and products of sediment entrainment,

transport and deposition in a terrestrial glacial environment

Sediment is deposited directly beneath the glacier or at its margin, or it can be transported signifi-
cant distances from the glacier itself by other agents such as proglacial meltwater streams. After
release from the ice, numerous glacier-related processes, including reworking in streams and
lakes, debris flows and aeolian activity, may further modify and transport the sediment. The extent
to which each of these processes operates is largely controlled by the surrounding topography as
well as meteorological and climatological conditions (Hambrey & Glasser 2003). As glacial
meltwater emerges from the glacier, sediment is deposited at or beyond the ice margin forming
outwash, or sandur, plains (Fig. 3-2). The ratio between the supply rates of water and sediment
from the glacier and the transport capacity of the proglacial stream determines whether the stream
aggrades and adjusts to a braiding pattern or degrades and incises into the proglacial outwash
deposits (Fenn & Gurnell 1987).

3.14 Processes of glacial sediment deposition

Sediment deposited directly by glacier ice (glacial till) is poorly sorted and contains a wide range
of particle sizes (boulders to clay) (Fig. 3-3). In contrast, sediment deposited by meltwater is
typically sorted and stratified. The pattern of sedimentation is controlled by the ability of the
proglacial stream to transport sediment in suspension or as bedload. The particle size of the
deposited sediment is primarily a function of the water flow velocity and rapidly falls away with
distance from the ice margin, which reflects the decline in stream power (Ehlers 1994). Hence,
close to the glacier portal, the sediments are coarse (boulders and gravels) (Fig. 3-3), whereas the
finer sediments are transported further and may eventually settle from suspension to form finely
laminated silt units (Fig. 3-3). Especially in cold arid environments, silts and clays can be further
distributed over great distances by wind, resulting in regionally extensive and thick accumulations
of loess (Hambrey & Glasser 2003, Bennett & Glasser 2009).
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Fig. 3-3:  Schematic diagram of the grain-size distribution of a glacial till (red), glaciofluvial
deposit (dark blue) and glaciolacustrine deposit (light blue)

From (Kiindig et al. 1997).

Glacial sediment deposition on land

Glaciers that terminate on land deposit sediment either directly by the ice or via meltwater. Direct
glacier deposition is restricted to the immediate vicinity of the glacier while meltwater can carry
sediment beyond the glacier.

Ice-marginal moraines are produced directly by the action of glacier ice and formed by a combi-
nation of processes which include the pushing, dumping and melt-out of glacial debris (Fig. 3-4a).
Debris deposited directly by a glacier is known as till. Till is a diamicton, which is a non-genetic
term for a poorly sorted unconsolidated sediment that contains a wide range of particle sizes
(Fig. 3-3). It normally consists of large pebbles, cobbles or boulders, referred to generally as
clasts, set within a fine-grained matrix of sand, silt and clay (Bennett & Glasser 2009). Grain-size
distribution characteristics of till depend on whether it is basally or supraglacially derived
(Hambrey 1994). The till particles in transport along the bed of a glacier experience considerable
modification through the processes of crushing and abrasion (comminution) and are thus typically
subrounded. A significant proportion of these particles are silt- and clay-sized (Haldorsen 1981).
In contrast, debris that is transported within or on the surface of a glacier retains its primary
characteristics and is unaltered by glacial transport. Consequently, it is typically angular, coarser-
grained and contains little fine material.
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Fig. 3-4:  Schematic diagrams of glacial deposits

(a) Till deposition in a glacial moraine and glaciofluvial deposition in a proglacial outwash
plain. (b) Delta deposition in a shallow proglacial lake. (c) Glaciolacustrine deposition in a
deep proglacial lake.

Not to scale. Vertically exaggerated for clarity. Inspired by figures in Schindler (1968).

As glacial meltwater emerges from the glacier, the pressure gradient, which drives the meltwater
from beneath the glacier, drops, and its velocity, and hence transport capacity, falls. Consequently,
rapid sedimentation occurs in front of the glacier to form an outwash, or sandur, plain, with coarse
material being deposited relatively close to the glacier portal, while the finer fraction is
transported further (Fig. 3-4a). Away from the ice margin, a braided stream pattern develops, in
which ephemeral bars and channels dominate. The sediments resulting from the braided stream
system range from boulders to sands. The sedimentary structures within these sediments reflect
the processes of formation of bars, erosion (scour) and fill of channels and deposition of finer
sediments during low flows (Bennett & Glasser 2009). Grain-size distributions for glaciofluvial
deposits are clearly different from those of tills (Fig. 3-3) as most of the particles in sand and
gravel sequences are rock fragments, while the silt- and clay-sized particles characteristic of till
have been largely flushed out (Sugden & John 1976).
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Glacial sediment deposition in water

Glaciers that terminate in water produce a different assemblage of sediments than those deposited
on land. The glacier acts as a source of debris, and deposition is controlled not by the glacier ice
directly but through processes of sedimentation within the water body.

Proglacial lakes can form behind sediment (e.g. moraines, debris deposits) or ice barriers in front
or at the margins of glaciers or in depressions created by the melting out of stagnant ice buried
beneath the proglacial surface (Carrivick & Tweed 2013). By trapping potentially large volumes
of sediment leaving the glacier, the lakes usually constitute important sedimentation basins that
regulate the fluvial transfer of sediment through the proglacial area (Bogen et al. 2015). The
delivery of debris into the lake leads to the formation of deltas by a combination of fluvial
aggradation above water level, and progradation on the delta front, where bedload is rapidly
deposited when the incoming sediment-laden meltwater stream decelerates upon contact with
standing water (Fig. 3-4b). The deposition of delta fronts generally takes the form of avalanching
and slumping of coarse material, while fine-grained suspended sediment is carried beyond the
delta by turbidity currents to be deposited in the deeper parts of the lake (Church & Gilbert 1975,
Benn & Evans 2010). The general fall-off in flow competence away from the point of water inflow
within the lake results in a broad size grading with sand and gravel deposits occurring near the
lake shore and evenly bedded, laminated fine silt and clay being dominant in the lake centre
(Hambrey 1994).

As glaciers retreat, overdeepened basins can host large proglacial lakes (Fig. 3-4c¢). Steep, often
near-vertical, calving ice cliffs are characteristic of glaciers that terminate in lakes (Hambrey
1994). Such lakes act as important sediment traps where thick sequences can be preserved
(Benn & Evans 2010). The coarse fraction of the sediments released from subglacial streams
emanating below water level drops quickly to the lake bottom, whereas the fine fraction becomes
dispersed within the main body of the lake before gradually settling to form thin layers of mud
and clay which drape other sediments (Schindler 1968). This type of sedimentation dominates
over much of the lake floor. Material may also simply be dumped into the water body from the
glacier front, resulting in irregular-shaped deposits of diamicton. Another source of sedimentation
is the rain-out from icebergs. Calving icebergs can float debris out into the lake where it can be
released as the iceberg melts (Fig. 3-4c). Low concentrations of debris and icebergs result in the
deposition of occasional dropstones, anomalously large clasts set in fine-grained sediments, while
high concentrations result in thick, laterally extensive deposits of diamicton. If the overall ice-
rafted debris component is small, then rhythmic fine-grained sediments produced by settling of
material out of suspension dominate. This settling process gives rise to fine laminations of silt
and clay (Fig. 3-3). In contrast, if the component of ice-rafted debris is large, sedimentation is
dominated by coarse debris melting from icebergs. In this case, the deposition of diamictons and
resedimentation by subaqueous gravity flows from the lake margin will dominate (Bennett &
Glasser 2009).

3.1.5 Postglacial geology and hydrogeology in Northern Switzerland

The main processes during the Quaternary that have shaped the present-day landscape of Northern
Switzerland are the combined action of rivers and especially the drainage evolution of the Aare-
Rhine river system, as well as erosion and sedimentation by repeated large foreland glaciations.
Four main morphostratigraphic units of mostly glaciofluvial gravels have been differentiated in
the Swiss foreland and are interpreted to reflect the stepwise incision and sedimentation since the
Early to Mid-Pleistocene, when glaciers first advanced into the foreland (from top to bottom):
Hohere Deckenschotter ("Upper Cover Gravel"), Tiefere Deckenschotter ("Lower Cover
Gravel"), Hochterrasse ("High Terrace") and Niederterrasse ("Low Terrace") (Graf & Burkhalter
2016, Preusser et al. 2011) (Fig. 3-5). In general, because of progressive incision, older terraces
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are at higher elevation while younger terraces are inset at lower elevation. Today, large parts of
Northern Switzerland are characterised by a low-relief landscape where comparatively wide
fluvial valleys and extended terrace systems define the postglacial terrain. While both Hohere
Deckenschotter and Tiefere Deckenschotter deposits are preserved as remnants in the shape of
flat-topped hills (hence called Deckenschotter, "cover gravels"), the Hochterrasse and Nieder-
terrasse deposits follow a continuous and traceable fluvial network (Fig. 3-5b). Fig. 3-6 details
the hydrogeology of three typical postglacial landscape types imprinted in Northern Switzerland

today.
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Fig. 3-5:  Geomorphology and Quaternary sediments around the siting regions

(a) Digital elevation model with outlines of siting regions and main geomorphic features.
Also shown is the LGM ice extent. (b) Simplified map of Quaternary deposits showing the
same area as (a). Note that most glacial moraine deposits are located (as expected) within the
LGM ice extent. Loess occurrences are rare. Lake sediments represent progressive infilling
of proglacial lakes, but are expected to be more abundant within the overdeepenings. Boxes
labelled "Cholfirst", "Rafzerfeld" and "Greifensee" refer to Fig. 3-6. The "Glatt Valley" box
shows the outline of Fig. 3-7.
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Fig. 3-6:  Hydrogeology of postglacial/proglacial landscapes in Northern Switzerland

(a) Greifensee, (b) Cholfirst and (c) Rafzerfeld (see Fig. 3-5b for locations). The spatial coin-
cidence of typical glacial and glaciofluvial deposits (Fig. 3-5b), their condition and their
intersection with the geomorphology define typical hydraulic conditions. These example

landscapes form the basis for the biosphere variants (Section 3.1.6). Background is a
hillshade model.

Examples from sedimentary facies observed in the surface deposits in the Glatt Valley (Buechi et
al. 2018) show terminal moraine complexes and extensive gravel outwash plains that partly
interfinger (Fig. 3-7). Drill cores from overdeepened troughs in the same area (simplified here)
reveal densely packed, gravel-rich diamicton as deepest infill, interpreted as subglacial till. These
deposits are overlain by stratified and massive sands (glacio-deltaic origin) fining into laminated
silt and clay (settling in proglacial lakes) (Fig. 3-8). Such sequences can be repeated by a multi-
phase erosional and depositional evolution (Buechi et al. 2018).
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Fig. 3-7:  Surface deposits in the Lower Glatt Valley

(a) Geological map. (b) Quaternary sediments (up to 200 m thick) infilled into distinct over-
deepened bedrock troughs (Buechi et al. 2018).

The red line indicates the location of the profile shown in Fig. 3-8. Note the spatial coinci-
dence of Late-Pleistocene glacial deposits (e.g. till and outwash gravel) and late-glacial
Holocene deposits, including lacustrine sediments in (a). See Fig. 3-5b for location in a
regional context.
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Fig. 3-8:  Schematic profile across the Lower Glatt Valley

Formation names are indicated with colours and letters A—I (oldest to youngest). Lithofacies
are LFA1, LFAS, LFA6 — subglacial till; LFA2 — stratified and massive sands; LFA3 —
laminated silt and clay; LFA7, LFAS8 — gravels (Buechi et al. 2018). Location of the profile
is shown in Fig. 3-7.

Fig. 3-9 shows a schematic profile section through the northern Swiss Plateau. The sequence of
gravel terraces (Deckenschotter, Hochterrasse, Niederterrasse), with the younger terraces lying
increasingly at lower elevation, reflects the stepwise process of valley incision and infilling during
successive glacial-interglacial cycles during the Quaternary (Nagra 2008c, Nagra 2014). Potential
locations of glacial deposits within the accessible near-surface environment in today's landscape
are shown. The nomenclature is given to material types that will be used throughout the remainder
of this chapter: G — gravels derived from proglacial outwash plains; D — delta deposits correspond-
ing to deposition in shallow proglacial lakes; C — clay derived from deposition in deep proglacial
lakes; and T — till deposited in glacial moraines.

From here on, a distinction is drawn between material deposited in the near-surface environment
(this includes surface sediments) and the fill remaining within the overdeepening, which is not
accessible.
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Fig. 3-9:  Schematic morphostratigraphic diagram and lithostratigraphic units of accessible

near-surface Quaternary deposits in the northern Swiss Plateau

Inspired by figures in Graf & Miiller (1998), Miiller et al. (2002) and Buechi et al. (2018).

The schematic profile shows a typical sequence of glaciofluvial and glaciolacustrine deposits
in Northern Switzerland. Generally, the higher terraces are older than those at lower elevation
(Nagra 2008c, Nagra 2014). (G), (D), (C) and (T) mark potential locations of glacial deposits
presented in Fig. 3-4.

Boxes indicate the three distinct variants considered for post-glacial configurations that pro-
vide a basis for the consequence analysis: (a) river, (b) lake and (c) spring.

3.1.6 Landscape elements incorporating glacial deposits

Based on the distribution and profiles of glacial sediment deposits and accounting for different
surface water features and hydrogeological conditions (Fig. 3-5 to Fig. 3-9), three representative
biosphere variants (hereafter called variants) were defined (illustrated with boxes in Fig. 3-9).
These represent near-surface environments from landscapes known to exist in Switzerland and
can include material deposited after erosion and transport through an overdeepening (Fig. 3-9):

a)

b)

River incised into a glaciofluvially deposited outwash plain (Fig. 3-9a). This situation repre-
sents a typical river valley in the northern Swiss Plateau and largely corresponds to the
Rafzerfeld example (Fig. 3-6¢), downstream of buried overdeepenings in the Thur Valley.
The extensive Niederterrasse gravel deposits constitute a thick aquifer.

Lake in an overdeepened basin (Fig. 3-9b). This situation corresponds to the postglacial lakes
in the foreland of Northern Switzerland that occupy overdeepenings that have not (yet) been
completely infilled. Examples are Ziirichsee and Greifensee (Fig. 3-6a). The infilled example
of the Marthalen Trough within the Thur Valley (Fig. 3-1) testifies to similar conditions
during earlier, larger glaciations within the siting regions.

Spring that drains glaciofluvial terrace deposits (Fig. 3-9c). An example for this situation is
Cholfirst (Fig. 3-6b), a flat-topped hill in the northern Swiss Plateau covered with Tiefere
Deckenschotter gravels that directly overlie Mesozoic bedrock. Groundwater in the terrace
deposit discharges through springs that develop along the hill flanks at the interface to the
underlying bedrock.
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These three variants characterise the sources of water used for irrigation, human consumption and
agriculture (farmland). They are not an exhaustive list of landscapes, nor are they end-members,
but they capture known landscape types associated with glacial processes in Northern Swit-
zerland.

3.2 Storyboard for deep glacial erosion

Drawing on the understanding and synthesis presented in Section 3.1, the potential behaviour of
excavated material and the evolution of the landscape, hydrology and biosphere is now considered
for the case that the repository is directly impacted by deep glacial erosion. This section presents
timelines for the way in which the system may evolve from repository erosion through to potential
exposure situations. Specifically, this section describes potential evolution scenarios of the glacial
system leading to the three variants identified in Section 3.1.6. The purpose is to create some
plausible illustrations of how a landscape could evolve from the time of repository closure to the
time of human exposure to radionuclides in the environment and to use these illustrations to un-
derstand how sediment and contaminated material could be transported by glacial (Section 3.2.1)
and post-glacial processes (Section 3.2.2). These illustrations are hypothetical and are not de-
signed to precisely replicate what could happen in a particular location; instead, they highlight
important processes that could influence the spatial distribution and concentration of contami-
nants eroded from the repository.

At the time of closure, the repository is situated several hundred metres below the ground surface
in a low-relief landscape (northern Swiss Plateau) that has some small undulations but no
significant (alpine scale) mountains. The repository is located in the foreland north of the Alps,
so any glacial advance is expected to come from a southeasterly direction. This situation is shown
in Fig. 3-1.

For the purposes of this work, it is assumed that glaciations for which a disruption of the repository
is assessed occur at 700 ka, 1 Ma, 2 Ma and 4 Ma after repository closure (Section 2.2). The
duration of the glaciation is likely to be a few thousand years, with an agricultural landscape
developing after glaciation on a timescale of a few thousands of years.

3.2.1 Erosion, transport and deposition during glaciation

At the onset of glaciation, climate conditions change from temperate interglacial to cold glacial.
In the intervening time between repository closure and onset of glaciation, surface processes and
rock uplift are expected to have decreased the depth of the repository beneath the ground surface.
Previous glaciations may have occurred, eroding and depositing material, and uplift and associ-
ated river incision could have removed some of the overburden.

During glacial advance, the ice will thicken and start to erode into the subsurface. The rates and
style of erosion are likely to depend on the rock type of the subsurface and the temperature at the
base of the glacier. In regions of cold-based ice, the eroded material can be entrained in the ice.
As the ice advances over the location of the repository, bedrock is eroded down to the repository
level and material from the repository entrained within the ice is transported forward and upward
by the movement of the ice. Whilst trapped in the ice, material from the repository will undergo
minimal abrasion or chemical degradation, so will remain of similar grain size as in the repository.

In regions of warm-based ice, subglacial erosion and transport are dominated by fluvial action.
As described in Section 3.1.3, subglacial meltwater erosion requires a high energy water flow that
carries away much of the sediment from the base of the glacier. There is significant deposition of
sediment as the water loses energy at the toe of the glacier. In such a high-energy, oxygen-rich
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environment, it is likely that any material from the repository would be subject to abrasion and
chemical denudation (e.g. dissolution) as it is transported from the repository to the near-surface
region in the subglacial water.

How the repository is eroded and how the excavated material is transported up an adverse slope
and away from the repository will affect where it is deposited as well as the particle size of the
eroded material and the degree to which dissolution might have occurred.

Where excavated material is entrained in the ice, the material will be deposited as glacial tills,
initially without significant further transport, so the distribution of excavated material in the tills
could look quite similar to that within the ice.

Where excavated material is predominantly transported by subglacial water, deposition will occur
as the water loses energy as it rises from deep beneath the glacier, undergoing water-mediated
sorting, resulting in coarse gravels closer to the ice margin and fine sediments at distal positions.

3.2.2 Post-glacial landscape evolution

Once deposited in the near-surface environment, either by retreat of the glacier or by water rising
from the base of the glacier, eroded material will be subject to further transport and sorting in a
braided river system that carries meltwater away from the glacier. Eroded material deposited in
the accessible near-surface region could be transported and sorted by these processes (see also
Section 3.1.4). In the case of a cold-based glacier, there would be limited sorting and the eroded
material could include a wide range of grain sizes. For a temperate wet-based glacier, eroded
material will have been sorted and the finer sediments will have been transported further.

After glaciation, the amount of sediment input into the river system will decrease, and the braided
river system could coalesce into a single river channel. There could be contaminated material in
the sediments on either side of the river and beneath it (within the accessible near-surface region)
as well as within the overdeepening, extending back to the depth of the repository. The timescale
for a change from a cold climate during glacial times to a temperate one during interglacial times
in which agriculture is prevalent is uncertain. Here, an illustrative time of 5 ka is assumed between
peak glaciation and agriculture being prevalent. In this agricultural landscape, contaminated
material could be close to the surface over a wide area in the valley, while an individual farm
could occupy only a small proportion of the area (see Fig. 3-9a, cf. Fig. 3-6¢).

An alternative evolution of the system as the ice retreats could be the formation of a proglacial
lake, which would form a sediment trap for contaminated material from the repository (see also
Section 3.1.4). Depending on how erosion occurred at the base of the glacier, contaminated
material could enter the lake as dissolved or suspended particles in water or could be released
directly into the lake from melting ice. Depending on the particle size, sediment including con-
taminated material could be deposited relatively quickly near the ice or be suspended in the water
and deposited broadly across the whole lake. Once interglacial climate conditions return, humans
could start agriculture on the lake shore and make use of lake water (see Fig. 3-9b, cf. Fig. 3-6a).

A third possible configuration of glacial sediments observed in the landscape in Northern Swit-
zerland is gravel accumulation in terrace deposits. After glaciation, incision could occur, either
by a river or by a subsequent glaciation. Assuming that a river incises the sediment, this could
occur within a few thousand years of glaciation. If another glacier erodes the valley, this could be
at the next glaciation, i.e. roughly 100 ka later, considering the present 100 ka-cycle. When inter-
glacial climate conditions return, a line of springs could form along the terrace edge and the water
could be collected and used by humans living and farming in the valley below (see Fig. 3-9c, cf.
Fig. 3-6b).
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3.23 Distribution of excavated repository material in the post-glacial
environment

The potential distribution of excavated material in the post-glacial near-surface environment
depends on the processes responsible for their transport and the characteristics of the material.

The northern Swiss Alpine Foreland comprises glacial overdeepenings that necessitate the trans-
port of eroded material from below the local erosional base up an adverse slope. A morphometric
study based on the deepest erosion in overdeepenings in Northern Switzerland (Magrani et al.
2020) suggests that adverse slopes are generally low (median of a skewed distribution being 1.1°)
but still potentially large enough to significantly restrict up-slope sediment transport. An estima-
tion of the potential for subglacial fluvial sediment transport along adverse slopes of over-
deepenings can be obtained by relating the basal shear stress necessary for the initiation of bed-
load movement of a sediment grain to the velocity of the water flowing in the subglacial stream
channel system. For realistic subglacial hydraulic conditions (e.g. typical subglacial water-flow
velocities and cross-sectional area of subglacial drainage channels), the transport of material with
a grain-size diameter > 0.05 — 0.10 m along adverse slopes becomes increasingly unlikely. This
size is further reduced for material with a higher density, as might e.g. be appropriate for spent
fuel. It can be concluded that material eroded from a repository could probably be transported as
part of the sediment mass along the adverse slopes expected under glaciers in the northern Swiss
Alpine Foreland.

When the adverse slope of overdeepenings lies within the range of glacio-hydraulic supercooling,
the export of sediment becomes dependent on glacial transport (e.g. entrainment of sediment into
the ice, glacio-tectonic deformation). This process could also transport material excavated from
the repository and result in slower degradation/dissolution of the material because it would not be
subject to flowing water while entrained in the ice.

Material eroded from the repository could be transported out of an overdeepened valley that inter-
sects the repository and into the downstream glacial sedimentary sequence. However, this
material would be expected to dissolve relatively rapidly under the geochemical conditions
expected in the glacial environment (see also Section 2.3.3). The general implication is that the
grain size of the material that reaches the near-surface environment is likely to be small and, as a
result, could be more likely to be associated with finer-grained deposits.

SF and RP-HLW will release their inventory as they dissolve. After dissolution, mobile radio-
nuclides could be transported through the system relatively quickly and be dispersed beyond the
region of interest before habitation of the biosphere. Less mobile radionuclides are likely to sorb
to the glacial sediments once released and potentially accumulate in sedimentary layers with high
sorption such as clays. The extent of radionuclide dispersal through the system will depend on the
characteristics of the glacial/post-glacial environment (sediment types, configuration, water flow
rates and geochemistry), which determine how far the contamination can be transported before it
becomes sorbed (i.e. reaches the biosphere or is transported beyond the biosphere).

It is assumed for the storyboards that some material eroded from the repository is present (i) in
the glacial sediments between the repository and the near-surface environment, and (ii) directly
in the near-surface environment at the start of the consequence analyses. The material eroded
from the repository could initially be deposited in any of the sediments identified above (Fig. 3-9),
namely, glacial tills (T), glaciofluvial gravels (G), delta deposits (D) and lake sediments (C).
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33 Conceptualisation of repository excavation by glacial processes

Consideration of glacial processes (Section 3.1) and storyboards for repository excavation by
deep glacial erosion, transport, deposition and reworking of excavated materials (Section 3.2)
provide a basis for identifying features, events and processes (FEPs) relevant to radionuclide
transport and potential exposure under this scenario. Identifying and conceptualising these FEPs
provides the basis for subsequent development of mathematical models to support the quantitative
assessment.

Firstly, consideration is given to processes occurring at depth and in the pathway between the
remaining repository and near-surface region (Section 3.3.1). Secondly, consideration is given to
biosphere processes for the river, lake and spring configurations (Section 3.3.2). These are then
drawn together in a conceptual model for radionuclide behaviour and potential exposure
(Section 3.3.3).

3.3.1 Repository excavation and pathway to the near-surface

For the purpose of assessing potential dose consequences, it is assumed that some fraction of the
repository is directly affected by deep glacial erosion, such that a proportion of the disposed
material is transported by glacial processes and is deposited both (i) in the pathway from depth to
the near-surface region, and (ii) directly in the near-surface/biosphere itself (see Fig. 3-10 and
Fig. 3-11). These two components are directly assessed.

For the consequence analysis, neither the excavation event itself nor the transport and deposition
of excavated material due to glacial processes are explicitly represented. The modelling starts
with the material that has been deposited and is present in the post-glacial landscape, after which
humans could return and potential exposures might arise. The potential for radionuclides to have
left the repository prior to excavation is ignored; this is pessimistic because there would be a
greater degree of dispersion as a result of these processes.

In addition to radionuclide release arising from the material excavated from the repository, there
is also potential for radionuclides to be released from material left at depth within the remaining
repository (see also Fig. 3-10). Radionuclides associated with the excavated material itself will
be more readily available for release compared to material within the remaining repository at
depth (e.g. isolated within the emplacement drifts). Consequences associated with excavated ma-
terial are, therefore, taken to dominate and the material in the remaining repository is not con-
sidered further.

Consideration is given to the potential for excavated repository material to be initially deposited
along with granular material (e.g. in fragments that would be expected to release contamination
relatively quickly, as discussed in Section 2.3.3) and within low-permeability, finer sediments
(including clays).
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Fig. 3-10:  Plan view providing a schematic illustration of overdeepening cutting through the
remaining repository and a deposition zone in the accessible near-surface region
A zone within the overdeepening that can both include excavated material and act as a path-
way along which groundwater can flow to the more easily accessible near-surface zone is
shown by a blue dashed line. A shallower, more accessible near-surface zone beyond the
overdeepening, which can also include excavated material, is indicated with an orange dashed
line (this is discussed further in Section 3.3.2).

The pathway from the repository to the near-surface region is conceived as a channel of sediments
with a constant width and height/thickness. The channel is taken to include permeable layers
(cf. Fig. 3-8). The location of discharge from the groundwater pathway to the near-surface region
is a key consideration in specifying the calculation cases (see Section 3.4). The processes relevant

to the pathway are indicated in Fig. 3-11.
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Fig. 3-11: Conceptual model (downstream cross-section) for the pathway between the
repository and the near-surface region
Green indicates the remaining repository zone and blue the groundwater flow through sedi-
ments that can include excavated material. There is potential for groundwater flow from
depth towards the near-surface region along the pathway due to water pressure at depth ex-
ceeding hydrostatic pressure (e.g. due to confinement). The near-surface region is discussed
further in Section 3.3.2.

Tab. 3-1 lists the FEPs considered in evaluating radionuclide transport in the pathway from the
repository to the near-surface region in the post-glacial period’. Material deposited directly within
the near-surface region, as well as radionuclide transport and potential exposure in that region are
considered in Section 3.3.2.

Radionuclide transport in the pathway within the overdeepening is taken to be dominated by
groundwater advection, such that diffusion need not be explicitly considered.

Tab. 3-1:  Features, events and processes (FEPs) between depth and near-surface to be consid-
ered following excavation of the repository by deep glacial erosion, transport by
glacial processes and associated deposition

Category Items

Features o The fill material deposited by glacial processes within the potential
pathway between the remaining repository and near-surface region,
including material eroded from the repository.

Events and processes e Degradation/dissolution of the material eroded from the repository.
¢ Groundwater flow.

e Advection/dispersion.

e Dilution.

e Sorption onto the solid phase within the pathway.

5 Nagra’s general FEP database (Nagra 2024f) does not specifically consider the effects of the repository excavation

scenarios on the FEPs. Nonetheless, the list of FEPs considered here (and in Section 3.3.3 and 4) has been reviewed
against the general FEP list to ensure consistency.
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3.3.2 Description of near-surface processes

Three potential landscapes that could contain material eroded from a repository are identified in
Section 3.1.6. The river, lake and spring variants (Fig. 3-9) were chosen to envelope the range of
configurations that could arise and, between them, are considered to bound potential conse-
quences. The FEPs relevant to the movement of mass and water within the landscapes are listed
in Tab. 3-2; these are relevant because they are the primary mechanisms for radionuclide transport
in the near-surface region following deposition. The FEPs draw on Nagra's established biosphere
modelling approach (Nagra 2024g).

The resulting conceptualisations are discussed and illustrated in Fig. 3-12 to Fig. 3-14. the
corresponding radionuclide transport is then considered in Section 3.3.3.
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Tab. 3-2:  Features, events and processes (FEPs) for mass and water flows within the near-

surface region following excavation and deposition
Note that the focus on mass and water flows means that other processes relevant to radio-
nuclide transport, including sorption and diffusion, are not listed here, although they are
explicitly considered in the subsequent conceptual model (Section 3.3.3). There are no
"events" in this context.
The letters assigned to the Processes refer to Fig. 3-12, Fig. 3-13 and Fig. 3-14.

Category Items

Features o Aquifer (water-bearing, high-permeable subsurface layer).

o Aquitard (bed of low permeability along an aquifer or solid, impermeable
area underlying or overlying an aquifer. If the impermeable area overlies
the aquifer, pressure could cause it to become a confined aquifer).

o Saturated zone (including aquifer and aquitard, see above).

o Unsaturated zone.

e Sedimentary units (glacial deposits).

o Surface water (river, lake or spring).

o Sediments beneath surface water (river or lake sediments).

e Soil.

e Plants (crops and natural vegetation).

e Animals (livestock, fish and other animals).

e Atmosphere.

e Humans.

Processes a) Precipitation.

b) Evapotranspiration.

¢) Overland flow and erosion.

d) Infiltration and bioturbation.

e) Bioturbation and capillary flow.

f) Near-surface interflow.

g) Surface water flow.

h) Sedimentation.

i) Resuspension.

j)  Groundwater recharge from surface water (not present in lake variant).

k) Groundwater recharge from soils.

1) Groundwater flow.

m) Irrigation from the river or groundwater.

n) Deposition of bed sediments on river/lake bank.

0) Groundwater discharge to surface water (only present in connected river
system).

p) Interflow (uncontaminated shallow groundwater flow, only present in
the spring variant).

q) Discharge in springs.

Fig. 3-12 shows a conceptual model for the river variant. The depth to the water table (indicated
by the blue triangle) means that the shallow groundwater is directly connected to the river, which
reflects the Rafzerfeld system, where the river is incised into the gravels. In this context, ground-
water can discharge to the river, and it is possible for the river to recharge into the groundwater.
This is called a connected river system. In situations where the water table is disconnected from
the surface water, there can only be recharge from the river to the groundwater. For the purpose
of consequence analysis here, the assessment is based on a connected river system. This situation
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is pessimistic compared to a disconnected river, because the groundwater, which can interact
directly with material eroded from the repository, discharges to the surface water, from where
potential exposure can occur.

Material eroded from the repository could initially be deposited in the sediments beneath the river,
and water contaminated with radionuclides deposited in the pathway from the repository to the
near-surface region could enter the shallow aquifer. When humans return to the environment in
the subsequent interglacial period, potential doses will be derived from occupying and farming
the land adjacent to the river.

Arable land

Fig. 3-12:  Illustration of the near-surface environment associated with the river variant, show-
ing the main features and processes relevant to mass and water transport
The depth to the water table means that the groundwater is directly connected to the river
(i.e. a connected river system). Lowercase letters represent the transport processes of both
water and sediments (defined in Tab. 3-2). Uppercase letters represent the sedimentary units
(explained in Section 3.1.5 and Fig. 3-9). Note that the clay layer (C) represents an aquitard
separating two more permeable layers.

For the lake variant, once humans return to the local environment, eroded material ending up in
post-glacial deposits beneath a lake and contaminated water from material deposited in the path-
way from depth discharging to the lake could result in exposure. The processes considered in this
conceptual model are shown in Fig. 3-13. There is no connection between the surface water in the
lake and the groundwater below the thick, impermeable lake sediments ("C" in Fig. 3-13).
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Fig. 3-13:  Illustration of the near-surface environment associated with the lake variant, show-
ing the main features and processes relevant to mass and water transport
Lowercase letters represent the transport processes of both water and sediments that could
move radionuclides from the deposition site to a location that could cause radiological expo-
sure (defined in Tab. 3-2). Uppercase letters represent the sedimentary units (explained in
Section 3.1.5 and Fig. 3-9). The clay layer (C) isolates the lake from the permeable sediments
below.

If material excavated from the repository at depth were deposited within near-surface sediments
that end up as terrace deposit by progressive incision during successive glacial-interglacial cycles,
exposure could occur through contaminated spring discharges. Due to the hilltop location of the
post-glacial sediments, no groundwater connection between the remaining repository and the
springs is expected. A conceptual model for this situation is shown in Fig. 3-14. Water infiltrating
at the top of the hill hits a low-permeability aquitard and moves laterally to discharge in springs
along the hill flanks.
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Fig. 3-14: Illustration of the near-surface environment associated with the spring variant, show-
ing the main features and processes relevant to mass and water transport

Lowercase letters represent the transport processes of both water and sediments that could
move radionuclides from the deposition site to a location that can cause radiological exposure
(defined in Tab. 3-2). Uppercase letters represent the sedimentary units (explained in Section
3.1.5 and Fig. 3-9).

Flooding directly onto land from the springs is considered unlikely, so deposition of sediment
from the springs onto the surrounding land (process n) is not included. Groundwater recharge
to the surface water (0) is assumed not to occur because the springs are well above the
regional groundwater.

333 Conceptual model for radionuclide transport and potential exposure

Consideration of the excavated material and the processes occurring in the river, lake and spring
variants in Section 3.3.2 provides a basis for (i) understanding the behaviour of radionuclides
within those systems following excavation by deep glacial erosion, and (ii) potential exposure
pathways. These are described below using compartment model schemes’.

Conceptual model for radionuclide transport

The conceptual model for radionuclide transport in the near-surface region is built around a gener-
ic compartment model structure and is capable of representing radionuclide transport leading to
exposure in the landscape variants being considered. Although this features a simplified represent-
tation of the landscapes, the modelling approach represents the key features, events and processes
that have been identified, suitable for implementation in a generic numerical model.

This approach represents features within which radionuclide retention needs to be evaluated as discrete
‘compartments’, with events and processes that can move radionuclides between compartments being explicitly
represented as transfers. By defining the characteristics of the system and by defining the processes and events in
terms of rates of transfer, the conceptualisation can be translated into a mathematical representation allowing
quantitative evaluation — see also Nagra (2024g).
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The structure and processes that are included in the conceptualisation are very similar to the
structure of Nagra's established biosphere modelling approach that is represented in the Swiss
Biosphere Assessment Code (SwiBAC) (Nagra 2024g) and are illustrated in Fig. 3-15. There is
additional refinement in the subsurface layers, compared to SWiBAC, to reflect greater focus on
the structure of sediments deposited following glacial excavation; in place of the variably satu-
rated zone and aquifer compartments in SWiBAC, a sequence of sediments is represented to
correspond to the schematic sedimentary columns illustrated in Fig. 3-12 to Fig. 3-14.

Y A— /Exposure —
‘ Atmosphere ‘ \ pathway p
g e

‘ (uncontaminated) |~

Upstream J
| I ‘ |_(contaminated
Top soil ‘ Surface water /‘
|
Deep soil Bed sediments /
L I
- Y
-
- Shallow permeable sediments 7

‘ Groundwater ‘ AY \

(contaminated) g
/
Impermeable sediments 9
‘ Groundwater ’ “ AY
(uncontaminated) |~
A 7.
— Deep permeable sediments //i

/

Elsewhere |

/

Main compartment —m—— Contaminant flux

Main. t{ompgrtment ' Water/soli<.:1 flux
subdivided into multiple layers (uncontaminated)

L 4

Ancillary compartment ~ -------—-] p Link to exposure model

4

Fig. 3-15: Conceptual model of transfers (water or solid) that contain radionuclides (solid
arrows) or uncontaminated material (open arrows)

Note that the structure is very similar to that used in Nagra's general biosphere modelling, as
represented in SwiBAC (Nagra 2024g), with greater resolution in terms of layers beneath the
deep soil and bed sediments to reflect greater interest in post-glacial sediments in the context
of excavation by deep glacial erosion.
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In all variants, contaminated material could, in principle, accumulate in any of the deposits (C, G,
D, T, see Fig. 3-12 to Fig. 3-14). There is no groundwater flow through the sedimentary unit C
(clay) due to its low permeability, although radionuclides could migrate from and through the unit
via diffusion. Any radionuclides deposited in shallow permeable sediments above the low-
permeability unit (C) will interact with the shallow groundwater system (deep soil, surface water
and bed sediments). Radionuclides deposited in deep-permeable sediments below the low-
permeability unit (C) will only interact with the shallow groundwater system via diffusion across
the clay; this situation would result in lower potential doses and is thus not considered further.

The conceptual model allows for any of the sedimentary units to be unsaturated or saturated, as
required for each specific case. By using different thicknesses of the sedimentary units, including
or excluding certain transfers, and by adapting parameterisation, the model is capable of repre-
senting the three landscape variants described above. The processes listed in Tab. 3-2 are either
explicitly included in the conceptual transport model (they map directly onto contaminant trans-
fers), implicitly included (they influence other contaminant transfers), or excluded (e.g. if they
are not relevant for contaminant transport for a specific variant).

The river variant (Fig. 3-12) makes use of all compartments and transfers except those connecting
the bed sediments to the impermeable sediments. It is assumed that the bed sediments will always
sit on top of the shallow permeable sediments (glaciofluvial gravel (G) and delta deposits (D)).
In the near-surface region, material eroded from the repository is taken to be deposited in a layer
at the base of the shallow permeable sediments, maximising the degree of interaction between the
initially contaminated material and groundwater that might be used for drinking water. An alterna-
tive situation is also considered, in which the excavated material is fine-grained and sits at the top
of the clay layer immediately beneath the local aquifer. Like Rafzerfeld, the river is cut into the
unsaturated zone, i.e. there is a direct connection between the river and the aquifer.

The lake variant (Fig. 3-13) is similar to the river variant, with the main differences being the
relative compartment sizes. The lake sits above low-permeability sediments (C), so there is a
direct transfer between the bed sediments and the clay. Material eroded from the repository is
taken to be deposited at the top of the low-permeability sediments beneath the lake. For agricul-
ture and exposure, soils are assumed to be present along the sides of the lake, overlying the
impermeable sediments. Use of groundwater from deep permeable sediments beneath a large lake
is implausible, so the potential for groundwater discharge below the impermeable sediments need
not be assessed.

In the spring variant (Fig. 3-14), the deeper parts of the glacial sediments are not relevant. It is
assumed that material excavated from the repository is deposited in permeable glaciofluvial
gravels that are perched as a terrace on a hilltop; the permeable layer will be saturated at the
bottom and unsaturated higher up. It is pessimistically assumed that material excavated from the
repository is deposited within the saturated layer at the base of the shallow permeable sediments,
maximising the degree of interaction with groundwater emerging at the springs. The surface water
fed by the springs could be used to irrigate agricultural land. The presence of springs means that
it is unlikely that water would be taken from a well in the permeable terrace deposit. If the flow
rate of contaminated water from the springs is insufficient to satisfy the water demand (which is
high because of the irrigation demand), it can be supplemented with additional uncontaminated
water (e.g. from other nearby springs). Transfers representing irrigation from groundwater and
flooding are not required.

The near-surface river and lake systems shown in Fig. 3-12 and Fig. 3-13 could remain in contact
with the overdeepening. In both cases, it is pessimistically assumed that deposition between the
repository and the near-surface region occurs within a permeable gravel fill, such that a
groundwater pathway exists that connects the remaining repository at depth and excavated
material that is deposited within the overdeepening to the near-surface (illustrated in Fig. 3-11).
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For the river variant, this pathway represents the "groundwater (contaminated)" source shown in
Fig. 3-15. For the lake variant, this pathway represents the "upstream (contaminated)" source
shown in Fig. 3-15 and either represents direct groundwater discharge to surface water, or dis-
charge to an upstream river that feeds into the lake.

The deposition of sediment in a terrace necessary for the spring variant means that a potential
connection with the original overdeepening will have been lost, such that there is no longer any
pathway from depth in that variant.

Conceptual model for potential exposures

The variants seek to evaluate potential dose consequences once humans have returned to the
landscapes following excavation by deep glacial erosion. The climate is taken to be temperate,
consistent with the present day, because this supports a wide range of potential exposure path-
ways, including agricultural production. Nagra's reference biosphere modelling, as represented in
SwiBAC (Nagra 2024g), includes the same climate conditions and range of potential exposure
pathways as are relevant for the evaluation of the repository excavation scenario. Therefore,
conceptualisation of potential exposure pathways and associated FEPs can draw upon the same
approach as adopted in Nagra's established biosphere modelling (Nagra 2024g). The potential
exposure pathways are illustrated in Fig. 3-16.
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Fig. 3-16: Potential exposure pathways represented

These pathways are fully consistent with (Nagra 2024g).

The consequence analysis is made on the basis that the configurations being considered exist at
the time that potential exposures could occur, such that the processes involved in deep glacial
erosion, transport and deposition need not be explicitly represented. In practice, a substantial
amount of time will be needed before exposures could potentially occur, allowing for the corres-
pondingly required transport, deposition, reworking of sediments, climate changes, soil develop-
ment, etc. Based on consideration of timescales for climate change and for human habitation of
the Alps following the last glaciation, a minimum timescale of 5,000 years between excavation
and potential exposure has been adopted for the river and lake variants.

Once potential exposures become feasible, groundwater within the shallow permeable sediments
is taken to provide the principal source of water for domestic and agricultural purposes in the river
variant (consistent with assumptions in Nagra's established biosphere modelling approach (Nagra
2024g)); this groundwater interacts directly with material deposited after being excavated from
the repository. For the lake variant, the lake water itself is taken to provide the principal source
of water used by humans.
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The deposition of eroded material as glaciofluvial gravels in a terrace perched on a hilltop neces-
sary for the spring variant requires erosion and sedimentation by repeated foreland glaciations.
Such erosion could occur as a consequence of a subsequent glacial episode, which would require
a full interglacial and glacial cycle to occur after repository erosion, such that potential exposures
from this configuration would only be able to occur around 100,000 years after initial erosion. It
is pessimistically assumed that none of the contamination initially deposited in the near-surface
environment is lost as a result of the progressive incision during successive glacial-interglacial
cycles. Also, in the absence of a viable pathway from the remaining repository, all of the originally
eroded material is pessimistically taken to be deposited within the near-surface region.

3.4 Calculation cases associated with excavation by deep glacial erosion

The river, lake and spring variants provide the basis for three situations that envelope a plausible
range of post-glacial conditions following excavation by deep glacial erosion. Given the diversity
of near-surface conditions encompassed by the variants, a single calculation case is considered
sufficient to explore the range of potential dose consequences for each of the lake and spring
variants. However, due to the greater complexity in near-surface sediments for the river variant,
two cases are used to explore different assumptions about where material excavated from the
repository may have initially been deposited.

In addition to the type of near-surface system, calculations need to explore the range of potential
timescales for excavation by deep glacial erosion. These are discussed in Section 2.2, which iden-
tifies timescales of 700 ka, 1 Ma, 2 Ma and 4 Ma after repository closure.

The resulting calculation cases are summarised in Tab. 3-3. In addition to these cases, sensitivity
calculations are used to identify important processes and parameters. These are described in
Section 3.6.2.

Tab. 3-3:  Calculation cases for assessment of excavation by deep glacial erosion for exca-
vation times of 700 ka, 1 Ma, 2 Ma and 4 Ma after repository closure

For the river and lake variants, deposition within the deep permeable sediments (below the
impermeable layer in Fig. 3-12 and Fig. 3-13) need not be considered because of the greater
potential dose consequences of deposition within the shallow permeable sediments.

Variant | Case Summary
Ra Base river | River variant with excavated material initially deposited in the shallow
case permeable sediments (upper G and D in Fig. 3-12); groundwater connected

to the river. Water for drinking, animal husbandry and irrigation drawn from
the shallow aquifer.

Rb Alternative | River variant with excavated material initially deposited in the impermeable
river case | layer below the shallow permeable sediments (lower G and T in Fig. 3-12);
groundwater connected to the river. Water for drinking, animal husbandry and
irrigation drawn from the shallow aquifer.

L Lake case | Lake variant with excavated material initially deposited in the impermeable
sediments below the lake (Fig. 3-13). Water for drinking, animal husbandry
and irrigation drawn from the lake.

S Spring Spring variant with excavated material initially deposited in the permeable
case sediments on the hilltop (Fig. 3-14). Water for drinking, animal husbandry
and irrigation drawn from the spring.
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3.5 Model for calculating doses due to repository excavation by glacial
processes

FEPs associated with radionuclide transport and potential exposure following excavation by deep
glacial erosion overlap considerably with those in the SwiBAC code (Nagra 2024g). Radionuclide
transport and retention within SWiBAC are based on a flexible approach using the AMBER gener-
ic compartment-modelling code (Quintessa 2023a).

Given the degree of commonality in FEPs and the flexibility of the underlying AMBER code, the
SwiBAC compartment-modelling approach is used as a basis for modelling potential
consequences of excavation by deep glacial erosion. The SwiBAC models are established and,
importantly, include water and mass balance as a fundamental prerequisite. Much of the SwiBAC
modelling approach is retained, including radioactive decay and ingrowth, the requirement for
water and mass balance, the compartment-modelling concept, models for moving radionuclides
by water and mass transfers, including sorption, and evaluation of potential exposures. Descrip-
tion of the mathematical modelling approach in this report can, therefore, focus on the adapta-
tions/extensions required to represent the excavation context.

3.5.1 Pathway between the repository and near-surface

A specified fraction of the radionuclide inventory within the repository at the time of excavation
by deep glacial erosion is deposited (i) directly in the near-surface environment, and (ii) in the
pathway in the overdeepening between the repository and near-surface, where it exists. The distri-
bution of the excavated radionuclide inventory between these two regions represents an area-
weighted average.

Radionuclides are taken to become available for leaching and advection in groundwater from the
deposited material at a constant rate that depends on a represented lifetime of eroded material
within the pathway and the near-surface region. While relatively stable under repository condi-
tions, eroded material is expected to last only tens to hundreds of years in the active and oxidising
conditions following excavation.

Once released from the eroded material, radionuclides could migrate along the pathway towards
the near-surface region with groundwater and suspended sediment. A Darcy model is used to
determine the groundwater flow rate, which is characterised by the hydraulic conductivity, hy-
draulic gradient and cross-sectional area perpendicular to the flow.

The pathway from the repository depth to the near-surface is discretised into five compartments;
this ensures a suitable degree of time-dependency in the release rate to the near-surface, taking
numerical dispersion and physical dispersion into account (see Appendix B to Quintessa 2023b).

Radionuclide transport along the overdeepening is then determined based on SwiBAC's represen-
tation of transfers via water flow, including sorption/desorption and suspended solids.

3.5.2 Near-surface environment

The entire area within which material excavated from the repository could be deposited in the
near-surface environment is explicitly represented. The reference biosphere model that forms the
basis of SWiBAC includes a single compartment for the local aquifer and a single compartment
for the variably saturated zone above the local aquifer and below the deep soil (Nagra 2024g).
The storyboards presented in Section 3.2 and the associated conceptualisation in Section 3.3 have
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a greater degree of complexity in vertical structure compared to the base SwiBAC implementa-
tion. Additional vertical discretisation is, therefore, required in the near-surface system to:

e cenable explicit representation of sedimentary units of different post-glacial sediments, as
shown in Fig. 3-15, using:

— five compartments to represent diffusion across low-permeability clay units (sedimentary
unit C) where diffusion is dominant;

— four compartments to represent the shallow permeable sediments above the impermeable
layer; and

— another four compartments to represent the deep permeable sediments below the imper-
meable layer;

e cnable a layer of post-glacial sediments containing the material eroded from the repository to
be explicitly represented at different depths.

Where vertically adjacent compartments are both fully saturated, a degree of vertical dispersion
is explicitly represented in advective transfers.

For the lake variant, the surface water and bed sediment sit directly above the impermeable layer,
so the shallow permeable sediments need not be represented. In the spring variant, the imper-
meable and deep permeable compartments are not used, and there are advective transfers from
the shallow permeable sediments directly into the surface water.

While the full deposition area is modelled for post-glacial sediments (25 km? — see Tab. 3-4), only
a smaller area of soils (2.275 km?) situated atop those sediments is explicitly modelled in support
of the dose calculations to ensure consistency with SwiBAC assumptions, especially in the evalu-
ation of potential exposures. For the river variant, the soil compartments effectively sit on top of
the shallow permeable sediments. For the lake variant, they are adjacent to the surface water, and
for the spring variant, they are effectively down-slope from the contaminated hilltop sedi-
ments/springs.

The flow along the pathway from the remaining repository (see Section 3.5.1) could feed into any
of the saturated permeable sediment compartments in the near-surface region, or into the surface
water body. Where the flow from the remaining repository is less than the assumed flow through
the near-surface sediments (or surface water), the remainder of the supplied groundwater (or
surface water) is assumed to be uncontaminated water.

Water for irrigation and drinking could be drawn from the surface water or from a groundwater
well. This groundwater well could draw water from any of the saturated permeable sediment
compartments. Water is assumed to be drawn from the bottom 10 m of the sedimentary unit in
which the well is located; the contaminant concentration in the well water is calculated by ave-
raging the concentration across the compartment heights that are intersected by this 10 m region.
The water required for drinking is not subtracted from the water balance as it is a small volume
compared to the total volume of groundwater and to the water required for irrigation.

As in the reference SWiBAC model, infiltration through the topsoil passes down through the deep
soil into the shallow permeable sediments in the river variant. For the lake and spring variants,
infiltrating water is directed back to the surface water.

In the reference SwiBAC model, solid material is transported from the topsoil to the surface water
as a result of erosion. There is no flux of solid material from bed sediments to topsoil due to
dredging and no deposition of uncontaminated solid material onto the topsoil that could compen-
sate the mass loss due to erosion. The mass balance is therefore maintained by solid material
transfer from the deep soil to the topsoil, and then from the permeable sediments to the deep soil
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(i.e. weathering and pedogenesis). Although the non-irrigated soil area is not explicitly repre-
sented as a compartment in the model, the erosion of that soil area is included in the mass transport
balance. The overall long-term mass balance means that compartment volumes are not to be
affected by net erosion.

353 Potential exposures

The FEPs described above result in a time-dependent distribution of radionuclides in the compart-
ments representing the near-surface region after excavation (including surface soils, surface water
and bed sediments). As in the reference biosphere modelling in SwWiBAC, the resulting concentra-
tions in soils, surface water and groundwater provide a basis from which potential dose conse-
quences can be evaluated.

The equations used to calculate (i) concentrations in the compartments and in features that are
taken to be in equilibrium with those compartments (like the atmosphere, crops and animal pro-
duce), and (ii) potential exposure rates and dose consequences, are the same as those used in
reference biosphere modelling in SWiBAC and are not reproduced here (Nagra 2024g).

Potential exposures can only arise once humans return to the landscape after excavation by deep
glacial erosion. As discussed in Section 3.2, this is taken to be 5,000 years after excavation for
the river and lake variants, and roughly 100 ka after excavation for the spring variant.

3.6 Data for dose calculations due to repository excavation by deep glacial
erosion

The basis for modelling radionuclide transport and potential exposures following excavation by
deep glacial erosion is described in the sections above. The resulting mathematical model is sup-
ported by data that are summarised in the following subsections. The parameter values them-
selves, including supporting arguments, are described in Section 3.6.1. Assumptions and uncer-
tainties are discussed in Section 3.6.2, which describes the approach adopted to identify important
processes and parameters via sensitivity calculations.

3.6.1 Data for consequence analyses

Where available, parameter values used for assessment of potential dose consequences following
excavation by deep glacial erosion are drawn from the reference biosphere modelling (Nagra
2024g). Adaptation and extension of the reference biosphere model to represent the additional
FEPs associated with modelling radionuclides deposited in the pathway from depth and within
the near-surface region means that additional data are needed. Where practicable, those data are
based on consideration of analogous systems available in present-day Northern Switzerland.

The assessment adopts a deterministic approach. Plausible assumptions are used, erring on the
side of being pessimistic (i.e. overestimating potential dose consequences). Parameter values gen-
erally represent best estimates, and a balance is struck in assuming that humans could be present
and make maximum use of local, potentially contaminated, materials, consistent with Nagra's
reference biosphere modelling. Sensitivity calculations are subsequently used to vary parameters
over plausible ranges to help identify the important processes and assumptions (these are dis-
cussed in Section 3.6.2).

Parameters consistent across all three variants are presented in Tab. 3-4 and those specific to the
river, lake and spring variants are then presented in Tab. 3-5, Tab. 3-6 and Tab. 3-7, respectively.
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Tab. 3-4:  Generic parameters for assessment of excavation by deep glacial erosion
Parameter values consistent with reference biosphere modelling (Nagra 2024g) are not repro-
duced here. Sensitivity to parameter assumptions is discussed in Section 3.6.2.
Parameter Value Notes

Canister inventory and
number of canisters

See Notes column

Based on the radionuclide inventory for the
general licence applications (RBG) (Nagra 2023)

Fraction of repository 0.1 Varied in sensitivity calculations

eroded

Lifetime of eroded 100 a Based on review of potential particle sizes for
material following eroded material and dissolution rates for spent
excavation fuel (representing the majority of the relevant
(radionuclides are inventory) under oxidising conditions

released at a constant

rate over this period)

Length and width of the 10 km x 1 km Based on general review of the nature of existing
pathway from depth overdeepenings in Northern Switzerland
Thickness of saturated 10 m Taken to be the same as the thickness of the
layer within the pathway saturated zone in the near-surface region for the
from depth river variant

Hydraulic gradient in the | 0.75%o0 Taken to be half the hydraulic gradient in the
pathway from depth near-surface due to the adverse slope

Surface area of the near- | 25 km? Based on gravel area mapped in the Rafzerfeld
surface deposition area

Hydraulic gradient in the | 1.5%o Based on groundwater gradients in 15 different

near-surface region

regions in Northern Switzerland (Haldimann &
Schatzmann 2014)

Total porosity of
sediments

See Notes column

Based on sedimentary material described in
Carsel & Parrish (1988) and Domenico &
Schwartz (1998)

Element-dependent
solid:liquid equilibrium
sorption coefficients (Kq)

See Notes column

Based on review and update in preparation for the
RBG (Metcalfe et al. 2023); the gravels adopt
sorption values for coarse aquifer material and the
lake deposits adopt values for fine, low-organic-
content material

Hydraulic conductivity
of gravels

1 x10* ms’!

Based on pumping tests from 15 different regions
in Northern Switzerland in Haldimann &
Schatzmann (2014) and relatively young
unconsolidated fluvio-glacial and fluvial
sediments in the Rhine basin in Bayer et al.
(2011)




49

NAGRA NAB 24-08

Tab. 3-5:  River variant parameters for assessment of excavation by deep glacial erosion
Parameter Value Notes
Length and width of surface | 15 km long by Typical length of a river section in Northern
water 80 m wide Switzerland extracted from Gmiinder et al.

(2014); width based on consideration of larger
rivers in Northern Switzerland

Vertical Shallow permeable gravel 40 m

thickness of

sedimentary Impermeable clay 100 m

units Deep permeable gravel 40 m
Deep permeable till 10 m

Based on consideration of Rafzerfeld and
similar valley cross-sections

Depth-to-water table

30m

Based on consideration of Rafzerfeld, where
the river is cut into the unsaturated zone, and
data in Fan et al. (2013) and Haldimann &
Schatzmann (2014)

Location of material eroded
from repository deposited in
the near-surface region

1 m thick layer at the
base of the shallow
permeable gravels

Pessimistic assumption, because this
maximises the degree of interaction between
the eroded material and the groundwater; the
thickness is based on consideration of placer
deposits (e.g. LeBarge (1995))

Uncontaminated water flow
into surface water

1.25 % 10" m? a!

Based on consideration of the Rhine in BWG
(2001) and Schédler & Weingartner (1992)
and smaller rivers of Northern Switzerland
from the MQ-GWN-CH dataset (BAFU
2013); the value is smaller than for reference
biosphere modelling in (Nagra 2024g) given
post-glacial valley context

Fraction of net flow from 0.55
shallow permeable

sediments to surface water

Fraction of net flow from 0.15

surface water directed to
shallow permeable
sediments

Based on consideration of connected river
systems in Brunner et al. (2009) and data in
Zektser & Loaiciga (1993) and Winter et al.
(1998)
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Tab. 3-6:  Lake variant parameters for assessment of excavation by deep glacial erosion
Parameter Value Notes
Length, width and depth of 8.33 km long by Based on typical dimensions for lakes in
surface water 1.15 km wide Northern Switzerland
20 m deep
Vertical Impermeable clay 100 m | Consistent with the structure of sediments in
thickness of the river variant minus the shallow permeable
. Deep permeable gravel 40 m .
sedimentary sediments
units Deep permeable till 10 m

Location of material eroded
from repository deposited in
the near-surface region

1 m thick layer at the
top of the
impermeable clay
beneath the lake

Pessimistic assumption, because this
maximises the degree of interaction between
the eroded material and the lake; the thickness
is consistent with the river variant

Uncontaminated water flow
into surface water

1.64 x 108 m? a™!

Based on analogue lakes in Northern
Switzerland

Tab. 3-7:  Spring variant parameters for assessment of excavation by deep glacial erosion
Parameter Value Notes
Vertical thickness of shallow | 40 m Consistent with the structure of sediments in
permeable gravel (on the the river variant minus the shallow permeable
hill) sediments
Depth to water table (on the | 30 m Thickness of the unsaturated zone above the

hill)

saturated gravels perched on the hilltop; the
value is consistent with assumptions for the
river variant

Location of material eroded
from repository deposited in
the near-surface region

1 m thick layer at the
base of the shallow
permeable gravels

Pessimistic assumption, because this
maximises the degree of interaction between
the eroded material and the groundwater; the
thickness is consistent with the river variant

Width of terrace

3 km

Width of deposition perpendicular to flow and
width of terrace from which springs emerge

Groundwater discharge to
springs

1 x10°m’a’!

Based on data for analogous springs obtained
from the Federal office for the Environment
(FOEN); this represents about 10% of the
groundwater flow rate through the hilltop
sediments — the remainder flows subsurface to
elsewhere (see e.g. Fig. 3-15)

Uncontaminated water flow
into surface water

Springs only fed by groundwater discharge
from terrace
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3.6.2 Assumptions and uncertainties

Uncertainties are unavoidable in modelling the post-closure safety for deep geological reposi-
tories for radioactive waste; this is especially true given the extraordinarily long timescales associ-
ated with assessing potential consequences of repository excavation scenarios. For excavation by
deep glacial erosion, consideration of glacial processes and their relationship with material depos-
ited at depth in this study has identified a range of variant post-glacial landscape configurations
that bound the range of potential situations that could arise. Our conceptualisation and modelling
err on the side of conservative assumptions, such that the consequence analyses aim to provide a
generally pessimistic assessment of the potential radiological consequences.

A deterministic approach has been adopted for the consequence analyses. It provides an internally
consistent and coherent basis for the assessment. There is uncertainty associated with each of the
parameter values. Sensitivity calculations help identify important processes, parameters and asso-
ciated assumptions.

Reference assumptions are based on evidence from examples of deep glacial erosion in Northern
Switzerland, to help ensure plausibility and internal consistency across the range of necessary
assumptions. These examples do not reflect overdeepenings cutting through the Malm and into
the Opalinus Clay (as would be necessary for the repository excavation scenario), for which no
direct analogue exists. The potential for erosion through the Malm to result in differences is taken
into account in ranges used when exploring the sensitivity of the model to these assumptions. This
includes ranges for the dimensions of the overdeepening (e.g. it could be narrower through the
harder cover rock above the Opalinus Clay) and dimensions of the near-surface deposition areas.

For the sensitivity calculations, plausible ranges have been used around the parameter values
presented in Section 3.6.1. Each parameter has been varied with discrete deterministic calcula-
tions using the minimum and maximum values across a plausible range to reveal the importance
of associated uncertainty to the key metric for the assessment, which is the maximum calculated
effective dose.

A list of the parameters varied for each of the landscape variants is provided in Tab. 3-8. These
focus on parameters and assumptions specific to assessment of doses due to excavation by deep
glacial erosion. Parameters and conceptualisation based on Nagra's reference biosphere modelling
are not varied here because they are explored in Nagra (2024g).
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Tab. 3-8:  Parameters varied over plausible ranges to explore sensitivities in assessing excava-
tion by deep glacial erosion

See Tab. 3-4 to Tab. 3-7 for reference values.

Variant Parameters varied for sensitivity analyses

River Fraction of the repository eroded, dissolution timescale for material eroded from the
repository, area of deposition in the near-surface, river flow rate and dimensions,
porosity and density of materials, hydraulic conductivity, hydraulic gradient,
hydrologically effective rainfall, fraction of shallow groundwater discharging to river,
degree of saturation within unsaturated compartments, diffusivity, soil erosion rate,
sorption coefficients (Kq)

Lake Fraction of the repository eroded, dissolution timescale for material eroded from the
repository, area of deposition in the near-surface, lake flow rate, dimensions of the
lake, porosity and density of materials, hydraulic conductivity, hydraulic gradient,
hydrologically effective rainfall, degree of saturation within unsaturated compartments,
diffusivity, soil erosion rate, sorption coefficients (Kq)

Spring Fraction of the repository eroded, dissolution timescale for material eroded from the
repository, deposition area, porosity and density of materials, hydraulic conductivity,
hydraulic gradient, hydrologically effective rainfall, fraction of groundwater
discharging via springs, degree of saturation within unsaturated compartments,
diffusivity, soil erosion rate, sorption coefficients (Kq)

3.7 Calculated doses due to excavation by glacial processes

Results for the calculation cases summarised in Section 3.4 are presented in this section, with the
time history of potential doses for the variants, peak values and times presented in Section 3.7.1,
and results of the sensitivity calculations being discussed in Section 3.7.2.

3.7.1 Calculation case results

Results for the river, lake and spring variants for the range of excavation times considered are
shown in Fig. 3-17. The peak calculated doses for the sixteen cases are summarised in Tab. 3-9.

The calculated effective doses for excavation by deep glacial erosion are shown to be within the
low-end or below the range of natural radiation exposure rates within Switzerland (taken from
BAG (2023)) for the range of calculation cases explored.

Hypothetical excavation 700 ka after closure results in the highest calculated effective doses.
Results for excavation after 1 Ma, 2 Ma and 4 Ma are all progressively lower. The long-lived
nature of some of the decay chains, including U-238 (which has a half-life of 4.5 x 10° years) and
Np-237 (which has a half-life of 2.1 x 10° years) means that the maximum calculated effective
doses only decline by about a factor of three between excavation after 700 ka and 4 Ma.
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Fig. 3-17:  Total effective dose following excavation by deep glacial erosion, exploring differ-
ent landscape variants and times of excavation
Results are shown for the river variant with material excavated from the repository being
deposited in the shallow permeable gravel (Ra) and impermeable clay (Rb), as well as for the
lake variant (L) and the spring variant (S). Tab. 3-3 provides a definition for the calculation
cases.
Tab. 3-9:  Peak calculated effective doses (mSv a!') and associated time (years after closure)
for excavation by deep glacial erosion
Calculation cases are summarised in Tab. 3-3. The main contribution to the delay between
the time of excavation and peak calculated doses is the period required for humans to return
to the landscape following glacial conditions (for the river and lake variants) and the period
required for the configuration of post-glacial sediments to occur (for the spring variant).
Variant/case Time of excavation (years after closure)
700 ka 1 Ma 2 Ma 4 Ma
River; eroded | 3.0 (705 ka) 2.1 (1.005 Ma) 1.3 (2.005 Ma) 1.0 (4.005 Ma)
material in
gravel (Ra)
River; eroded | 0.5 (708 ka) 0.4 (1.007 Ma) 0.3 (2.006 Ma) 0.2 (4.007 Ma)
material in
clay (Rb)
Lake (L) 0.1 (705 ka) 0.09 (1.005 Ma) 0.06 (2.005 Ma) 0.04 (4.005 Ma)
Spring (S) 0.1 (800 ka) 0.07 (1.1 Ma) 0.03 (2.1 Ma) 0.03 (4.1 Ma)

For the river variant, the case where the eroded material is deposited at the base of the shallow
permeable sediments (Ra case) results in a higher peak dose compared to the case where the
material is deposited at the top of the impermeable clay (Rb case). This indicates that the greater
degree of interaction between the eroded material and the groundwater is more important in
determining potential dose consequences compared to the potential for a longer diffusive source
were the eroded material to be deposited within a clay layer (e.g. at the base of a pro-glacial lake).
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Po-210 contributes most to the calculated effective doses and is ingrown via the extremely long-
lived U-238 from Am-242m, Cm-246 and Cm-242 in the disposed waste.

Ingestion of crops irrigated with groundwater contributes most to the calculated effective doses,
followed by ingestion of animal produce (animals are taken to drink water from groundwater
wells) and by humans drinking water obtained from groundwater wells.

For the river variant, about 30% of the material that is eroded from the repository is taken to be
deposited in the pathway remaining within the overdeepening between the repository location and
near-surface region, with the remaining 70% being deposited directly in the near-surface region
(see Fig. 3-10). The excavated material deposited within the pathway from depth contributes
about 20% to the peak calculated effective dose for the river case where eroded material is
deposited in the shallow permeable sediments (i.e. the case resulting in the highest calculated
effective doses). This indicates that material deposited within the pathway from depth is an
important contributor to peak doses in this case, but that the excavated material that is deposited
directly in the near-surface region dominates in terms of the highest potential radiological
consequences.

Calculated effective doses for the river variant are higher than for either the lake or the spring
variants. The peak calculated effective doses mostly arise close to when humans return to the
landscape after the initial excavation event, which occurs under glacial conditions. The spring
variant can only occur after incision by a subsequent foreland glaciation such that the initial
glacial deposits end up as a terrace; the ca. 100 ka period is evident in the dose curves (yellow
lines in Fig. 3-17) and in the time of peak doses summarised in Tab. 3-9.

In practice, glacial-interglacial cycling means that the post-glacial landscape will be reworked by
further glaciations some period after the initial excavation/deposition. A time frame with a
periodicity of ca. 100 ka might be expected for such glacial-interglacial cycling, during which the
deposited material would be further eroded, mixed, transported and dispersed. However, during
subsequent glacial episodes, more material could be excavated from the repository. Except for
the spring variant, the modelling does not explicitly represent subsequent glacial episodes, such
that results for each variant can be discounted about 100 ka after the initial peaks. This does not
affect analysis of the results for this safety scenario because the peak calculated effective doses
occur close to the time of initial excavation and deposition.

3.7.2 Sensitivity calculations

Sensitivity calculations allow us to explore the relative roles of important processes and parameter
assumptions. Calculations were undertaken for the river, lake and spring cases within which many
of the parameters described in Section 3.6 were varied one at a time over plausible ranges. The
sensitivity calculations centred on excavation 700 ka after closure (the highest calculated effective
doses). Similarly, only the river variant with excavated material being deposited in the shallow
permeable sediments was explored.

The sensitivity of each of the river, lake and spring variant results has each been explored through
24 sets of calculations varying each parameter, or small subsets of parameters, independently over
plausible ranges. The results of the sensitivity calculations are summarised in Tab. 3-10 and
discussed below, with a focus on the river variant, which gives the highest calculated doses.
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Tab. 3-10: Relative importance of parameters identified as affecting the peak calculated effec-
tive doses for excavation by deep glacial erosion

The parameters are listed in order of importance; ">" indicating more important, ">>" indi-
cating much more important, and the lack of a symbol indicating that parameters were of
equivalent importance. Calculation cases are summarised in Tab. 3-3.

Variant Relative sensitivity of important parameters
River (Ra) River flow rate > aquifer Kg, fraction of repository eroded
Lake (L) Fraction of repository eroded, clay layer K4 > lake flow rate > hydraulic conductivity

and porosity in the pathway from depth

Spring (S) Aquifer K4 >> fraction of repository eroded > hydrologically effective rainfall, fraction
of groundwater discharging to springs, soil erosion rate

The sorption coefficient (Kq) is shown to be important across all of the variants, with sorption on
the coarse aquifer material being important for the river and spring variants, and sorption onto the
impermeable clay beneath the lake being important for the lake variant. The degree of radio-
nuclide retention on the modelled sediments determines their relative mobility and longevity. As
a result, assumptions concerning the degree of retention and sorption are typically important to
long-term consequence analyses (see also Nagra (2024g)). The known importance to assessment
modelling means that the reference sorption assumptions have been subject to review in prep-
aration for the RBG assessments (Metcalfe et al. 2023). The modelling described here draws upon
that review.

The fraction of the repository that is assumed to have been excavated is shown to be important in
all cases. The relationship is linear. The results in Section 3.7.1 are based on excavation and de-
position of 10% of the inventory remaining within the repository, such that results can be a factor
of ten higher if 100% of the material is excavated and deposited within the same region. There
will be a degree of correlation between the fraction eroded, and other characteristics, including
the dimensions of the overdeepening and the area within which the material is deposited.

The river flow rate is shown to be important for the river variant; this reflects both a large range
in the flow rates explored’ and recharge from the river to the local aquifer (i.e. the river flow is a
factor in determining the flow rate through the local aquifer). The flow rate will reflect
catchment and valley characteristics of the river that flows through the sediments deposited
from the overdeepening (see Fig. 3-11).

For the lake variant, the flow rate through the lake itself is shown to be important in that variant,
however, the flow rate would be strongly correlated with the size of the lake, which was not varied
at the same time. In practice, the overall turnover rate of water within the lake would, therefore,
be expected to vary less than the range explored in the sensitivity calculations.

The importance of hydraulic conductivity and porosity of the pathway from depth to the lake
indicates that the repository material deposited within that pathway is more important compared
to the river cases. The material deposited beneath the lake sits atop the impermeable clay, from
where release to the lake water occurs relatively slowly via diffusion. In this case, therefore,
groundwater advection through the smaller proportion of repository material deposited in the
overdeepening is the dominant source of radionuclide concentrations in the lake water.

7 The range in river flow rates spanned 5 x 10° m? a”! to 3 x 10'° m? a!, based on analysis of gauged rivers in

Northern Switzerland; see also Tab. 3-5, which gives the reference value of 1.25 x 107 m® a’l.
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For the spring variant, parameters affecting the volume and flow rate of groundwater through the
hilltop sediments and springs are shown to be important.

The models are shown to be relatively insensitive to a range of other parameters that were
explored. The lifetime of eroded material (varied over a range from about 10 years to about
300 years, based on side calculations for dissolution of excavated material) after excavation is
shown to be unimportant in all cases. For the river variant, the results were also insensitive to
characteristics of the sediments (density, porosity, hydraulic conductivity) and were insensitive
to effective rainfall and groundwater discharge/recharge fractions. For the lake variant, the results
were insensitive to effective diffusivity and tortuosity, which supports the observation that
diffusion from material deposited in sediments beneath the lake was relatively unimportant. For
the spring variant, the results were insensitive to characteristics of the terrace sediments
themselves.
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4 Excavation by non-glacial erosion processes

Section 4.1 describes non-glacial erosion processes observed in present-day Northern Swit-
zerland. These observations are used to describe a storyboard for variant cases in Section 4.2.
Section 4.3 discusses the features, events and processes to form a conceptual model, and the
calculations cases to be considered are presented in Section 4.4. The mathematical models and
data are described in Section 4.5 and Section 4.6, respectively, and results of the dose assessment
are given in Section 4.7.

4.1 Non-glacial erosion processes

In addition to glacial processes (Chapter 3), the main erosional processes in Northern Switzerland
are fluvial incision by main and tributary rivers and the associated hillslope response, here sum-
marised as "non-glacial processes". Key elements and geomorphic processes of non-glacial valley
evolution in general are depicted in Fig. 4-1.

The first two subsections review the main topics of fluvial processes (Section 4.1.1) and hillslope
processes (Section 4.1.2). In addition, a separate section (4.1.3) is dedicated to the (rapid) forma-
tion of new main valleys by so-called breakthrough channels (cf. Section 2.1) and a short
introduction of the related analogue of the Wutach Valley in Southern Germany.

a Landscape elements b Hillslope lowering > river incision C Hillslope lowering < river incision

weathering == =~
hillslopes creep
/J landslides ey
— — illslope
s S o, //’ lowering

hillslope hillslope
lowering lowering hillslope river
, lowering <Y river incision w incision
river incision L .
alluviation, lowered slopes incision, steepened slopes
Fig. 4-1:  Key geomorphic elements and processes of non-glacial landscape evolution

From (Burbank 2002).

These general illustrations and concepts can be applied to the past and potentially future
landscape evolution of Northern Switzerland. They indicate the relevant hillslope processes
(a) as well as the links between (river) erosion rate and adjacent hillslope relief, where less
pronounced river incision produces lower hillslopes (b) and vice versa (c). See text for further
explanation.

4.1.1 Fluvial processes

This section summarises the general processes of river incision and valley floor aggradation
(alluviation), as indicated in Fig. 4-1. Within a non-glacial landscape, the main river system
importantly sets the level of the lowest topographic elevations. This level (or more precisely: the
lowest bedrock elevations reached by the main rivers) is also referred to as the local erosion base
(LEB). Lowering of the local erosion base relative to the lithostratigraphic stack by fluvial
incision propagates through the landscape via tributary rivers and adjacent hillslopes (cf. Section
4.1.2).
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As indicated in Section 2.1, long-term rock uplift rates can be considered a good first-order
approximation of average fluvial incision rates. They can be additionally influenced by factors
such as changes in climate or drainage area (and therefore runoff), e.g. by large-scale drainage
reorganisations (Nagra 2024d). In phases, this can lead to both positive and negative deviations
of the fluvial erosion rate as compared to the average uplift rate. Moreover, the complex interplay
of these factors, in combination with variable erodibility of different lithological substrates,
usually produces temporally and spatially variable patterns of erosion rates. As a consequence,
natural landscapes such as that of Northern Switzerland are in a transient state, with periods and
regions of faster and slower fluvial incision, rather than reflecting an equilibrated landscape of
steady-state erosion rates. The transient effects, however, tend to be averaged out over long
timescales.

At times, sediment supply from adjacent hillslopes, but even more from upstream fluvial reaches,
can outpace the erosional efficiency of the river. In this case, aggradation can fill the base of the
valley with unconsolidated sediments such as fluvioglacial gravels, forming a flat and sometimes
wide valley floor. Repeated phases of aggradation and incision, especially in association with
glacial-interglacial cycles, can produce stepped terrace systems that reflect the different phases of
aggradation. As a result of such dynamics during the Quaternary, extensive alluvial valley floors
and terraces are also found along most of the main river reaches in present-day Northern
Switzerland. Considering the more recent levels of deposition (i.e. the "Niederterrasse"), valley
floor widths of up to ~ 2 — 3 km are measured along the main rivers, e.g. in the lower Aare Valley.
In response to the main valleys, many of the tributary rivers also show aggraded flat-valley
bottoms, especially in their lower reaches. Consistent with the smaller valley size, the dimensions
of the valley infill and therefore the valley floor width tend to become smaller. For instance, valley
floor widths of ~ 500 m are observed for the lower reaches of the Sissle River near Frick,
considered as an example of a medium-sized tributary valley. Despite their smaller sizes, the
deposits can be permeable enough to develop a usable shallow aquifer (e.g. for groundwater
pumping at the location of Frick, cf. Hoehn (1979)), as is the case for the main valleys.

4.1.2 Hillslope processes

The effects of fluvial incision and variation in its rates on adjacent hillslopes are illustrated in
Fig. 4-1. As indicated, hillslope response to fluvial incision mainly occurs by:

i.) weathering and production of transportable material,
ii.) near-surface diffusive hillslope processes ("creep" in Fig. 4-1), and,
1ii.) (bedrock) landsliding.

These processes are largely driven by the hillslope gradient, which in turn depends on the erosion
rate as set by the river incision. In general, low river-erosion rates are accompanied by
correspondingly low hillslope-erosion rates®, thicker soils, and more shallow hillslope angles, that
are (mostly) subject to diffusive hillslope processes. The latter combine a variety of possible
mechanisms (Burbank 2002, Gabet & Mudd 2010), including creep, rainsplash erosion or
biosphere-related processes, such as tree throw. The opposite effects, i.e. high hillslope-erosion
rates, thinner soils or bedrock exposure, and steeper hillslope angles, can be expected for high
river-erosion rates. Such steep hillslopes will favour (bedrock) landsliding, acting as an efficient
process of hillslope erosion (see more detailed discussion of landslide processes further below in
this section).

8 Even though hillslope lowering can occasionally still be larger than the concurrent river incision, as indicated in

Fig. 4-1. This is then indicative of a retarded transient response of the hillslope to attenuation of the river-incision
rate.
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For soil-mantled landscapes, a nonlinear transition as a function of hillslope gradient from creep-
dominated to shallow landslide-dominated conditions has been inferred, e.g. based on experi-
mental studies (Roering et al. 2001). That is, hillslope material flux (and thus hillslope erosion
rate) scales roughly linearly along low-angle, creep-dominated hillslopes. However, an exponen-
tial increase is observed towards higher hillslope angles, which are then characterised by in-
creasing landslide activity. In theory, this increase in hillslope material flux rises to infinity at the
so-called "critical slope" angle. In practice (and applied to bedrock landscapes), the term
"threshold slope" is additionally employed for the steepest possible hillslopes observed in the
field (e.g. Wolff et al. 2018), dominated by bedrock landsliding.

The landslide process itself can be represented by many different landslide types. These can be
distinguished based on properties such as the style of failure (e.g. sliding, toppling), material
involved (solid bedrock, soils), depth of failure surface, process rates, etc. A systematic
classification of different landslide types is provided by Hungr et al. (2014), which includes
further influencing factors such as topography, weathering or rock type. Weak sediments such as
the Opalinus Clay are typically prone to landsliding by various processes (Jordan 1993, Ludwig
2018). In particular, following the taxonomy by Hungr et al. 2014 and including the terminology
for landslide velocities, these include:

e Deep-seated and typically slow to extremely slow "rock-slope deformation", an example of
which has been described for the location of Frickberg near the Jura Ost siting region (Ludwig
2018; Fig. 4-2).

e More shallow "earthflows", with the potential to occur rapidly as "surges" (e.g. following
periods of increased rainfall) and to reach comparably long travel distances (e.g. Baltzer
(1876); Fig. 4-3).

Comparable landslide phenomena are also observed and described for hillslopes of the Opalinus
Clay and similar lithology in the Wutach region in Southern Germany (Jordan 1993; cf. Section
4.1.3).



NAGRA NAB 24-08

[ma.s.l]

60

sw NE

700 Frickberg
600 Y
>0 X Ittenthal

Frick T entha
400 ] = =
300

0 04 0.8 12 16 2.0 2.4 [km]

Lithostratigraphic units

Quaternary deposits
Hauptrogenstein
Passwang-Formation
Opalinus Clay

Lias

Internal structure of landslides (speculative)

—— Basal rupture surface

= = Basal rupture surface, not fully defined

~ Deformation within landslide mass, presumably ductile
in Opalinus Clay and possibly within marly layers of
Passwang-Formation

Simplified geological cross-section of deep-seated landsliding within the Opalinus
Clay and overlying lithostratigraphic units at Frickberg

From Ludwig (2018).

The landslide type has been interpreted as a "rock-slope deformation”, following the defini-
tion in Hungr et al. (2014). See text for further explanation. Location is nearby the Jura Ost
siting region. Note that the vertical axis is scaled by a factor of 2.
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Fig. 4-3:  Opalinus Clay earthflow reaching the Aare River near Bottstein in March 1876
From Baltzer (1876).

Location is nearby the Jura Ost siting region.

Similar to the fluvial incision described above, the process rates associated with these landslide
types can be temporally variable. For instance, the slow to extremely slow "rock-slope deforma-
tion" can, in certain cases, evolve into an intermittent faster "rock-compound slide" (Hungr et al.
2014), reflecting an increase in landslide velocity from ~ mm/a to ~ metres per hour. Similarly,
while recent earthflows attract attention if occurring as rapid and discrete events (with landslide
velocity ~ metres per hour), they also show prolonged phases of dormancy and slower displace-
ment rates (see examples below).

While landsliding in general is favoured by steep terrain, as caused by high river-erosion rates
(see above), Hungr et al. (2014) notes that earthflows are usually associated with shallow
hillslopes of < 12°, with rapid surges typically attributed to rising porewater pressure. The latter
control is also partly supported by the historically documented Opalinus Clay earthflow at
Bottstein (Fig. 4-3) nearby the Jura Ost siting region, that is reported to have occurred during a
period of increased precipitation in spring 1876 (Baltzer 1876). Similarly, acceleration related to
increased rainfall is reported from other earthflows (e.g. Mackey et al. 2009).

While the Boéttstein earthflow spatially coincides with the location of a present-day clay pit, a
morphologically well-preserved earthflow is observed in very close proximity at the location of
Nassberg (Ludwig 2018). In contrast to the Opalinus Clay earthflow at Bottstein, the Nassberg
earthflow is associated with the predominantly marly layers of the overlying Passwang Formation
(cf. outcrop descriptions in Wohlwend et al. (2019)). At this location, the stratigraphic layers
show a steeper dip than found on average within the siting regions, due to its proximity to a
regional thrust fault. Nevertheless, it suggests similar landslide processes occur in these directly
overlying units as within the Opalinus Clay itself. The Nassberg earthflow, sitting on a larger
deep-seated landslide complex, shows an (eroded) width of ~200 m. The upper end of the release
zone is at the hilltop at 525 m a.s.l., the toe extends to the edge of the Aare Valley bottom at 345
m a.s.l., thus affecting the entire hillslope in this example. The resulting relief of 180 m in combi-
nation with a total length of 1,000 m yields an average hillslope gradient of ~ 10°, which fits the
general conclusions by Hungr et al. (2014) above. Steeper earthflows within similar rock types
can be observed on the lower parts of the 350 m high and 1,000 m long western flank of the
Buchberg in the Wutach Valley (cf. Section 4.1.3, as well as Fig. 4-4 for location of the Buch-
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berg). There, Jordan (1993) investigated an individual earthflow initiating within the Opalinus
Clay at ~ 120 m above the valley floor, with the toe of the earthflow reaching down to the Wutach
River. At a length of the earthflow of nearly 500 m, the average mean hillslope gradient here
corresponds to ~ 14°.

Importantly, more shallow landslides such as "earthflows" and deep-seated landslides such as
"rock-slope deformation" can often occur as superimposed processes (as mentioned for the
example of Nassberg above). Moreover, even for the single processes (e.g. within an individual
earthflow; Hungr et al. 2014) there can be multiple sliding surfaces. If averaged over sufficiently
long timescales and combined with the rates of near-surface diffusive hillslope processes (see
above), this will typically produce a depth-dependent function of material flux, with the highest
rates at the hillslope surface, and a decrease towards zero material flux at the basal sliding surface.

4.1.3 Breakthrough channels and the Wutach analogue

This section gives a short summary of the specific aspect of so-called "breakthrough channels",
as briefly introduced in Section 2.1. These features provide evidence of rapid formation of new
main valleys and have been previously identified as an important phenomenon for the evolution
of local topography in Northern Switzerland during the Quaternary (e.g. Schnellmann et al.
(2014)). This is of interest for the deep geological repository due to the potentially high associated
rates of fluvial incision and adjacent hillslope processes.

The formation of breakthrough channels can be attributed to a variety of causes, e.g. aggradation
as described in Section 4.1.1 can cause main river courses to be shifted laterally. This can be a
gradual process (also in alternation with lateral erosion), where the river course remains located
within the original main valley. However, if there is sufficient aggradation to raise the valley floor
up to the level of a nearby topographic depression, overspill of the main drainage to a neigh-
bouring (and possibly backward eroding) tributary valley can occur. Subsequent incision can then
initiate the formation of the new main river valley as the so-called breakthrough channel. The
associated rates of fluvial incision can be relatively high, especially if the downstream local base
level is significantly lower than the initial elevation at the overspill location. Similarly, the
overspill leading to the formation of a breakthrough channel can be generated by the processes
listed in Section 2.1, i.e. by glacial impoundment of a present drainage, or by ice-marginal
drainage.

The situation of main river aggradation leading to overspill into a backward-eroding tributary
river and subsequent fluvial incision at (very) high erosion rates is particularly well documented
by the example of the Wutach catchment in Southern Germany (Einsele & Ricken 1995). Follow-
ing a drainage reorganisation event at ~ 18 ka, when the former "Donau-Wutach" was deflected
towards the Rhine at the location of Achdorf (Fig. 4-4). This led to incision of up to 170 m within
7 ka, yielding a mean erosion rate of 25 mm/a for the corresponding period, which is two orders
of magnitude higher than the expected long-term uplift rates according to Section 2.1. The ana-
logue is of additional interest, as it reflects a high erosion event into the Opalinus Clay and its
confining geological units, similar to the relevant lithostratigraphic sequence in Northern Swit-
zerland. It also provides useful insights into the response of hillslopes to such rapid fluvial incision
and their dependence on rock type, as evidenced by widespread landslide processes in the present-
day landscape. Selected examples for this include the deep-seated Opalinus Clay landslide in
Fig. 4-4 , or the earthflow processes described by Jordan (1993) (cf. Section 4.1.2).
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2 "Donau-Wutach" 18 ka

Present-day Wutach

Fig. 4-4:  Wautach catchment as an analogue of high erosion rates by non-glacial processes

The photograph shows the location of the Wutach deflection at 18 ka near the village of
Achdorf (1), as seen from a northern tributary valley. The wind gap between the hilltops of
Eichberg (2) and Buchberg (3) marks the entrance to the abandoned Aitrach Relict Valley
(4). The latter represents the eastward-directed flowpath of the Donau-Wutach prior to drain-
age reorganisation. The present-day Wutach turns southward at Achdorf and has incised up
to ~ 170 m below the level of the former Donau-Wutach in the first ~ 7 ka after stream
deflection (Einsele & Ricken 1995). Location (5) marks the head scarp of a deep-secated
Opalinus Clay landslide, indicating an attenuated but still ongoing hillslope response to the
former incision pulse.

4.2 Storyboard for excavation by non-glacial processes

Over long timescales, the processes described in Section 4.1, driven by relative lowering of the
local erosion base in response to rock uplift, are expected to gradually reduce the rock overburden
above the repository (Fig. 4-5). Direct glacial erosion can, at times, additionally contribute to this
reduction. However, as outlined in Section 1.4, this is treated separately in Chapter 3, such that
the storyboard presented here can focus on the non-glacial processes of Section 4.1.

While the repository is more than 200 m below the terrain surface, the surrounding Opalinus Clay
will be fully intact, characterised by its very low hydraulic conductivity and a regime of diffusive
solute transport in porewater. With reduction to less than 200 m below the terrain surface, the
Opalinus Clay could begin to lose its self-sealing capacity in case of larger fractures, such that
advective flow could be locally enabled, while solute transport would generally still be diffusion-
dominated. The relevant minimum overburden for the non-glacial excavation scenarios is set by
the depth of the near-surface weathering zone, where advective flow starts to dominate over
diffusive transport. Mazurek et al. (2023) and Hekel (1994) found effects of weathering within
the Opalinus Clay reaching down to a depth of ~ 25 m below the surface, while deviations can
occur, e.g. due to topographic influences (cf. Section 4.2.2). The base of the weathered zone thus
largely follows the shape of the terrain surface at relatively shallow depth.

This section first describes the possible main trajectories for the repository during excavation in
a non-glacial valley such as in Northern Switzerland (Section 4.2.1). A hillside and a valley-floor
setting are identified as the two main variants. A specific section (4.2.2) is then dedicated to the
characteristics of the near-surface weathering zone within the Opalinus Clay. More detailed
considerations for the hillside variant are provided in Section 4.2.3. The valley-floor variant is
then addressed in Section 4.3.2.
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4.2.1 Main excavation trajectories in a non-glacial valley

With respect to the terrain surface, roughly V-shaped valley flanks separated by a flat (aggraded)
valley bottom can be expected for non-glacial landscape evolution in Northern Switzerland (cf.
Section 4.1, e.g. Fig. 4-1). Importantly, the relative topographic position of where the repository
first enters the weathered zone can differ, depending on the initial distance of the repository to
the river and the exact valley geometry. As illustrated by the corresponding trajectories in
Fig. 4-5, this is either somewhere along the hillside (a), or at the valley floor (b).

Time >
@ ﬁ\ /ﬁ — Z
Eracinn hace ] o - \
Repositary _
Uplift
Time >
(b) \ ; é
Repository [
TT——
3
| Uplift
Fig. 4-5:  Possible trajectories of the repository during excavation in a non-glacial valley

Sequences indicate how the repository (thin bar) is gradually brought to terrain surface from
depth by the interplay of tectonic uplift and fluvial incision over very long timescales. The
simplified illlustration shows an abstraction of the layered stratigraphy and the typical valley
geometry expected for non-glacial valleys in Northern Switzerland, i.e. (roughly) V--shaped
valley flanks separated by a flat (aggraded) valley bottom. Depending on the initial distance
of the repository to the river and the valley geometry, the repository will first reach the surface
either (a) somewhere on the hillside or (b) at the valley floor. See text for further explanation.

For the hillside variant (and assuming a continuing erosion rate), the repository will be lifted up
towards the valley floor and will eventually pass the weathered zone until finally emerging at the
terrain surface. This uplift process relative to the valley bottom then continues, with the repository
getting laterally eroded by hillslope processes. Obviously (and as indicated in Fig. 4-5), the
lithostratigraphic layers are lifted up synchronously with the repository. Provided a sufficiently
high relief, less erodible carbonate formations further above the Opalinus Clay could act as a cap
rock, forming prominent plateaus at the hilltop. Such cap rocks will be laterally eroded by hill-
slope processes, particularly as they become destabilised by deep-seated landsliding within
weaker underlying units (see Hauptrogenstein in Fig. 4-2, as an example).’

While the lithostratigraphic layers (and thus the repository) are uplifted, a plateau held up by
resistant carbonates narrows and finally disappears. In contrast to carbonate formations, weaker
sedimentary units such as the Opalinus Clay do not develop prominent flat plateaus on the hilltop,

9 To alesser degree, carbonate cap rocks will also erode vertically by chemical weathering.
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but instead form curved hilltops, with curvature depending on the erosion rate. Sharper crests are
expected at high erosion rates, while hilltop curvature is reduced with lower erosion rates.
Therefore, if the Opalinus Clay containing the repository reaches the hilltop, there will not be a
flat plateau enabling exposure of the whole repository. Instead, only a limited plan area of the
repository will be exposed due to the curvature of the hilltop before the repository is completely
eroded.

For the valley floor variant, a repository could be situated beneath an alluvial valley floor for a
considerable time period (at least long enough to be inhabited by a human population), as seen
for example in present-day Northern Switzerland. With on-going erosion in a valley floor setting,
the repository itself would be eroded either in the valley bottom (cf. Fig. 4-5a) or, depending on
the position of the repository in relation to the valley, a remaining part of the repository could be
exposed in the hillside (cf. Fig. 4-5b). Direct erosion within a valley floor setting is, therefore, not
dissimilar to erosion in a hillside setting, so is not assessed separately.

Whilst on timescales of millions of years it is useful to define long term average erosion rates and
hillslope angles, on shorter timescales, there is likely to be variation in erosion rate and hillslope
angle. Periods of higher erosion rate may result in steeper hillslope angles. On very short
timescales, erosion rate could be very high during discrete landslide events. These high energy
events can result in material travelling a relatively long distance, based on the description of
earthflows in Section 4.1.2.

4.2.2 Near-surface weathering zone and present geochemical conditions

The importance of the near-surface weathering zone to non-glacial excavation was pointed out in
the introduction to Section 4.2. The key aspect is the transition from diffusion-dominated solute
transport in porewater within the intact bedrock at greater depth to a (more effective) advection-
dominated flow regime above the base of the weathered zone. This transition is controlled by a
corresponding increase in porosity and hydraulic conductivity within the weathered zone towards
the terrain surface, as compared to the intact bedrock below. In turn, this increase can be attributed
to the disintegration of formerly intact bedrock due to combined effects of mechanical
decompaction and chemical alteration, as the rock is exhumed close enough towards the terrain
surface.

For the Opalinus Clay, these effects have been thoroughly studied, e.g. at the Lausen borehole in
Northern Switzerland (Vogt et al. 2017, Mazurek et al. 2023), which is located at the margin of
an aggraded valley floor belonging to a tributary of the Rhine. Mazurek et al. (2023) identified
the following vertical depth profile for "weathered" Opalinus Clay, below a 6 m thick Quaternary
clay:

e 6— 12 m: strongly altered Opalinus Clay
e 12— 16 m: moderately altered Opalinus Clay
e 16— 24 m: decompacted Opalinus Clay

The exponential increase of both hydraulic conductivity and porosity within this weathered zone
is quantitatively demonstrated within the mentioned studies (Vogt et al. 2017, Mazurek et al.
2023, respectively). Corresponding values can be found in Tab. 4-5.

The observed weathering depth of ~ 25 m is in good agreement with depths identified by Hekel
(1994) for the Opalinus Clay in boreholes in similar (flat) topographic positions. This latter study,
encompassing a larger set of Opalinus Clay boreholes in Southern Germany, provides useful
indications of the topographic controls on the near-surface weathering zone and associated
hydrogeologic conditions within the Opalinus Clay (Fig. 4-6). In general, and also in line with
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geomorphic concepts about the relation between weathering depth and erosion rates, thicker
weathering zones (~ 25 m) are identified by Hekel (1994) for areas with a flat topography, such
as within the valley bottom or on (curved) ridgetops. In contrast, thinner weathering zones are
inferred for the steeper parts of the landscape, as representative of more active erosion.
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Fig. 4-6:  Conceptual model of near-surface weathering and associated hydrogeological condi-
tions within the Opalinus Clay, and its relation to topography

From Hekel (1994).

Note that the qualitative concepts, showing the transition from diffusion-dominated solute
transport in porewater within the intact bedrock at greater depth to a (more effective) advec-
tion-dominated flow regime above the base of the weathered zone, are consistent with more
recent studies by Vogt et al. (2017) and Mazurek et al. (2023). However, the latter studies
are thought to provide more precise values of hydraulic conductivity, mainly for the intact
Opalinus Clay ("dichte Zone"), given the technical progress concerning borehole measure-
ments over the decades.

None of the boreholes mentioned by Hekel (1994) penetrated a central region of a deep-seated
Opalinus Clay landslide. Therefore, and also due to the lack of other evidence found in the
literature, it remains elusive whether internal deformation within deep-seated landslides could
still increase hydraulic permeability towards depth, even at steeper hillslopes. Given this uncer-
tainty, a general reference thickness of 25 m is suggested for the weathering zone in the assess-
ment of the hillside variant, irrespective of the hillslope gradient.
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Moreover, the findings from the studies at the Lausen borehole and by Hekel (1994) allow us to
structure the near-surface weathering zone on the hillside into the following vertical subunits (cf.
Section 4.3.1 and 4.6.1):

e Top and deep soil
e Shallow, weathered unsaturated zone
e Shallow, weathered saturated zone

e Deep, weathered (saturated) zone

4.2.3 Further considerations for the hillside variant

If averaged over sufficiently long observation times, it can be assumed that material flux on
hillsides built up by the Opalinus Clay and its confining geological units will erode by the
superposition of the main hillslope processes as identified in Section 4.1.2, i.e. (i) deep-seated
landsliding, typically by slow to extremely slow "rock slope deformation", (ii) more shallow and
temporarily rapid landsliding, as reflected by the presented earthflows examples, and (iii) near-
surface diffusive hillslope processes, such as creep. This combination generally favours a depth-
dependent material flux, with the lowest rates expected at the basal sliding surface and an increase
towards the highest rates at the terrain surface. The precise shape of this depth dependency is not
known. However, as previously indicated by the diverging landslide velocities for the deep-seated
and shallower landslide types in Section 4.1.2, and taking into account their superposition, a
significant exponential increase in downslope soil velocities from depth to surface can be
expected.

Processes described in Section 4.1.2, as well as the internal deformation and sometimes chaotic
surface expression on landslide bodies (as indicated for instance on the tongue of the Béttstein
earthflow in Fig. 4-3) imply a certain degree of vertical mixing of material within the weathered
zone of the hillside. Similar to the depth-dependent material flux rates addressed above, it is
assumed that this vertical mixing will be more pronounced closer to the terrain surface.
Considerations for the latter include, (i) vertical mixing as part of diffusive hillslope processes
within top and deep soil, e.g. by biological activity, or (possibly) also freeze-thaw cycles, (ii)
higher energy involved with potentially higher landslide velocities of more shallow landslides,
such as the earthflow examples described in Section 4.1.2, (iii)) more degrees of freedom for
internal deformation given the more advanced disintegration of the former bedrock substrate
closer to the surface (cf. Section 4.2.2), (iv) generally high degrees of freedom for internal
deformation at the terrain surface itself, given the absence of an overlying layer. For the deeper
layers, the described processes of deep-seated landsliding within the Opalinus Clay and its
confining geological units (Section 4.1.2, Fig. 4-2) do not suggest a pronounced vertical mixing
(as would e.g. be expected for a rock avalanche of more brittle rock, cf. Hungr et al. (2014)).
Instead, increasing overburden and integrity of the former bedrock substrate should reduce the
potential for vertical mixing towards depth.

As already indicated in the previous paragraph, certain correlations can be drawn between the
different soil and weathering layers, as distinguished in Section 4.2.2, and the depths of the
relevant hillslope processes in Section 4.1.2. This correlation is not straightforward (or based on
a full scientific concept). However, it is roughly supported by borehole observations (e.g. Vogt et
al. (2017) and Mazurek et al. (2023)) and interpreted depth profiles of deep-seated landslides
within the Opalinus Clay and its confining geological units. Referring to the differentiation in
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Section 4.2.2, the following allocation of hillslope processes is then made, which allows for direct
transferability into the mathematical implementation described in Section 4.5 (via parameters for
depth-dependent material flux and vertical mixing in Section 4.6):

e Diffusive hillslope processes affect the top and deep soil;

e Shallow and medium-depth landsliding, including earthflows, affect depths down to the base
of the shallow weathered zone; and

e Deep-seated landsliding extends to the deep weathered zone.

Section 4.2.1 has indicated the relevance of the valley geometry during non-glacial excavation.
For the hillside, the main geometric parameters are the hillside height and hillside width (that is,
if looked at in a valley cross-section). In combination, these define the average hillslope gradient
—and vice versa, the choice of the average hillslope gradient can be used to infer these parameters.
The hillside angle will determine the extent of the intersecting domain of the repository with both
the terrain surface and the near-surface weathering zone. Thus, the combined effects of erosion
rate and hillslope gradient control non-glacial excavation in the hillside. This shall be addressed
by considering three different cases of hillside geometry and associated hillside-erosion rates:

e (ase A: shallow valley with low hillslope angle (and hillside height) and low erosion rate.

e (ase B: average valley with average hillslope angle (and hillside height) and average erosion
rate.

e (ase C: steep valley with high hillslope angle (and hillside height) and high erosion rate.

Section 4.1.2 highlights the non-linearity between erosion rate and hillslope gradient, with a
(theoretical) increase towards infinite hillslope material flux towards the so-called "critical slope"
angle. This is reflected by a moderate increase of the erosion rate from hillside Case A to Case B,
followed by a sharp increase in Case C. Moreover, the concept of threshold slope (cf.
Section 4.1.2) is important as it sets the upper limit of steepness for the valley geometry. The
exact pairing of erosion rates and associated hillslope gradients cannot be known. However,
constraints can be derived from indications of past erosion rates, expectations of future erosion
rates (Nagra 2024d) and morphometric observations in the present-day landscape. The very high
rate of 25 mm/a inferred for the Wutach is considered a sufficiently high upper limit to be used
for Case C. Present-day local relief near the former location of stream deflection at Achdorf
reaches up to 350 m on the western flanks of the Eichberg and Buchberg (cf. Fig. 4-4 for location).
This is paired with a hillside width (in the valley cross-section) of 1,000 m, yielding an average
hillslope angle of nearly 20°. However, it can be assumed that the hillslope gradients were even
steeper, i.e. from 18 to 11 ka at the threshold slope during the period of highest incision (cf.
Section 4.1.3). Moreover, it cannot be ruled out that future local relief could exceed that of the
present-day landscape. To account for this, a hillside height of 500 m (hillslope gradient of 26.5°)
for Case C is chosen. Hillside heights for Case A and Case B were set to 50 m (hillslope gradient
of 3°) and 250 m (hillslope gradient of 14°), respectively. This is primarily based on characteristic
values of hillside relief within a search radius of 500 m applied to the digital elevation model of
Northern Switzerland and should also allow consideration of a sufficiently broad range of hillside
relief or hillslope gradients. The 500 m radius corresponds to an assumed hillside width of 1,000
m, identified as a reasonable reference width, as for instance found at the Buchberg (see above),
the Frickberg (Fig. 4-2) and many other places. Following the consideration of non-linear erosion
rates, and based on expected future erosion rates (Nagra 2024d), values of 0.08 mm/a and 0.2
mm/a are assigned as the low and average erosion rates to Case A and Case B, respectively. A
summary of the three cases is shown in Tab. 4-1, including a calculation of the time during which
the repository could reside within the hillside.
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Tab. 4-1:  Summary of hillside heights, erosion rates and duration of transit of the repository
within the hillside

Case Hillside Erosion rate Duration of repository transit from
Height (m) (mm/a) valley bottom to hilltop

Case A 50 0.08 625 ka

Cases B/D 250 0.2 125 ka

Case C 500 25 20 ka

The same assumptions on depth-dependent hillside material fluxes and vertical mixing (see
above) are then applied to all three hillside cases. The relative proportions within the different
near-surface layers are thus kept constant between the cases. The absolute rates of depth-
dependent material flux, however, scale according to the different erosion rates. For the vertical
mixing, it is acknowledged that this could be more pronounced on the steeper cases, given the
potentially higher energy involved with (faster) landsliding processes. Nevertheless, the same
assumption is chosen for the shallow angle case to account for the typical association of earthflow
processes with rather low hillslope gradients.

Finally, an additional hillside case, Case D is added to explicitly explore potential hydrological
effects of more permeable (a few metres thin) limestones beds below the Opalinus Clay. The first
such stratigraphic unit to occur below the Opalinus Clay is represented by the so-called Beggingen
Member, at a vertical distance of ~ 70 m below the repository. These limestone layers are assumed
to have the potential to intercept the near-surface hillside drainage from the upslope sections and
to direct it to springs emerging from the hillsides. Springs emerging from the Beggingen Member
are reported from various locations across Northern Switzerland. However, they are described as
being of rather low discharge. Quantitative measurements are reported from the Frick region
(Hoehn 1979), indicating average discharge rates in the order of 10 I/min for individual springs.

4.3 Conceptualisation of repository excavation by non-glacial processes

Consideration of non-glacial erosive processes in river valleys (Section 4.1) and storyboards for
repository excavation due to non-glacial processes (Section 4.2) provide a basis for identifying
processes relevant to radionuclide transport and potential exposure under this scenario. The previ-
ous sections identify hillside settings and valley-floor settings as variants for consideration.

Consideration is given to hillside processes that transport radionuclides, focusing on movement
of solid mass and water into valleys (Section 4.3.1). This includes long-term erosion, the effect
of a potential high-permeability limestone layer on the hillside, and discrete landslide events.
Consideration is then given to processes occurring in the valley-floor setting (Section 4.3.2).
These processes form the basis for two variants with distinct conceptual models for radionuclide
behaviour and potential exposure (Section 4.3.3).

4.3.1 Description of the hillside variant

The FEPs involved in moving solid mass and water downslope in a hillside setting are listed in
Tab. 4-2. Assessment-level conceptualisations are then discussed and illustrated in Fig. 4-5 to
Fig. 4-7, including how the solid mass and water from the hillside are deposited in the valley.



NAGRA NAB 24-08 70

Tab. 4-2:  Features, events and processes (FEPs) associated with excavation by non-glacial
processes within a hillside setting

Italicised FEPs are those that may or may not be present in a hillside setting.

Category Items

Features e Repository with associated radionuclides.

e Unweathered Opalinus Clay.

e Weathered Opalinus Clay (degree of weathering decreases with depth).
e Soils.

o Surface water.

o Suspended sediment.

¢ Groundwater.

e Saturated zone.

o Unsaturated zone.

o Plants (crops and natural vegetation).

o Animals (livestock, fish and other animals).
e Atmosphere.

e Humans.

o High-permeability layer (limestone).

Events e Discrete landslides.

Processes a) Precipitation.

b) Evapotranspiration.

¢) Overland flow.

d) Infiltration (water movement into the subsurface).

e) Interflow (flow in the unsaturated zone).

f) Recharge (flow into the saturated zone from the unsaturated zone).
g) Groundwater flow (flow in the saturated zone).

h) Capillary flow.

i) Uplift.

j) Depth-dependent mass movement (long-term average).
k) Internal deformation of the hillside.

1) Bioturbation.

m) Discharge in springs.
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Fig. 4-7:  Illustration of the hillside setting for Cases A-C showing the main features and
processes relevant to mass and water transport

Water table

The wedge shapes labelled "j" represent depth dependent mass transfer with greater rate of
transfer close to the ground surface.

The geometry of the hillside is assumed to be constant through time (Fig. 4-5), with regional uplift
balanced by a downcutting river and hillslope-erosion processes. This means the hillside is taken
to have the same length (top to bottom) and hillslope angle through time. A weathered zone with
a constant (in time and space) thickness overlies the intact Opalinus Clay. The weathered zone
consists of a deeper, less weathered layer and a shallower, more weathered layer, which is then
overlain by soils.

In the intact Opalinus Clay, groundwater flow is negligible due to the low permeability. Water
flows become significant in the weathered zone. The deep weathered zone is assumed to be
permanently saturated, and the shallow weathered zone is assumed to have a lower, saturated
layer and an upper, unsaturated layer. Within both the saturated and unsaturated zones, water
flows have components that are (i) vertically downwards and (ii) down-slope, parallel to the hill-
side, towards the base of the hillside and river. At the base of the hillside, water flows into
corresponding layers in the valley floor. In the valley floor, water moves downwards through the
soils and variably saturated zone into the saturated zone, which forms an aquifer in the valley.
There is an upwards component of flow through the gravel aquifer to the river as well as flow
along the valley. Water from the aquifer is used for irrigation alongside drinking water for humans
and animals.

Uplift and erosion bring intact Opalinus Clay into the weathered zone where it undergoes weather-
ing, which increases porosity and permeability. A portion of this Opalinus Clay continues to move
vertically upwards and undergo increased weathering until it forms a soil. Another portion moves
down-slope parallel to the hillside through a range of gravity-driven processes (e.g. landslides).
Some of these processes act slowly, resulting in a long-term transfer of mass down the hillside
towards the valley bottom. Rapid processes are discussed below. The downslope sliding of mass
will cause deformation within the hillside, leading to mixing of mass over depth. All the mass
transported down the hillside is deposited in the topsoil at the bottom of the slope; it then moves
towards the river due to soil erosion and is carried out of the valley as suspended sediment and/or
is subject to sedimentation/resuspension.



NAGRA NAB 24-08 72

Where a limestone layer exists on the hillside below the remaining repository (see Fig. 4-8), the
high-permeability limestone collects all the groundwater from higher up the slope and diverts it
to springs on the hillside. The spring water runs down the hillside into the valley. Below the
limestone layer, infiltration and flows within the weathered zone continue.

Hill-slope — grazing

Valley floor — agriculture

—

Repository

Limestone

Gravel aquifer

Water table

Fig. 4-8:  Illustration of the hillside setting for Case D with a limestone layer showing the main
features and processes relevant to mass and water transport

The presence of the limestone layer is the principal difference compared to Fig. 4-7 as this
layer intercepts subsurface water flow down the hillside, such that it emerges at hillside
springs instead.

Discrete landslide events can occur on the hillside in any of the three geometries (Case A — C),
which rapidly transfer all mass in the landslide from the hillside onto the valley floor (see
Fig. 4-9). Complete mixing of all materials in the landslide is assumed, and the resultant mass is
deposited on the valley floor. Agriculture on the valley floor is taken to resume quickly after the
landslide.
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Hill-slope — grazing
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Opalinus Clay

Repository

Water table

Fig. 4-9:  Illustration of the hillside setting showing the main features and processes relevant
to mass transport for an individual discrete landslide event

Complete mixing of all materials in the landslide (shown in red) is assumed, and the resultant
mass is deposited on the valley floor.
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4.3.2 Description of valley-floor variant

The features and processes involved in moving solid mass and water in the valley-floor variant
are shown in Tab. 4-3. An assessment-level conceptualisation is then discussed and illustrated in
Fig. 4-10. The valley-floor variant represents the special case in which the repository is coinci-
dentally located directly below the valley floor, so does not transit the hillslope. The repository is
situated within weathered Opalinus Clay immediately below a local aquifer.

Tab. 4-3:  Features, events and processes (FEPs) associated with excavation by non-glacial
processes within a valley-floor setting

Note that there are no "Events" associated with this variant.

Category Items

Features e Repository with associated radionuclides.

e Unweathered Opalinus Clay.

e Weathered Opalinus Clay (degree of weathering decreases with depth).
¢ Soils.

o Surface water.

o Suspended sediment.

e Groundwater.

o Saturated zone.

o Unsaturated zone.

e Plants (crops and natural vegetation).

o Animals (livestock, fish and other animals).
e Atmosphere.

e Humans.

Processes a) Precipitation.

b) Evapotranspiration.

¢) Overland flow.

d) Infiltration (water movement into the subsurface).
e) Groundwater flow (flow in the saturated zone).

f) Erosion.

Local aquifer _ > |} Weathered

Opalinus
Clay

Unweathered

Repository

Fig. 4-10: Illustration of the valley-floor setting showing the main features and processes
relevant to mass and water transport
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The geometry of the valley-floor setting is assumed to stay constant with time and is very similar
to Nagra's established biosphere modelling approach (Nagra 2024g), with the addition of weath-
ered Opalinus Clay containing the repository directly below the local aquifer.

Water flows through the weathered Opalinus Clay are driven by the head gradient from recharge
on the valley sides, creating an upwards flow through the weathered Opalinus Clay and local
aquifer in the valley floor. Consistent with Nagra's reference biosphere (Nagra 2024g), ground-
water within the local aquifer is assumed to be well mixed.

There is a very low erosion rate in the valley bottom, which moves mass from the soil to the river,
and compensating movement of mass from the local aquifer into the soils.

4.3.3 Radionuclide transport and exposure

As discussed in Section 2.3.3, over the very long timescales considered in this assessment, radio-
nuclides are assumed to be available for transport when the repository reaches the weathered zone
of the Opalinus Clay. It is also assumed that no significant loss of radionuclides will have occurred
before this time. The extremely long timescales considered mean that no reliance is given to
further containment within the engineered barriers of the repository and/or the HLW disposal
canisters during excavation, so the radionuclides are taken to be distributed in the porewater and
sorbed to the mineral grains within a given volume of material that has the general characteristics
of the Opalinus Clay, which is the dominant material.

Radionuclide transport for the hillside variant

In a hillside setting, only a small proportion of the repository will be within the weathered zone
at any given time (see Fig. 4-7), with the remainder of the repository either having already been
eroded or still located within intact Opalinus Clay. Within the weathered zone, the repository
material is affected by leaching and movement of solid material parallel to the hillside (Fig. 4-11).
The radionuclides sorb onto the solid material to different extents, with some radionuclides
predominantly moving with water (e.g. Ra-226), while others predominantly move with solids.
Most radionuclides move with both to varying degrees.



NAGRA NAB 24-08 76

Weathered repository

(WR) model Solid material and water

(uncontaminated)
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Water/solid flux
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Fig. 4-11: Conceptual model of transfers (water or solid) that contain radionuclides (solid
arrows) or uncontaminated material (open arrows) from the repository within intact
Opalinus Clay to compartments that represent the repository within the weathered
zone (WR)

Note that the structure of the weathered repository zone is related to the layers within the
weathered zone.

The mass flux and water-flow processes within the hillside weathered zone move radionuclides
downslope and from deeper parts of the weathered zone to shallower parts, including the hillside
soils (Fig. 4-12). Radionuclides that remain in the repository material will eventually reach the
ground surface and move downslope in the hillside soils. This leads to potential exposures when
using the hillside for grazing and dwellings. Radionuclides that reach the base of the hillside result
in contamination of both the soils and the aquifer, where potential exposure can occur through
use of contaminated water from the aquifer or through agriculture.
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Fig. 4-12: Conceptual model of transfers (water or solid) that contain radionuclides (solid
arrows) or uncontaminated material (open arrows) from the weathered repository
through the hillside compartments to the valley floor

Note that the structure of the valley floor is taken from Nagra's reference biosphere model
and is not repeated here. The hillside is discretised into eight columns in the model with only
three columns shown here to simplify this figure.

For the limestone layer case, it is assumed that all dissolved radionuclides in groundwater entering
the limestone layer from upslope are intercepted and discharge to springs. From the springs, the
water travels to the river in the valley bottom. However, the radionuclides moving with solid
phases are taken to pass over the limestone layer and continue to move downslope.

In a discrete landslide event, the radionuclides associated with the material on the hillside are
assumed to have completely mixed throughout the mass of the landslide and to have been
deposited over the valley floor.

Radionuclide transport for the valley-floor variant

With the remaining repository beneath the valley floor, radionuclides have the potential to migrate
out of the weathered Opalinus Clay/repository material and into the local aquifer through leaching
(with upwards-flowing groundwater) and diffusion. Mixing within the local aquifer means that
radionuclide concentrations are relatively constant in that part of the system, which is consistent
with Nagra's reference biosphere modelling in Nagra (2024g).

Potential exposure pathways for the hillside and valley-floor variants

Given the similarity in structure (i.e. agriculture in a valley-floor context with a local aquifer),
potential exposure pathways for both the hillside and valley-floor settings are consistent with
Nagra's reference biosphere modelling (Nagra 2024g), shown in Fig. 3-16. For the hillside setting,
potential use of the hillside is restricted to grazing livestock and dwellings.

For the hillside settings, the total area of potentially contaminated soils is smaller than that of
Nagra's reference biosphere, so a proportion of the exposure group's food and water is taken to be
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obtained from elsewhere and a proportion of their occupancy time is spent elsewhere. For the
valley-floor setting, the area of potentially contaminated soils is taken to be equal to that of
Nagra's reference biosphere. These assumptions both maintain consistency between Nagra's
established reference biosphere modelling and the assessment presented here.

4.4 Calculation cases associated with excavation by non-glacial erosion

The hillside and valley-floor variants provide the basis for calculation cases that envelope a
plausible range of post-glacial conditions following excavation by non-glacial erosion.

For the hillside setting, a range of hillslope angles are feasible (see Section 4.2.3). This uncertainty
is managed by explicitly representing three different hillslope angles and erosion rates, based on
analogues in Northern Switzerland and Southern Germany. These encompass shallow valleys
with lower erosion rates through to steeper valleys with higher erosion rates. Hillslopes are treated
as planar surfaces in the model. This is a simplification as compared to the more irregular and
variable morphology of certain hillslopes within natural landscapes. However, potential effects
of more irregular hillslope surfaces (e.g., on the intersection area of the hillslope surface and the
repository) are also indirectly addressed through the consideration of the three different hillslope
angles.

A fourth calculation case for the hillside setting explores the potential for a limestone layer in the
hillside below the repository level, as discussed in Section 4.3.1. To help constrain the overall
number of calculation cases, the limestone-layer variant adopts the average slope angle and mid-
range erosion rate.

For the hillside settings, consideration is given both to long-term nuclide flux and exposures, as
well as to potential exposures that could occur over relatively short timescales as a result of
individual discrete landslide events.

Finally, calculations are also needed to reflect the valley-floor variant.

In addition to the type of near-surface system, the model should explore the range of potential
timescales for excavation by non-glacial erosion. These are discussed in Section 2.2, which identi-
fies timescales of 700 ka, 1 Ma, 2 Ma and 4 Ma after repository closure. For the hillside settings,
the times are taken to reflect when the repository reaches the base of the weathered zone. For the
valley-floor setting, the times are taken to represent the start of radionuclide releases from what
remains of the repository into the overlying local aquifer.

The resulting twenty calculation cases are summarised in Tab. 4-4. In addition to these cases,
sensitivity calculations are used to identify important processes and parameters; these are dis-
cussed further in Section 4.6.2.
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Tab. 4-4:  Calculation cases for assessment of excavation by non-glacial erosion

All variants and cases are calculated at 700 ka, 1 Ma, 2 Ma and 4 Ma.

Variant/Case Summary

Hillside | Case A | Shallow valley with 50 m high hillside, low erosion rate 0.08 mm a’’,

considering long-term exposures and discrete landslide events.

Case B | Average valley with 250 m high hillside, average erosion rate 0.2 mma',

considering long-term exposures and discrete landslide events.

Case C Steep valley with 500 m high hillside, high erosion rate 25 mm a’’,
considering long-term exposures and discrete landslide events.

Case D | Average valley with high-permeability limestone layer creating springs on the
hillside below the repository.

Valley floor Release from weathered repository below the local aquifer in a valley-floor
setting, with a soil erosion rate of 0.1 mm a’..

4.5 Model for calculating doses due to repository excavation by non-glacial
processes

The modelling approaches used for the hillside and valley-floor variants are described below. As
with excavation by deep glacial erosion (see Section 3.5), there is a notable degree of consistency
with Nagra's reference biosphere modelling approach, as encoded in SwiBAC (Nagra 2024g).
Radionuclides are moved through the compartment model either sorbed onto solid mass or
dissolved in water, with solid mass and water fluxes calculated by the model using the same
methodology encoded in SWiBAC (Nagra 2024g).

4.5.1 Hillside variant

As discussed in Section 4.3.3, it is pessimistically assumed that no radionuclides will have been
lost from the repository before the start time of the assessment, other than due to decay. The
excavation time is considered to represent the time when the repository reaches the weathered
zone on the hillside. From this time onwards, ongoing erosion means that the repository gradually
moves closer to the ground surface along the hillside. The repository within the intact Opalinus
Clay is represented by a single compartment with a time-dependent volume that becomes smaller
as the repository moves into the weathered zone. Within the weathered zone, the repository is
represented by four compartments (Fig. 4-11) to correspond to the layered structure of the weath-
ered zone (soils, unsaturated zone, shallow and deep weathered zones). Transfers of radionuclides
between the five repository compartments are calculated based on the erosion rate and apply to
the volume of each compartment (solids and liquids). Transfers between repository compartments
only become active once the repository reaches the depth of the recipient compartment.

The compartment structure for the hillside is determined by the height of the repository above the
river at the time that the repository first reaches the ground surface. The hillside at this time is
divided into five equally sized columns of compartments that remain constant in size and are
adjacent to the weathered repository compartments. A further three columns of compartments are
located between the five hillside compartment columns and the valley bottom. These three com-
partment columns initially have a very small length but grow with time, as ongoing erosion means
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that the position of the repository moves further up hill. Each column is split vertically into five
compartments (Fig. 4-12) representing topsoil, deep soil, unsaturated shallow weathered zone,
saturated shallow weathered zone and saturated deep weathered zone. The compartment structure
for the valley floor is based on the SwiBAC reference biosphere model (Nagra 2024g).

Radionuclides move through the compartments due to a combination of mass and water transport.
The movement of mass and water through the hillside are calculated separately, with both mass
and water-balance checks implemented in the model to ensure internal consistency. The parti-
tioning of radionuclides between the mass and water is given by the sorption coefficient.

Uncontaminated mass enters the hillside compartments from depth due to ongoing uplift/erosion
and from upslope of the repository as the hillside above the repository erodes. Given the assump-
tion that the valley shape stays constant as the position of the repository moves up the hillside,
the "clean" area above the repository decreases, so the amount of uncontaminated material feeding
into the model from upslope decreases with time. At the base of the hillside, all the mass moving
in the hillside is transferred to the soil in the valley floor, from where erosion transfers the mass
to the river.

Uncontaminated water enters the hillside compartments via infiltration and also as subsurface
flow from upslope of the repository. The amount of rainfall that can infiltrate is calculated assum-
ing saturated Darcy flow on the hillside, with a plausibility check that the amount of water remains
less than the effective rainfall. The Darcy calculation assumes the hydraulic head gradient to be
equal to the hillside gradient. As with the mass input from above the repository, the clean water
input from upslope is reduced over time with the decreasing area upslope from the repository. At
the base of the hillside, the water moving in the hillside is transferred into corresponding layers
in the valley floor.

Within the hillside, mass transport is partitioned between the layers using a transport scaling
factor, with most of the mass moving downslope in the soil layers and decreasing amounts of
mass moving in the shallow and deep weathered zones. The mass of solids moving downslope
increases with proximity to the base of the hillside due to the increasing volume of material that
is generated by erosion with distance down the hillside. Mass mixing between the layers is also
represented with a high degree of mixing in the soils (due to mass mixing and bioturbation) and
decreasing amounts of mixing in the shallow and deep weathered zones. The movement and
mixing of mass down the hillside represent a combination of processes, including surface erosion,
subsurface deformation, subsurface sliding and the long-term effects of landslides.

Water flow within the hillside is partitioned between the layers based on transmissivity (hydraulic
conductivity X thickness), with total infiltration limited to the total transmissivity of the weathered
zone. As with the mass transport, the amount of water flowing through the hillside increases with
proximity to the valley floor due to infiltration over the increasing upslope distance. Dispersion,
in terms of water mixing between adjacent layers, is represented.

In the valley, the transfer of mass and water is based on the SwiBAC reference biosphere model.

The equations used to calculate (i) concentrations in the compartments and in features that are
taken to be in equilibrium with those compartments (such as the atmosphere, crops and animal
produce), and (ii) potential exposure rates and dose consequences, are identical to those used in
the SWiBAC reference biosphere modelling (Nagra 2024g).

Assumptions for exposure pathways from the base of the hillside to the river (valley floor) are
consistent with Nagra's reference biosphere modelling. Humans are taken to spend some time on
the hillside, and agriculture on the hillslope is taken to be limited to grazing. The total area of
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contaminated soil (valley floor plus hillside) is lower than the reference biosphere area, so a local
fraction approach is used to account for the additional area required for consistency with Nagra's
reference biosphere assumptions.

To evaluate potential dose consequences from discrete landslide events, an additional exposure
calculation is included. A separate concentration is calculated for soils contaminated as a result
of a landslide; this is based on the total amount of radionuclides in all the hillside compartments
divided by the total volume of the hillside weathered zone, including the clean part of the hillside
above the repository. Potential exposures arising from use of soils contaminated by the discrete
landslide are then calculated in the same way as the reference biosphere, including taking account
of a typical width of a landslide using the local fraction approach, as above. The evaluation is
pessimistic in assuming that the landslide soils could be used immediately for agriculture.

For the addition of a limestone layer, all the water flows out of the fifth column of compartments
are diverted from continuing down the hillside and are instead connected directly to the river.
This is representative of groundwater being intercepted by the limestone layer and diverted to
springs. In this context, the hillside springs are taken to be too small for direct use and instead
discharge to the local river.

4.5.2 Valley-floor variant

The valley-floor model is based on the SwiBAC reference biosphere model, with additional com-
partments used to represent the repository below the local aquifer.

As discussed in Section 4.3.3, it is pessimistically assumed that no radionuclides have been lost
from the repository before the start time of the assessment, other than due to decay. This ignores
potential losses — for example, due to erosion before the aquifer material is laid down (downcut
and backfill). Over these long timescales, no reliance is given to further containment of the
radionuclides within repository engineering, so the radionuclides are taken to be distributed
within a volume of weathered Opalinus Clay (see Section 2.3.3). It is assumed that the radio-
nuclides are initially evenly distributed over a total thickness equivalent to that of the local
aquifer, and this assumption is then explored in sensitivity calculations.

The valley-floor area is taken to be equal to Nagra's reference biosphere area, which is 2.275 km?
(Nagra 2024g). The repository footprint can be expected to be smaller than this, however, as the
radionuclides will have become dispersed to some extent before this configuration could arise.
Exposure modelling adopts the same assumptions as Nagra's reference biosphere modelling, so
the resource use area will be the same. In modelling the valley-floor variant, the decision has been
made to represent the whole biosphere area rather than introduce a local contaminated fraction in
the exposure calculations.

Radionuclides are transported from the repository material to the local aquifer by advection and
diffusion. To ensure that the time-dependency of the diffusive transport is represented appropri-
ately, both the weathered Opalinus Clay and local aquifer are discretised vertically with five
compartments (see Appendix B in Quintessa 2023b). The relative sizes of the compartments are
parameterised such that the compartments increase in size away from the interface between the
weathered Opalinus Clay and the local aquifer; having small, equal-sized compartments close to
this interface ensures that diffusion between the two materials is well represented (see also
Appendix B in Quintessa 2023b). The relative compartment size is varied in sensitivity calcula-
tions. Consistent with Nagra's reference biosphere modelling, the local aquifer is taken to be well
mixed, and dispersive transfers between the local aquifer compartments are used to achieve this.

Recharge from the hills on both sides of the valley flows into the valley floor. The amount of
recharge is calculated from the thickness and permeability of the hillside-saturated zone and the
head gradient of the hillslope. This cannot exceed the maximum amount of recharge onto the
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hillsides, calculated as the total effective rainfall onto the slopes flanking the valley. The inflow
is apportioned between the weathered Opalinus Clay and local aquifer compartments according
to the relative transmissivity of each layer (the permeability of the compartment multiplied by its
vertical thickness). Consistent with Nagra's reference biosphere modelling, there is additional
uncontaminated groundwater flow into the local aquifer, and precipitation and irrigation water
onto the topsoil in the valley bottom infiltrates through the deep soil and variably saturated zone
into the local aquifer.

Consistent with Nagra's reference biosphere modelling, all flow through the shallow local aquifer
discharges into the surface water via the bed sediments. Water for irrigation and drinking by
humans and animals is drawn from a well in the local aquifer (as in Nagra's reference biosphere
modelling (Nagra 2024g)).

Erosion transports mass from the topsoil to the surface water, with a compensating movement of
mass from the local aquifer through the soils topsoil. For the purpose of the assessment, the overall
configuration illustrated in Fig. 4-10 is taken to be maintained (i.e. the aquifer thickness does not
reduce over time).

The equations used to calculate (i) concentrations in the compartments and in features that are
taken to be in equilibrium with those compartments (such as the atmosphere, crops and animal
produce), and (ii) potential exposure rates and dose consequences are identical to those used in
Nagra's reference biosphere modelling (Nagra 2024g).

4.6 Data for excavation by non-glacial erosion

The data used for consequence analyses are described in Section 4.6.1. Assumptions and uncer-
tainties are discussed in Section 4.6.2, which describes the approach adopted to identify important
processes and parameters via sensitivity calculations.

4.6.1 Data for consequence analyses

Where available, parameter values used for assessment of potential dose consequences following
excavation by non-glacial processes are drawn from the reference biosphere modelling (Nagra
2024g). Adaptation and extension of the reference biosphere model to represent the additional
FEPs associated with modelling radionuclides in the non-glacial excavation contexts means that
additional data are needed. So far as is practicable, these data are based on consideration of
analogous systems available in present-day Northern Switzerland.

The same approach is adopted with regard to deterministic assessment and erring on the side of
being pessimistic, as has been used for assessment of excavation by deep glacial erosion (see
Section 3.6.1). Sensitivity calculations are subsequently used to vary parameters over plausible
ranges to help identify the important processes and assumptions (these are discussed in
Section 4.6.2).
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Tab. 4-5:  Parameters for excavation by non-glacial erosion

Parameter values consistent with reference biosphere modelling (Nagra 2024g) are not
reproduced here. Sensitivity to parameter assumptions is discussed in Section 4.6.2. Where
is it difficult to justify parameters values, but the model has been found to be insensitive to
the parameter, this is noted here as part of the reasoning around the parameter value.

Parameter Value Notes

Canister inventory and number of See Notes Based on the radionuclide inventory for

canisters column RBG (Nagra 2023)

Length and width of repository 1 km % 1 km

Repository thickness hillside case 5m Assumption tested in sensitivity cases and
found to be insignificant

Repository thickness valley-floor 20 m Assumed to be equivalent to the thickness of

case the local aquifer, and explored in sensitivity
calculations

Hillside width, perpendicular to the 1 km Based on analogous present-day valleys (e.g.

river at Frick)

Hillside height Hillside case A 50 m Based on analogous present-day valleys (e.g.

at Frick), also allowing for a steeper and
higher hillside than observed in the present-

day landscape (case C)
Hillside case B 250 m
Hillside case C 500 m
Valley-floor width, perpendicular to | 500 m Based on analogous present-day valleys (e.g.
the river at Frick)
Horizontal distance between 300 m Assumption tested in sensitivity cases and
repository and river found to be insignificant.
Width of river 10 m Assumption tested in sensitivity cases and
found to be insignificant.
Thickness of weathered zone on 25 m Based on Vogt et al. (2017)
hillside

Lower 50% "deep weathered", upper 50%
"shallow weathered" plus soils

Thickness of unsaturated zone on Sm Assumption tested in sensitivity cases and

hillside found to be insignificant.

Thickness of topsoil on hillside 0.1m Thinner than the reference biosphere topsoil
thickness (which is 0.25 m) due to being on
a hillside

Thickness of deep soil on hillside 2m Consistent with the reference biosphere

Erosion rate Hillside case A 0.08 mm a’! Based on constraints of past erosion rates

| (e.g. Einsele & Ricken 1995) and

Hillsi B 2 ) . .
illside case 0.2 mm a expectations of future erosion rates (Nagra

Hillside case C | 25 mm a’! 2024d).
Porosity of Shallow 0.3 Based on Mazurek et al. (2023)
weathered

Deep 0.2

Opalinus Clay
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Parameter Value Notes
Hydraulic Shallow 10°ms! Based on Vogt et al. (2017). Permeability in
conductivity of the shallow weathered zone is between 10
weathered and 10°m s!. A value of 10° m s™! was
Opal.lnu's Clay chosen, representing the lower parts of the
on hillside zone as this is where flow will occur in
transient periods of higher water level on the
hillside.
Deep 108 ms! See discussion in text
Hydraulic 0-10 m depth 3x10°ms’! Based on Vogt et al. (2017). In this case,
conductivity of flow is expected through the whole of the
weathered ' weathered Opalinus Clay. A pessimistic
Opalinus Clay in assumption of high hydraulic conductivity is
valley floor used to maximise the mobilisation of
radionuclides.
10-20 mdepth | 5.4 x10°m s | See discussion in text
Saturation (topsoil, deep soil and 0.75 Calculated to give saturation consistent with
weathered Opalinus Clay on the the reference biosphere in the valley bottom.
hillside)
Element-dependent sorption See Notes Kq values for most elements are taken
coefficient (Kq) for weathered column directly from Bradbury & Baeyens (2003)
Opalinus Clay using values for pH 7.24, and are not
repeated here.
A small number of elements are not
considered in Bradbury & Baeyens (2003)
and justification for their Kgs are presented
below:
Al: 1 m¥/kg (Metcalfe et al. 2023), low value
chosen due to Opalinus Clay being
weathered.
Cf: used Am as analogue
Fe: 0 m*/kg (Metcalfe et al. 2023) chosen
values representative of oxidising conditions
Si: 0.2 m¥/kg (Metcalfe et al. 2023)
consistent with reference assumptions.
Transverse dispersion 0.01 Assumption tested in sensitivity cases and
found to be insignificant.
Groundwater flow in valley 1.89 x 10’ m? Calculated considering Darcy Law and mean
a’! properties of valleys in Northern
Switzerland
Transport Topsoil 1 Assumptions based on expert judgement; see
scaling factor for considerations on (non-linear) depth-
mass moving : dependency of hillside material flux in
downslope in Deep soil 0.75 Section 4.2.3.
different layers Shallow 0.25 The mass flux in each layer is determined by
weathered the produce of the transport scaling factor
and the thickness of the layer.
Deep weathered | 0.025
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Parameter Value Notes
Solid mixing Topsoil / deep 0.8 Assumptions based on expert judgement; see
between layers soil considerations on (non-linear) depth-
. dependency of vertical hillside material
Deep soil / 0.25 mixing in Section 4.2.3.
shallow
weathered
Shallow 0.025
weathered / deep
weathered
Occupancy of hillside 0.05 Assumption tested in sensitivity cases and
found to be insignificant.
4.6.2 Assumptions and uncertainties

Uncertainties are unavoidable in modelling post-closure safety for deep geological repositories
for radioactive waste; this is especially true given the extraordinarily long timescales associated
with assessing potential consequences of repository excavation by erosive processes. For
excavation by non-glacial erosion, it is necessary to make assumptions about the valley geometry
and how it changes with time, in particular, how it affects the input of clean (uncontaminated)
mass and water from above the repository. Assumptions must also be made around the parame-
terisation of depth-dependent mass transport and mixing processes in the hillside. The calculation
cases explore a range of hillslope angles and erosion rates, and sensitivity calculations have been
used to help identify important processes and parameter assumptions.

For the sensitivity calculations, plausible ranges have been used around the parameter values
presented in Section 3.6.1. Each parameter has been varied independently using the minimum,
reference and maximum values to provide three model runs per parameter that indicate the impor-
tance of associated uncertainty to the key metric for the assessment, which is the maximum calcu-
lated effective dose.

A list of the parameters varied for each of the landscape variants is provided in Tab. 4-6. These
focus on parameters and assumptions specific to assessment of excavation by non-glacial erosion.
Parameters and conceptualisation based on Nagra's reference biosphere modelling are not varied
here because they are explored in Nagra (2024g).
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Tab. 4-6:  Parameters varied over plausible ranges to explore sensitivities in assessing exca-
vation by non-glacial erosion

Variant Parameters varied for sensitivity analyses

Hillside Suspended sediment concentrations in groundwater and surface water, porosity of the
weathered Opalinus Clay, hydraulic conductivity of the weathered Opalinus Clay, K,
erosion rate, dispersion, length and height of the hillside, distance between repository
and river when repository first reaches ground surface, width of river, width of valley
floor, thickness of weathered zone, thickness of unsaturated zone, thickness of
repository compartments, depth-dependent mass transport, depth-dependent mixing,
saturation, occupancy of hillside

Valley floor | Suspended sediment concentrations in groundwater and surface water, porosity of the
weathered Opalinus Clay, hydraulic conductivity of the weathered Opalinus Clay, K4,
depth range over which the radionuclide inventory is initially distributed within the
weathered Opalinus Clay, relative compartment sizes in the aquifer and weathered
Opalinus Clay, groundwater recharge from the valley sides, tortuosity of the weathered
Opalinus Clay

4.7 Calculated doses due to repository excavation by non-glacial processes

Results for the calculation cases summarised in Section 4.4 are presented and discussed in
Section 4.7.1. Results of the sensitivity calculations are discussed in Section 4.7.2.

4.7.1 Calculation case results

Results for the hillside variant are presented first, followed by results for the valley-floor setting;
both sets of results are then summarised at the end of this subsection.

Results for the hillside variant

Results for the hillside variant cases that explore different hillslope angles and erosion rates are
shown in Fig. 4-13.

The calculated effective doses for the valley-floor variant are shown to fall within the range of
natural radiation exposure rates in Switzerland (taken from BAG (2023)). The hypothetical case
of excavation 700 ka after closure results in the highest calculated effective doses. Effective doses
arising from the same exposure model but with excavation after 1 Ma, 2 Ma and 4 Ma are all
progressively lower. The long-lived nature of some of the decay chains, including U-238 (which
has a half-life of 4.5 x 10° years) and Np-237 (which has a half-life of 2.1 x 10° years) means that
the maximum calculated effective doses only decline by about a factor of three between
excavation after 700 ka and 4 Ma.
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Fig. 4-13: Total effective dose following excavation by non-glacial erosion for different hill-
slope angles and erosion rates for the hillside variant at different excavation times

Tab. 4-4 provides a definition for the calculation cases. Case A represents a lower hillslope
angle and erosion rate, Case B represents a mid-range hillslope angle and erosion rate, and
Case C represents a steeper hillslope angle and a higher erosion rate. Note that Case D is
discussed below and is not presented here.

The dominant pathway for dose is consumption of milk. The dose results show an initial peak
when the repository material moves into the weathered zone with radionuclides being trans-
ported within the weathered zone to pasture soils in the valley floor. At longer time periods,
the repository material reaches pasture soils on the hillside, and concentrations increase as
the repository moves uphill and the influx of clean eroded material from above the hillside
decreases.

For the hillside variant, the effective dose rate is dominated by consumption of milk with Po-210
and Th-229 being the dominant radionuclides. There is grazing land in both the valley bottom and
on the hillside, with the initial dose being dominated by grazing in the valley. At later times, the
effective dose is dominated by grazing on the hillside, as the concentration in the hillside increases
due to the reduction in clean mass and water input from above the repository, coupled with the
contaminated area getting larger as the repository moves higher up the hillside.

The relative contributions of Po-210 and Th-229 to the total dose changes across the cases,
depending on the relative important of radionuclide transport by water and solid mass. The decay
chain ending at Po-210 involves Ra-226, which has a relatively low degree of sorption and is
therefore transported to the biosphere relatively quickly by water. The decay chain ending at
Th-229 only involves radionuclides that sorb on solid mass, so Th-229 will reach the biosphere
predominantly with solid materials.

For Cases A to C, which assess different valley geometries and corresponding erosion rates, the
timing of the maximum effective dose is affected by the erosion rate, with a higher erosion rate
resulting in an earlier peak dose. The erosion rate in Case C (steeper valley with higher erosion
rate) results in the repository reaching the top of the hillside 20 ka after it reaches the weathered
zone, so radionuclides are present within the valley for a much shorter period of time compared
to Cases A and B, which take 900 ka and 1.3 Ma, respectively, before the remaining repository
location reaches the top of the hillside. Over such long timescales, it is unlikely that the valley
configuration would remain the same when multiple glaciations may occur; effective dose rates
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are shown in grey from 250 ka after the repository reaches the weathered zone to illustrate model
behaviour rather than as projections that might occur. Potential impacts during initial excavation
are taken to be more significant than those that might occur during excavations extending over
multiple glacial/interglacial cycles.

There are many processes leading to potential exposure and the effective dose rates shown in
Fig. 4-13, and there is no simple linear trend between erosion rate and hillside height/steepness
with dose. Higher erosion rates move contaminated material into the biosphere more quickly,
whereas flatter valleys have more of the repository in the weathered zone at any given time,
potentially allowing higher concentrations in the biosphere.

For the limestone-layer variant (Case D, based on the hillside geometry of Case B), where water
is diverted to springs on the hillside, the effective dose is reduced compared to Case B, as mobile
radionuclides are effectively diverted to the river, bypassing the lower slope and local aquifer.
The difference is a reduction in effective dose of about a third when the repository reaches the
weathered zone on the hillside about 700 ka after closure, and the difference is further reduced at
later times of emergence.

All presented calculations assume a constant erosion rate through time. Cases with a range of
hillslope angles and transient high erosion rates for 10 ka when the repository reaches the
weathered zone have been investigated. Some of these cases include the whole repository being
eroded during the transient period and show that doses can be increased by a factor of up to three
compared with Case C.

A discrete landslide event directly affecting the repository could, in principle, occur at any time
in these cases. The short-term maximum effective dose rate associated with agriculture on soils
derived from such landslides is less than a factor of two higher than the long-term average (the
latter combining erosion, deformation, subsurface slips and the long-term effects of landslides in
mixing material over the hillside and valley floor).

Results for the valley-floor variant

The total effective doses calculated for the valley-floor variant at different timescales are shown
in Fig. 4-14. The relatively static nature of this system (e.g. erosive removal of the remaining
repository is not represented in this case) means that the consequences become a function of the
radioactivity remaining in the repository. Results for the different timescales for this variant,
therefore, are shown to sit on a consistent curve in Fig. 4-14.
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Fig. 4-14. Total effective dose following excavation by non-glacial erosion for the valley-floor
variant

Tab. 4-4 provides a definition for the calculation cases. The results for each case are shown
in grey ca. 250 ka after the start of each case to emphasise that the valley system would not
remain the same over long timescales because it would be subject to significant reworking
through glacial-interglacial cycles.

The calculated effective doses for the valley-floor variant are shown to fall within the range of
natural radiation exposure rates in Switzerland. As with the other repository excavation scenarios
and calculation cases, Po-210 dominates the calculated effective doses. In this variant, ingestion
of crops is the leading exposure pathway, followed by ingestion of animal produce and then
drinking water from the aquifer.

Summary of results for excavation by non-glacial erosion

The maximum calculated effective doses for all of the calculation cases exploring potential conse-
quences of excavation by non-glacial erosion are shown in Tab. 4-7. The results are shown to be
within the range of natural radiation exposure rates within Switzerland for the explored range of
calculation cases.
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Tab. 4-7:  Peak calculated effective doses (mSv a') and associated time of peak dose (years
after closure) for excavation by non-glacial erosion
The time lag between excavation and peak dose is due to the time taken to move radionuclides
from the base of the weathered zone into the biosphere. A discrete landslide directly affecting
the repository could, in principle, occur at any time within the configurations represented in
Cases A to C; this would result in short-term maximum effective dose rates that are less than
a factor of two higher than those presented here.
Tab. 4-4 provides a definition for the calculation cases.
Variant/Case Time of excavation (years after closure)
700 ka 1 Ma 2 Ma 4 Ma
Hillside Case A 4.3 (927 ka) 3.4 (1.23 Ma) 2.3 (2.24 Ma) 1.7 (4.23 Ma)
Case B 1.6 (781 ka) 1.1 (1.08 Ma) 0.7 (2.08 Ma) 0.5 (4.08 Ma)
Case C 9.2 (720 ka) 6.8 (1.02 Ma) 4.3 (2.02 Ma) 3.0 (4.02 Ma)
Case D 1.0 (791 ka) 0.8 (1.09 Ma) 0.5 (2.24 Ma) 0.4 (4.24 Ma)
Valley floor 6.6 (700 ka) 3.8 (1 Ma) 1.8 (2 Ma) 1.7 (4 Ma)

The calculation with the remaining repository emerging on the valley side, with a combination of
a steeper slope and faster erosion rates results in the highest calculated effective doses across the
non-glacial erosion cases. However, the variant with the remaining repository situated beneath
the valley floor is second in terms of relative importance.

4.7.2 Sensitivity calculations

Sensitivity calculations have been used to identify important processes and parameter
assumptions. Calculations were undertaken for the hillside Case B and for the valley-floor variant,
for the hypothetical case of repository emergence in the weathered zone 700 ka after closure. The
parameters outlined in Section 4.6.2 were varied over plausible ranges.

The results of the sensitivity calculations are summarised in Tab. 4-8.

Tab. 4-8:  Relative importance of parameters identified as affecting the peak calculated effect-

tive doses for the non-glacial erosion variants
The parameters are listed in order of importance; ">" indicating more important, ">>"
indicating much more important, and the lack of a symbol indicating that parameters were of
equivalent importance.

Variant Relative sensitivity of important parameters

Hillside Erosion rate >> hill depth > valley floor width > K4 > upslope dilution

Flat K4 >> hydraulic conductivity of the weathered clay > initial thickness of

contamination, porosity of clay
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For the hillside variant, the erosion rate is shown to be the most important parameter. Variation
in erosion rates is explored via the different calculation cases for this variant and coupled with
different valley geometries.

For the valley-floor variant, radionuclide sorption is shown to be most important. This is because
it determines the degree of radionuclide retention on the weathered Opalinus Clay. The greater
the degree of sorption, the lower the mobility of radionuclides and the fewer radionuclides are
able to migrate from the clay to the overlying aquifer via groundwater flow and diffusion.

After Kq4, hydraulic conductivity of the weathered clay is shown to be the second-most important
parameter in the valley-floor variant, which indicates that the small degree of groundwater flow
through the weathered clay driven by recharge from the valley sides dominates over diffusion as
a transport mechanism towards the local aquifer.
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5 Discussion and conclusion

In the very long term (10° — 107 years), uplift and erosion by both glacial and non-glacial processes
will bring the deep geological repository closer to the surface. In the distant future, there is poten-
tial for repository material to be excavated as a result of glacial and non-glacial processes. For
example, channels of deep glacial erosion are evident in the landscape of Northern Switzerland
today, extending to depths of a few hundred metres. Such overdeepened channels can intersect
the repository once it is moved closer to the surface. The host rock bearing the repository could
potentially emerge at a valley or hillside setting as a result of rock uplift and erosion. In its guide-
lines related to deep geological disposal in Switzerland, ENSI requires assessment of potential
dose consequences of repository excavation scenarios in the very long term.

It is expected that more than one million years are needed before excavation of a deep geological
repository by glacial or non-glacial processes becomes feasible. Over such timescales, the global
climate will undergo several glacial-interglacial cycles. Uplift and erosion by both glacial and
non-glacial processes over these timescales mean that the surface environment above a deep
geological repository in Northern Switzerland will evolve from the present day, as it has over
previous glacial cycles.

Given the uncertainties inherent in making projections over extremely long timescales, assess-
ment of potential dose consequences from repository excavation scenarios must necessarily be
stylised in nature. The present-day landscape form in Northern Switzerland is used as an analogue
of the situation at the time of potential excavation, with valleys carved by glacial and non-glacial
processes. Confidence in the plausibility and internal consistency of the assessment is drawn by
considering the landscape setting and processes operating at the present day. It is appreciated that
the situation in the distant future will not be identical to that of the present day, and this is explored
through sensitivity analyses.

Assessment calculations have been undertaken to explore potential dose consequences of repos-
itory excavation scenarios. These have separately considered excavation by deep glacial erosion
and non-glacial erosion.

e Assessment of deep glacial erosion considers an overdeepening directly impacting the repos-
itory and transporting excavated material from the repository up an adverse slope to the near-
surface region, with a range of post-glacial landscape settings.

e Assessment of non-glacial erosion considers emergence of what remains of a repository be-
low a valley or in a hillside setting, with a range of erosion rates and valley geometries.

A compartment-modelling approach is used to represent the distribution of material excavated
from the repository, subsequent radionuclide release, transport and potential exposures. The expo-
sure assessment assumes that humans are present in the area local to the excavated material and
make maximum use of that environment. The exposure-modelling approach is based on Nagra's
established reference biosphere assessment modelling; this helps ensure assessments for different
scenarios are made on a reasonably consistent basis.

A range of potential excavation contexts has, therefore, been studied, with 36 calculation cases
accompanied by further sensitivity calculations to help identify important processes, parameters
and assumptions. The assessment explores potential consequences of excavation over timescales
ranging from 700,000 years to four million years after repository closure. These timescales span
early hypothetical timescales through to more plausible timescales for repository excavation.

The range in the maximum calculated effective doses is illustrated over the full set of calculation
cases in Fig. 5-1.
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Fig. 5-1:  Illustration of the range in calculated effective doses for the range of repository

excavation scenarios and associated calculation cases considered

Based on the range of maximum calculated effective dose consequences across the full range
of cases assessed for excavation after 700 ka, 1 Ma, 2 Ma and 4 Ma. Transparency is used in
the figure to indicate the increasing likelihood over time, with repository excavation not
expected within 1 Ma.

The assessment demonstrates that both excavation by deep glacial erosion and by non-glacial
erosion results in potential maximum dose consequences comparable with natural, present-day
radiation exposures in Switzerland, with the majority of cases leading to much lower doses. The
disposed inventory includes decay chains that have some very long-lived radionuclides, including
U-238 (which has a half-life of 4.5 x 10° years) and Np-237 (which has a half-life of 2.1 x 10°
years). The assessment results are dominated by radionuclides within these decay chains,
including Po-210 (ingrown from the U-238 decay chain) and Th-229 (ingrown from the Np-237
decay chain).

For excavation by deep glacial erosion, where eroded material is taken to be deposited in a shallow
aquifer within a valley, irrigation of crops using water taken from that aquifer’’ is the dominant
exposure pathway. For non-glacial erosion in a hillside setting, where eroded material will mix
with soils and sediments down the hillside and onto the base of the hillside (valley floor), the
ingestion of produce from animals grazing on the hillside and valley is shown to be dominant.
These exposure pathways arise because the assessment adopts pessimistic assumptions about
humans spending all of their time in the local area and making maximum use of the local
resources.

The range of cases studied, along with sensitivity calculations, help to identify important
processes, parameters and associated assumptions. For excavation by deep glacial erosion, the
variants demonstrate the importance of where the excavated material is deposited, with deposition
directly within the material, which then forms a local shallow aquifer, resulting in higher calcu-
lated doses compared to deposition beneath a lake, or within sediments that end up on a hillside
with groundwater feeding springs. The flow rate through a river associated with the local shallow
aquifer is shown to be important, with a range of characteristics being explored based on present-

70 This is a pessimistic assumption that is included for the sake of consistency with Nagra's reference biosphere

modelling (Nagra 2024g).
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day gauged rivers in Northern Switzerland. The degree of sorption on the aquifer sediment is also
important, and Nagra's biosphere sorption database was correspondingly subject to a recent
review and update. The fraction of the repository that is excavated is also influential, although
there will be a degree of correlation between the extent of the excavation and the area over which
the material is distributed.

Assessment of excavation by non-glacial erosion within a hillside setting reveals a non-linear
relationship between erosion rates/hillslope angles (which are correlated) and potential dose con-
sequences. Steeper hillslopes with higher erosion rates result in the highest doses because the
material is excavated over a shorter timeframe. However, low erosion rates/hillslope angles re-
sulted in higher, albeit later, potential doses compared to an intermediate position, as the low
hillslope angle means that more of the remaining repository intersects the hillside, and the low
erosion rates mean that excavated material remains within the local area for longer. This extends
to the potential for the remaining repository to be situated below a valley floor with a low topo-
graphic relief, which results in potential doses comparable with those of a steeper hillside setting.

For the hillside setting, the erosion rate is the dominant parameter and is explored through a range
of variant geometries. For the valley-floor setting, the degree of groundwater flow through the
weathered Opalinus Clay containing the remaining repository material is an important assump-
tion.

Given the uncertainties involved, the assessment has been made on a generally pessimistic basis,
so the results bound what could reasonably be expected. Notable pessimisms include:

e that an overdeepening directly intersects the remaining repository, given that the majority
of the areas in the considered siting regions are not directly affected by deep glacial
erosion;

e that excavation by non-glacial erosion could hypothetically occur on timescales before a
million years after repository closure, given that repository depths and rates of up-
lift/erosion mean that longer timescales will be needed;

e that excavated repository material is directly deposited in the local area, given that some
material would be dispersed more widely before deposition, or some would be lost as the
deposited material is reworked through subsequent erosive processes prior to the potential
exposures that are assessed;

e that excavated material remains accessible in the near-surface environment; such that
configurations where the material could be buried more deeply are not explicitly assessed;
and

e that humans are present, spend their time in the local area, draw groundwater for domestic
and agricultural purposes directly affected by the excavated material, where feasible, and
make maximum use of local crops and animal produce.

Overall, the assessment effectively demonstrates similar potential dose consequences across dif-
ferent repository excavation scenarios and ranges of associated calculation cases. These remain
very low, with the maxima being comparable with the range of natural radiation exposure levels
in Switzerland.
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