Arbeitsbericht
NAB 22-17
Controls on Overdeepening
Formation in a Distal Foreland
Setting
January 2022
D. Lundbek Egholm

National Cooperative
for the Disposal of
Radioactive Waste
Hardstrasse 73
P.O. Box 280
5430 Wettingen
Switzerland
Tel. +41 56 437 11 11
www.nagra.ch

Arbeitsbericht
NAB 22-17
Controls on Overdeepening
Formation in a Distal Foreland
Setting
January 2022
D. Lundbek Egholm
Aarhus University

KEYWORDS
Overdeepening formation, distal foreland setting, glacial
landscape evolution model, process-based erosion rules

National Cooperative
for the Disposal of
Radioactive Waste
Hardstrasse 73
P.O. Box 280
5430 Wettingen
Switzerland
Tel. +41 56 437 11 11
www.nagra.ch

Nagra Arbeitsberichte (“Working Reports”) present the results of work in progress that have
not necessarily been subject to a comprehensive review. They are intended to provide rapid
dissemination of current information.
This report was prepared on behalf of Nagra. The viewpoints presented and conclusions
reached are those of the author(s) and do not necessarily represent those of Nagra.

"Copyright © 2022 by Nagra, Wettingen (Switzerland) / All rights reserved.
All parts of this work are protected by copyright. Any utilisation outwith the remit of the
copyright law is unlawful and liable to prosecution. This applies in particular to translations,
storage and processing in electronic systems and programs, microfilms, reproductions, etc."

I

NAGRA NAB 22-17

Table of Contents
Table of Contents ........................................................................................................................... I
List of Tables................................................................................................................................. II
List of Figures ............................................................................................................................... II
1

Aim of the project ................................................................................................... 1

2
2.1
2.2
2.3
2.4

Background ............................................................................................................. 3
iSOSIA...................................................................................................................... 3
Simulating glacial bedrock erosion .......................................................................... 4
Erosion, transport and deposition of sediment.......................................................... 4
Latest developments ................................................................................................. 5

3

3.2.1
3.2.2
3.2.3
3.2.4
3.2.5
3.2.6
3.3

Preparing experiments with glacial erosion in the Swiss
Alpine Foreland ...................................................................................................... 7
Designing a suitable initial landscape....................................................................... 7
Basic principles and components of the glacial landscape
evolution models....................................................................................................... 9
Ice flow ..................................................................................................................... 9
Mass balance............................................................................................................. 9
Thermal model ........................................................................................................ 10
Hydrology ............................................................................................................... 11
Glacial bedrock erosion .......................................................................................... 11
Isostasy ................................................................................................................... 12
New algorithms for englacial and subglacial sediment transport ........................... 12

4
4.1
4.2
4.3
4.4
4.5
4.6

Results from computational experiments ........................................................... 15
The base model ....................................................................................................... 16
Increased erodibility in the foreland ....................................................................... 22
Reduced bed friction in the foreland....................................................................... 25
Transport-limited glacial erosion ............................................................................ 30
Bed erosion by sediment entrainment..................................................................... 38
Transient simulations .............................................................................................. 41

5

Discussion of results.............................................................................................. 45

6

Future perspectives and conclusions ................................................................... 47

7

References.............................................................................................................. 49

3.1
3.2

NAGRA NAB 22-17

II

List of Tables
Tab. 4-1:

Overview of model experiments ............................................................................. 15

List of Figures
Fig. 2-1:

Example of particle-based modelling of debris transport in the
Chhota-Shigri glacier in India .................................................................................. 6

Fig. 3-1:

The Digital elevation model from north-east Switzerland........................................ 8

Fig. 3-2:

Initial (A) and final (B) topography in the fluvial landscape
evolution model ........................................................................................................ 8

Fig. 3-3:

Ice surface mass balance as function of surface mean annual
temperature (left) and elevation (right), assuming sea-level
mean-annual temperature of 1.5 °C ........................................................................ 10

Fig. 4-1:

Gradual growth of the ice cover until the steady state configuration
is reached ................................................................................................................ 16

Fig. 4-2:

Properties of the base Model 1 in steady state ........................................................ 17

Fig. 4-3:

Topography of the base Model 2 before (A) and after (B) 100 kyr
of glacial erosion..................................................................................................... 19

Fig. 4-4:

Total depth of quarrying (A) and abrasion (B) in the base Model 2
experiment .............................................................................................................. 19

Fig. 4-5:

Configuration of the ice after 100 kyr of erosion in Model 2 ................................. 20

Fig. 4-6:

Longitudinal flow-line profiles from Model 2........................................................ 21

Fig. 4-7:

Depth of A) quarrying, B) abrasion, and C) total erosion for Model 3
including increased erodibility in the foreland area................................................ 22

Fig. 4-8:

Configuration of the ice in Model 3 after 100 kyr of erosion and the
depth of overdeepenings ......................................................................................... 23

Fig. 4-9:

Longitudinal profiles for Model 3 with increased erodibility in the
foreland ................................................................................................................... 24

Fig. 4-10:

Sliding speed (A), depth of quarrying (B) and abrasion (C) in Model 4
with reduced foreland friction ................................................................................ 25

Fig. 4-11:

Oblique view (from North-East) of Model 4 before (A) and after
(B) glaciation .......................................................................................................... 27

Fig. 4-12:

Ice configuration in the beginning (A) and end (B) of Model 4 run....................... 28

Fig. 4-13:

Longitudinal profiles for Model 4 with reduced bed friction in the
foreland ................................................................................................................... 29

Fig. 4-14:

The temporal evolution of grid-averaged subglacial sediment flux
for Models 6 (black), 7 (red) and 8 (blue) .............................................................. 31

Fig. 4-15:

Depth of overdeepenings in (A) Model 5, (B) Model 6, (C) Model 7,
and (D) Model 8 ..................................................................................................... 32

III

NAGRA NAB 22-17

Fig. 4-16:

Sediment thickness in (A) Model 5, (B) Model 6, (C) Model 7, and (D)
Model 8 ................................................................................................................... 33

Fig. 4-17:

Longitudinal profiles for Model 5 with sediment deposition, but no
subglacial transport (only englacial transport)........................................................ 34

Fig. 4-18:

Longitudinal profiles for Model 6 with subglacial sediment transport
by sediment creep only ........................................................................................... 35

Fig. 4-19:

Longitudinal profiles for Model 7 with subglacial sediment transport
by sediment creep and sediment deformation......................................................... 36

Fig. 4-20:

Longitudinal profiles for Model 8 with subglacial sediment transport
by sediment creep, sediment deformation, and melt-water transport ..................... 37

Fig. 4-21:

Development of overdeepenings in Model 9 .......................................................... 39

Fig. 4-22:

Depth of overdeepenings in Model 9 after (A) 10'000 yrs, (B) 20'000 yrs,
(C) 40'000 yrs, (D) 60'000 yrs, (E) 80'000 yrs, and (F) 100'000 yrs,
respectively ............................................................................................................. 40

Fig. 4-23:

Results from the transient Model 10 ....................................................................... 42

Fig. 4-24:

The climatic forcing as black curve ........................................................................ 43

Fig. 4-25:

Variations in mean erosion rate and mean subglacial sediment transport
over time ................................................................................................................. 43

1

1

NAGRA NAB 22-17

Aim of the project

The aim of the project was to test if the glacial landscape model iSOSIA is capable of producing
overdeepenings in distal foreland settings, i.e., in settings similar to the relatively flat foreland
north of the Swiss Alps. Nagra is planning the establishment of a deep geological radioactive
waste repository in the area, and insights into any future glacial erosion are important for
evaluating the long-term safety of the repository.
We know from the present distribution of lakes and glacial deposits that the ice lobes extending
from the alpine topography formed overdeepenings in the foreland at distances up to 100 km from
the steep mountain topography. It is, however, far from clear why the ice lobes formed these
overdeepenings, as their position away from the alpine topography fits poorly with established
ideas on patterns of subglacial bedrock erosion by abrasion and quarrying.
It was not the purpose of this pilot study to provide an explanation for the present overdeepenings,
but rather to explore the potential for using landscape evolution models to pursue the explanation
in the future and to provide reasonable predictions of future foreland erosion.
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Background

Simulating glacial landscape evolution has been a key research activity at the Department of
Geoscience, Aarhus University for almost 10 years. Research themes have focused mostly on
long-term feedbacks between topography, ice dynamics, and climate, such as the "glacial
buzzsaw" that influences the mean height of mountain ranges (Egholm et al. 2009, Pedersen &
Egholm 2013), and the evolution of fjord systems including formation of high-elevation lowrelief plateaus in Norway and Greenland (Egholm et al. 2017).
The ice-sheet model, iSOSIA, is the backbone of these research activities, and it has been in
almost continuous development in order to fit the changing needs of research projects in Aarhus
and internationally. The purpose of this chapter is to provide an overview of the basic features of
iSOSIA and its development leading up to its current state.

2.1

iSOSIA

The acronym iSOSIA is short for integrated Second-Order Shallow Ice Approximation (Egholm
et al. 2011). The first term "integrated" marks that iSOSIA is a depth-integrated model with the
main variable of the model being the vertically averaged horizontal ice velocity. This effectively
means that although iSOSIA simulates ice flow in a three-dimensional topography, the flow
problem is actually only two-dimensional, which reduces the computational cost significantly. In
addition, the assumption of a shallow flow (Shallow Ice Approximation) reduces the complexity
of the mechanical problem when compared to the so-called full-Stokes models that solves the
complete set of Stokes equations for a viscous flow.
A shallow ice approximation exploits the fact that glaciers and ice sheets are often thin compared
to their horizontal extent, meaning that several terms in the Stokes equations (e.g., vertical
compression) are insignificant in comparison to others (e.g., shear along horizontal planes). The
0th-order shallow-ice approximation is the most simplified and the most frequently used (e.g.,
Braun et al. 1999, Tomkin & Braun 2002). It is relatively easy to implement, particularly because
it ignores horizontal straining of the ice, which effectively linearizes the flow problem. However,
this approximation is only considered accurate for the interior of large ice sheets where variations
in ice surface topography and horizontal ice velocity are very small. The first glacial landscape
evolution models were also based on the 0th-order shallow ice approximation (Braun et al. 1999)
and these were able to simulate the gradual transition from fluvial to glacial states of a landscape
(Tomkin & Braun 2002). However, it soon became clear that in order for models to reproduce
classical glacial landforms such as U-shaped troughs, hanging valleys, and cirques more physics
than what the 0th-order approximation offers is needed.
The second-order shallow ice approximation includes, on top of the 0th-order approximation,
horizontal stress components and their spatial gradients in the governing flow equations. This
means that longitudinal compression/extension and transverse shearing affect the resulting ice
velocities. These dynamic components are important for simulating glacial landscapes, because
several key landforms develop in direct response to the longitudinal and transverse mechanical
coupling. For example, it is transverse shearing of the viscous ice that shifts the location of fastest
basal sliding from the centre of a valley glacier to the valley sides, promoting the formation of
broad U-shaped valleys while continuing incision of the valley bottom (Egholm et al. 2012a).
Likewise, a glacial cirque gets its bowl-shaped form from horizontal stress gradients forcing a
small glacier to flow almost as a solid block. That these glacial landforms follow naturally from
the physics included in the second-order shallow ice approximation is a major advantage of
iSOSIA (Egholm et al. 2012a).
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The second-order components of iSOSIA have a computational cost, mainly because the flow
problem becomes highly nonlinear and iterations of the governing equations are needed to
compute ice velocities and stress components in every time step. Central to handling this cost in
iSOSIA is an explicit time-marching scheme in which small time steps ensure that perturbations
to stress or velocity components are minor across time steps. This limits the number of iterations
needed to update properties in the computational grid. This time-marching algorithm allows for
million-year simulations to run over 1 – 7 days on a 40-core computer-server, with the
computation time depending primarily on grid size. The core of the iSOSIA algorithm, i.e.,
functions for ice flow, was implemented in 2009 – 2011 and has only changed little since.

2.2

Simulating glacial bedrock erosion

The main research focus for iSOSIA users has been to develop and test different models for
bedrock erosion under ice. This theme is not central for the present study and is therefore only
briefly mentioned here with references to relevant publications. Quarrying (plucking) and
abrasion are the key processes in focus of previous studies based on iSOSIA (e.g., Egholm et al.
2009, Egholm et al. 2012b, Pedersen & Egholm 2013, Ugelvig et al. 2016, Ugelvig & Egholm
2018). Different mechanistic models for how abrasion and quarrying work have been presented
over the years (e.g., Hallet 1979, 1996, Iverson 1991, 2012), but the main challenge has been to
upscale these models for use in long-term regional landscape evolution models. This work has
recently involved mechanical couplings between quarrying and abrasion (Ugelvig & Egholm
2018) and the influence of varying melt-water pressure (Ugelvig et al. 2018).

2.3

Erosion, transport and deposition of sediment

Processes involving erosion and transport of sediment are of central importance for the present
pilot study because (1) the Swiss Alpine foreland consists of relatively soft sedimentary rocks,
and (2) the balance between subglacial sediment entrainment and deposition is expected to control
overdeepening formation (Fischer et al. 2021). A key objective of this pilot study is thus to test if
iSOSIA can deliver a future platform for studying these processes.
Already the first versions of iSOSIA included routines for handling sediment transport under and
in the ice, but these have only rarely been used, and they were never at the centre of research
studies. A study from 2012 (Egholm et al. 2012b) presented a framework for simulating the
coupled transport of ice, water, and sediment in a glacial setting, but this line of research was not
continued in the years after – in part because funding opportunities directed research activities
elsewhere to fjord systems along continental margins, and in part because the sedimentary
processes are complex and governed by multiple processes, such as subglacial deformation, meltwater transport, and englacial transport. These processes and their interaction via sediment
exchange involve many unconstrained model parameters, making it difficult for computational
experiments to contribute with new insights. However, it is clear that opportunities exist for future
studies to perhaps focus modelling at single or few processes and in that way reduce the number
of model parameters, or to take a data-driven approach to constraining the many parameters
involved. In this pilot-study we return to the problem of sediment transport, using new approaches
that have only recently been developed.
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Latest developments

In the last few years, research programs using iSOSIA have focused on debris-covered glaciers
(Rowan et al. 2015, Scherler & Egholm 2020). These glaciers exist in almost all high mountain
ranges, and they are more robust to global warming than clean-ice glaciers, because the debris
cover insolates the ice thereby protecting it from rising atmospheric temperatures. As a
consequence, debris-covered glaciers are, in some mountain areas, the only glaciers left, and here
they typically represent important water resources for populations at lower altitudes.
For modelling debris-covered glaciers, iSOSIA was in 2019 upgraded with particle-tracking
algorithms for modelling sediment transport (Fig. 2-1). The main advantage of particle tracking
(over standard advection as used by e.g., Egholm et al. 2012 and Rowan et al. 2015) is that
numerical diffusion is strongly reduced. Using standard advection, numerical diffusion causes
sediment to spread during transport, not due to real transport processes, but because advection
causes numerical smoothing of the flow field as sediments are moved from one grid cell to
another. This problem can be avoided by treating sediments as discrete particles. The positions of
particles are then time integrated on the basis of the ice velocities as particles get transported by
the ice. A major advantage for debris-covered glaciers is that discrete surface features, such as
linear medial moraines, can be reproduced at a satisfactory level. Another advantage associates
to the particles' ability to carry material properties. This can be exploited to generate model output
in the form of properties that can be measured in debris from real glaciers. We have focused our
work on dating tools like cosmogenic nuclides and apatite fission tracks, but the particle properties
could also represent lithology or grain size. The activities related to debris-covered glaciers have
in recent years included collaboration with, among others, Dirk Scherler (GFZ Potsdam), Ann
Rowan (University of Sheffield), as well as Maxime Bernard, Kerry Gallagher and Philippe Steer
(Université de Rennes).
The algorithms for particle tracking have been further developed during this pilot project in order
to (1) also facilitate subglacial transport, (2) to simulate deposition, transport and erosion in icefree parts of a landscape, and (3) to use particles as tools for subglacial abrasion. These new
developments are described in a separate section (Section 3.3) below.
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Fig. 2-1:

6

Example of particle-based modelling of debris transport in the Chhota-Shigri glacier
in India
The left panel shows the distribution of roughly 1 million particles in and on the glacier,
while the four right panels show debris concentration, transport time, transport distance and
source elevation for particles in a transect across the main glacier. From Scherler & Egholm
(2020).
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Preparing experiments with glacial erosion in the Swiss
Alpine Foreland

The aim of the pilot study was to test iSOSIA's ability to produce overdeepenings in a foreland
setting – not necessarily an exact replicate of the Swiss foreland – but a setting that comes close
enough to the Swiss conditions to be relevant for Nagra. In this setting, we set out to find possible
explanations for the development of overdeepenings. With this purpose in mind, more than 100
experiments were conducted during spring 2020 (the present report presents selected experiments
only) and after a wide search for models with overdeepening formation the project focused on the
influence of basal friction in controlling sliding speed. Variation in basal friction is unlikely to be
the only route to overdeepening formation in a distal foreland, but (1) it seems sensible to
incorporate variations that may be caused by the known transition from granitic bedrock in the
Alps to the sedimentary rocks of the foreland, (2) continuing from this first identification of a
mechanism allowed us time to develop and test algorithms for sediment transport.

3.1

Designing a suitable initial landscape

In order to construct a suitable bed topography for the computational experiments, we started
from a Digital Elevation Model (DEM) with 250 m resolution (Figure 3-1). The DEM covers part
of the Swiss Alps and the foreland to the north of the Alps. We selected a smaller portion (120 ×
160 km) of the DEM positioned perpendicular to the main thrust front of the Alps. The selected
section (see outline of black box in Figure 3-1) includes the Rhine Valley inside the Alps as well
as the overdeepenings associated with Lake Constance and Lake Zurich in the foreland.
We used the selected topography as initial topography in a fluvial landscape-evolution model
based on the FastScape algorithm (Braun & Willet 2013). The fluvial landscape-evolution model
then generated a non-glacial topography, i.e., without overdeepenings and other glacial
landforms. The fluvial landscape evolution model furthermore rearranged drainage patterns
slightly, most notably along the grid boundary, where no-flow boundary conditions dictate that
divides must form. In consequence, the topographic distribution is transformed into one large
catchment with drainage out through one grid boundary only. The latter is convenient also for the
glacial model, as ice flow is then generally directed away from grid boundaries.
The fluvial landscape evolution model uses the stream-power equation (Braun & Willet 2013) to
balance the topographic slope with run-off intensity and tectonic uplift rate. The distribution of
the surface run-off is highly sensitive to the initial topography, and this is the reason why the final
drainage patterns mimic the DEM used as input. Tuning the distribution of tectonic uplift is how
details of the resulting fluvial landscape can be influenced – in our case, we chose to keep the
uplift field as simple as possible (Figure 3-2C), although it was necessary to impose local uplift
(mimicking the influence of thrust faults in that area) in the Rhine Valley to maintain the high
topography of the valley's northern flank. The tectonic uplift was however only imposed to form
the initial landscape, and only isostatic uplift was active during the glacial modelling experiments.
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Fig. 3-1:
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The Digital elevation model from north-east Switzerland
The black rectangle outlines the position of the area selected as basis for the initial model
topography.

Fig. 3-2:

Initial (A) and final (B) topography in the fluvial landscape evolution model
Note how no-flow boundary conditions cause divides to form along the eastern, western, and
southern grid boundaries. Panel (C) shows the uplift pattern used.
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Basic principles and components of the glacial landscape evolution
models

From the initial topography provided by the fluvial landscape evolution model we ran glacial
landscape evolution models using slightly different configurations and with a variable number of
sediment transport modules activated. However, all models shared some basic features that are
described below. The grid resolution for the glacial model was 500 x 500 m.

3.2.1

Ice flow

The ice flows by (1) internal deformation due to creep and (2) basal sliding. The creep is governed
by Glen's flow law with a stress exponent of n = 3 and a temperature-independent pre-scaling
viscosity parameter (B = 73.3 MPa s1/3, Ugelvig et al. (2018)). Basal sliding is governed by a
cavity-based sliding law as described by Ugelvig et al. (2018). The cavity-based sliding law is
mostly relevant for hard beds. However, some experiments also included a component of basal
sliding due to subglacial sediment deformation in a soft bed. The model for subglacial
deformation is further described in Section 4.4.

3.2.2

Mass balance

A mass-balance function based on a simple positive-degree-day model controls the rates of ice
accumulation and ablation. This model assumes a sinusoidal annual temperature variation around
the mean annual temperature (MAT), which decreases with elevation by 6 degrees Celsius per
km. Based on the ice-surface elevation, the number of days per year with frost is counted in every
grid cell of the model, and from this we calculate the mean annual rates of ice accumulation and
ablation. The resulting relation between elevation, mean annual temperature, and mass balance is
shown in Figure 3-3. It is also possible to vary precipitation rates within the grid, for example to
account for orographic precipitation, but we did not include such variation in the experiments
presented here. All experiments presented thus use a fixed precipitation rate of 0.5 m/yr.
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Fig. 3-3:
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Ice surface mass balance as function of surface mean annual temperature (left) and
elevation (right), assuming sea-level mean-annual temperature of 1.5 °C
The black curve represents the net mass balance normalized to precipitation rate (i.e.,
assuming precipitation rate 1 m/yr). The blue curves are water equivalent snow accumulation
over a year, while red curves show annual ablation.

3.2.3

Thermal model

iSOSIA uses a semi-implicit thermal model based on coupled 1D profiles. In every grid cell of
the model a fully implicit 1D Finite Element grid spanning the thickness of the ice is used to solve
the transient heat equation. Vertical advection due to ice accumulation/ablation or basal melting
is accounted for. At the top of the profiles the smaller of two temperatures (the air temperature or
the ice melting point) is enforced as boundary condition.
At the bed a geothermal gradient is used as boundary condition in a first step. The ice is coldbased and without basal melting if the basal temperature in this first step is below the melting
point. If, on the other hand, the temperature in the first step overshoots the melting point, the
melting point is implemented as basal temperature boundary condition in a next step. The basal
ice is then temperate and melting at the base. The amount of melting is computed from the
imbalance between the geothermal gradient and the temperature gradient in the basal ice.
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Horizontal advection of heat is, however, only approximated by adding heat sinks and sources to
the profiles based on the local ice velocity and horizontal temperature gradient. The horizontal
temperature gradients are from the last time step, and this part of the thermal solver, hence has
explicit time integration. This explicit approximation is to avoid a costly implicit 3D thermal
solver. Not surprisingly, the explicit solver may lead to instabilities if the time step is larger than
the advection allows. Overall, the semi-implicit model is accurate enough to predict the first-order
patterns of cold-based/warm-based ice. However, a full 3D thermal model should probably be
used for applications where horizonal thermal advection is critical for the ice dynamics (such as
soft-bedded ice streams).

3.2.4

Hydrology

Several models for englacial and subglacial hydrology have been implemented in iSOSIA over
the years. In recent years a cavity/channel - based model has been almost exclusively used. The
model is described in detail by Ugelvig et al. (2018). Based on effective pressure, sliding velocity
and bed slope, the model computes the average size of cavities and R-channels within every grid
cell. From this the effective transmissivity and the ice-bed contact area are estimated and water
pressure is updated explicitly in every time step. This type of hydrology model is well-motivated
for hard beds, whereas accurate hydrology models for soft beds should probably include a ground
water component and N-channels that develop by melt-water incision into the soft bed. It is for
simplicity assumed that all water produced by precipitation or ice melting is routed to the ice bed
and transported out by subglacial flow.

3.2.5

Glacial bedrock erosion

Abrasion and quarrying are likely the main controls on subglacial bedrock erosion, although
erosion by subglacial meltwater (not modelled here) cannot be excluded as another primary factor.
For quarrying, we follow Ugelvig et al. (2016) in assuming that sliding speed, effective pressure
and bed slope control the rate of quarrying in a power law with exponents 1 on sliding speed, 𝑢𝑢𝑏𝑏 ,
2 on bed slope, 𝑠𝑠, and 3 on effective pressure, 𝑁𝑁.
𝑒𝑒𝑞𝑞 = 𝐾𝐾𝑞𝑞 𝑢𝑢𝑏𝑏 𝑠𝑠 2 𝑁𝑁 3

Eq. 1

This power law is based on the assumption that quarrying works mainly by reactivation of existing
bedrock fractures (Iverson 2012), but it is important to note that quarrying models have significant
uncertainty, in particular due to the problem of up-scaling fracture mechanics to the spatial and
temporal scales of landscape evolution models (Ugelvig et al. 2016). The bedrock erodibility due
to quarrying can be adjusted by varying the constant 𝐾𝐾𝑞𝑞 , but it is uncertain how differences in
bedrock lithology, for example between alpine and foreland bedrock, influences this parameter.

For abrasion we follow Hallet (1979) in calculating the abrasion rate from the flux of debris
sliding across the bed times the shear stress, 𝜏𝜏𝑏𝑏 , at the bed. The flux of debris is computed from
the sediment concentration in the basal ice, 𝑐𝑐𝑠𝑠 , times the sliding speed, 𝑢𝑢𝑏𝑏 . By recording particle
tracks along the bed, we can also simulate the effect of debris comminution that reduce grain size
and angularity with travel distance. We represent these effects in the factor 𝑎𝑎𝑠𝑠 :
𝑒𝑒𝑎𝑎 = 𝐾𝐾𝑎𝑎 𝑎𝑎𝑠𝑠 𝑐𝑐𝑠𝑠 𝑢𝑢𝑏𝑏 𝜏𝜏𝑏𝑏

Eq. 2
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Here we thus utilize the sediment particle distribution to compute the availability of abrasive tools
and account directly for the link between quarrying and abrasion (Ugelvig & Egholm 2018).
Again, 𝐾𝐾𝑎𝑎 represents bedrock erodibility due to abrasion.

3.2.6

Isostasy

All models presented in this report include flexural isostasy in response to the loading of ice and
sediment as well as the unloading of bedrock removed by erosion. We used a lithosphere elastic
thickness of 20 km. The vertical deflection under the thickest ice reached 300 m in some models,
while the largest isostatic uplift due to erosion in overdeepenings was 150 m. Although the rock
uplift due to isostasy is significant, the influence of isostasy on ice dynamics and overdeepening
formation was modest in the models presented here, but nevertheless included for completeness.

3.3

New algorithms for englacial and subglacial sediment transport

In order to further develop ways of handling sediments in glacial landscape evolution models, this
pilot project involved the implementation and testing of new algorithms. First, the existing particle
model for debris-covered glaciers (see Section 2.4) was redesigned to work also in the subglacial
environment with interactions between particles and a layer of sediment covering the bedrock in
both glaciated and non-glaciated parts of the model grid.
The resulting particle model handles sediment transport in the ice, and the particles can exist
anywhere in the ice, but for this project focusing on subglacial erosion, particles form along the
bed and generally stay there until they reach the ice margin. A particle is formed when the
sediment thickness in a grid cell exceeds a certain threshold (in these experiments this threshold
was 1 cm), and if the basal ice has the ability to entrain and carry a particle (see below). Once the
particle has formed it starts to move with the ice. The exact starting position within the 500 ×
500 m grid cell is chosen randomly from a uniform likelihood distribution. We assumed that only
the products of quarrying produce subglacial sediment, because abrasion typically produce only
fine-grained material that is likely to be quickly flushed out of the glacial system by melt-water
streams (e.g., Hallet 1979). The sediment in a cell may thus be material just quarried from the
bed, or it may be older sediment from previous periods of ice cover – because sediment particles
can also be released from the ice along the ice margin or back into the subglacial sediment layer.
In order to estimate the particle carrying capacity of the basal ice, and thus the ice's ability to
entrain or deposit particles along the ice bed, we balance the rates of regelation of ice into the
granular subglacial sediment (Iverson 1993), 𝑣𝑣𝑟𝑟 :

𝑣𝑣𝑟𝑟 = 𝑘𝑘𝑟𝑟

𝑁𝑁
𝐻𝐻𝑠𝑠𝑠𝑠

and the rate of basal melting releasing sediment from the ice to the bed, 𝑣𝑣𝑚𝑚 :
𝑣𝑣𝑚𝑚 = 𝑘𝑘𝑚𝑚 𝐻𝐻𝑠𝑠𝑠𝑠 𝑚𝑚̇𝑏𝑏

Eq. 3

Eq. 4

Here 𝐻𝐻𝑠𝑠𝑠𝑠 is the effective thickness of sediment in the basal ice (the thickness of sediment
calculated from particles in the lower 10 m of the ice), 𝑁𝑁 is effective pressure (ice load minus
water pressure), 𝑚𝑚̇𝑏𝑏 is the rate of basal melting, while 𝑘𝑘𝑟𝑟 and 𝑘𝑘𝑚𝑚 are scaling constants. It should
be noted that, for completeness, a term for freeze-on of sediment to the basal ice could be added
to Eq. 3. Such a term should scale with the thermal gradient at the bed and would be of importance
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when cold ice propagates over a warmer bed. However, we have not added this term here, mainly
because in order to do the calculations correctly, the thermal model needs to extend into the
sediment below the ice with a high vertical resolution. This is outside the scope of the current
pilot project. Still, it could be part of future work, and existing studies of polythermal bed
conditions in the Swiss Alpine foreland would provide a good starting point (Cohen et al. 2018).
Eqs. 3 and 4 can be time-integrated independently to give a transient evolution of 𝐻𝐻𝑠𝑠𝑠𝑠 through
time, but tests showed us that time steps must be very small in order to obtain numerical stability,
and the coupled solution to Eqs. 3 and 4 obtains equilibrium relatively quickly when 𝑣𝑣𝑟𝑟 balances
𝑣𝑣𝑚𝑚 . Hence, it was more practical to develop a "carrying capacity" of the basal ice around this
balance, allowing entrainment of basal sediment if the ice carries below capacity, and forcing
sediments to be deposited if the sediment load exceeds the capacity – a similar concept of carrying
capacity is used by fluvial landscape evolution models (e.g., Braun & Sambridge 1997). The
carrying capacity of the basal ice, 𝐶𝐶𝑏𝑏𝑏𝑏 , can be obtained by equating Eqs. 3 and 4 and solving for
𝐻𝐻𝑠𝑠𝑠𝑠 :
𝑘𝑘𝑟𝑟 𝑁𝑁
𝑘𝑘𝑚𝑚 𝑚𝑚̇𝑏𝑏

Eq. 5

𝐶𝐶𝑏𝑏𝑏𝑏 = �

We note that this concept of a carrying capacity does not, in principle, work for cold-based ice
where 𝑚𝑚̇𝑏𝑏 = 0. In this case 𝐻𝐻𝑠𝑠𝑠𝑠 keeps growing and never reaches equilibrium, although the rate
of increase decays as 𝐻𝐻𝑠𝑠𝑠𝑠 increases. We handle this by limiting 𝑚𝑚̇𝑏𝑏 downwards to 10-6 m/yr in
Eq. 5, which still allows small amounts of basal sediments to be entrained in cold-based ice.

Once a particle forms and becomes part of the basal ice it starts to move with the ice. The ice
velocity is a three-dimensional vector, including vertical components arising from surface
accumulation/ablation, basal melting, and horizontal compression/extension. iSOSIA is a higherorder shallow-ice model solving for depth-averaged velocities. However, in order to include
velocity variations at depth within the ice, we adopted the standard assumption for shallow-ice
approximations that the horizontal ice velocity caused by viscous ice deformation decays as a
fourth-order polynomial down through the ice. The particle velocity parallel to the bed is then:
5

𝑧𝑧 4

𝑢𝑢
�⃗𝑝𝑝 (𝑧𝑧) = �1 − � � � 𝑢𝑢
�⃗𝑑𝑑 + 𝑢𝑢
�⃗𝑏𝑏
4
𝐻𝐻

Eq. 6

where 𝑢𝑢
�⃗𝑑𝑑 is the depth-averaged ice-deformation velocity vector and 𝑢𝑢
�⃗𝑏𝑏 is basal sliding; H is ice
thickness and z is the depth in the ice (z = 0 at the ice surface). The velocity vector is transferred
from the staggered-grid ice-velocity nodes to the position of a particle using bilinear interpolation.
Finally, the depth in ice changes in time due to the ice mass balance:
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝑧𝑧
𝐻𝐻

𝑧𝑧
𝐻𝐻

= �1 − � 𝑚𝑚̇𝑠𝑠 + 𝑚𝑚̇𝑏𝑏 + 𝑧𝑧𝜀𝜀̇𝑧𝑧𝑧𝑧

Eq. 7

where 𝑚𝑚̇𝑠𝑠 is surface accumulation (positive) or ablation (negative), as before 𝑚𝑚̇𝑏𝑏 is basal melting
(positive), and 𝜀𝜀̇𝑧𝑧𝑧𝑧 is the vertical strain rate (positive for ice thickening and negative for thinning).
The vertical strain is generally a consequence of horizontal extension and compression. The
particle position and depth in the ice is updated using forward Euler time-integration.
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Results from computational experiments

In this chapter, we present a set of computational experiments that, when compared, give us
insights into the role of, for example, topography, bed friction, and sediment transport in
controlling bedrock erosion in an alpine foreland. Most importantly, however, the computational
experiments serve to demonstrate the current status of iSOSIA as a tool for simulating the
evolution of such environments. As mentioned earlier in this report, it is not the aim here to give
a comprehensive account for all factors controlling overdeepening formation, and the results
presented here thus leave many questions unanswered for now. Still, the results serve as a platform
for designing future studies for digging deeper into the processes at play.
Tab. 4-1:

Overview of model experiments
All experiments were performed using a 160 × 120 km grid with cell size 500 × 500 m.
Model #

Climate
Erosion

Constant
Variable
Quarrying
Abrasion
Higher erodibility

Foreland modifications

Lower bed friction
Bed entrainment

Sediment deposition
Sediment creep
Subglacial sediment transport

Sediment deformation
By melt water

1

2

3

4

5

6

7

8

9

10
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The base model

The first model to present is Model 1, which we consider as the standard base model (see
Table 4-1 for overview of models presented). It does not include erosion, and climate is fixed
through time. The sea level mean annual temperature was calibrated to 1.5 °C resulting in an
appropriately sized ice lobe extending almost 100 km out into the low-relief foreland. The
simulation allows the ice to grow until a steady state configuration is reached after approximately
10'000 yrs (Figures 4-1 and 4-2).

Fig. 4-1:

Gradual growth of the ice cover until the steady state configuration is reached
The panels show ice cover after (A) 1'000 yrs. (B) 2'000 yrs. (C) 3'000 yrs. (D) 10'000 yrs,
respectively.

As evident, particularly from the flow lines in Figure 4-2C, is that the ice from the mountain
catchment mainly passes through two valleys on its way into the foreland. Here it forms a large
lobe that is divided into 4 – 5 sub-lobes directed mainly by variations in the low-relief foreland
topography.
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Fig. 4-2:
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Properties of the base Model 1 in steady state
The top row shows from left to right the bed topography (A), the distribution of ice (B), and
the ice with flow-lines (C). For row 2 and 3 the properties are labelled below the colour bar.
Note that the precipitation rate is set to 0.5 m/yr and hence this is also the maximum
accumulation rate in the mass balance (second row in the middle). Note also that the effective
pressure (F) is normalized by ice density times the acceleration due to gravity, and hence the
units are in equivalent ice thickness. Finally, the subglacial water flux shown in (I) are
computed by averaging subglacial water flux over one year.
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The ice thickness is up to 2'000 m in the main valleys inside the mountain topography, but in the
foreland ice thickness is smaller and on average around 700 – 800 m (Figure 4-2D). The entire
mountain area is within the accumulation zone and accumulation rates are here generally at the
level of the precipitation rate (0.5 m/yr). Ablation dominates in the foreland where ice surface
temperatures are higher (Figure 4-2E). The fastest flow is in the narrow passes from the mountain
area into the foreland. Here the ice flux is at maximum and both deformation rates and sliding
speeds are relatively high (Figure 4-2G+H). The upper parts of the smaller glaciers to the left
(west) of the foreland lobe also have relatively fast sliding.
In the next step (Model 2, Figures 4-3 – 4-6) we add subglacial erosion to the base model, and we
run it at fixed climate for 100 kyr. In response to subglacial quarrying, sediments now form under
the ice and these are transformed into particles in the basal ice. The particles are used as tools for
abrasion further down-ice. Quarrying and abrasion are thus coupled by the concentration of
particles, but there are no other sediment-transport mechanisms besides englacial particle
transport in this experiment. Also, when particles reach the ice margin they automatically
disappear from the grid. Other experiments (presented in Section 4.4), investigate the effect of
sediment deposition and transport. Without the influence of sediment transport at the bed, erosion
is production-limited in the base model, i.e., the rate of erosion is a consequence only of how fast
quarrying and abrasion can remove exposed bedrock.
It is important to note here, that this type of "standard" base model does not predict development
of major overdeepenings in the foreland, mostly because sliding velocities are modest in this area
(Figure 4-2H). It must also be noted that the pace of both quarrying and abrasion is scaled by
constants that are hard to constrain, in part because they depend heavily on the lithology and
fracture density of the bedrock. However, apart from in Model 3 presented next, we keep these
constants fixed in all experiments presented here, so that differences in depth of erosion are not
influenced by these constants.
Finally, we computed variations in bed and ice surface elevation along a flowline (Figure 4-5)
passing one of the largest overdeepenings in order to visualize the lowering of bedrock in one of
the overdeepenings (Figure 4-6). Note that the ice flow is mostly controlled by the gradient of ice
surface topography, and hence the ice surface profile along a flow line is smooth and continuously
decreasing in elevation along the profile, while the bed profile is much bumpier as the ice
sometimes flows uphill across bed ridges (Figure 4-6A). Note also that the exact position of the
flowline is recalculated for each experiment to match any change in the flow of ice.
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Fig. 4-3:
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Topography of the base Model 2 before (A) and after (B) 100 kyr of glacial erosion
It is difficult to see any difference, as only the small and steep valleys on the north-west side
of the mountains have deep erosion. In the foreland, bedrock erosion is limited to < 200 m
(see also Figure 4-4 for details of the depth of erosion).

Fig. 4-4:

Total depth of quarrying (A) and abrasion (B) in the base Model 2 experiment
Note the relatively high numbers (small patches of yellow colours) in the small glaciers to
the left of the main foreland lobe. Panel (C) shows the distribution of englacial sediment
particles at time 50 kyr, i.e., midways through the 100 kyr experiment. White colours indicate
ice cover without particles.
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Fig. 4-5:
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Configuration of the ice after 100 kyr of erosion in Model 2
The black line marks the flowline used for the longitudinal sections shown in Figure 4-6.
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Fig. 4-6:
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Longitudinal flow-line profiles from Model 2
(A) Ice thickness and bedrock elevation with the dashed blue line indicating the level of the
hydrological head. Dashed black and grey lines show elevations of the bed and ice surface
before erosion. (B) Surface and sliding velocities in the final stage of the simulation. (C)
Accumulated erosion (abrasion, quarrying, and total erosion). Note that the fastest ice flow
and the fastest erosion is located in the middle of the profile, near the foot of the mountains,
were the ice flux peaks. Still, the relatively flatter foreland has faster sliding and erosion than
the steep upper parts of the mountains. This is due to the higher melt-water flux in the
foreland, which increases cavities, reduces the ice-bed contact, and elevated sliding speeds
in this area. Note that in the final stages of the simulation, the ice has retreated due to
topographic lowering. Erosion between 150 and 155 km in (C) thus associates to earlier times
when the ice lobes extended further into the foreland. See Figure 4-5 for the position of the
flowline.
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Increased erodibility in the foreland

The simplest way to increase erosion locally is to adjust the erodibility by increasing 𝐾𝐾𝑞𝑞 and 𝐾𝐾𝑎𝑎
in Eqs. 1 and 2. The rationale for increasing the erodibility of the foreland region would be that
the softer sedimentary rocks in the foreland are more prone to quarrying and abrasion than the
granite bedrock within the Alps.
In Model 3, we hence increase both 𝐾𝐾𝑞𝑞 and 𝐾𝐾𝑎𝑎 by a factor of 4 in the foreland, and as expected,
this elevates erosion in this region (Figures 4-7 and 4-8). Quarrying now reaches levels of 400 m
(Fig 4-7A), abrasion 700 m (Fig 4-7B), and total erosion is up to 1'100 m (Fig 4-7C). Erosion is
focused mainly in the valleys where overdeepenings now form (Figure 4-8B). By comparing the
profiles from Model 2 (Figure 4-6) and 3 (Figure 4-9) we note that quarrying is increased roughly
by the same factor (4) used to increase both 𝐾𝐾𝑞𝑞 and 𝐾𝐾𝑎𝑎 , whereas abrasion is lifted more (almost
tenfold), because, apart from a higher value of 𝐾𝐾𝑎𝑎 , abrasion is boosted by the extra tools (factor
𝑐𝑐𝑠𝑠 in Eq. 2) made available by faster quarrying.

Fig. 4-7:

Depth of (A) quarrying, (B) abrasion, and (C) total erosion for Model 3 including
increased erodibility in the foreland area
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Fig. 4-8:
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Configuration of the ice in Model 3 after 100 kyr of erosion and the depth of
overdeepenings
(A) Configuration of the ice in Model 3 after 100 kyr of erosion. The black line marks the
flowline used for the longitudinal sections shown in Figure 4-9. (B) The depth of overdeepenings (the amount of fill needed to allow water to drain to the grid margin) produced by
Model 3.
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Fig. 4-9:
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Longitudinal profiles for Model 3 with increased erodibility in the foreland
See caption to Figure 4-6 for description. The dashed lines in (A) show the elevation of the
ice surface and ice bed before erosion. Note the large boost in abrasion (compare red curves
in Figures. 4-6C and 4-9C), which is in part due to the large availability of abrasive material
produced by quarrying.
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Reduced bed friction in the foreland

After testing the most trivial way to increase glacial erosion in the foreland (higher erodibility),
we searched for other model configurations that more indirectly lead to overdeepenings in the
foreland. Among other things, we experimented with the balance between quarrying and abrasion,
with variations in bed friction, and we used erosion laws that depend on melt-water flux and
effective pressure. Several of these mechanisms have the potential to form overdeepenings, but
here we focus, via selected experiments, on variations in bed friction.
Variations in bed friction are again motivated by the change in bedrock lithology from granites
in the steep mountains to sedimentary rocks in the lower-relief foreland. Both the change in rock
type and the change in local relief may lower the friction between the basal ice and the bedrock.
Firstly, bed roughness at a spatial scale below cell resolution (250 – 500 m) influences the
resistance of the bed to subglacial sliding, and secondly, bedrock strength controls the maximum
shear stress at the ice-bed interface. At bed shear stresses matching the bedrock yield stress, we
can expect the bed to deform or fail along foliations and fractures.
In the next model presented (Model 4) we therefore lowered the bed friction by a factor of 4 in
the foreland area. The erodibility is now again uniform, and the variation in bed friction is the
only difference between Model 4 and the base Model 2.
Due to the lower bed friction, sliding speeds increase and reach a higher level (up to 60 m/yr) in
the foreland area (Figure 4-10A). The faster sliding naturally accelerates quarrying and abrasion,
mainly in the valleys of the foreland (Figures 4-10B+C) where overdeepenings develop
(Figure 4-11). The overdeepenings generally follow the valleys from the start of the foreland lobe
to the ice margins, and they are deepest roughly halfway out. Here they become up to 600 m deep
during the 100 kyr experiment (Figure 4-11C).

Fig. 4-10:

Sliding speed (A), depth of quarrying (B) and abrasion (C) in Model 4 with reduced
foreland friction
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Like the previous models, Model 4 does not include sediment deposition and transport, and hence
it is also a production-limited model. As in the base model, it is therefore mainly variations in
sliding speed that determines erosion, and the overdeepenings are thus a direct consequence of
the reduced bed friction. Figure 4-11 shows the Model 4 landscape before and after glacial erosion
in an oblique view from north-east. Also presented in this figure is the depth of the overdeepening,
calculated as the fill needed to allow water to spill out of the overdeepenings and continue its flow
to the grid edge. The depth of an overdeepening is thus defined here as the lake water depth if the
overdeepenings were filled with water. From this, it is evident that the overdeepenings in this
Model 4 reach all the way from the mountain front to the ice margin (Figure 4-11C).
The patterns of erosion, and the depth of overdeepenings, in Model 4 (Figures 4-12 and 4-13) are
very similar to those of Model 3 that have increased erodibility instead of reduced bed friction.
The reason for the similarity is the linear influence of sliding speed in the erosion laws (Eqs. 1
and 2) and the fact that the same factor of 4 was used to adjust both bed friction and erodibility.
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Fig. 4-11:
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Oblique view (from North-East) of Model 4 before (A) and after (B) glaciation
Panel (C) shows the depth of the overdeepenings - that is the amount of fill needed to allow
water to drain to the grid margin.
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Fig. 4-12:
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Ice configuration in the beginning (A) and end (B) of Model 4 run
The flowline (black) was used to compute the longitudinal profiles presented in Figure 4-13.
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Fig. 4-13:
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Longitudinal profiles for Model 4 with reduced bed friction in the foreland
See caption to Figure 4-6 for description. Note the similarity with the profiles of Model 3
(Figure 4-9), which is due to the fact that bed friction in the foreland is reduced by the same
factor as used to increase erodibility within Model 3.
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Transport-limited glacial erosion

We next increase complexity by activating sediment deposition under the ice, by allowing
particles in the ice to transform into sediments at the bed when the load of sediments in the basal
ice exceeds the carrying capacity (Eq. 5). This sediment at the bed then reduces bedrock erosion
by the following shielding factor:
𝑠𝑠(𝐻𝐻𝑠𝑠𝑠𝑠 ) = 𝑒𝑒 −𝐻𝐻𝑠𝑠𝑠𝑠/𝐷𝐷

Eq. 8

where 𝐻𝐻𝑠𝑠𝑠𝑠 is sediment thickness at the bed and 𝐷𝐷 is a characteristic length scale that we set to
2 m. The main motivation for using this exponential shielding factor is that sliding velocities are
expected to decay exponentially from the ice bed into the sediment. The consequence of the
shielding factor is that subglacial erosion stalls in areas where sediments accumulate to thicknesses > 2 m under the ice, and continued erosion thus depends on the ability of sediment transport
processes to move sediments away – we then say that erosion is transport limited.
We implemented three different subglacial transport mechanisms:
•

•

•

Gravitational creep: downwards flow of sediments due to gravity. This flow follows a
simple linear diffusion model with sediment flux, 𝑞𝑞𝑠𝑠 = −𝜌𝜌𝜌𝜌𝑘𝑘𝑐𝑐 ∇𝑏𝑏. The sediment thus slowly
creeps downhill, both in the ice-free part of the landscape and under ice. In the latter case
(under ice), the density of the sediment (𝜌𝜌 = 2′300 kg/m3) is reduced by subtracting the
density of ice and the creep thus acts slower than outside the ice.
Subglacial deformation: As ice slides over sediment, it deforms the sediment and forces the
upper parts to move in the same direction as the ice. For this we coupled iSOSIA to a new 1D
granular model capable of simulating stick-slip movement of sediment under the influence of
melt water pressure variations (Damsgaard et al. 2015, 2016, 2020). The status of this work
is very experimental, but preliminary results are promising.

Melt-water transport: As melt water accumulates at the bed and starts to flow towards the
ice margin it can carry subglacial sediments along. We assume that the flux of sediment,
𝛼𝛼
𝑞𝑞𝑠𝑠 , scales nonlinearly with the water flux, 𝑞𝑞𝑤𝑤 : 𝑞𝑞𝑠𝑠 = 𝑘𝑘𝑤𝑤 𝑞𝑞𝑤𝑤
. Measurements suggest that the
exponent 𝛼𝛼 may be up to 3 (Swift et al. 2002), but we assume 𝛼𝛼 = 1 in these preliminary test
– just to keep things simple initially.

These modules for subglacial sediment transport provide new tools to study how sediment
transport may influence the position and development of overdeepenings. However, here we are
limited to only showing a few examples demonstrating some first-order effects.
The following figures show the outcome of four different models with different modules of
subglacial transport enabled (Fig. 4-14).
1. Model 5: No subglacial transport enabled – only englacial sediment transport allowed
2. Model 6: Only gravitational creep enabled
3. Model 7: Gravitational creep + subglacial deformation enabled
4. Model 8: Gravitational creep + subglacial deformation + melt water transport enabled
We note that all of these transport-limited models build on Model 4 with reduced bed friction in
the foreland, and that bed erosion still operates by quarrying and abrasion (Eqs. 1 and 2).
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Fig. 4-14:
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The temporal evolution of grid-averaged subglacial sediment flux for
Models 6 (black), 7 (red) and 8 (blue)
Note that the sediment flux rises as more components of transport are added. The local peak
in flux around 25 – 30 kyr marks the time when the ice lobe reaches its maximum extent.
Model 5 is not shown here because it has zero subglacial sediment flux.

The four models show some differences in depth of overdeepenings (Figure 4-15) and sediment
distributions (Figure 4-16). Model 5 is the most transport limited, as it has no subglacial transport
(only englacial transport), and Model 6, including only sediment creep, is not much different from
Model 5 (Figure 4-15A+B and Figure 4-16A+B). Models 7 and 8 have more subglacial transport
and Model 8 is clearly the model with least influence of sediment accumulation on erosion. Due
to its efficient sediment transport by meltwater, subglacial deformation, and gravity creep, Model
8 mostly resembles Model 4 that was without deposition and transport of sediments. The model
where subglacial deformation dominates the subglacial sediment transports (Model 7) stands out
the most (Figure 4-15C and 4-16C). It has overdeepenings at more distal positions, and at least
the western set of overdeepenings are truncated abruptly in the up-ice direction. Answering why
this is so, and if the result is robust to variations in other model parameters, requires further
investigations. The subglacial deformation module is different from the other modules in the way
that subglacial deformation also influences ice dynamics, i.e., we assume that subglacial
deformation also drives flow of the ice above the sediments.
The flowline profiles (Figures 4-17 – 4-20) also show differences, particularly in the balance
between quarrying and abrasion along the profiles. These differences reflect the highly complex
role of sediments in driving abrasion on the one hand and protecting the bedrock from erosion on
the other hand. This complex dependence of erosion on sediment transport dynamics leads to
significant differences in erosion patterns even if ice cover and ice flow remain the same.
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Fig. 4-15:
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Depth of overdeepenings in (A) Model 5, (B) Model 6, (C) Model 7, and (D) Model 8
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Fig. 4-16:
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Sediment thickness in (A) Model 5, (B) Model 6, (C) Model 7, and (D) Model 8
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Fig. 4-17:
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Longitudinal profiles for Model 5 with sediment deposition, but no subglacial
transport (only englacial transport)
See caption to Figure 4-6 for further description. The green colour in (A) represents sediment.
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Fig. 4-18:
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Longitudinal profiles for Model 6 with subglacial sediment transport by sediment
creep only
See caption to Figure 4-6 for further description. The green colour in (A) represents sediment.

NAGRA NAB 22-17

Fig. 4-19:
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Longitudinal profiles for Model 7 with subglacial sediment transport by sediment
creep and sediment deformation
See caption to Figure 4-6 for further description. The green colour in (A) represents sediment.
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Fig. 4-20:
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Longitudinal profiles for Model 8 with subglacial sediment transport by sediment
creep, sediment deformation, and melt-water transport
See caption to Figure 4-6 for further description. The green colour in (A) represents sediment.
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Bed erosion by sediment entrainment

In order to pursue the influence of foreland sediments further, we also investigated cases where
erosion of the bed in the foreland is not driven by quarrying and abrasion, but instead by the same
processes that allow ice to entrain granular sediment. The motivation for this type of experiment
is the end-member situation where the foreland sediments are so soft and disintegrated that typical
bedrock erosion mechanisms (quarrying and abrasion) do not need to be invoked. In this case, the
ice can readily entrain the foreland bed materials if it has the transport capacity to do so. Model 9
presents such a case (Figures 4-21 and 4-22), building directly on Model 8 with subglacial
transport by creep, deformation and melt-water enabled. Unlike for Model 8, bed friction in the
foreland is not reduced, and so the possibility of entraining bed material without first invoking
quarrying and abrasion is the only modification made to the foreland properties.
We note that overdeepenings clearly develop, and with the transport capacity available here they
quickly grow deep, reaching > 1'000 m depth before the 100 kyr experiment ends. The
morphology of the overdeepenings are linear and clearly linked to the flow paths of the ice. The
distribution, depth, and morphology of the overdeepenings are highly sensitive to the transport
capacity of the ice and in the subglacial regime, and this experiment includes three types of
subglacial transport mechanisms (sediment creep, sediment deformation, and transport by melt
water). Consequently, the experiment is heavily parameterized and a thorough study of overdeepening development would require many experiments and, as far as possible, data-driven
calibration of parameters.
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Fig. 4-21:
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Development of overdeepenings in Model 9
Here, bed erosion does not depend on quarrying and abrasion. Instead, ice can readily entrain
bed material if it has the sediment transport capacity to do so. The panels show transparent
ice cover and bed topography after (A) 10'000 yrs, (B) 20'000 yrs, (C) 40'000 yrs, (D)
60'000 yrs, (E) 80'000 yrs, and (F) 100'000 yrs, respectively.
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Fig. 4-22:
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Depth of overdeepenings in Model 9 after (A) 10'000 yrs, (B) 20'000 yrs,
(C) 40'000 yrs, (D) 60'000 yrs, (E) 80'000 yrs, and (F) 100'000 yrs, respectively
The times shown match those of Figure 4-21. Note that widespread and shallow
"overdeepenings" develop quickly in (A) and (B). These are not due to subglacial erosion,
but form because of isostatic back-tilting of the landscape under the load of the ice in the
mountains. River bed-slopes are then reversed and lakes must form to allow continued
drainage of water away from the mountains. These lakes are also registered as
overdeepenings because of the way that we compute overdeepening depth: as the vertical
distance from the bed to the lowest spill point. It should be noted that all experiments
presented show this behaviour.
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Transient simulations

The simulations presented so far have steady-state climatic boundary conditions with a fixed sealevel mean-annual temperature (at 1.5 °C). However, glaciations of the Alps were never in steady
state as the climate always varied during the Quaternary. As a consequence, the distribution of
ice was not the same for long, and the present overdeepenings in the Swiss foreland likely
developed over multiple glaciations.
In order to take first steps towards understanding the influence of climatic transience on
overdeepening formation, we show here the results of one simulation (Model 10). It operates with
40 kyr glacial cycles where the sea level temperature is simply varied between 7 °C during
interglacials and 1 °C during glaciations. During the coldest periods the margin of the foreland
ice lobe reaches approximately the same position as in the previous steady state models. In the
warmest periods of the interglacials only few small glaciers exist around the highest topography.
The simulation ran for 7 glacial cycles or 280 kyr. It is important to note that the 40 kyr cycles,
matching primarily the early Quaternary climate variation, were chosen mainly for computational
efficiency. The cycles could also have been 100 kyr, reflecting better the Late Pleistocene climate
variation, but the result would have been the same in terms of overdeepening development and
long-term topographic feedback.
The final result of the simulation is shown in Figure 4-23. It has overdeepenings, but they are
primarily positioned relatively close to the mountain range (Figure 4-23A) - only a few minor
overdeepenings exist in more distal positions (Fig 4-23B). Overall, the balance of erosion is
somewhat shifted away from the foreland and into the mountains, simply because the ice only
spends a fraction of the total simulation time in the foreland, and much longer in the higherelevation topography.
The final distribution of sediments in the landscape shows more complexity than for the steady
state simulations (Figure 4-23B). Here multiple moraine-complexes are visible, and they associate
to different ice advances.
In addition to the final results of the simulation (Figure 4-23), it is worth looking at the temporal
evolution (Figures 4-24 and 4-25) to see how erosion influences the mass balance and the size of
glaciations. Here we note that glaciations become progressively smaller over time, even for
perfectly periodic climatic forcings (Figure 4-24). This effect is due to erosion that lowers the bed
topography and shifts larger and larger parts of the landscape from the accumulation zone into
the ablation zone.
In consequence to lowering of topography, average erosion rates also decay over time
(Figure 4-25). However, we note that rates of erosion do not necessarily decrease everywhere, as
erosion typically focuses over time, accelerating in troughs and overdeepenings and decelerating
in areas in between.
The average rate of subglacial transport increases with time and become more variable. This is
because sediments gradually accumulate in the landscape and every new glaciation thus overrides
and remobilizes some of the deposits from older glaciations.
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Results from the transient Model 10
(A) The final landscape after 7 glacial cycles. (B) The distribution of sediments in the final
stage. Note the complexity of multiple moraine complexes. (C) The depth of the resulting
overdeepenings.
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Fig. 4-24:
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The climatic forcing as black curve
The forcing is normalized and reversed on the axis such that forcing = 1 is the cold glaciations
and forcing = 0 is warm interglacial. The red curve shows the grid-averaged ice thickness
over time. Note how variations in ice volume are lagging behind the climatic forcing due to
transients imposed by mass balance and ice dynamics, and how the glaciations become
smaller over time due to the feedbacks from erosion that lowers topography.

Fig. 4-25:

Variations in mean erosion rate and mean subglacial sediment transport over time
The red and blue curves represent rates of quarrying and abrasion respectively, and these
rates become smaller over time, in part due to the smaller ice cover. However, sediments also
build up in the landscape and every glaciation needs to mobilize more and more sediment to
access the bedrock. The green curve represents the subglacial sediment flux.
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Discussion of results

The computational experiments presented in this report were designed with the purpose of testing
iSOSIA's ability to simulate overdeepening development in low-relief foreland settings. Hence,
priority was given to presenting a wide range of experiments rather than pursuing the mechanisms
and behaviour of one particular type of experiment. In order to fulfil this objective, we increased
the capacities of the existing modelling platform provided by the ice-sheet model iSOSIA by
developing new algorithms for subglacial sediment transport and deposition. The sediment
transport models are based on Lagrangian particle movement, which allows for tracing materials
and furthermore reduces numerical diffusion.
As a first result, our base experiments (Models 1 – 2, Figures 4-1 – 4-6) show that glacial
landscape evolution models operating with standard modes of bedrock erosion by quarrying and
abrasion do not predict rapid development of foreland overdeepenings if bed properties in the
foreland are similar to those in the higher-relief mountains. Overall, rates of erosion are unlikely
to be faster in the low-relief foreland than in the higher-relief mountains, where the steeper valley
profiles lead to faster ice flow and higher bed stress. However, it is important to note that, given
enough time, even slow subglacial erosion will lead to foreland overdeepenings because of the
simple fact that ice cover is restricted, and glacial erosion is hence local by nature (Figure 4-4).
Still, the pronounced overdeepenings in the Swiss Alpine foreland suggest that subglacial erosion
was relatively fast here, particularly when considering that ice was only present in the distant
foreland during short periods of maximum ice cover. It thus seems natural to assume that special
foreland conditions accelerated subglacial erosion (Fischer et al. 2021).
The first of such special foreland conditions tested was increased erodibility of the foreland
bedrock (Model 3, Figures 4-7 – 4-9). This simple modification, motivated by the presence of
softer sedimentary rocks in the foreland, naturally leads to faster erosion in the foreland and
overdeepenings thus develop (Figure 4-8B). We note that, although this experiment seems almost
trivial, it highlights the nonlinear behaviour of tool-driven glacial erosion, where rates of abrasion
jump by a ten-fold increase, even if erodibility and rates of quarrying is only increased by a factor
of four (compare Figures 4-6 and 4-9, Ugelvig & Egholm 2018).
The second modification made to the foreland properties was reduction of basal friction (Model 4,
Figures 4-10 – 4-13). Again, the motivation for this modification comes from bedrock weakness
and the smoother bed topography compared to the rugged mountain areas. The decreased bed
friction leads to faster basal sliding and, in turn, faster quarrying and abrasion, simply because
basal sliding is a primary parameter used in the models for subglacial erosion (Eqs. 1 and 2). In
terms of overdeepening development, the result of the lower friction experiment (Model 4) is very
similar to the higher erodibility experiment (Model 3). The two models are strikingly similar
(Figures 4-7 and 4-10) because, like erodibility, basal sliding has a linear influence on rates of
bedrock quarrying and abrasion. The direct effects of either increasing sliding speed by reducing
basal friction or increasing bedrock erodibility are thus to a large degree identical, although we
note that, unlike variations in erodibility, faster sliding also influences the ice dynamics and the
ice thickness distribution in the foreland. However, these effects seem only to play modest roles
in Model 4 as ice distribution is very similar to that of Model 3.
The experiment with overdeepening formation due to decreased basal friction (Model 4) was used
as a platform for testing first-order effects of sediment deposition and subglacial sediment
transport (Models 5 – 8, Figures 4-14 – 4-20). As soon as sediment deposition is allowed, the ice
not only has to produce bedrock erosion, it also has to move the sediments away in order to allow
continued erosion. Depending on the efficiency of the sediment transport, the patterns and rates
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of erosion may then change from being production limited, i.e., limited by how fast quarrying and
abrasion can produce sediment from bedrock, to be transport limited. This part of the study was
rather experimental, mainly due to the combination of many newly developed components and
the numerous uncalibrated parameters entering the transport laws. As consequence, the
conclusions drawn from this part are preliminary. Yet, the experiments clearly demonstrate that
subglacial sediment transport can play a major role for determining the position and depth of
overdeepenings (Figure 4-15). Also, while ice dynamics and topographic slope enforce upper
limits to sediment flux in the experiments including subglacial deformation and sediment creep
(Models 6 and 7, Figure 4-16A-C), sediment transport by subglacial melt water (Model 8,
Figure 4-16D) can be parameterized to effectively clean the bed of sediment. It is thus a major
challenge for future work to constrain the transport parameters used. The experiments including
sediment deposition and transport also simulate how the ice models form moraine systems as well
as more distributed till sheets (Figure 4-16). These patterns of deposition may represent important
new ways of constraining models by comparison with observations and measurements.
Model 9 was designed as an end-member model for transport-limited erosion. In this model,
bedrock erosion by quarrying and abrasion is not needed in order to transform bedrock into
sediment, and all bedrock material in the foreland can readily be entrained in the ice or transported
in the subglacial environment. Again, the sedimentary nature of the foreland bedrock provides
the motivation for this type of experiment. The outcome is a set of overdeepenings with depths
exceeding 800 m. The overdeepenings are more linear in shape than the overdeepenings of
previous experiments and they tend, in cases, to be aligned with flow lines within the ice lobes.
The reason for this is the extreme dependency on transport capacity, which varies with the
volumes of sediment in the ice and in the subglacial environment. A range of experiments could
be unfolded here to study the isolated influence of the different transport mechanisms, but this is
outside the scope of the present study. Furthermore, before such studies were to be initiated the
relevance of this type of experiment needs to be evaluated against existing knowledge of the
foreland erosion mechanisms.
The final type of experiment presented in this report has a transient climate forcing, introducing
a series of identical glacial cycles (Model 10). Although this experiment is clearly at a higher
level of complexity, it shows some important first-order patterns of erosion and sediment transport
through time. First of all, the ice distribution gradually decreases in response to the topographic
change driven by erosion. This happens because, as the bed topography lowers, the area of the ice
accumulation zone decreases and the ice is thus bound to get smaller from one glacial cycle to the
next, provided that climate conditions are similar. We note that the Late Pleistocene glacial cycles
did most probably not become smaller over time, but long-term gradual climatic cooling likely
influenced this evolution. While ice cover and rates of erosion decrease over time (Figures 4-24
and 4-25), the grid-averaged sediment flux increases from one glacial cycle to the next. This effect
is due to the fact that transportable sediment builds up in the landscape, and moraines, till sheets,
and overdeepening deposits left by the previous glaciations are typically remobilized in the next
glaciation. After the seven glacial cycles, the patterns of glacial erosion show more erosion in the
mountains than previous experiments, simply because the time-integrated ice cover is larger here
than in the foreland where ice covers the topography only during the coldest periods of each
glacial cycle.
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Future perspectives and conclusions

The present pilot study aimed at demonstrating and documenting existing capacities of iSOSIA
to model overdeepening formation in a distal foreland setting. The experiments demonstrate that
overdeepenings can be generated in a number of ways, in particular when special bedrock
properties that accelerate subglacial erosion are taken into account, such as increased erodibility
or reduced friction (Fischer et al. 2021). Landscape evolution models thus provide a useful
platform for integrating multiple processes and glacial/interglacial time scales in computational
experiments addressing overdeepening formation and evolution.
The main challenge for this strategy is that the modelled processes are typically associated with
a number of poorly constrained parameters. This limits the predictive capacity of the model
experiments, and experiments are most often designed to explore first-order processes and
feedbacks that are robust to variations in the input parameters. The poorly constrained parameters
in the experiments presented here associate to ice dynamics (mainly basal sliding), bedrock
properties (yield strength, fracture density, roughness and frictional resistance), subglacial erosion
(both quarrying and abrasion), glacial hydrology, and englacial/subglacial sediment transport. In
all experiments, parameters were chosen using a phenomenological approach where parameters
are tuned to give rates of erosion and rates of sediment transport that seem reasonable, given what
we know about average rates of glacial landscape evolution (i.e., rates of erosion in order of 0.1 –
10 mm/yr). Another important aspect of subglacial processes relates to the polythermal nature of
the ice-bed interface (Cohen et al. 2018, Fischer et al. 2021), which has not been addressed by
this report.
Future studies may be able to tackle the problem of the many unconstrained parameters by e.g.,
incorporating enough observations and measurements to constrain a set of parameters, or by
embracing the parameter uncertainty in a stochastic-model approach that uses a large set of
randomly parameterised models to map out the resulting variation in overdeepenings. Future
studies may also choose to focus on separate aspects of overdeepening formation that have not so
far been studied using landscape evolution models. The sediment-transport models included in
this report's model experiments are novel and provide a platform for new studies of how different
sedimentary processes in the subglacial environment conspire to form glacial landforms in lowrelief sedimentary glacial beds.
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