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ABSTRACT 

 During the last 2.6 million years of the Quaternary, multiple glacial/interglacial periods have 

taken place following climatic oscillations, mostly triggered by orbital changes, tectonics and 

fluctuations in patterns of oceanic and/or atmospheric circulation. Quaternary glaciations have left 

remarkable imprints at the Earth’s surface, especially in Alpine regions where lakes, hanging waterfalls 

and steep mountain valleys offer evidences of the impact of glacial dynamics on landscapes. Climate 

is probably one of the main controlling mechanisms in alpine landscape evolution, significantly 

influencing denudation rates throughout the Quaternary.  

 In this thesis, I quantitatively investigate the connections between climate and glacier dynamics, 

with a focus on subglacial erosion, aiming to comprehend modern to paleoglacial systems and involved 

physical processes acting in alpine settings. Despite scientific efforts over the last decades, the spatial 

patterns of (sub)glacial erosion and the timescales over which they develop are still under debate and 

poorly constrained. To address this issue, I used a combination of geoprocessing tools, numerical 

simulations (based on the ice-flow model iSOSIA) and geochronological dating to explore ice 

dynamics and the complex patterns of (sub)glacial erosion in relation to climatic forcing and other 

potential controlling factors such as bedrock resistance, topographic/drainage settings and subglacial 

hydrology, between the different sectors of a temperate alpine glacier. I also extracted morphometric 

data from Quaternary overdeepenings (ODs) in the Swiss Alpine foreland, which are major erosional 

features in paleo-glaciated regions, and compared ODs metrics with predictions from numerical 

experiments in order to better understand their distribution and evolution in space and time.  

 Outcomes from ice-flow simulations highlight the role of subglacial hydrology in dictating 

patterns of subglacial erosion, while erosion magnitudes and ice geometry are conditioned by ice flux and 

climate inputs (temperature and precipitation forcing). Significant differences were observed between the 

accumulation and ablation zones of the glacier, both in terms of glacier geometry and subglacial erosion, 

evidencing contrasting impacts of climate forcing on the accumulation/ablation areas. My results also 

suggest that ice-flow context and bedrock lithology play a major role in controlling the development of 

subglacial erosional features, with larger, wider and shallower overdeepenings within low-resistance 

bedrock of the foreland region. Besides, both ODs data and numerical simulations support headward 

subglacial erosion, with ODs initiating from multiple small nested valleys and evolving into bigger and 

connected features, driven by either changes in climate and/or over multiple glaciations. The original 

approach with combined methodologies and the results presented in this thesis are providing new 

insights into our understanding of the complex patterns and mechanisms of (sub)glacial erosion, 

with potential implications for landscape evolution (including development of overdeepenings) and 

paleo-climate reconstructions.  
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GENERAL INTRODUCTION 

 
 
 
 This general introduction, with a simplified language and broader view, aims to 

shade light on the main topics covered in this thesis. I begin by outlining my own 

motivation for the present work, which is further developed within a scientific context in 

the next section where a general literature overview is given. Subsequently, I present the 

scientific and methodological (specific questions and methodological approach) and 

philosophical (broader and multi-disciplinary implications of the present thesis, not 

directly addressed in the chapters) questions and objectives, separated based on the 

different chapters. Finally, the general organization of this work is presented and 

summarizes each of the chapters so as to allow a direct overview on the structure of the 

thesis.  
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1.1 Motivation of the thesis 

Glaciers have the capacity to quickly and effectively alter the Earth’s surface trough 

erosional and sedimentary processes, and illustrate their powerful force (e.g. Prasicek et 

al., 2015; Hallet et al., 1996; Davis, 1906; Penck, 1905) when triggered by changes in 

climate, resulting in widespread glaciations (e.g. Hughes & Gibbard, 2018). On the other 

hand, glaciers are also particularly sensitive and can provide direct evidence for response 

to climate change. Throughout our existence, the links between climate, life and landscape 

occupation became obvious for migrations, resources and human survival (IPCC, 2014).  

The complexity of the bio-geochemical and geo-physical feedbacks involved in 

glacier dynamics and the different time scales are, nevertheless, hard to fully put together 

and accessing of areas under modern ice present an even greater challenge. Fortunately, 

during the last decade numerical simulations became increasingly sophisticated and able 

to combine several interacting processes and non-linear systems (e.g. Pedersen et al., 2014; 

Egholm et al., 2009; Tomkin, 2009; Herman & Braun, 2008; Kessler et al., 2006). This 

improvement allowed to run large-scale/long experiments and test the behavior of glaciers 

under a wide gamma of forcings (climate, tectonics, erosion, sediment transport; e.g. 

Egholm et al., 2012) and to compare with geomorphological landforms and geological 

evidences. Ultimately, this approach helps to better establish a broader understanding of 

the impacts of glaciers in shaping Earth’s surface through time and to provide more 

accurate quantitative constraints for future projections and mitigation.  

The present thesis, therefore, is motivated by a desire to improve and fill the gap 

on the understanding of modern to paleoglacial system dynamics in alpine settings, where 

glaciers are conspicuous agents of landscape evolution but also particularly vulnerable to 
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climate change and provide important resources for our societies. I specifically aim to 

explore the connections between climate and glacier dynamics, with focus on quantifying 

the spatial patterns of subglacial erosion and comparing numerical simulations with 

present-day features in alpine landscapes such as overdeepenings (e.g. Patton et al., 2016). 

These erosional features have been excavated below the regional sea/fluvial base level and 

are still very poorly studied and understood (Cook & Swift, 2012), although they present 

important potential for water resources and a high preservation potential of 

sedimentological records due to their large accommodation space, providing in turn better 

constraints and insights into paleo-glaciers behavior. 

The following sections will introduce the foundations of the thesis topics and main 

aspects concerning glacier dynamics, subglacial erosion and ice numerical simulations.  

 

1.2 Literature overview  

1.2.1 Glaciations and climate in the Alps during the Quaternary  

The European Alps consist on an asymmetric mountain range resulting from the 

collision between the European and Adriatic lithospheres since the Eocene-Oligocene (e.g. 

Schmid et al., 2004). The alpine topography is strongly controlled by tectonic 

lineaments/structures, lithology and water/ice drainage paths. The Central European Alps 

are characterized, broadly, by six major tectonic/lithological zones, in which the Molasse 

Basin and nappe complexes (e.g. Helvetic, Penninic, Austroalpine and Southalpine zones) 

are included. The Molasse Basin consists of clastic sediments from Oligocene to Miocene 

deposited on the Swiss Alpine foreland, while nappe complexes are comprised mainly by 

crystalline rocks, metassediments, gneisses and sedimentary covers (e.g. Kühni & Pfiffner, 
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2001).  The European Alps experienced several glaciations during the Quaternary period 

(e.g. Preusser et al., 2011; Penck, 1905) leaving both erosional imprints on the landscape 

such as U-shaped valleys, hanging walls or overdeepenings and depositional landforms 

such as moraines. More specifically in the Central Swiss foreland, based on 

geomorphological observations and litho-stratigraphical models, several authors proposed 

that glaciers reached the lowlands at least 15 times during the Quaternary Period 

(e.g. Preusser et al., 2011; Ivy-Ochs et al., 2008; Schlüchter, 1988).  

The reconstruction of these glaciations and their impact on the landscape is 

challenged by discontinuous and often poorly preserved records, as well as complex 

sequences altered by repeated cycles of poorly constrained erosion-sediments-climate 

interactions (e.g. Ehlers & Gibbard, 2007). Putting together all the data pieces for a clear 

final picture is often puzzling. Besides, during interglacials, a gradual transition between 

glacial to postglacial and periglacial processes take place (e.g. French, 2007), altering once 

again the alpine landscape with a new combination of depositional and erosional features. 

Although several factors might influence the final Alpine topography and its elevation 

distribution (e.g. Sternai et al., 2019; Fox et al., 2015), climate is a primary forcing 

mechanism on surface processes during the Quaternary (Kühni & Pfiffner, 2001).  

The last glacial cycle (i.e. the last around 100 ky) consequently, is the one to provide 

the best constraints for paleoclimate reconstructions (e.g. Preusser et al., 2011). The Last 

Glacial Maximum (LGM), peaked around 20 ky ago, when glaciers were at their global 

maximum extent and also covered a large area of the Swiss Foreland (e.g. Preusser et al, 

2011; Bini et al., 2009). However, global paleoclimate data (mostly derived from marine 

isotopes and polar ice-sheets; e.g. Huber et al., 2006; Lisiecki & Raymo, 2005) often do 
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not fit regional glacial response to climate due to local variability, including local 

topography and climatic conditions (e.g. Norton & Hampel, 2010; Kessler et al., 2006), 

long-term climatic changes (Oerlemans, 2005, 1989) as well as internal climate variability 

(Roe, 2011; Roe & O’Neal, 2009).  

Within the European Alps setting, a post-LGM reduction in the moisture supply 

from the Mediterranean (e.g. Monegato et al., 2017; Wirsig et al., 2016; Luetscher et al., 

2015; Florineth & Schluchter, 2000) together with a globally increasing temperature 

initiated general glacier retreat across the Alps (Wirsig et al., 2016). Scientific studies on 

post-LGM reconstruction in the Alpine foreland suggest that ice retreat started at 24-19 ky 

(e.g. Ivy-Ochs et al., 2004), following LGM climatic conditions associated to potential 

change in atmospheric circulation patterns (Kuhlemann et al., 2008; Florineth & 

Schlüchter, 2000), with numerical simulations indicating a decrease of 20% in precipitation 

rates and temperature drop of around -12oC compared to present-day (Becker et al., 2016). 

Glacier retreat, however, was far from continuous and present several re-advances, 

called Alpine Lateglacial stadials (e.g. Ivy-Ochs et al., 2007), which can be dated using 

geochronological methods. Local paleoclimate proxies such as oxygen isotopes in 

speleothems, lake sediments or paleo-lake levels (e.g. Mey et al., 2020; Heiri et al., 2014) 

can thus be used to better constrain paleoclimatic conditions in comparison with 

paleoglacial records. Other techniques can also provide constraints on paleoglacial extent 

and thickness (e.g. Wüthrich et al., 2018; Ivy-Ochs et al., 2004). The combination of these 

paleoclimate proxies with numerical modelling can significantly improve our 

understandings on ice dynamics, climate interactions and landscape evolution (e.g. Mey et 

al., 2020; Višnjević et al., 2020; Seguinot et al., 2018).  
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1.2.2 Glacial erosion and overdeepenings in the Swiss Alpine foreland 

The rates of denudation on a global scale are directly related to climate (e.g. Herman 

et al., 2013; Kuhlemann et al., 2002). Not only sedimentary records (Zhang et al., 2001) 

but also relief evolution based on latitudes (Champagnac et al., 2014) suggest that erosion 

accelerated during the last ~2 My (Herman et al., 2013). Besides, several studies reinforced 

the potential of glaciers to erode mountain ranges within few glacial cycles, strongly 

suggesting that glacial erosion is a dominant process controlling Quaternary mountain 

evolution (e.g., Egholm et al., 2011; Brocklehurst & Whipple, 2002; Montgomery, 2002; 

Shuster et al., 2005), and can surpass fluvial erosion by one order of magnitude (Koppes 

et al., 2015). Therefore, the focus of the present thesis lies on glacial erosion dynamics 

rather than fluvial or aeolian processes.  

Koppes et al. (2015) reported erosion rates of 0.01 mm/yr to <0.1mm/yr in the 

western Antarctic Peninsula and 1 mm/yr to >10 mm/yr in Patagonian glaciers. In the Swiss 

Alps, Hallet et al. (1996) reported erosion rates up to 1-2 mm/yr. These differences are also 

supported by other works suggesting the importance of subglacial meltwater as an erosive 

agent, in connection to the thermal basal conditions of ice (e.g. Lai & Anders, 2021; Cook 

et al., 2020; Koppes et al., 2015).  

Within the Swiss Alpine foreland lies major evidences of the impact of glacial 

erosion: overdeepenings (ODs). They are mostly connected to the five major drainages that 

currently serve as flow path for water, but that might have been used as the main path for 

glaciers while eroding the Swiss relief during Quaternary glaciations (e.g. Preusser et al., 

2011): the Rhone, Aare, Reuss, Linth and Rhine (Fig. 1).  
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Figure 1. The five major drainages in Switzerland and the main ice domes during the LGM. Most of the 

lakes within the foreland and filled-with-water features called overdeepenings. The figure illustrates also the 

main study area from the present thesis. Figure from Preusser et al. (2011). 

 

Overdeepenings are large-scale erosional features, characteristic of glacially-

sculpted landscapes (Haeberli et al., 2016; Patton et al., 2016) with an ‘overdeepened’ bed 

below sea level or regional fluvial base level (Cook & Swift, 2012). Their closed 

topographic basin allows to distinguish from ‘glacially-deepened’ valleys, which have not 

been excavated enough below the regional base-level to create a closed topographic 

depression. Although we focus on the Swiss Alpine foreland, overdeepenings are 

widespread and also present in Scandinavia, Antarctica, Greenland and other previously-

glaciated regions (Fig. 2). 
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Figure 2. Examples of different types of overdeepenings hidden under water and/or sediments. (a) Blea 

Water/UK, (b) Buttermere/UK, (c) Steingletscher/Switzerland and (d) Bagley Icefield, Alaska. Photos by 

Rob Larkamb, Tino Moeller and Don McCully. Figure from Cook & Swift (2012). 

  

Due to the large accommodation space within ODs, they have a great potential to 

preserve sediments and, thus, paleoclimate records. Sedimentary archives dated with 

Optically Stimulated Luminescence (OSL) from Meikirch (see Fig. 1 – northern of the city 

of Bern) retrieved ~270 ky BP for the oldest deposits (~ 110m deep; Reber & Schlunegger, 

2016).  

ODs origin and development are suggested to derive from a combination of erosion 

by glacial abrasion, quarrying (e.g. Iverson, 2012; Hooke, 1991) and subglacial meltwater 
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under pressure (e.g. Ugelvig et al., 2016; Beaud et al., 2016; Creyts et al., 2013; Herman 

et al., 2011). However, the contribution of these different mechanisms has been poorly 

constrained, and the direct role of subglacial meltwater has remained debated with little 

evidence for a significant contribution to bedrock erosion (e.g. Alley et al., 2019; Beaud et 

al., 2016).  

Although some studies propose that glaciers can efficiently erode around the 

Equilibrium Line Altitude (ELA; e.g. Anderson et al., 2006) and ODs location would 

preferentially coincide with the long-term ELA, due to increased ice flux and basal sliding 

enhancing glacial erosion, other factors may play a decisive role on glacial erosion. 

Moreover, paleoclimatic inference from paleo-glacier reconstructions based on the ELA 

position or from geomorphological markers (such as moraines or trimlines) can be 

complicated and difficult to convert into past changes in temperature or precipitation (e.g. 

Kerschner & Ivy-Ochs, 2008).   

Complex feedbacks between ice/water flow and erosion/sedimentation can produce 

localized and deep glacial erosion (Alley et al., 2003; Hooke, 1991), while thermal 

conditions at the bed (e.g. Lai & Anders, 2021), topographic irregularities at the glacier 

base potentially enhancing quarrying (Hooke, 1991), pre-existing topographic conditioning 

including tectonics (e.g. Glasser & Ghiglione, 2009; Kessler et al., 2008), sediments 

presence and evacuation (e.g. Cook & Swift, 2012) and/or lithological differences (e.g. 

Glasser et al., 1998) may play a role and contribute to OD development. Nevertheless, 

recent numerical models able to simulate the main physical processes involved in 

subglacial erosion and their complex feedbacks (e.g. Gagliardini et al., 2013; Egholm et 
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al., 2012) can considerably assist with paleo-glacier reconstructions and solving 

contentious questions related to ODs formation in the foreland.  

 
1.2.3 Numerical simulations in glacial geomorphology 

As one of the most studied glaciated mountain areas worldwide with abundant 

geological and glaciological markers in the present landscape, the European Alps are a 

perfect natural laboratory for testing numerical simulations (Seguinot et al., 2018; Cohen 

et al., 2017; Sternai et al., 2013; Herman et al., 2011), especially the Swiss Alpine foreland 

which has been the focus of several works on glacial landscape markers since the early rise 

of the 20th century (e.g. Penck & Brückner, 1901/1909). The detailed and high-resolution 

data (e.g. Reber & Schlunegger, 2016; Preusser et al., 2011; Haeuselmann et al., 2007; 

Ivy-Ochs et al., 2006, 2008; Florineth & Schlüchter, 1998) allow better paleo-glacier 

extents and paleo-climate reconstructions and provide a key ingredient for constraining 

glacial models for long-term simulations. 

Surface process models (SPMs) have been used for decades to simulate ice 

dynamics and subglacial processes, demonstrating their usefulness in investigating the role 

of surface processes for landscape evolution (Tucker & Hancock, 2010). Early attempts 

with simple laws and a 1D approach by Oerlemans (1982,1984), showed the influence of 

climate on glacier’s mass-balance and erosion, with potential for the formation of 

overdeepenings. More recently, many SPMs have been based on the Shallow Ice 

Approximation (SIA, derived from Hutter, 1983), a more robust approach, although still 

based on simplified laws for erosion related to basal sliding velocity and basal shear 

stresses (e.g. Anderson et al., 2006; MacGregor et al., 2000; Braun et al., 1999; Harbor et 

al., 1988). Models based on the SIA are called 0th-order, where horizontal straining of the 
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ice is neglected. Numerical investigations such as by Tomkin & Braun (2002), were able 

to simulate hillslope process, fluvial and glacial erosion. Although much simplified, 0th-

order models are still useful for large ice sheets where variations in ice surface and bed 

slopes are small compared to the glacier’s length. However, for alpine settings, the neglect 

of horizontal stress gradients within SIA are not optimal for computing sliding in the 

constrained valleys settings (as well at ice-margins and ice streams). Under these 

conditions, the effects of rugged topography (i.e. steep slopes) should be considered by 

computing horizontal stress component, requiring higher-order models (such as first- or 

second-order glacial models). The difficulty in accessing subglacial environments for 

model parameters calibration, the reconstruction of paleo-climate (paleo temperatures and 

precipitation, directly influencing glacier mass-balance) summed with more simplistic 

models led to many difficulties and limitations in assessing the impacts of glacial erosion 

on landscape evolution.  

Higher-order models coupled with bedrock erosion, subglacial hydrology, sediment 

transport and deposition (Fig. 3; Egholm et al., 2012; Ugelvig et al., 2016, 2018; Bernard 

et al., 2020) allow to better reproduce topographic widening, hillslope processes and more 

complex hydrological feedbacks. By simulating landscape evolution over thousands to 

millions of years, these models allow to run virtual experiments and explore how changes 

in climate, tectonics, and topography interact. 
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Figure 3. Conceptual longitudinal profile sketch with some of the main physical (sub)-glacial processes 

interacting within a glacier. The glacier (light blue) over a bedrock (grey) incorporates mass-balance 

processes (snow precipitation, avalanching and ice melting) which behave differently between the 

accumulation/ablation zones (separated by the Equilibrium Line Altitude, ELA, black dashed line). Ice 

dynamics within modern SPMs generally include the computation of ice flow, basal sliding (Ub), changes in 

ice thickness (hice), subglacial erosion processes (abrasion and quarrying), as well as subglacial hydrology 

(shown by the presence of cavities and subglacial meltwater) and sediments.  

 

Full-Stokes models (e.g. Elmer ice; Gagliardini et al., 2013) solve all the Stokes 

equations, thus the full stress field in space and time, and include three normal stresses and 

six shear stresses. Although being the most sophisticated ice model, they are also the most 

computationally demanding and often not suitable for very long simulations over large 

areas. The complexity imposed by multiple processes and possible feedbacks between 

glacier dynamics, climate and topography/tectonics often demand more numerically-
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efficient modeling approaches (e.g. Pedersen et al., 2014; Egholm et al., 2009; Tomkin, 

2009; Herman & Braun, 2008; Kessler et al., 2006). The present thesis uses the iSOSIA 

model (integrated Second-order Shallow Ice Approximation; Egholm et al., 2011), which 

is a depth-integrated second-order-model that includes both horizontal stress components 

and depth-averaged vertical velocity gradients, allowing the investigation of large-scale, 

long-term glacier dynamics by also incorporating subglacial hydrology, sediments and 

erosion (see Chapters 3 and 4, sections 3.2 and 4.2, respectively, for details on iSOSIA 

equations). It has shown to provide some insightful feedbacks between mountains 

evolution/erosion (glacial buzzsaw effect; e.g. Egholm et al., 2009) and the formation of 

overdeepenings (e.g. Egholm et al., 2012). 

   

1.3 Thesis questions and objectives 

1.3.1 Scientific and methodological 

i) Could morphometrics provide insights into the potential controlling factors for 

overdeepenings (ODs) development, and differences between ODs in the Swiss 

Alpine foreland (Molasse Basin) vs. in the mountains region (mostly within 

nappe complexes)? To investigate this matter, I plan to develop a GIS-Matlab 

methodology to identify Quaternary overdeepenings (mostly hidden under 

water or sediments) in the Swiss foreland and mountains, filtering geological 

and georeferenced data for extracting overdeepenings’ location and metrics. 

Statistical analysis, errors estimations on geoprocessing procedures and data 

comparison from different datasets will be performed. Additionally, can we 

provide quantitative constraints to discuss how bedrock resistance and internal 

subglacial mechanisms control the location and geometry of Alpine 
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overdeepenings? The overall objective of this chapter (Chapter 2) is to explore 

the 3D geometry and spatial distributions of Quaternary ODs in the Swiss Alps 

and foreland, and provide first-order insights on the control exerted by local and 

regional settings. 

 

ii) How do spatial patterns of subglacial erosion, glacier geometry and ice flux 

vary under different climate conditions? Are there significant differences in ice 

dynamics between the accumulation and ablation zones for glaciers with either 

a similar extent (ice-front) or similar mass-balances (e.g. ELA)? I aim to test 

ice simulations using iSOSIA model with different parametrizations and 

climate inputs and discuss potential implications on paleo-climate 

reconstructions of commonly used methodological approaches (e.g. ELA-based 

glacial reconstructions, trimlines and frontal moraines), as well as to which 

extent could subglacial erosion patterns might be used as a complementary 

proxy. The overall objective of this chapter (Chapter 3) is to investigate the non-

linear dependence of glacier geometry, ice dynamics and the spatial patterns of 

subglacial erosion to climate forcing.  

 

iii) Are we able to reproduce ODs in distal settings such as in the Swiss foreland 

using the iSOSIA ice model? How does the development of overdeepenings in 

the Swiss Alpine foreland over a single or multiple glaciations, with constant 

or varying climate forcing and changes in bedrock erosional resistance are able 

to change their location, magnitudes and potential evolution? I target to use a 
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similar methodology as used for the morphometrics of Quaternary ODs to 

compare simulated ODs (based on glacial models over a present-day 

topography) with the previously-measured parameters from Quaternary ODs in 

the Swiss Alpine foreland. Are the morphometric trends between these two 

datasets comparable? The main objectives of this chapter (Chapter 4) are to (1) 

explore the potential development of overdeepenings in the Swiss Alpine 

foreland, (2) provide first-order insights on the impact of (paleo-)climatic 

conditions on OD development and (3) compare metrics between simulated and 

Quaternary-observed overdeepenings (Chapter 1).  

 

iv) Can paleoglacial reconstructions based on numerical simulations and exposure-

dating techniques help constrain paleoclimates? What are the potentials and 

limitations with this approach? How far/close are our paleoclimate estimates 

from previously-published works for this region? For addressing these 

questions, I tested our approach in three valleys from the Dora Baltea 

catchment. I plan on discussing different paleoclimate reconstructions 

approaches based on paleo-ELAs or paleo-ice extents, advancing on the 

discussions from previous chapter, by using in this chapter a real-world 

example coupled with geomorphological mapping and in situ 10Be surface-

exposure dating. The overall objective of this chapter (Chapter 5) is to 

numerically reconstruct steady-stage paleoglacier configurations (ice extent 

and thickness) and derive potential paleoclimatic estimates for Alpine 

Lateglacial period. 
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1.3.2 Philosophical 

i) In which ways can numerical simulations, computational approximations of reality,

help provide quantitative results comparable to observable geologic features?

ii) How the understanding of landscape evolution and climate feedbacks can improve

future predictions and assist on decision-making (agencies, government,

companies)?

1.4 Thesis structure 

The present thesis is organized in six chapters, comprising the general 

introduction, followed by four individual research chapters with original experiments 

and results. The manuscript ends with a general conclusion and appendices, which 

include supplementary material and a co-authored paper on the same research topic.  

The first chapter (general introduction), includes the motivation of the present 

thesis, an overview of the scientific context and the main questions/objectives relevant to 

the present work.  

The second chapter provides a detailed morphometric analysis performed for 

glacial overdeepenings in the Swiss Alps and foreland, where I investigate geometric 

relationships for ODs, the multiple controlling factors and propose possible proxies for 

overdeepening’ metrics. This chapter has been published in the Quaternary Science 

Reviews journal (Magrani et al., 2020).  

The third chapter numerically investigates spatial patterns of subglacial erosion and 

glacier’s geometry response to varying climate conditions. Using the glacial model iSOSIA 
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over a synthetic landscape, this study focused on the different behaviors between the 

ablation and accumulation zones of a glacier, with implications for paleoclimate 

reconstructions. This chapter has been submitted to Earth Surface Processes and 

Landforms and is currently in revision. 

The fourth chapter presents numerical experiments for overdeepenings 

development and evolution in the Swiss Alpine foreland, using iSOSIA model, using 

different simulations set-up, including varying timescales, climatic inputs, bedrock 

erodibility and single/multiple glaciations. 

The fifth chapter focuses on the post-LGM glacial history in the Dora Baltea 

catchment (western Italian Alps), through the combination of numerical simulations using 

iSOSIA model constrained by paleoglacier reconstruction (from geomorphological 

mapping and in situ 10Be surface-exposure dating). This work is at a final stage for 

submission to a scientific journal. 

Finally, the sixth chapter (general conclusions) summarizes the major findings from 

the thesis from the different independent chapters, and proposes future approaches and 

experiments in order to further improve our understanding on the feedbacks between 

climate, glacial dynamics and long-term landscape evolution.  
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Abstract 

Overdeepenings (ODs) are erosional features that have been excavated below the regional sea/fluvial base 

level to produce closed topographic basins. Accessing bedrock topography and OD volume is often 

challenging. Hence, despite constituting major landscape features and being widespread in (paleo-)glaciated 

regions, ODs have been overlooked and the subglacial processes involved in their evolution have remained 

debated. In the Swiss Alpine foreland and valleys, ODs are commonly found filled with water or large 

volumes of sediment. Using a GIS-Matlab approach based on topographic datasets and bedrock contour-

curves, we mapped the spatial distribution of ODs in Switzerland and adjacent areas in the ice-free Alpine 

areas. The majority of the mapped ODs occurs in very-low bedrock erosional resistance, where ODs are 

larger, wider and shallower than in medium to high bedrock erosional resistance domains, evidencing a strong 

lithological control on OD geometry. Longitudinal asymmetry and hypsometric integral suggest a dominance 

of quarrying during OD evolution and, for selected glacial catchments, headward erosion propagation. OD 

surface data (surface and length) can be tentatively used for extracting OD subsurface metrics (depths, nested 

valleys and first-order volume estimates). Our data seem to indicate that ODs may initiate as multiple small 

nested valleys and progress to a single and connected depression. Transversal cross-sections also suggest a 

negative feedback between the erosion potential for deep carving and the presence of low-resistance bedrock, 

where subglacial meltwater infiltration could have played a key role in OD evolution. Although insightful 

relationships have been evidenced for ODs in the Swiss Alps and foreland, we have also observed a high 

spatial variability in key OD metrics such as surface area and depth. This results in general (first-order) 

interpretations at regional scale, but currently prevent to quantitatively constrain physical subglacial 

processes at their origin. Comparisons with existing OD datasets under present-day ice (Greenland, 

Antarctica and modern Swiss glaciers) place our results in a broader context and allow a step forward in our 

understanding of the complex patterns and mechanisms of (sub-)glacial erosion and resulting landforms. 

 

Keywords: Glacial overdeepenings, Swiss Alps and foreland, morphometrics, patterns of glacial erosion, 

(sub-)glacial processes 
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2.1 Introduction 

The ability of glaciers to rapidly erode bedrock and shape the Earth’s surface 

(Penck, 1905; Davis, 1906; Prasicek et al., 2015), from large valleys in mountain ranges 

(Hallet et al., 1996) to fjords (e.g., Glasser and Ghiglione, 2009), is evident worldwide 

(Egholm et al., 2009). As a consequence, scientific research has long focused on (paleo-

)glacial geomorphology and glacial processes by investigating surface glacial landforms 

and deposits. However, major landforms produced by glacial erosion are hidden in the 

subsurface (i.e. below modern sediments, glaciers and waters), such as overdeepenings, 

that despite their geomorphological importance are still poorly studied and understood.  

Overdeepenings (ODs) are large-scale erosional features, characteristic of 

glacially-sculpted landscapes (Carrivick et al., 2016; Haeberli et al., 2016; Patton et al., 

2016). They have been defined as closed topographic depressions with adverse slopes in 

the direction of ice flow (Haeberli et al., 2016) and ‘overdeepened’ bed below sea level or 

regional fluvial base level (Cook & Swift, 2012). These characteristics allow to distinguish 

ODs from ‘glacially-deepened’ valleys, which have not been excavated enough below the 

regional base-level to create a closed topographic basin, while ODs require both ice and 

water at the glacier bed to traverse a locally-reversed (or adverse) subglacial slope (e.g., 

Cook & Swift, 2012). 

ODs have the potential to store large volumes of water and sediment (e.g., Jansson 

et al., 2003; Preusser et al., 2010), being relevant for hydropower production, natural 

hazards assessment, geotechnical management and as potential sites for future lake 

formation (e.g., Fischer & Haeberli, 2012; Linsbauer et al., 2012; Magnin et al., 2020). 

From a glacio-geomorphological perspective, the presence of ODs is directly related to ice 
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dynamics, erosion potential and sediment transport. ODs formation and long-term 

evolution require further consideration to better constrain ice-erosion models (e.g., Egholm 

et al., 2012) and improve our understanding of glaciers and marine ice-sheets instabilities 

(e.g., Jones et al., 2015; Patton et al., 2016) and glacial/post-glacial landscape evolution 

(Cook & Swift, 2012). Therefore, identifying OD morphometric properties appears crucial 

for improving our understanding on ice dynamics and its impact on the Earth’s topography.  

OD origin and development have been suggested to result from a combination of 

direct glacial abrasion, quarrying (both deepening and widening; e.g., Hooke, 1991; 

Iverson, 2012) and to some extent subglacial meltwater erosion (e.g., Herman et al., 2011; 

Creyts et al., 2013; Beaud et al., 2016; Ugelvig et al., 2016) operating over several glacial-

interglacial cycles (e.g., Dürst Stucki et al., 2010; Preusser et al., 2010; Reber & 

Schlunegger, 2016). However, the relative contribution of these different mechanisms has 

been poorly constrained, and the direct role of erosion by subglacial meltwater has 

remained debated with little evidence for significant contribution to bedrock erosion (e.g., 

Beaud et al., 2016; Alley et al., 2019). Topographic irregularities at the glacier base, 

enhancing ice-surface crevassing and quarrying potential (Hooke, 1991), lithological 

spatial variations (Glasser et al., 1998) and/or pre-existing topographic conditioning 

including tectonics (e.g., Kessler et al., 2008; Glasser & Ghiglione, 2009) have also been 

invoked for promoting OD development.  

It has been proposed that OD location along a valley profile preferentially coincides 

with the long-term equilibrium line altitude (ELA), where increased ice flux and basal 

sliding would enhance glacial erosion (Anderson et al., 2006). However, complex 

feedbacks between ice/water flow and erosion/sedimentation can produce localized and 
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deep glacial erosion (Hooke, 1991; Alley et al., 2003) and, hence, may act as important 

controls on OD size and morphology (Cook & Swift, 2012; Patton et al., 2015). At larger-

scale, the spatial occurrence of ODs is in general associated with laterally-constrained ice 

flow (i.e. tributary confluences and valley-constrictions; e.g., MacGregor et al., 2000; 

Cook & Swift, 2012; Patton et al., 2016), although ODs features are also frequent in regions 

where (paleo-)ice flow was unconstrained, such as mountain forelands (e.g., Preusser et 

al., 2010), glacier termini (Egholm et al., 2012) and zones of lithological or bedrock-

strength changes (Cook & Swift, 2012). 

 Despite several studies focusing on ODs, especially in formerly-glaciated regions, 

the processes involved in their evolution remain poorly understood (Fischer & Haeberli, 

2012). Investigating OD morphometrics and spatial distributions, in connection with 

different geological and geomorphic controls, is therefore crucial to improve our 

understanding of OD development processes during successive glaciations (e.g., Preusser 

et al., 2010). 

 In this study, we focus on the characterization of glacial ODs in the European Alps, 

specifically in Switzerland and neighboring areas (France and Germany). While present-

day glaciers in the Swiss Alps are only found at high elevations, the Swiss Alpine foreland 

and surrounding massifs were extensively glaciated during Quaternary glaciations. The 

thermal regime of Quaternary glaciers has remained debated (e.g., Seguinot et al., 2018), 

but they have left an impressive glacial imprint on the topography (e.g., Preusser et al., 

2010; Dürst-Stucki & Schlunegger, 2013), shaping the landscape into the well-known 

present-day U-shaped valleys, horns and over-deepened basins filled by (post-)glacial 

sediment and/or water (i.e. lakes; Herman et al., 2011; Sternai et al., 2013; Cohen et al., 
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2017). We assessed the morphometric characteristics, geometric relationships and spatial 

distributions of identified ODs. Our objective is to provide first-order quantitative 

constraints to discuss how bedrock resistance, local and regional settings and internal 

subglacial mechanisms may control the location and geometry of the Quaternary 

overdeepenings. To that aim, we have designed an automated GIS-routine to identify and 

extract OD features using filtering criterions (adapted from Patton et al., 2015) based on 

bedrock topographic models derived from geophysical investigations, borehole data and 

geometric reconstructions (Dürst-Stucki & Schlunegger, 2013; Mey et al., 2016). 

Additionally, we explored how OD surface metrics could serve as potential proxies to 

estimate, through empirical relationships, hidden or indirect subsurface morphometric 

variables (e.g., volume). Finally, we investigated OD cross-profiles and characteristic 

parameters (i.e. form-ratios and b-coefficients; Harbor, 1992; Augustinus, 1995; Prasicek 

et al., 2015) with the overall aim to explore the 3D geometry of ODs and further discuss 

the potential driving mechanisms (glacial vs. fluvial) at their origin. 

 

2.2 Material and methods  

2.2.1 Datasets 

Our morphometric approach uses multiple topographic and geomorphic datasets. 

These are based on two main datasets: the current surface topography and an original 

bedrock-elevation model (Figs. 1A and 1B, respectively). In addition, we also use 

supplementary datasets: LGM (Last Glacial Maximum ~20 ka; Ivy-Ochs et al., 2006) ice 

extent and elevation, Quaternary sediment infill and bedrock erosional resistance (Figs. 

1A, 1C and 1D, respectively). 
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Figure 1. Main GIS datasets for glacial overdeepenings in Switzerland. (A) Surface topography (DHM25, 

25-m resolution, Swisstopo) with the current glacier coverage (GLIMS, 2005) and Last Glacial Maximum 

(LGM) ice extent (Bini et al., 2009). (B) Combined bedrock-elevation model based on different published 

datasets (Dürst-Stucki & Schlunegger, 2013; Mey et al., 2016) and on the 2019 Bedrock Elevation Model 

(Swisstopo). See text for details. (C) Calculated Quaternary sediment infill (including water for modern 

lakes) calculated from surface topography (A) and combined bedrock-elevation model (B). (D) Bedrock 

erosional resistance (Dürst-Stucki & Schlunegger, 2013) from the erodibility map (Kühni & Pfiffner, 2001). 

All coordinates are in UTM-32N, based on LV03, centered in Bern (600000, 200000). See text for bedrock 

elevation-model (B) and Quaternary sediment infill (C) calculations. 

  

The current surface topography (Fig. 1A) uses the DHM25 Digital Elevation Model 

(provided by Swisstopo - Bundesamt für Landestopografie Swisstopo), derived from the 
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National Map 1:25000, with 25-m spatial (horizontal) resolution and an average vertical 

error of 1.5-2 m for the foreland and low-relief areas, and 3-8 m for the Alpine massifs 

(from comparisons with photogrammetric measurements). We hence combined the current 

surface topography with the hydrology dataset (Swiss Map Vector 500, Swisstopo) that is 

based on the National Map 1:500,000.  

In order to cover the entire study area, our bedrock-elevation model (Fig. 1B) 

combines three different sources that were integrated and result in a 100-m horizontal 

resolution raster. The sources include the bedrock-elevation models of Mey et al. (2016) 

(hereafter Model 1) and Dürst-Stucki & Schlunegger (2013) (hereafter Model 2), and the 

2019 release bedrock-elevation model by Swisstopo (extension of Model 2). Model 1 is a 

90-m raster resolution obtained from a computational approach, assuming a geometric 

continuity between the current topographic surface (exposed) and the buried bedrock 

topography (Mey et al., 2016). Model 2 has been constructed from borehole data 

(complemented by geophysical methods) to derive bedrock contour lines at 10-meter 

intervals subsequently interpolated to generate a 25-m resolution dataset (Dürst-Stucki & 

Schlunegger, 2013; Swisstopo).  

We have evaluated the bedrock-elevation Models 1 and 2 against borehole data in 

central Switzerland (Geosound data from Geoportal des Kantons Bern; Fig. 2A). For other 

parts of Switzerland, no comparison was performed due to data-access limitations. One 

major topographic feature in Switzerland is the presence of an extensive foreland on the 

northern part (Fig. 1A), and the borehole cluster extends both in the foreland and 

mountainous regions. In this context, the bedrock-elevation models were split into 

"Foreland" (matching the Molasse Basin; after Sommaruga et al., 2012) and "Mountains" 
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in order to evaluate each domain separately. With this approach, we aim to adopt the best 

combination of the two models (minimizing uncertainties in bedrock elevations) for our 

final bedrock-elevation model. In the Foreland, both models perform similarly, with more 

than 90% of the modelled bedrock-elevation data agreeing within ±50-m errors with 

borehole data (94% for Model 1 and 96% for Model 2; Fig. 2B). We note, however, that 

Model 1 tends to slightly underestimate true bedrock depth (mean error of -13.7 ±22.2m; 

Fig. 2B), compared to Model 2 (mean error of 2.4 ±22.1m). In the Mountains, both models 

slightly underestimate the true bedrock depth acquired from borehole data (mean error of 

-3.6 ±38.7m and -4.2 ±18.7m for Model 1 and 2, respectively), but Model 2 performs best, 

with 98% of the compared data within ±50-m errors, against 88% for Model 1 (Fig. 2C). 

We, thus, prioritized Model 2 to construct our bedrock-elevation model, where available, 

and filled the missing areas with data from Model 1 (Fig. 2A). Two additional key areas 

which were missing or incomplete in the Models 1 and 2 (Lake Luzern region and part of 

Upper Rhine; yellow outlines in Fig. 2A) were added using the 2019 release bedrock-

elevation model by Swisstopo (which covers only some parts of Switzerland). We used a 

nearest-neighbor interpolator to build the final bedrock-elevation raster with 100-m 

horizontal resolution covering the entire Switzerland and the extended lake areas inside 

France and Germany (Fig. 1B). The Quaternary sediment infill map (Fig. 1C) was then 

produced through the subtraction of the bedrock elevation from the current surface 

topography dataset (DHM25; Fig. 1A), assuming a Quaternary origin for the bedrock 

topography and subsequent sediment filling (Fig. 1C). 
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Figure 2. Bedrock-elevation model validation. (A) Spatial distribution of bedrock-elevation models and 

available boreholes (green dots, Canton of Bern). Model 1 (blue) is adapted from Mey et al. (2016); Model 

2 (red) is adapted from Dürst-Stucki & Schlunegger (2013). The black line geographically delimits the 

“Foreland” (which coincides with the Molasse Basin; after Sommaruga et al., 2012) and the “Mountains” 

domains. The yellow-dotted polygons represent the topographic areas where the new 2019 Bedrock Elevation 

Model by Swisstopo was used as an update for Model 2. Coordinates are in UTM, based on LV03, centered 

in Bern (600000, 200000). (B-C) Bedrock-elevation model deviations (Models 1 and 2) from borehole in the 

Foreland (B) and Mountains (C) areas. For each model and sector, the mean error values and standard 

deviations are derived from the error distributions. 
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A first-order estimate of LGM paleo-ice thickness (assuming full sediment infill 

during LGM conditions) across the study area was derived from the LGM ice-extent and 

elevation reconstruction of Bini et al. (2009). The LGM ice thickness was, therefore, based 

on the difference between the LGM ice elevation and the current topography (i.e. without 

adding the OD depths). This dataset (Swisstopo, Fig. 1A) is based on spatial interpolation 

of extensive mapping of paleoglacial markers (e.g., erratics, glacial-polished bedrock and 

trimlines; e.g., Haeberli & Schlüchter, 1987; Florineth & Schlüchter, 1998; Ivy-Ochs et al., 

2008; Braakhekke et al., 2016).  

Lastly, we used the bedrock erosional resistance map adapted from Kühni & 

Pfiffner (2001) (Fig. 1D), originally derived from the geotechnical map of Switzerland by 

Niggli & De Quervain (1936). The bedrock erosional resistance map is based on geological 

and geotechnical rock properties and boundaries following the main litho-tectonic contacts. 

Four classes have been re-categorized by Dürst-Stucki & Schlunegger (2013), from very 

low to high bedrock erosional resistance (erodibility in Kühni & Pfiffner, 2001), and are 

used in the present study to investigate the first-order control of bedrock lithology on OD 

morphometric parameters (Fig. 1D). 

 

2.2.2 Methods: Overdeepening delimitation (GIS-Matlab routine)  

 An automatic GIS-Matlab routine was designed in this study to spatially define 

ODs from our combined bedrock-elevation model. This GIS-routine builds on close 

procedures to the approach adopted by Patton et al. (2015), which consists in evaluating 

length changes in closed bedrock-contour curves while expanding from points of local 

elevation minima to identify closed depressions. This approach has the advantage to enable 
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spatial analysis over large regions (i.e. the entire Switzerland and neighboring areas) while 

optimizing computer efficiency. 

 As a first step, a series of topographic masks based on different filtering criteria 

(sediment cover, topography, hydrology) are created to isolate points of local elevation 

minima from the bedrock-elevation model. The first mask (Mask 1; Fig. 3A) is delimited 

based on a sediment-thickness criterion: all cells whose Quaternary sediment infill is less 

than 20 m are removed from the bedrock-elevation model. The choice of the 20-m 

sediment-infill threshold is conservative regarding our bedrock model’s evaluation (Figs. 

2B-C) and related to the original bedrock-elevation raster resolution (25 m; Dürst-Stucki 

& Schlunegger, 2013) with the further aim to remove both model artifacts from 

interpolation and very small sediment accumulations related to fluvial/hillslope processes. 

The second mask (Mask 2; Fig. 3A) applies a bedrock slope criterion: only cells with 

bedrock slopes below 15º are included (i.e. areas with low topographic gradients and thus 

encompassing preferably local elevation minima, Fig. 3A). The cell clusters remaining 

after filtering from Masks 1 and 2 are then converted into polygons (Fig. 3B, green outline) 

and a hydrology filtering is applied: polygons which are not crossed by the current 

hydrological network (Swiss Map Vector 500 from Swisstopo) are rejected. Assuming a 

first-order similarity between the present-day hydrological network and LGM ice-flow 

patterns, the application of this additional criterion allows to exclude areas where thick 

sediment accumulation (>20 m) is likely associated with other geomorphic processes (e.g., 

slope processes) than glacier dynamics. Points of local bedrock-elevation minima are then 

computed using zonal statistics for each individual polygon (Fig. 3C). Polygons whose 

points of local minima is associated to Quaternary sediment infill of less than 50 m are 
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removed from our dataset, ensuring that the remaining polygons have at least one cell with 

50 m of sediment infill (with 90% confidence based on our boreholes-model comparison, 

section 2.2.1).  

In order to identify OD features, bedrock-elevation contour curves starting from 

each point of local minima are created using elevation increments of 25 m. Extremely large 

contour curves (perimeter longer than 600 km) were rejected to discard large tectonic/basin 

depressions, as well as very small depressions (perimeter smaller than 5 km). Using an 

original Matlab routine, final delimitations of ODs use the largest contour curves for each 

point of local minima (in a similar way as performed by Patton et al., 2015) contained 

within Mask 1 (sediment infill >20 m; Fig. 3C). In case of contours superposition due to 

multiple points of local minima (Fig. 3C), the longest contour is selected.  
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Figure 3. Overdeepening (OD) characterization and selection trough bedrock-contour curves and multiple 

topographic masks (A-B-C). Example of combined bedrock model for methodology illustration. (A) First 

selection steps consider only bedrock-model cells whose sediment infill is higher than 20 m (Mask 1) and 

bedrock slopes lower than 15° (Mask 2). (B) Second filtering involves current hydrology (Swiss Map Vector 

500, Swisstopo) to select drained areas. (C) Points of local minima are computed following the approach of 

Patton et al. (2015). The final shape of an OD is taken as the last bedrock contour (25-m elevation curves 

interval) inside Mask 1. (D) Example 3D view of the upper Aare valley (Canton of Bern) with the main 

location points (entrance and exit points, multiple local minima for identifying nested valleys) and main 

shape parameters (maximum depth, length and width). See text for discussion. All coordinates are in UTM, 

based on LV03, centered in Bern (600000, 200000). 
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2.2.3 Morphometric parameters  

For each OD in the study area, we have automatically extracted several morphometric 

parameters (Fig. 3D and Table S1). Main morphometric parameters include surface area 

(planar surface occupied by the OD), depth (mean and maximum depths, corresponding to 

the Quaternary sediment infill), width (longest cross-section, perpendicular to OD main 

direction), length (length of the OD flowline: line connecting the entrance and exit points 

through the maximum depth location) and elongation ratio (width divided by length). 

Geometric parameters based on cells counting were also considered, such as volume (for 

each individual cell area multiplied by the Quaternary sediment infill, based on a 100-m 

resolution raster) and bedrock hypsometric integral (bedrock depth distributions, as defined 

by Brocklehurst & Whipple, 2004). 

We also extracted morphometric parameters characteristic of glacial ODs, such as the 

adverse slope (topographic gradient between the exit point and the closest point of local 

minima; Patton et al., 2016) and the longitudinal asymmetry (position of the deepest point 

along the OD flowline). An automated routine to detect and count the occurrence of nested 

valleys (small depressions along the flowline) was developed using a smoothing (Savitzky-

Golay filter) of bedrock elevations along an OD flowline. Within this routine, we impose 

a minimum height-difference criterion of 50 m between the deepest point of the depression 

and the preceding peak (at least 1000 m distant from each other) to define a nested valley.  

For large ODs (width greater than 400 m), we developed an automatic Matlab routine 

to extract bedrock and surface topography cross-sections (perpendicular to the OD 

flowline, using 500-m interval along the OD flowline and a sampling of 100-m interval 
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along the cross-sections in order to smooth very small topographic changes). For each 

cross-section (1900 cross-profiles in total), we performed polynomial fitting to quantify 

the (U-)shape factor (b coefficient between 1 and 3, reflecting cross-section concavity; 

Harbor, 1992; Prasicek et al., 2015). In addition, we calculated the form ratio (ratio 

between cross-section depth and width; Harbor, 1992) and the transversal asymmetry 

(position of the local deepest point along the cross-section). Both the U-shape factor and 

form ratio have been used in order to quantify how much glacial erosion has modified the 

Swiss Alpine landscape (e.g., Harbor, 1992; Prasicek et al., 2015). 

Finally, morphometric parameters (area, volume, depths, elongation, width and length) 

from modelled ODs under current ice (hereafter called Modern ODs) were also added to 

our dataset (hereafter called Quaternary ODs, including both the Foreland and the 

Mountains domains for ODs in currently ice-free areas). Modern OD morphometric data 

were based on Haeberli et al. (2016) and are derived from calculating ice thickness and 

bed topography below the present-day Alpine glaciers (Fig.1A) using GlabTop (Linsbauer 

et al., 2009). In GlabTop, the ice thickness is calculated as a function of surface slope and 

interpolated with Inverse Distance Weight (IDK). For our study, we used the already 

processed morphometric parameters stored for the model run 2k_l2_Glabtop2 (Haeberli et 

al., 2016) to compare with morphometric data extracted from Quaternary ODs.  

 

2.3 Morphometric results 

2.3.1 Morphometric statistics and spatial distribution 

For the entire study area, we have isolated 91 ODs in total, covering 6% of the total 

surface area (Fig. 4). The cumulated storage volume of the ODs corresponds to around 



Glacial overdeepenings in the Swiss Alps and foreland: spatial distribution and morphometrics 

60 
 

42% of the total Quaternary sediment infill volume of the region, calculated by subtracting 

the bedrock-elevation model from the present-day surface topography (Fig. 1C). A high 

concentration of Quaternary ODs (~80% of the total ODs area) can be observed in the 

Foreland. Such OD area distribution is mostly due to a few but very large individual ODs 

that accounts for most of the OD area and storage volume in the Foreland, in general 

associated to the main drainage systems (Fig. 4).   

 

 

Figure 4. Overdeepenings outlines and sediment infills (including water for modern lakes) draped on 

hillshade DEM (DHM25, Swisstopo). Sediment infills are calculated trough the subtraction of the bedrock-

elevation model with the present-day (surface) topography. Modern overdeepenings (i.e. currently under 

glaciers) are based on the dataset by Haeberli et al. (2016). The main drainages of Switzerland, Seeland 

region (after Dürst-Stucki & Schlunegger, 2013) and the city of Bern are indicated. Coordinates are in UTM, 

based on LV03, centered in Bern (600000, 200000). 
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 Figure 5 illustrates the distributions of OD morphometric parameters. Filtering 

processes applied during the automatic OD delimitation have removed small topographic 

features (i.e. perimeter smaller than 5 km or maximum depth lower than 50 m), which is 

reflected in some asymmetric distributions or cut-off values in area (Fig. 5A), volume (Fig. 

5C) and maximum depth (Fig. 5E). OD areas and volumes show similar histogram 

distributions, with a tendency to small areas (median = 3.2 km2; Fig. 5A) and volumes 

(median = 0.44 km3; Fig. 5C). The predominance of small ODs is also reflected in the 

tendency towards shallow depths, with around 73% of our ODs having maximum depths 

between 50 and 300 m (highly-skewed distribution for maximum depth with overall 

median = 180 m; Fig. 5E). Therefore, it is worth noting that our ±50-m error estimates (Fig. 

2) can be significant, especially for shallow ODs (for our median OD depth of 180 m, this 

represent an uncertainty of ~28%). In general, Quaternary ODs tend to exhibit low adverse 

slopes (highly-skewed distribution with overall median = 1.1°, Fig. 5B) and longitudinal 

asymmetries (no clearly-defined mode, but a dominance towards upstream asymmetries; 

Fig. 5F). Finally, hypsometric integral distribution shows a quasi-normal distribution (with 

one low-value outlier) centered around relatively high values (median = 0.58; Fig. 5D). 

Except for the maximum depths and adverse slopes, for which higher values are observed 

in the Mountains (Figs. 5B-E), other parameters show no significant differences between 

the Mountains and the Foreland domains. 
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Figure 5. Histograms of Quaternary overdeepenings morphometrics (91 objects in total) for the Foreland 

and Mountains, with the different investigated parameters: (A) area; (B) adverse slope; (C) volume; (D) 

hypsometric integral; (E) maximum depth and (F) longitudinal asymmetry. See text for parameters definition 

and discussion. 

 

 We also represented and categorized the main morphometric parameters in a 

georeferenced map to obtain potential information about their spatial variability (Fig. 6). 

In general, no specific spatial trend can be observed for the Quaternary ODs in terms of 



Glacial overdeepenings in the Swiss Alps and foreland: spatial distribution and morphometrics 

63 
 

maximum depth, longitudinal asymmetry and number of nested valleys (Figs. 6C-E-F). On 

the other hand, largest OD volumes are mostly concentrated in the Foreland (Fig. 6A) and 

appear to be associated with lowest adverse slopes (Fig. 6B). The hypsometric integral is 

highly variable between ODs and locations. However, some patterns may emerge from 

contiguous ODs belonging to the same drainage catchments from the Mountains towards 

the Foreland, although these patterns differ between catchments (e.g., upper and lower 

Aare or upper and lower Rhône; Fig. 6D, locations in Fig. 4). 
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Figure 6. Spatial patterns of Quaternary overdeepenings morphometrics (91 objects in total) with the 

different investigated parameters: (A) volume; (B) adverse slope; (C) maximum depth; (D) hypsometric 

integral; (E) number of nested valleys and (F) longitudinal asymmetry. See text for parameters definition and 

discussion. 

 

2.3.2 ODs geometric relationships 
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We compared first-order morphometric parameters (e.g., area, depth, width, length) 

of ODs under current ice (modern ODs based on modelling; Haeberli et al., 2016) with 

ODs in ice-free areas (Quaternary ODs based on mapping; our dataset), with the overall 

aim to assess whether there might be geometric relationships and continuity between these 

two datasets. Both Modern and Quaternary ODs datasets highlight a logarithmic 

relationship between area and maximum/mean depth (Figs. 7A-B), with a clear continuity 

between the two datasets for areas ranging over six orders of magnitude (Fig. 7). While 

52% of the Quaternary ODs show maximum depths ranging from 50 to 200 m, all Modern 

ODs have maximum depths below 200 m (Fig. 7B). In addition, one striking observation 

is the very high variability in OD area and depth metrics, which has also been observed in 

other studies (e.g., Haeberli et al., 2016; Muñoz et al., 2020). 

 

 

Figure 7. Quaternary and modern overdeepenings area vs. mean (A) and maximum (B) depth. Similar 

logarithmic trends (best fits in dashed lines) are observed between the two datasets over six orders of 

magnitudes for OD areas. 
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Similarly, a linear relationship (r2 ≈ 0.8) for both Modern and Quaternary ODs can 

be observed between OD length and width (Fig. 8A). The obtained linear trends between 

OD length and width suggest that ODs are in general significantly elongated (elongation 

ratio ~0.1; Fig. 8A). Furthermore, our observations on OD elongation ratio and area 

indicate that large ODs (area >107 m2) tend to have low elongation ratios (<0.3), while 

smaller ODs present highly variable elongation ratios (from ~0.1 to 0.7; Fig. 8B). 

 

 

Figure 8. Quaternary and modern overdeepening length vs. width (A) and area vs. elongation ratio (B). A 

good continuity between modern and Quaternary overdeepenings is observed over several orders of 

magnitudes for OD length (A) and area (B). Moreover, a linear relationship (A) is observed between OD 

length and width (r2 = 0.81 and 0.84 with (W1) and without (W2) forcing through the origin, respectively). 

An exponential decrease trend (B) is also observed between overdeepenings area and elongation ratio (best 

fit in in dashed line). Note that data is presented in log-log scale for a better visualization, masking somehow 

the observed variability in OD metrics (although this generally does not exceed one order of magnitude).      
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2.3.3 ODs controlling factors and predictive morphometrics 

Figure 9 illustrates the relationship between ODs morphometrics and potential ODs 

controlling factors (i.e. bedrock erosional resistance, LGM ice thickness). The majority of 

Quaternary ODs occurs in very-low (68%) and low (19%) resistive bedrock (which mostly 

coincides with the Foreland region; Fig. 1D). Investigation on depth vs. area/width 

relationships shows that ODs in very-low bedrock erosional resistance domains tend to be 

larger (i.e. bigger surface area; Fig. 9A), wider (Fig. 9B) and shallower (Fig. 9A-B), than 

ODs in medium to high bedrock erosional resistance domains, similar to the findings made 

by Augustinus (1992) and Swift et al. (2008) for glacial valleys in other settings. OD 

maximum depth appears positively correlated to maximum LGM ice thickness, with no 

apparent lithological control (Fig. 9C).  
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Figure 9. Quaternary overdeepening maximum depth vs. area (A), width (B) and maximum LGM ice 

thickness (C). ODs are classified (color code) using the bedrock erosional resistance (Kühni & Pfiffner, 

2001). While bedrock lithology seems to influence the geometrical relationships between area/width and 

maximum depth (A-B), bedrock resistance apparently does not modulate the observed apparent relationship 

between maximum LGM ice thickness and OD maximum depth (C). See text for discussion. 

 



Glacial overdeepenings in the Swiss Alps and foreland: spatial distribution and morphometrics 

69 
 

We investigated the relationship between OD surface (area and length) and 

subsurface (volume and nested valleys) metrics (Fig. 10). Mountains and Foreland domains 

can be also distinguished based on their difference in ice-flow regime (constrained and 

unconstrained ice flow, respectively). We observe a linear behavior between OD area and 

volume (Fig. 10A). Since OD volume and surface areas are linked, we would expect such 

self-correlation as also pointed out by Muñoz et al. (2020). Considering that OD volume 

metric integrates depth, it is interesting to note similar OD area-volume relationship 

between Mountains and Foreland, suggesting a limited effect of the ice-flow setting on the 

OD depth distribution (Fig. 10A). 

In addition, we found a direct (and linear) relationship between OD length and the 

number of nested valleys along the flowline, providing an empirical scaling relationship 

for our dataset (Fig. 10B). Interestingly, ODs with similar length present more nested 

valleys in the Mountains (constrained ice flow) than in the Foreland (unconstrained ice 

flow). Nevertheless, these relationships, due to the intrinsic variability in OD metrics, are 

valid for regional-scale analysis in terms of orders of magnitude and may not be applicable 

for small-scale studies.   
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Figure 10. (A) Quaternary overdeepening area vs. volume. The observed linear correlation between OD area 

and volume show no major difference between the Foreland and the Mountains, where ice flow is 

constrained. (B) Quaternary overdeepenings length vs. number of nested valleys. The ice-flow type (i.e. 

constrained vs. unconstrained, respectively, in the Mountains and Foreland areas) appears to modulate the 

occurrence of nested valleys along an OD longitudinal profile. For the same length, ODs in the Mountains 

show a higher number of nested valleys when compared to the ones in the Foreland (dotted lines for 

illustration, best-fit linear trends). 

 

2.3.4 OD cross-sections  

OD cross-section geometries have also been investigated for large ODs within our 

Quaternary ODs dataset (OD width >400 m, excluding Modern ODs). 83 ODs have been 

selected in total and they occur both in the Foreland and Mountains domains (Fig. 11). We 

analyzed form-ratios and b coefficients in order to check the 3D evolution of the OD 

geometry along its longitudinal flowline (using, therefore, cross-sections), following the 

proposed metrics by Harbor (1992) and subsequent studies (e.g., Augustinus, 1995; 

Prasicek et al., 2015).    
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Histograms for OD cross-sections (averaged parameters over each individual OD) 

show a relatively symmetric distribution for the b coefficient (or shape-factor, median = 

1.79; Fig. 11A), while the form ratio and elongation ratio distributions are largely skewed 

towards low values (medians = 0.09 and 0.18 respectively; Figs. 11B-D), reflecting the 

tendency of elongated and shallow overdeepenings. Low values of transversal-asymmetry 

were observed (median = 19.7%; Fig. 11C), suggesting in general symmetric OD cross-

sections. 

 

Figure 11. Morphometric cross-section histograms of selected overdeepenings (83 objects in total, see text 

for selection criteria): (A) b coefficient (shape-factor); (B) form ratio; (C) transversal asymmetry and (D) 

elongation ratio. See text for parameters definition and discussion. 

 

Averaged b coefficient variability for the 83 selected Quaternary ODs was 

investigated against area (Fig. 12A) and averaged form ratio (Fig. 12B), after 
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distinguishing the ODs based on bedrock erosional resistance. At the scale of the entire OD 

dataset, no clear relationship can be observed between these cross-section parameters, nor 

any potential lithological control. However, we highlight that most of the ODs in very low 

bedrock erosional resistance show an overall tendency to form ratios below 0.15 (Fig. 

12B). When looking at the scale of individual ODs, there seem to be high spatial variability 

in the cross-section b coefficient and form ratio (Fig. 13). Figure 13 shows two specific 

examples of OD cross-sections located in the upper Aare (low to very low bedrock 

erosional resistance; Figs. 13A-B) and in Ticino (high to medium bedrock erosional 

resistance; Figs. 13C-D), where opposite trends in b coefficient and form ratio are observed 

along their respective OD flowline. A slightly increasing to constant trend for the upper 

Aare (Fig. 13A) can be noticed for b coefficient, while Ticino shows a strong decreasing 

trend (Fig. 13C). From the form ratios, the upper Aare shows a decreasing trend along the 

OD flowline (Fig. 13B), while Ticino shows a slight increasing to constant downstream 

trend (Fig. 13D). 
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Figure 12. Quaternary overdeepenings cross-section morphometrics. (A) OD area vs. averaged cross-section 

b coefficient (shape-factor) colored by bedrock erosional resistance (see legend for color code; Kühni & 

Pfiffner, 2001). (B) Averaged cross-section form ratio vs. b coefficient (shape-factor) colored by bedrock 

erosional resistance. 

 

Figure 13. Cross-section b coefficient (shape-factor) and form ratio along an OD profile line for two selected 

overdeepenings: upper Aare (A-B) and Ticino (C-D). See Figure 4 for location. Each cross-profile is 

associated to the most representative bedrock erosional resistance (see legend for color code; Kühni & 

Pfiffner, 2001). Different distances between the points are due to quality control filtering that removed some 

cross-sections. 
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2.4 Discussion 

2.4.1 Limitations and predictive morphometrics 

In this section, we highlight some potential limitations of our selected datasets and 

approach for the delimitation of ODs and their consequences for the conducted 

morphometric analysis. We also provide some discussion on the potential usefulness of 

OD surface metrics (i.e. area and length) to extract information from the OD subsurface 

geometries (e.g., nested valley, volume). 

 

2.4.1.1 Datasets and approach limitations 

Our combined bedrock-elevation model (resolution of 100 m) smooths small 

bedrock topographic features due to downscaling (i.e. from 90-m resolution for Model 1 

and 25-m resolution of Model 2). This computational step has direct effects on features 

metrics derived from the combined bedrock-elevation model, such as the Quaternary 

sediment infill, OD delimitation and cross-sections (mostly b coefficients). Based on 

borehole evaluation (Fig. 2), we estimate that uncertainties up to ±50 m in bedrock 

elevations are probable. In other studied areas where borehole data was not available, our 

bedrock-model errors could not be estimated, but we hypothesize similar uncertainties. 

Besides, intrinsic assumptions of Model 1 for geometric continuity (Mey et al., 2016) 

include a positive relationship between valley width and subsurface infill thickness, leading 

to possible underestimates of true OD depth for narrow valleys. These limitations are also 

propagated in our analysis when using Model 1 (Fig. 2). Finally, it is worth noting that our 

derived Quaternary sediment infill (Fig. 1C) also overestimates true sediment thickness in 

lake-filled regions, while this does not affect our OD metrics.  
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Given that our OD delimitation approach used contour curves directly from the 

bedrock-elevation model with an imposed 25-m interval, the shape of each individual OD 

may slightly differ from reality (i.e. one contour curve difference). There are also possible 

limitations in our approach in respect to our filtering criteria. The hydrological dataset used 

for OD hydrology filter (Fig. 3B) is based on present-day river drainage and may 

inaccurately reflect the drainage pattern during the formation of ODs (i.e. during glacial 

conditions), and in addition this dataset does not include small rivers. Such uncertainties in 

the hydrology filtering may have led to dismiss small ODs from our dataset. However, the 

regional OD pattern and major ODs have not been affected by such criteria. Sensitivity 

tests were conducted for other topographic filtering, including minimum sediment infills 

(Mask 1) and bedrock slopes (Mask 2) (Fig. 3A). We have performed quantitative and 

qualitative tests for these parameters. Final threshold values of 20 m and 15°, respectively 

(Fig. 3A) have been adopted. Taking bedrock-elevation model errors into account, these 

threshold values have resulted in the removal of small OD features. We also highlight that 

possible changes in the OD delimitation would occur when adopting different threshold 

parameters. These changes would have affected proportionally all the metrics (area, width, 

length) and therefore spatial patterns in OD geometry are not expected to vary significantly 

depending on the selected contour for final OD shape. As for the filtering criteria, we 

believe that these do not constitute a major limitation, since they are applied only to the 

points of local bedrock-elevation minima (Masks 1 and 2; Figs. 3A-C). Therefore, the most 

representative ODs in the Swiss Alps and foreland are kept with our conservative approach, 

whereas small OD features and potential topographic noise are removed from the bedrock-

elevation models.   
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Assumptions were made also for the maximum LGM ice thickness calculation and 

the bedrock erosional resistance datasets (Figs. 1A and D), mainly for large-scale analysis 

purposes. The maximum LGM ice thickness was computed assuming full sediment infill 

during LGM conditions. We calculated LGM ice thickness for each OD cell by the 

difference between the LGM ice surface (Fig. 2A) and the current topography. With such 

a conservative approach, we did not take into account OD depth into the calculation, 

preventing potential self-correlations in Figure 9C. This may lead to an underestimate in 

true LGM ice thickness, especially for deep ODs that have been significantly excavated 

during LGM times (Preusser et al., 2010). Concerning bedrock lithology, Kühni & Pfiffner 

(2001) summarized units with similar geotechnical resistance against mechanical and 

chemical weathering. This regional-scale bedrock erosional resistance map may, therefore, 

not reflect the local bedrock erosional resistance along OD cross-sections (Fig. 13). A 

higher-resolution bedrock erosional resistance map would optimize our cross-sections 

results, although this would result in an increased lithological variability and associated 

difficulties for classification. In that sense, we believe that these results serve as a general 

first-order estimate for the lithological control on OD cross-sections.  

At last, for OD cross-section computations, b coefficients are calculated as an 

average of the two OD sides for each cross-section. As a result, b coefficients tend towards 

low values for potential deep carving, even if slightly U-shaped. Besides, the averaging 

process may hide small differences among the two sides of an OD cross-section. This could 

mask the real shape at the OD bottom, but provides a homogenous approach for all cross-

sections without the need for different topographic filterings.  

 



Glacial overdeepenings in the Swiss Alps and foreland: spatial distribution and morphometrics 

77 
 

2.4.1.2 Predictive morphometrics 

Subsurface bedrock information is often difficult to access in (formerly-)glaciated 

areas, and OD metrics show often complex surface/subsurface relationships (e.g., Cook & 

Quincey, 2015). Thus, subsurface OD metrics are usually estimated for paleoglacial 

environments or are empirically calculated for currently glaciated areas (e.g., Linsbauer et 

al., 2012). Haeberli et al. (2016) and Muñoz et al. (2020) highlighted the intrinsic 

complexity for establishing significant relationships between the different OD metrics due 

to their high variability. In this section, we investigate to what extent OD surface data (i.e. 

area and length, potentially easier metrics to obtain from topographic analysis) could serve 

as proxies for OD metrics subsurface (i.e. depth and volume calculated from them). 

Although self-correlation can be expected between OD area and volume (Fig. 10A), 

we interestingly observe similar behaviors and scaling in both the Foreland and Mountains 

(Fig. 10A). This apparent similarity could be attributed to the fact that ODs in the 

Mountains are generally deeper (Fig. 5E), while Foreland ODs have preferentially larger 

surface areas (Fig. 5A). In this situation, it appears that the scaling observed between OD 

area and volume are not statistically different between the Mountains and Foreland.  

The number of nested valleys, which could give an initial estimate on local erosion 

dynamics (i.e. child basins inside the parent overdeepening; Patton et al., 2015), show a 

relationship with OD length, but, in general, with a higher number of nested valleys for 

ODs located in the Mountains than in the Foreland (Fig. 10B). The higher number of 

tributary junctions in the Mountains, reflecting potential abrupt increase in ice discharge, 

could explain the observed difference. Moreover, although the locations of nested valleys 

do not exactly spatially occur at modern river confluences, we also observe a correlation 
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between the number of nested valleys and the number of rivers confluences within an OD 

(using the current hydrology dataset, Table S1). This could indicate that nested basins and 

valley confluences are linked, which would support the nested valley origin depending on 

ice-flux and basal sliding increase (MacGregor et al., 2000; Cook & Swift, 2012; Haeberli 

et al., 2016). However, because topographically unconstrained settings coincide with the 

Molasse Basin (which comprises very low bedrock erosional resistance), we cannot 

exclude that bedrock erosional resistance also plays a role in our observation. In this regard, 

in the Foreland ODs seem to develop fewer but bigger nested valleys than in the Mountains. 

Such evolution would evidence OD development from multiple small nested valleys to a 

single mature depression, following the conceptual model suggested by Patton et al. 

(2016).   

 

2.4.2 Spatial relationships for Quaternary ODs 

The spatial distribution of Quaternary ODs and their metrics in the Swiss Alps and 

foreland is widespread and relatively random (Fig. 4), but some trends can be observed. 

The Mountains show a clear trend for deeper ODs compared to the Foreland (Figs. 5E and 

6C). The only exceptions in the Foreland are the Rhine and Rhône drainage systems. 

However, these extensive ODs have their deepest portions in their upstream parts, still 

within topographically constrained areas. Quaternary ODs with the biggest areas are 

mostly related to the major drainage systems (Fig. 4) and are concentrated in the Foreland 

(Fig. 5A), where they cross very-low resistive bedrock (Molasse Basin). On the other hand, 

in regard to volumes, the Seeland OD (Fig. 4) is the only OD entirely located in the 

Foreland with a volume above 12 km3, where ice flow was possibly partially constrained 
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by the Jura Mountains to the north during major glaciations (e.g., LGM; Bini et al., 2009). 

We observe similar spatial pattern for the number of nested valleys, that aside from the 

Seeland OD, are less present in the Foreland (Fig. 6E). Adverse slopes are slightly lower 

in the Foreland than in the Mountains (Fig. 5B) and associated to larger ODs (Fig. 6B). On 

the other hand, longitudinal asymmetry (Figs. 5F and 6F) shows no clear spatial 

relationship with the Foreland/Mountains domains or different drainage catchments, 

suggesting different controlling factor(s) for such geometric parameter.   

Although we refer to these landscape features as Quaternary ODs with a glacial 

influence, we have no timing control for the OD formation and evolution, as already 

discussed in the literature (e.g., Preusser et al., 2010). In this sense, although hypsometric 

integrals are used mostly for discussing the maturity of surface landscapes (e.g., 

Brocklehurt & Whipple, 2004), we tested if such metric could provide information about 

the glacial imprint on subsurface topography and thus could help to estimate a first-order 

approximation for the timing of OD development. The Rhône and Aare ODs present higher 

hypsometric integrals in their upstream parts (Fig. 6D), showing a possible headward 

propagation of glacial erosion. Glacial modelling and erosion studies have also predicted 

such an upstream evolving erosion pattern (e.g., Shuster et al., 2011; Sternai et al., 2013). 

However, this proposed mechanism does not hold true for our whole dataset as we see 

reverse spatial patterns of hypsometric integrals for other major ODs (e.g., Linth and Rhine 

areas; Fig. 6D) Consequently, at the regional scale of our study, the high variability in 

hypsometric integral between and within ODs does not allow a possible estimate for the 

timing of OD development, remaining an open question for future investigation.  
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2.4.3 Comparison with other OD datasets 

Morphometric parameters for Quaternary ODs in the Swiss Alps and foreland have 

similar distributions (Fig. 5) to ODs mapped by Patton et al. (2016) beneath Antarctica and 

Greenland ice sheets, potentially reflecting first our similar approaches for OD delimitation 

(Patton et al., 2015). Although absolute values may differ due to different glacial settings 

(ice sheets vs. alpine glaciers), surface (area, length and width) and subsurface (adverse 

slope and volume) metrics are largely skewed towards low values for all datasets (Fig. 5). 

Interestingly, maximum depths show similar absolute values and distributions for our 

dataset (Fig. 5E) and for Greenland/Antarctica (Patton et al., 2016). Median depths for 

Antarctica and Greenland ODs are 170-180 m, very similar to our dataset (180 m), and all 

datasets have ~25% of ODs shallower than 100-m deep. OD areas show much smaller 

medians for our dataset than ODs in Antarctica or Greenland (medians of 3.2 km2 vs. 137 

km2 and 74 km2, respectively; Table S1; Patton et al., 2016). The dominance of small and 

shallow ODs in our Quaternary dataset (medians of 180 m and 3.2 km2, respectively) could 

be attributed to insufficient growth time in the Swiss Alps (i.e. ice fluctuations during 

Quaternary glacial/interglacial periods) or the loss of erosional power (mostly in the 

Foreland, where ice flow diverges and glacier surface flattens). Our data show a slightly 

lower maximum depth range (up to 1000 m, compared to ~1500 m in Antarctica/Greenland 

datasets – Patton et al., 2016). From this perspective, even with the possible reduced 

availability of subglacial water in Antarctica and Greenland compared to the Swiss Alps, 

ODs have developed over long-term due to the stability of glacial conditions in polar 

settings. On the other hand, the confinement of ice within the narrow valleys from the 

Alpine region and increased water abundance could have led to an increased carving, 
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compensating its reduced ice-cover duration. This would highlight that the erosional 

potential of ice sheets is enhanced mostly due to the longer permanence of ice and during 

warmer periods, as also suggested by Patton et al. (2016).   

Longitudinal asymmetry shows a slight dominance towards negative values for 

57% of our ODs (Fig. 5F), which may indicate a dominance of quarrying during ODs 

evolution, since abrasion would act preferably at the exit point of ODs (Cook & Swift, 

2012; Patton et al., 2016). In addition, subglacial fluvial processes could have also 

contributed to longitudinal asymmetry with spatially-variable efficiency in sediment 

evacuation and thus bedrock erosion (as also proposed in Patton et al., 2016), leading to a 

deeper upstream OD (high efficiency) and a sediment-covered adverse slope (low 

efficiency). The observed distribution is similar to that of Antarctica and Greenland, but 

our ODs show a slightly less skewed longitudinal asymmetry, with median of -7% vs. -

20.7% and -22.0%, respectively for Antarctica and Greenland. Large drainage catchments 

that encompass several ODs (e.g., Aare or Rhône; Fig. 4), could evidence splitting of 

formerly contiguous ODs, resulting in preferentially negative values for longitudinal 

asymmetry (Fig. 6F).  

Our dataset exhibits elongation ratios concentrated around 0.2 (Fig. 8B), which 

suggests that Alpine Quaternary ODs are more elongated than ODs in Antarctica and 

Greenland (median ~0.3; Patton et al., 2016) or Modern Alpine ODs (median ~0.4 - 0.5; 

Haeberli et al., 2016). This could be due to different local factors, such as structural pre-

conditioning, or repeated glacial fluctuations (i.e. advance/retreat cycles) that may have 

affected more the Alpine Quaternary ODs, in comparison to the more stable ice sheets in 

Antarctica/Greenland or high-elevation Modern ODs.  
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Geometric relationships for area vs. maximum depths (Fig. 7B) in our study area 

showed a similar range (i.e. up to 1000 m for ODs < 100 km2) as Patton et al. (2016), but 

we observed a logarithmic instead of a linear trend. This behavior is closer to the one 

observed for Modern ODs in the Swiss Alps (Haerberli et al., 2016). The linear trend might 

be related to the km-scale size of ODs in Antarctica and Greenland, where ODs are not 

smaller than 10 km2. Beyond this threshold, our OD dataset in the 10-100 km2 range (Fig. 

7B) could also be approximated by a linear fit as Patton et al. (2016) suggested for the 

Antarctica-Greenland dataset (10-10,000 km2 range). 

Alpine Quaternary OD length vs. width (Fig. 8A) showed a linear trend and overall 

relationship similar to the one found by Patton et al. (2016). Our observations indicate a 

1:10 ratio between OD width and length, and appears to be slightly sensitive to local 

settings (i.e. Alpine vs. polar regions), since for Antarctica/Greenland the ratio is ~1:5. 

Although OD data present a high variability, we stress that this does not exceed one order 

of magnitude in general (Table S1). Such generalized relationship could, thus, be used for 

future works that require simplification scaling (e.g., for ice modeling simulations).    

Similar to the findings by Patton et al. (2016), no relationship was observed 

between adverse slope and maximum depth for the Alpine Quaternary ODs (Figs. 6B-C). 

Therefore, either downstream erosion (i.e. close to adverse slope) was mostly active during 

previous glaciations and minimal/none after the subsequent sediment infills, or the 

establishment of the adverse slope final gradient is not temporally synchronous to the 

deepest-point erosion inside an OD. The absence of connection between adverse slope and 

LGM ice thickness, might reinforce the idea that ODs were initially formed/developed 

during older glaciations than LGM when ice-thickness and extent were different. Our 
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dataset shows that larger (and therefore longer) ODs present low-gradient adverse slopes, 

potentially linked to our methodological approach (taking the closest point of minima and 

the exit point for establishing the adverse slope) or reflecting sediment infills inside the 

OD that cannot be evacuated via the adverse slope, possibly shielding from further erosion 

(Alley et al., 1999). At last, the hypsometric integral (median = 0.58; Fig. 5D) could not 

be related to any of the main metrics available for our OD dataset, which implies that final 

OD geometries are a combination of a series of local effects on the topography rather than 

a regional-scale erosional mechanism. 

 

2.4.4 Controlling factors and dominant subglacial processes 

In the present study, we have investigated the role of extrinsic factors in the 

development of glacial ODs, especially the influence of bedrock erosional resistance (Fig. 

1D), ice-flow drainage (i.e. constrained vs. unconstrained flow in Mountains and Foreland, 

respectively, Fig. 2A) and maximum LGM ice thickness (Fig. 1A) as a proxy for late-

Pleistocene ice flux and erosion potential (e.g., Anderson et al., 2006; Dürst-Stucki & 

Schlunegger, 2013).  

Using the bedrock erosional resistance map allowed us to notice two different 

trends for OD width vs. maximum depth relationship, according to their bedrock erosional 

resistance class (Fig. 9B). ODs in very low resistive bedrock tend to widen more than 

deepen, while in harder lithologies there is an inverse tendency with preferential deepening 

over valley widening. Such behavior has already been observed for ODs in ice-sheet 

settings (Patton et al., 2016) and fjords (Swift et al., 2008), and can be partially explained 

in our study by the fact that harder lithologies occur mostly in the Mountains (Fig.1D). In 
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the Mountains, tectonic deformation could have fractured the bedrock at depth (e.g., 

Dühnforth et al., 2010; Clarke & Burbank, 2011), providing bed irregularities that allow 

efficient erosion at the bottom of ice flow. Moreover, water-pressure in confined-flow 

situations may have enhanced quarrying and focus erosion at glacier beds (e.g., 

Rӧthlisberger & Iken, 1981; Jansson & Hooke, 1989). This situation may have been 

reinforced by subglacial fluvial processes, leading to high efficiency in sediment 

evacuation along the OD upstream part while sediment deposition occurred along the 

adverse slope (OD downstream part). Subglacial sediment transport, driven by subglacial 

water dynamics, is also am important controlling mechanism for large OD evolution which 

have a clear tendency towards low adverse slopes in both Alpine (Fig. 5) and polar (Cook 

& Swift, 2012) settings. Finally, topographically-constrained conditions (Mountains) have 

allowed greater ice accumulation, subglacial meltwater flux and, consequently, erosion. 

The relationship between OD depths and area (Fig. 7A-B) also supports this idea, with 

bigger ODs (i.e. associated with major drainage catchments) exhibiting increased depths, 

especially in harder lithologies. This highlights a possible important role of both the 

lithological and hydrological settings on ODs deepening.   

Another candidate for controlling OD morphometrics is the maximum LGM ice 

thickness. When analyzed against maximum depths (Fig. 9C), it shows an apparent 

exponential correlation, although high variability is also observed. Several studies have 

highlighted the role of extensive ice masses in increasing erosion due to increased basal 

sliding (e.g., Cook & Swift, 2012; Egholm et al., 2012; Wang et al., 2018). The relationship 

we found here can allow a first-order estimate of OD maximum depth based on the 

reconstructed ice thickness. No lithological dependence in such relationship was evident 
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for Quaternary ODs (Fig. 9C). Although LGM ice thickness can be used as a first-order 

proxy for OD maximum depth, it does not imply that the investigated ODs were formed 

during LGM time (Preusser et al., 2010). The absence of spatially-distributed ice thickness 

data from previous Quaternary glaciations, prevents a comparative analysis. Nevertheless, 

it is expected that during other Quaternary glaciations, the Alpine ice masses have been 

proportionally similar to the LGM (scaled up or down), maintaining the overall pattern and 

relationship we have evidenced.  

 

2.4.5 OD transversal geometry and subglacial hydrology 

 Averaged cross-section b coefficients do not show any clear trend with area for the 

investigated ODs, and neither do they seem controlled by bedrock erosional resistance (Fig. 

12A). On the other hand, cross-section form ratios show higher values for ODs located in 

harder lithologies and are associated to lower b coefficients (Fig. 12B). This may evidence 

that V-shaped cross-sections are in general deeper than their U-shaped equivalents, 

although this observed relationship is only qualitative and would require further 

investigation. Since we have presented here averaged values for all cross-sections within a 

given overdeepening, this could have masked the real trend. For this reason, in Figure 13 

we analyzed and reported each cross-section for two overdeepenings (see Fig. 4 for 

locations): upper Aare (Thunersee and Brienzsee) and Ticino (Lago Maggiore region). We 

have selected these key examples as they show opposite trends regarding b coefficients and 

form ratios along their flowline. 

 For the upper Aare, b coefficients are variable along different cross-sections but 

they do not show any particular trend, ranging mostly from 1.2 to 2 (Fig. 13A). However, 
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form ratios seem to show a bedrock shallowing trend downstream (i.e. decrease in form 

ratio; Fig. 13B), almost synchronously to a major lithological change (from Helvetic 

units/napes limestones to sub-alpine molasse/molasse sandstones; after Litty & 

Schlunegger, 2017). Simply put, a negative feedback is observed between the erosion 

potential for deep carving and the presence of low-resistance bedrock (i.e. Molasse Basin). 

This may be associated to subglacial water infiltration in the Molasse, reducing sliding and 

loosing erosional power (e.g., Beaud et al., 2014; Ugelvig et al., 2018; Steinemann et al., 

2020). On the other hand, cross-sections from Ticino (Fig.13C-D) show an opposite trend: 

b coefficients show a tendency towards V-shaped cross-sections downstream (i.e. low b 

coefficients; Fig. 13C), while form ratios are variable around 0.3-0.35. The transition from 

high to low b coefficients, is also occurring at a lithological contrast (i.e. from gneisses to 

granitoids/metasedimentary rocks). Such lithological contact also influenced the opposing 

trends of form ratios, with a decrease in variability when crossing from highly resistant to 

medium resistant bedrock (Fig. 13D). It should be emphasized that for the upper Aare, the 

OD entrance point is inside Lake Brienz and the exit point at the margins of Lake Thun, 

while the opposite occurs for Ticino: (entrance point at Lago Maggiore’s margin and exit 

point inside the lake, here the OD is cut because of our model boundary). This could, 

alongside with opposite water pressure trends (decreasing for the upper Aare and 

increasing for Ticino), help explaining the observed opposing trends of form ratios (Fig. 

13B vs. 13D). Moreover, due to the Messinian salinity crisis, the two catchments 

experienced very different glacio-fluvial histories (e.g., Bini et al., 1978; Finckh, 1978), 

which points towards a more glacially-influenced origin and development of the Aare OD, 

in contrast to a potentially more fluvial origin of the Ticino OD. 
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 Since form ratios are based on the ratio between depths and widths (possibly 

masking changes in each individual metric), we also analyzed the relationship between 

depths vs. widths for each cross-section in the upper Aare and in the Ticino ODs (Fig. 14). 

In harder lithologies, depth vs. width seem to correlate well (Figs. 14C-D-F), suggesting 

that the Ticino overdeepening both deepens and widens. However, in the Aare OD, the 

width/depth pattern is less obvious, especially in the Molasse (Fig. 14E). Although width 

variability appears complex along the Aare OD (Fig. 14A), a shallowing is clearly 

noticeable (Fig. 14B). This would confirm a loss of erosional power at the OD bottom or a 

shift towards an increased lateral erosion in the Molasse low resistant bedrock, as also 

suggested in other glaciated settings (Augustinus, 1992; 1995; Swift et al., 2008).  
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Figure 14. Cross-section widths and depths for profiles along two selected overdeepenings: upper Aare (A-

B) and Ticino (C-D). See Figure 4 for location. Each cross-profile is associated to the most representative 

bedrock erosional resistance (see legend for color code; Kühni & Pfiffner, 2001) and the distance from the 
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OD entrance point. Different distances between the points are due to quality control filtering that removed 

some cross-sections. The width/depth ratios are shown for the upper Aare (E) and Ticino (F), where 

remarkable differences can be noticed. 

 

Our interpretations for b coefficients or form ratios are based on cross-sections along 

OD profile (e.g., upper Aare vs. Ticino; Figs. 13-14), which could provide insights for their 

overall development. However, these specific observations cannot serve as quantitative 

estimates for glacial imprint on OD transversal geometry (Harbor, 1992), due to the 

variability encountered between analyzed cross-sections even within similar lithology. 

Moreover, other combined effects of subglacial processes, such as variations in water 

pressure and/or sediment shielding of bedrock, coupled with ice dynamics could have 

significant impacts on the depth and width evolution within ODs, and may explain the 

highly variable pattern observed in the Molasse Basin for the upper Aare OD (Figs. 14A-

B-E). From our study, the use of cross-sections established at regular 500-m intervals along 

OD profile (i.e. not averaged) provides improved results when compared to averaged b 

coefficients and form ratios within each OD. On the other hand, the increased variability 

presents a challenge in accessing possible relationships between these morphometric 

parameters.  

 

2.5 Conclusions  

  We have investigated, through a GIS Matlab-based approach for automatic OD 

delimitation, the morphometric characteristics, spatial patterns and relationships of 

Quaternary ODs in the Swiss Alpine foreland and neighboring areas. Together in 

comparison with ODs from other glaciated regions (Haeberli et al., 2016; Patton et al., 
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2016), our results provide some new perspectives on the possible controlling factors and 

the usage of surface proxies for subsurface OD metrics. Some key findings suggested by 

our data are summarized below: 

1. The Quaternary ODs are major sediment storage features in the Swiss Alps and 

foreland (cumulated volume ~42% of the total sediment infill). The majority of 

Quaternary ODs occurs in very-low (68%) and low (19%) resistive bedrock, which 

mostly coincides with the Foreland region. 

2. ODs in very-low bedrock erosional resistance domains tend to be larger, wider and 

shallower than in medium to high bedrock erosional resistance domains, which 

coincide with the Mountains region. 

3. Maximum LGM ice thickness appears positively correlated to OD maximum depth, 

showing an exponential trend, but with no apparent lithological control on this 

relationship. This may reinforce the glacial origin for investigated ODs in 

Switzerland, although pre-glacial origin and more complex forming mechanisms 

cannot be excluded (Preusser et al., 2010), with the LGM ice pattern being a first-

order proxy for older glacial periods during which the ODs were formed and 

evolved. 

4. Maximum OD depths show similar absolute values and distributions for our dataset 

in comparison to Greenland and Antarctica (Patton et al., 2016). A comparison 

between area and maximum/mean depth show a logarithmic relationship for small 

ODs (our dataset, area < 10km2) that can be approximated to a linear relationship 

for larger ODs (10-10,000 km2). Due to the high variability in OD metrics, these 
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relationships are suitable mainly for regional-scale studies where ODs are analyzed 

in terms of orders of magnitude and first-order processes.   

5. Longitudinal asymmetry shows a slight dominance towards negative values (i.e. 

the OD deepest point is generally shifted upstream), which indicates a dominance 

of quarrying during ODs evolution. Hypsometric integrals for selected catchments 

support headward erosion along major glacial catchments. Subglacial meltwater 

could also enhance the negative asymmetry by efficiently evacuating sediments 

towards the adverse slope. 

6. Alpine Quaternary OD length vs. width show a linear trend, with a 1:10 width to 

length ratio. When compared with other regions, this ratio appears to be slightly 

sensitive to local settings (i.e. Alpine vs. polar regions). Indeed, our observations 

suggest that alpine Quaternary ODs tend to be more elongated than both 

Antarctica/Greenland ODs and Modern Alpine ODs, with characteristics 

resembling fjords (e.g., Swift et al., 2008).   

7. A similar linear behavior between OD surface area and volume is observed, with 

high similarity for both constrained (Mountains) and unconstrained (Foreland) ice-

flows.  

8. Foreland ODs seem to develop fewer but bigger nested valleys than in Mountains. 

Such evolution would evidence ODs development from multiple small nested 

valleys to a single mature depression, following the conceptual model suggested by 

Patton et al. (2016). 

9. Cross-sections along selected ODs show different spatial patterns that are 

apparently related to the lithological and hydrological settings. This is highlighted 
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in the cross-section width vs. depth relationships. A negative feedback is observed 

between the erosion potential for deep carving and the presence of low-resistance 

bedrock (i.e. Molasse Basin) where infiltration of subglacial meltwater could have 

played a key role. This could have happened especially in the Foreland where 

meltwater abundance is reinforced by the basal thermal regime (i.e. warm-bed 

glacier) and ice flux convergence between glacial catchments.  

 

Physical and numerical models based on 1D valley geometries and subglacial 

erosion processes can relatively simply explain the shape of ODs (e.g., Anderson et al., 

2006; MacGregor et al., 2000). However, the real 3D shape and evolution of glacial ODs 

are more complex. Therefore, 3D numerical models (e.g., Egholm et al., 2012) computing 

ice dynamics and subglacial erosion, coupled with hydrology and sediment are essential. 

In this sense, our study provides quantitative data and morphometric relationships to allow 

the comparison between model outputs and morphometric observables. Such approaches 

can significantly improve our understanding of subglacial erosion and accordingly the 

physical laws within numerical models. In addition, the resolution and accuracy of bedrock 

topographic models is constantly improving thanks to geophysical data and borehole 

availability. We thus believe that future investigation will allow to move forward from our 

current interpretations, especially when combined with detailed lithological maps, 

enhancing the use of cross-sections’ width and depths for 3D analysis of OD development. 

Finally, chrono-stratigraphic investigations, using geochronology techniques on sediment 

infills within ODs, would provide a major contribution to understanding the complex 

subglacial dynamics and erosion processes involved in ODs long term evolution.   
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APPENDIX I 

 
Chapter 2 - Supplementary Material 

 

S1 – Methodological flowchart depicting the process behind computations and script.
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Table S1 – Morphometric parameters extracted from Quaternary overdeepenings in the Swiss Alps and foreland.  

 

ID area (m2) 
min 

depth 
(m) 

max 
depth 

(m) 

mean 
depth 

(m) 

max lgmice 
(m) Integral volume 

(m3) 
nr 

valleys 
nr 

conf 

long 
asymm 

(%) 

adslope 
degrees 

(deg) 

max 
width 

(m) 

profile 
length (m) 

max 
elongation 

summed 
drainage area  

(m2) 

maj 
bedresist 

median 
bedresist 

mean 
b 

coeff 

mean form 
ratio  

transv 
asymm 

(%) 

1 6.15E+08 0.0 846.9 305.5 1307.599976 0.56 1.88E+11 14.0 36.0 -75.6 0.51 13441.2 97597.8 0.138 3.20E+09 2 2 1.5 0.1 29.3 

2 8.23E+05 137.9 233.2 190.2 210.9100037 0.66 1.68E+08 1.0 1.0 -5.6 2.00 463.7 3599.5 0.129 1.76E+08 3 3 2.0 0.2 0.0 

3 1.04E+06 85.4 229.1 126.7 538.9799805 0.58 1.38E+08 2.0 0.0 -56.8 1.82 419.3 3242.5 0.129 2.98E+08 4 4 1.9 0.2 0.0 

4 3.14E+06 130.8 322.5 199.2 622.4000244 0.71 6.30E+08 3.0 2.0 55.6 7.30 1268.7 5784.3 0.219 1.76E+08 4 4 1.5 0.2 20.0 

5 1.94E+07 102.3 446.2 225.3 829.0100098 0.68 4.40E+09 5.0 3.0 -41.1 1.64 3695.9 15946.9 0.232 4.75E+08 3 3 1.4 0.2 15.1 

6 1.20E+06 127.7 235.3 186.1 612 0.61 2.33E+08 1.0 0.0 15.5 3.92 588.7 3118.3 0.189 2.75E+08 4 4 1.7 0.2 13.3 

7 1.69E+06 89.8 204.9 147.9 135.9899902 0.62 2.57E+08 3.0 0.0 1.8 1.73 501.8 5306.7 0.095 1.05E+08 4 4 1.4 0.3 35.0 

8 1.49E+06 85.4 327.9 197.4 983.4099731 0.53 3.04E+08 1.0 1.0 15.7 7.63 685.3 2592.2 0.264 5.55E+08 3 3 1.6 0.3 21.9 

9 5.92E+05 63.3 145.2 105.3 1281 0.58 6.31E+07 2.0 1.0 -70.5 1.39 312.2 2710.1 0.115 2.84E+08 4 4 NaN NaN NaN 

10 7.84E+05 61.1 122.5 94.3 911.0999756 0.59 7.42E+07 2.0 0.0 60.5 5.13 425.5 2866.4 0.148 9.98E+07 4 4 1.0 0.1 33.3 

11 4.22E+05 43.1 112.0 69.6 753.5 0.56 3.46E+07 0.0 0.0 22.7 0.09 289.0 2281.4 0.127 5.29E+08 2 2 NaN NaN NaN 

12 7.82E+05 115.5 179.1 154.1 683.0100098 0.64 1.25E+08 0.0 0.0 47.4 0.41 484.5 2984.1 0.162 4.56E+08 2 2 NaN NaN NaN 

13 1.26E+07 44.8 135.4 81.7 905.4100342 0.70 1.04E+09 1.0 2.0 69.2 1.31 2906.0 7445.6 0.390 2.34E+09 2 2 1.7 0.0 24.8 

14 1.37E+06 142.9 299.8 229.5 1630.599976 0.58 3.22E+08 2.0 0.0 -3.8 3.75 561.8 3743.9 0.150 3.34E+08 5 5 1.9 0.3 10.0 

15 3.27E+06 56.5 259.9 165.9 1371.400024 0.58 5.40E+08 3.0 3.0 27.3 3.58 673.7 6914.4 0.097 1.82E+08 5 5 1.8 0.3 10.3 

16 8.69E+07 100.3 1065.4 470.6 1651.199951 0.64 4.09E+10 11.0 20.0 38.0 2.61 4747.8 37088.6 0.128 1.40E+09 4 4 1.2 0.3 15.1 

17 6.92E+06 26.5 254.3 134.9 821.0999756 0.70 9.34E+08 1.0 0.0 -70.7 0.88 2002.9 6833.8 0.293 1.33E+09 2 2 1.7 0.1 35.4 

18 2.67E+06 254.0 379.6 310.8 1662.090088 0.60 8.39E+08 3.0 0.0 -70.8 1.03 799.7 6839.1 0.117 4.19E+08 2 2 1.9 0.2 4.9 

19 1.04E+08 63.4 786.2 421.2 1670.810059 0.61 4.37E+10 22.0 17.0 54.8 2.10 2831.4 73892.7 0.038 1.78E+09 2 3 1.7 0.4 8.5 

20 1.34E+06 33.0 66.5 42.1 1338 0.18 5.89E+07 0.0 3.0 -56.3 0.00 582.7 2747.2 0.212 2.38E+08 5 5 2.3 0.0 54.0 

21 3.91E+06 134.4 438.8 266.5 1844.189941 0.60 1.06E+09 1.0 2.0 -43.0 3.10 1096.1 7011.7 0.156 2.57E+08 2 2 1.9 0.3 9.8 

22 5.55E+06 111.1 256.2 208.5 821.4899902 0.41 1.16E+09 1.0 0.0 -1.8 1.75 1645.1 6310.2 0.261 8.75E+08 2 2 2.3 0.2 14.7 

23 9.68E+05 56.4 100.0 81.2 704.4000244 0.48 8.23E+07 1.0 0.0 14.4 0.71 314.8 3847.3 0.082 2.18E+08 2 2 NaN NaN NaN 

24 4.41E+06 152.9 334.4 259.8 877.2000122 0.50 1.15E+09 1.0 0.0 -54.2 0.87 1532.9 3493.3 0.439 8.75E+08 2 2 2.1 0.0 38.5 

25 3.28E+06 51.4 268.1 169.0 1418.890015 0.57 5.58E+08 3.0 5.0 61.6 3.30 530.8 8416.2 0.063 3.38E+08 5 5 1.9 0.3 35.0 

26 1.67E+06 142.2 406.7 297.4 544.8000488 0.45 4.98E+08 1.0 1.0 -39.5 8.25 962.0 2314.1 0.416 1.85E+08 3 3 1.9 0.3 23.6 

27 3.16E+06 64.4 142.1 101.3 911.5999756 0.54 3.18E+08 1.0 0.0 -7.2 1.19 1227.8 3232.0 0.380 2.17E+08 2 2 1.8 0.0 21.5 

28 4.01E+06 20.3 333.2 191.2 791.0900269 0.51 7.72E+08 1.0 1.0 -15.9 7.30 1339.7 3568.8 0.375 1.33E+08 3 3 1.8 0.3 15.5 

29 1.19E+06 40.3 69.5 54.9 860.3900146 0.65 6.84E+07 0.0 0.0 50.4 0.50 553.5 3988.5 0.139 2.32E+08 2 2 3.0 0.1 20.0 

30 2.56E+06 51.2 92.7 73.6 623.0100098 0.49 1.88E+08 1.0 3.0 -1.9 1.76 1339.8 2445.8 0.548 2.51E+08 2 2 1.8 0.0 25.1 

31 1.18E+06 37.8 128.3 90.1 720.1900024 0.53 1.05E+08 1.0 0.0 -14.5 1.66 558.0 3039.9 0.184 3.53E+08 3 3 1.8 0.1 20.0 

32 2.90E+06 53.1 113.1 89.5 1310.189941 0.47 2.63E+08 1.0 1.0 -1.2 1.36 997.6 4048.7 0.246 3.07E+08 3 3 2.0 0.1 16.7 

33 8.14E+07 87.5 842.9 324.3 936.8099976 0.71 2.64E+10 11.0 14.0 -78.9 1.12 3081.1 41603.6 0.074 6.02E+08 3 3 1.5 0.3 16.0 
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34 3.68E+06 37.7 91.6 71.1 840.4000244 0.46 2.62E+08 1.0 2.0 33.1 1.37 811.3 5558.4 0.146 1.80E+08 2 2 2.0 0.1 18.0 

35 4.65E+05 63.8 71.4 66.8 497.4000244 0.63 3.86E+07 0.0 0.0 -41.0 0.06 346.1 2372.5 0.146 3.57E+08 2 2 NaN NaN NaN 

36 1.18E+06 57.6 128.4 90.2 1011.01001 0.61 1.07E+08 2.0 0.0 -67.4 1.08 668.0 3069.7 0.218 3.36E+08 3 3 1.6 0.1 16.7 

37 7.11E+05 51.1 172.7 96.1 1410.300049 0.72 7.46E+07 1.0 0.0 -16.1 2.19 510.1 2860.3 0.178 2.46E+08 3 3 1.7 0.2 30.0 

38 8.77E+06 40.0 252.9 133.0 574.5999756 0.63 1.17E+09 3.0 1.0 6.3 2.49 1302.1 9402.6 0.138 9.01E+07 2 2 2.0 0.2 16.3 

39 4.04E+07 44.7 279.4 179.0 576.5 0.47 7.26E+09 7.0 4.0 21.7 1.02 2412.4 26118.4 0.092 6.30E+08 2 2 1.8 0.1 12.5 

40 2.26E+07 56.3 388.7 188.8 1031 0.66 4.28E+09 3.0 10.0 -83.0 0.97 2275.9 17621.4 0.129 5.66E+08 2 2 2.1 0.1 13.7 

41 7.63E+05 64.0 82.3 75.4 438.2099915 0.59 6.05E+07 1.0 1.0 9.9 0.61 397.5 2547.8 0.156 1.49E+08 2 2 NaN NaN NaN 

42 1.34E+06 144.2 210.3 182.3 1250.98999 0.50 2.51E+08 1.0 0.0 -39.9 1.42 625.9 2993.8 0.209 1.47E+08 2 2 2.1 0.1 10.0 

43 9.02E+05 32.3 86.1 60.2 193.2000122 0.51 5.84E+07 0.0 0.0 31.4 1.26 466.2 2434.6 0.192 1.61E+08 2 2 1.8 0.0 50.0 

45 1.37E+07 34.9 88.0 63.2 240.7999878 0.55 8.64E+08 1.0 1.0 -52.5 0.39 2729.8 8417.0 0.324 3.65E+08 2 2 1.8 0.0 23.0 

46 1.49E+06 59.8 116.0 93.1 236.3999939 0.48 1.43E+08 1.0 0.0 -22.8 1.61 874.1 2443.4 0.358 2.48E+08 2 2 2.0 0.1 11.3 

47 6.64E+05 64.0 81.6 71.4 461.3900146 0.61 5.05E+07 1.0 0.0 -19.6 0.40 322.9 2984.9 0.108 2.84E+08 3 3 NaN NaN NaN 

48 1.22E+06 29.7 78.6 58.7 241.7000122 0.47 7.20E+07 1.0 0.0 -31.1 1.58 716.4 2323.5 0.308 8.68E+07 2 2 1.9 0.1 31.4 

49 1.22E+06 52.9 72.2 63.8 250.3999939 0.70 8.13E+07 0.0 0.0 -38.6 0.14 689.4 2606.4 0.265 1.61E+08 2 2 1.6 0.0 13.3 

50 4.13E+08 42.9 462.2 173.5 871.0100098 0.70 7.17E+10 14.0 25.0 -33.7 0.32 7321.3 104957.3 0.070 2.34E+09 2 2 1.4 0.1 14.9 

51 7.87E+06 49.1 98.9 76.3 279.8999939 0.50 6.01E+08 2.0 1.0 69.2 2.56 1700.3 6144.9 0.277 5.71E+08 2 2 2.1 0.0 17.5 

52 1.51E+06 43.9 82.1 54.4 281.5100098 0.66 8.28E+07 0.0 1.0 -58.4 0.46 869.2 1922.0 0.452 2.35E+08 2 2 1.8 0.0 21.4 

53 1.61E+07 33.7 149.5 103.7 1193.410034 0.53 1.70E+09 3.0 4.0 -8.9 0.23 2100.2 13589.1 0.155 1.46E+09 2 2 1.9 0.1 28.4 

54 2.68E+07 41.6 180.1 115.5 396 0.49 3.11E+09 2.0 4.0 -50.7 0.29 1778.5 22287.8 0.080 3.90E+08 2 2 1.9 0.1 18.9 

55 4.74E+05 51.2 58.2 54.7 0 0.66 2.95E+07 0.0 0.0 -56.8 0.06 629.3 2311.9 0.272 2.01E+08 2 2 1.0 0.0 66.7 

56 1.33E+06 54.6 114.7 89.0 189.8999939 0.57 1.22E+08 1.0 0.0 -7.6 0.58 584.8 4330.5 0.135 9.09E+07 2 2 2.2 0.1 12.0 

57 3.24E+06 58.6 74.7 66.5 0 0.70 2.16E+08 0.0 0.0 60.0 0.26 1004.1 5624.4 0.179 2.95E+08 2 2 1.8 0.0 36.5 

58 1.34E+06 88.0 116.2 105.5 286.3999939 0.51 1.46E+08 0.0 0.0 -67.9 0.25 451.0 3737.0 0.121 9.54E+07 2 2 1.6 0.0 25.0 

59 2.27E+06 82.1 129.3 105.6 289.8999939 0.49 2.39E+08 1.0 0.0 43.0 1.28 739.0 4475.0 0.165 3.07E+08 2 2 2.0 0.1 28.1 

60 2.55E+07 56.3 326.0 166.2 437 0.73 4.26E+09 1.0 2.0 44.4 1.38 5913.4 25485.9 0.232 3.76E+08 2 2 1.5 0.1 15.3 

61 1.87E+07 23.4 110.7 65.0 465 0.60 1.22E+09 2.0 2.0 -45.0 0.38 2071.1 14550.3 0.142 4.17E+08 2 2 1.9 0.1 18.2 

62 7.83E+07 33.0 301.9 121.4 494 0.73 9.52E+09 4.0 9.0 -28.1 0.52 3638.9 41146.4 0.088 7.08E+08 2 2 2.0 0.1 22.1 

63 1.22E+07 38.1 200.8 111.0 280.3999939 0.64 1.35E+09 1.0 0.0 28.4 2.34 1615.1 10437.3 0.155 4.28E+08 2 2 1.8 0.1 10.7 

64 9.19E+05 36.5 87.9 45.9 389.8999939 0.55 4.22E+07 0.0 0.0 51.2 0.42 389.9 2512.8 0.155 2.98E+08 2 2 NaN NaN NaN 

65 1.62E+06 101.1 167.3 131.6 348.7999878 0.65 2.17E+08 1.0 0.0 -27.4 0.56 708.4 3140.7 0.226 3.73E+08 2 2 1.8 0.0 20.2 

66 3.51E+06 35.9 76.5 59.3 284.7000122 0.44 2.08E+08 1.0 1.0 -45.4 1.06 1725.0 3391.0 0.509 2.54E+08 2 2 2.0 0.0 20.6 

67 2.02E+07 45.1 243.7 150.9 160.8999939 0.59 3.06E+09 5.0 2.0 5.0 0.73 2988.1 18847.2 0.159 5.64E+08 2 2 1.6 0.1 19.8 

68 3.71E+06 20.3 113.3 75.9 305.1000061 0.52 2.89E+08 3.0 4.0 28.6 1.24 1067.1 6844.7 0.156 3.12E+08 2 2 2.0 0.1 12.1 

69 4.98E+07 55.4 255.7 159.6 444.7999878 0.57 7.99E+09 4.0 0.0 40.7 0.84 3307.8 29429.1 0.112 4.17E+08 2 2 1.9 0.1 19.0 

70 2.54E+06 24.4 66.2 45.5 275.3999939 0.56 1.19E+08 1.0 0.0 -73.0 0.43 1184.1 2967.4 0.399 1.79E+08 2 2 1.8 0.0 17.9 

71 1.58E+06 40.7 91.7 65.2 290.6000061 0.70 1.06E+08 0.0 0.0 19.9 0.31 815.5 3334.6 0.245 4.65E+08 2 2 1.5 0.0 25.5 

72 4.44E+07 41.2 346.4 152.1 505.6000061 0.77 6.79E+09 7.0 0.0 54.9 1.45 2820.5 45567.1 0.062 5.20E+08 2 2 1.7 0.1 20.9 

73 7.89E+06 23.8 80.4 54.7 151.6000061 0.65 4.37E+08 1.0 0.0 32.7 0.25 2418.7 5347.1 0.452 7.57E+08 2 2 1.4 0.0 47.0 
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74 5.18E+05 78.9 91.9 83.5 0 0.63 4.51E+07 0.0 0.0 -35.7 0.03 447.7 1867.2 0.240 1.14E+09 3 3 2.0 0.0 50.0 

75 4.62E+06 112.8 229.7 165.0 285.2999878 0.55 7.71E+08 1.0 0.0 29.4 2.36 1873.9 5477.5 0.342 2.93E+08 2 2 1.8 0.1 12.0 

76 1.64E+07 90.3 222.0 144.5 305.5 0.64 2.38E+09 4.0 2.0 48.5 1.28 3104.8 16428.8 0.189 5.77E+08 2 2 1.8 0.1 20.4 

77 1.29E+06 134.1 187.4 165.3 244.7000122 0.62 2.23E+08 0.0 0.0 68.1 2.46 1293.6 1784.2 0.725 4.60E+08 2 2 1.4 0.0 22.2 

78 1.05E+06 72.1 112.0 85.3 277.7999878 0.58 9.26E+07 0.0 0.0 88.5 0.00 706.0 1697.9 0.416 5.83E+08 2 2 1.7 0.0 27.6 

79 2.22E+06 67.8 86.2 77.9 280.3999939 0.62 1.81E+08 0.0 0.0 -18.6 0.06 1324.5 5404.6 0.245 4.17E+08 2 2 1.1 0.0 31.1 

80 1.20E+06 73.4 88.0 81.7 278.1000061 0.70 9.74E+07 0.0 0.0 46.3 0.23 873.1 2186.9 0.399 4.17E+08 2 2 1.1 0.0 75.0 

81 8.05E+08 70.2 670.7 278.1 1406.800049 0.70 2.24E+11 19.0 53.0 -2.4 0.42 14614.8 145408.4 0.101 7.38E+09 2 2 1.3 0.1 24.4 

82 8.89E+07 95.1 376.4 216.3 1270.689941 0.61 1.93E+10 11.0 21.0 -40.3 0.41 5545.3 49870.5 0.111 9.31E+08 2 2 1.9 0.2 12.3 

83 2.20E+06 59.0 488.4 216.0 1432.109985 0.49 4.73E+08 2.0 2.0 -41.0 6.62 789.0 4064.7 0.194 1.30E+08 5 5 2.4 0.5 4.9 

84 1.27E+07 84.6 461.9 292.1 1440.719971 0.46 3.70E+09 3.0 4.0 38.5 4.77 1955.0 10826.8 0.181 3.53E+08 3 3 1.7 0.3 22.6 

85 7.45E+06 90.1 476.3 291.7 866 0.50 2.18E+09 2.0 0.0 53.8 11.75 1408.0 5850.8 0.241 3.49E+08 3 3 1.9 0.2 22.4 

86 1.67E+07 127.3 378.0 258.6 866 0.54 4.32E+09 1.0 6.0 -56.3 1.61 2434.0 8691.8 0.280 1.19E+08 3 3 1.8 0.1 8.7 

87 1.22E+07 39.5 288.1 221.4 1066 0.30 2.66E+09 3.0 2.0 -37.8 0.74 2104.0 9968.5 0.211 3.19E+08 3 3 2.0 0.1 16.2 

88 1.40E+07 165.9 264.7 221.4 865.9899902 0.36 3.10E+09 1.0 2.0 11.6 1.17 2430.0 8598.4 0.283 2.30E+08 2 2 2.0 0.1 28.9 

89 5.87E+06 20.2 149.1 107.3 376 0.38 6.29E+08 2.0 2.0 -37.5 1.10 1325.0 5764.2 0.230 8.46E+07 2 2 1.8 0.1 14.1 

90 1.06E+07 183.7 368.6 258.4 687 0.51 2.72E+09 1.0 2.0 -59.4 1.07 2000.0 10347.4 0.193 2.14E+08 2 2 1.9 0.1 18.6 

91 9.01E+06 86.5 157.3 133.9 515.0999756 0.38 1.20E+09 1.0 1.0 -33.4 0.45 1592.0 8403.5 0.189 4.39E+08 2 2 2.3 0.0 12.4 

92 1.65E+07 133.5 779.6 445.5 1541.320068 0.43 7.38E+09 5.0 3.0 -77.5 1.17 1423.0 16866.6 0.084 4.64E+08 2 2 1.8 0.4 8.2 
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Abstract  

Climate exerts a primary control on glacier mass balance, driving basal sliding and subglacial erosion in 

response to changes in both ice flux and glacier geometry. Although past glacier reconstructions have been 

widely used as paleoclimatic proxies, extracting quantitative temperature/precipitation data from paleo-

glaciers is still challenging. We used the ice model iSOSIA over a synthetic landscape to quantitatively 

investigate the non-linear dependence of glacier geometry and ice dynamics on climate forcing, as well to 

analyze how spatial patterns of subglacial erosion and rates vary between the accumulation and ablation 

zones for different climatic settings. We performed ten calibrated climatic scenarios with different 

temperature/precipitation pairs in two separate sets of simulations (maintaining either same Equilibrium Line 

Altitude (ELA) or same ice extent; SA and ST, respectively). Our results reinforce the role of climate and the 

importance of ice flux in conditioning glacier geometry. In SA simulations, precipitation showed a major 

influence on glacier length and thickness. In ST simulations, calibrated ELAs presented a variability of over 

300 m in order to maintain similar ice extent, but showed reduced changes in glacier thickness. These results 

evidence the importance of ice flux to predict glacier geometry, when compared to the overall mass-balance 

from ELA estimate. Subglacial abrasion and quarrying showed notable differences between the accumulation 

and ablation zones for varying climatic forcing, with multimodal hypsometric erosion distributions with 

increased precipitation, shifting erosion patterns towards higher-elevation tributaries, and connected erosion 

patches in the ablation zone. Such trends highlight the role of subglacial hydrology and ice-bed contact 

(cavitation) in dictating patterns of subglacial erosion, while erosion magnitudes are closely related to ice 

flux and climate inputs. Our results have potential implications for paleo-climate reconstructions based on 

glacier geometry and provide further insights on how subglacial erosion can help further estimating 

paleoclimatic conditions from paleoglacial records.  

 

Keywords: glacier geometry, ice dynamics, numerical modelling, subglacial erosion patterns, (paleo-)ELA, 

climatic forcing 
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3.1 Introduction 

Having shaped polar and alpine landscapes over the Neogene and Quaternary, glaciers 

are known to be major geomorphic agents acting on the Earth’s surface (e.g. Hallet, 1979; 

Herman et al., 2015; Sugden et al., 2017; Cook et al., 2020; Herman et al., 2021). Glacier 

dynamics and paleo-geographical reconstructions have also been widely used as 

paleoclimatic proxy to infer changes in global climate with estimates of paleo-ELAs 

(Equilibrium Line Altitudes), past surface temperatures and precipitation patterns (e.g. 

Dahl and Nesje, 1992; Pearce et al., 2017; Kerschner and Ivy-Ochs, 2008; Protin et al., 

2019).  

However, paleoclimatic inference from past glacier reconstructions (i.e. ice extent and 

thickness from geomorphological markers such as moraines or trimlines) can be difficult 

to convert into past changes in temperature or precipitation (e.g. Kerschner and Ivy-Ochs, 

2008), due to the multiple controlling factors including local topography and climatic 

conditions (e.g. Kessler et al., 2006; Norton and Hampel, 2010), long-term climatic 

changes (Oerlemans, 1989, 2005) as well as internal climate variability (Roe and O’Neal, 

2009; Roe, 2011). These factors can affect local glacier mass-balance, and potential 

tradeoffs between climatic parameters (e.g. Blard et al., 2007; Allen et al., 2008; Becker et 

al., 2016; Solomina et al., 2016; Protin et al., 2019). For some specific settings, this 

limitation has been overcome by using other independent local paleoclimate proxies such 

as paleo-lake levels to constrain past precipitation and temperature changes (Martin et al., 

2020; Mey et al., 2020). Thus, despite the well-known application of paleo-climate 

reconstructions and especially paleo-ELAs based on paleoglacial landforms, there have 

been only few attempts to estimate the influence of precipitation changes on past glacier 
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geometry or inferred paleo-ELAs (e.g. Kessler et al., 2006; Reixach et al., 2021; Lai and 

Anders, 2021). 

Precipitation and temperature are primary climatic controls on glacier mass balance, 

driving basal sliding and subglacial erosion in response to changes in both ice thickness 

and extent (e.g. Hallet, 1979; Herman et al., 2015; Koppes et al., 2015; Herman et al., 

2021). However, still little is known on how subglacial erosion patterns behave under 

temporally- or spatially-varying combinations of temperature/precipitation, even for fixed 

glacier geometry or ELA configurations. Indeed, such climatic complexity may be 

reinforced by non-linear effects of hydrology on ice dynamics and resulting erosion 

location and magnitude. Although abundant meltwater is capable of speeding up sliding 

and, therefore, subglacial erosion (e.g. Herman et al., 2011; Egholm et al., 2012; Ugelvig 

et al., 2016; Ugelvig et al., 2018; Bernard et al., 2020), the ice-bed contact fraction also 

plays a crucial role in controlling the subglacial hydrology (e.g. Schoof, 2005), as well as 

the role of basal debris (Ugelvig and Egholm, 2018) which, in turn, depend partly on the 

water flux, ice thickness and quarrying efficiency. Therefore, ice dynamics and resulting 

subglacial erosion patterns may also be indicative of a climatic setting, particularly a 

minimum level of precipitation (Koppes et al., 2015). 

Accessing subglacial environments and obtaining direct onsite measurements for 

subglacial processes and erosion rates are challenging, thus surface process models (SPMs) 

have been used for decades to simulate ice dynamics and subglacial processes (Oerlemans, 

1984; Harbor et al., 1988; Tomkin and Braun, 2002), demonstrating their usefulness for 

investigating the role of surface processes in long-term landscape evolution. Nevertheless, 

the complexity imposed by multiple processes and possible feedbacks between glacier 
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dynamics, climate and topography/tectonics (Anderson et al., 2006) have been tackled only 

recently with more sophisticated and numerically-efficient modeling approaches (e.g. 

Braun et al., 1999; Kessler et al., 2006; Herman and Braun, 2008; Egholm et al., 2009; 

Tomkin, 2009). Ice-model developments from 1-D simulations (e.g. Oerlemans, 1984; 

MacGregor et al., 2000) to more recent 2D and 3D models (Jouvet et al., 2008; Egholm et 

al., 2011) allow investigating large-scale, long-term glacier dynamics by also incorporating 

the effects of rugged topography. More recently, higher-order models coupled with 

bedrock erosion, subglacial hydrology, sediment transport and deposition (Egholm et al., 

2012; Ugelvig et al., 2016, 2018; Bernard et al., 2020) allow to reproduce topographic 

widening, hillslope processes and more complex hydrological feedbacks. By simulating 

landscape evolution over thousands to millions of years, these models allow to run virtual 

experiments and explore how changes in climate, tectonics, and topography interact, which 

is otherwise, highly challenging to investigate in a laboratory or in nature.  

The existing links between ELA and glacier extent, with the aim to infer climatic 

conditions from paleoglacial reconstructions, have also been investigated using ice models 

(e.g. Blard et al., 2007; Protin et al., 2019). However, for fixed ice extent or glacier ELA, 

different climatic scenarios (i.e. combinations of precipitation/temperature) can result in 

significant variations in either inferred ELA or ice geometry, especially between the 

accumulation and ablation zones. Such differences can also highly affect ice dynamics and, 

consequently, erosion patterns.  

To investigate this question, we used the three-dimensional Integrated Second Order 

Shallow Ice Approximation model (iSOSIA; Egholm et al., 2011) to numerically explore 

how both ice dynamics and erosion patterns are influenced by specific climatic scenarios 
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(i.e. precipitation and temperature conditions). Using a kilometer-scale synthetic alpine 

landscape, we performed two sets of simulations with a selected range of climate scenarios 

preserving either similar glacier ELAs or ice extents (ten scenarios each). By integrating 

in our simulations abrasion and quarrying laws as subglacial erosion, as well as the role of 

subglacial hydrology in cavities or channels, we investigated how ice dynamics (i.e. ice 

flux: subglacial velocities and ice thickness) and erosion rates vary spatially and differ 

between the accumulation and ablation zones under contrasting climatic conditions. We 

also analyzed how glacial erosion patterns and their relative magnitudes evolve in each 

scenario, based on a reference scenario. With this approach, our goal is eventually to 

discuss the potential and limitations in using paleoglacial reconstructions as a paleoclimatic 

proxy, but also ultimately how subglacial erosion patterns can be used as complementary 

proxies for paleo-climate studies. 

 

3.2 Methods and model set-up 

3.2.1 Ice model iSOSIA 

In the present study, we use the ice model iSOSIA (depth-Integrated Second Order 

Shallow Ice Approximation), a finite volume solver with explicit time integration that 

allows the computation of ice flow, subglacial hydrology and sediment transport (Egholm 

et al., 2011, 2012). The numerical integration of “higher!order” effects ensures the 

preservation of good accuracy compared to Full-Stokes model predictions for steep and 

rugged topography (Egholm et al., 2011), while allowing long-term and large-scale 

simulations necessary to investigate paleoglacial questions and the impact of ice dynamics 

on erosion and mountain relief (Egholm et al., 2012).  
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In iSOSIA, the climatic input is based on a simple mass-balance approach using a 

Positive-Degree-Day model (PDD, here we use a melting degree factor of 3.10-3 m w.e. °C-

1 day-1; see Table 1), which is a function of temperature (decreasing linearly with altitude 

at a lapse rate of 6 °C/km, with an annual temperature amplitude dTa of 10 °C, Table 1) 

and precipitation. In our simulations, precipitation is considered as spatially-constant. Any 

change in ice thickness is therefore computed as a balance between ice flow, ice ablation 

and accumulation (Equation 1), while mass conservation assumes a constant ice density 

spatially and at depth. Snow avalanching in iSOSIA (Scherler and Egholm, 2020) 

transports new accumulated snow downward towards lower elevation cells, as far as ice 

surface slope between the cells is smaller than avaslope (see Table 1).  

 

Table 1. Main parameters (values and units) used in iSOSIA model for SA and ST simulations. See text for 

details. 

Mass balance 

lrate Temperature lapse rate with elevation 6e-3 ºC m-1 
mPDD Melting degree day factor 3e-3 m w.e. °C-1 day-1 
dTa Annual temperature amplitude 10 ºC 
Erosion 

Ka Abrasion coefficient 4e-7 m-1 y  
Kq Quarrying coefficient 2e-6 m-1 y  
Hydrology and ice flow 

Kmin Minimum hydraulic conductivity 0.01 kg−1/2 m3/2 
Li Latent heat of fusion 3.4×105 Jkg−1 
Ls Cavity spacing 4 m 
Lc Channel spacing 200 m 
avaslope Critical accumulation slope 0.5  
A Ice flow parameter 10−16 Pa−3 y−1 
Cs Sliding coefficient  5e-3 Pa s1/3 
ρice Ice density 910 kg m-3 
g Acceleration of gravity 10 N kg-1 
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n Ice creep constant 3 
B Ice viscosity constant 73.3×106 Pa s1/3 
β Cavity shape parameter 0.7  

 
 

Ice fluxes are computed in iSOSIA by vertically-integrating horizontal ice-flow 

velocities at cell boundaries. In addition, bed topography, ice thickness and elevation are 

averaged in each grid cell and values are assigned to the nodal points in the staggered grid 

(Brædstrup et al., 2014). Ice thickness changes are derived from the following mass 

conservation law:  

 

	"#$%&
"' = 	−	∇ ⋅ ,⃗ + / (1) 

Where hice is the thickness of ice (m), t is time (y), F is the horizontal flux (the product 

of ice thickness and the depth-averaged ice velocity vector, m2 y-1) and M the mass source 

term (m/y). This equation is integrated for each model cell using a flux limiter that prevents 

negative ice thicknesses.  

 

Horizontal stress components (sxx, sxy, syy) are based on Glen’s flow law (stress exponent 

n = 3) and horizontal flow velocities depend non-linearly on ice-surface gradients and 

curvature (Egholm et al., 2011). In iSOSIA, the horizontal stress components are assumed 

not to vary at depth within the ice, and constant values can be computed from depth-

averaged strain rate components. In that sense, depth-averaged velocities depend on the 

local ice thickness, ice surface gradient, local variations in depth-averaged ice velocities, 

and material parameters (note that ice is assumed to be isotropic in iSOSIA).  
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In our simulations, we used a modified sliding equation (See Table 1 for parameter 

details), based on Ugelvig et al. (2018): 

 

01 = 	 	23∗	56
7

(9:;<=) (2) 

 

Where Ub is the sliding velocity (m/y), Cs is the sliding coefficient (Pa s1/3), ?1 is the 

computed basal shear stress (Pa; Egholm et al., 2011) and SLf is the ice-bed contact fraction 

that accounts for the cavities (SLf = S/Ls; S being the cavity length and Ls the cavity spacing; 

Ugelvig et al., 2018).  

 

We follow the approach adopted by Ugelvig et al. (2018) for modelling subglacial 

hydrology, which is described by channels and cavities. However, in our approach we do 

not account for seasonal nor diurnal pressure variations but rather we model a steady-state 

solution, where steady-state effective pressures are computed and the highest effective 

pressure is taken, classifying the region as cavity or channel dominated. Therefore, a long-

term average effective hydraulic pressure is modelled following:  

 

@ABC = 	D ∗ EFGH
I
J ∗ 	EK6∗#3;L 	H

I
J  (3) 

 

Where Ncav is the effective pressure in cavities, B is the ice viscosity constant (Pa s1/3), 

n is the ice creep constant (n=3), Ub is the sliding velocity (m/y), hs the height of the 

topographic step (m), S is the cavity length S (m) (see Table 1 for parameter details and 

Figure 1 for illustration). 
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@A#B = 	MD ∗	E<%∗NO∗PQR$<$S%
	H
I
J  (4) 

 
 

Where Ncha is the effective pressure in channels, Lc is the mean channel spacing (m), qw 

the water flux under the glacier (m2 s-1, see Ugelvig et al., 2018), ∇ψ = ρwg∇hice is the 

gradient of the hydrological head (Pa m-1), TU and VU are ice density and latent heat, Ac is 

the channel cross-section (m2) (see Eq. 3 for parameters description and Table 1 for details). 

The size of cavities and channels are modelled as: 

 

W = 	 9
X∗#3

∗ Y <3∗NO	
Z[$J∗	\PQ

	]
^.F

  (5) 

and 

`A = 	 Y <%∗NO	
Z[$J∗	\PQ

	]
^.F

  (6) 

 

Where β is the constant cavity shape parameter, kmin is the minimum hydraulic 

conductivity (kg-1/2 m3/2) and Ls is the mean cavity spacing (m). For previously-presented 

parameters, see description for Equation 3 and details in Table 1. 

From Equations 3-5, cavity size controls the effective pressure (Ncav) of the system 

influencing, in turn, basal sliding speed (Eq. 2).  
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Figure 1. Conceptual sketch of (sub)-glacial processes and main iSOSIA model ingredients. (A) Glacier 

longitudinal profile (light blue) over bedrock (black), with ice mass-balance processes (snow precipitation 

and avalanching, ice melting) defining the accumulation/ablation zones separated by the Equilibrium Line 

Altitude (ELA, black dashed line). Ice dynamics is also illustrated, with ice flow and basal sliding (Ub) which 

controls ice thickness (hice) and subglacial erosion processes (abrasion and quarrying) as well as subglacial 

hydrology pictured by cavities. (B) Zoom on longitudinal section with basal sliding (Us) direction and stress 

components where nb is the bed orientation, ts the basal shear stress and tn is bed normal stress. The white 

square depicts an ice element with horizontal and vertical stress components, including two of the four depth-

averaged deviatoric components (ayy, azz), where pressure p = ρghice. (C) Zoom on subglacial cavity with 

main parameters and variables in iSOSIA (Ugelvig et al., 2018): S is the cavity length, Ls is the mean cavity 

spacing, hs the height of the topographic step and SLf is the bed contact fraction.  

 

In our simulations, subglacial erosion (MacGregor et al., 2009) is computed as the sum 

of two components: abrasion and quarrying. Abrasion accounts for the direct effect of ice-

to-bedrock friction and adopts Hallet’s abrasion law (Hallet, 1979), in which abrasion rates 
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scales with sliding velocity squared (Eq. 6). The adopted law assumes topographic steps 

have roughness, since effective ice-bed contact ratio (SLf) is considered within the sliding 

velocity (Eq. 2). In the simulations, we did not consider the potential shielding effect of 

basal sediments nor the tool effect of basal debris (Ugelvig et al., 2018) and the 

computation of abrasion follows: 

 

bB = cB ∗ 01d	 (7) 

 

Where Ka is the abrasion coefficient and Ub is the basal sliding velocity (m/y). Ka 

depends on basal-ice debris concentration, debris-particle shape, and the relative hardness 

of debris particles and bedrock (Hallet, 1979). We do not model variations in this property 

and treat Ka as a constant (see Table 1 for details). 

Quarrying accounts for plucking of bedrock pieces, and is influenced by first-order 

controls such as sliding velocity (which also considers ice-bed contact fraction; Eq. 2), 

effective pressure (difference between ice and water pressures at the bed in cavities or 

channels) and the presence of preexisting fractures (Iverson, 2012). Quarrying depends on 

the chance of a rock with a topographic step to fracture and the ice-bed contact. In general, 

this assumes that the larger the rock, the higher chance it has to fracture and quarry.  We 

computed quarrying based on Iverson (2012) and followed the approach by Ugelvig et al. 

(2016) that also investigated the controlling effect of bed slope on quarrying: 

 

bN = cN ∗ Nf ∗ 	01 ∗ 	(∇gh)d		 (8) 
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Where Kq is the quarrying coefficient, representing the effect of bedrock lithology and 

pre-existing fractures and used for scaling the erosion rates. N is effective pressure, which 

is the highest of Ncav or Ncha (i.e. the hydrological system with lowest water pressure 

dominates the hydrological system). ∇bs is the bed slope in the direction of sliding (see 

Table 1 for parameter details). 

 

3.2.2 Modelling approach and set-up  

In this study, we overall aim to numerically investigate the non-linear effects of climatic 

forcing on (1) glacier geometry (ice extent and thickness, area and volume), (2) ice 

dynamics (basal sliding velocity and subglacial hydrology) and finally (3) subglacial 

erosion by abrasion and quarrying (spatial patterns and magnitudes).  

Given the non-linear dependence of ice geometry and dynamics on surface mass-

balance (see section 3.2.1 for equations), we designed ten climatic scenarios based on 

different annual precipitation/sea-level temperature pairs as input climatic parameters. In 

addition, to put our study into a broader paleo-glaciological context, we tested two different 

modeling approaches: (1) simulations with fixed Equilibrium Line Altitudes (ELAs) and 

varying simulated ice geometries (same-ELA simulations, hereafter referred to as “SA”), 

and (2) simulations with fixed ice extent (i.e. similar ice-front position) but varying 

simulated ELAs (same ice-extent simulations, hereafter referred to as “ST”). These two 

sets of simulations reflect different approaches in paleo-glaciology, where paleo-ice 

reconstructions are based either on geomorphological markers to infer past ELAs or 

simulated from ELA estimates from other independent paleoclimatic proxies (e.g. Dahl 

and Nesje, 1992; Kerschner and Ivy-Ochs, 2008; Pearce et al., 2017; Protin et al., 2019). 
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We ran iSOSIA simulations over a synthetic fluvial landscape, with 20x40 km total extent 

and a 100-m cell resolution. The synthetic landscape has an elevation range between 0 and 

4500 m (Figs. 3A-B), similar to a typical alpine landscape. The model setup is performed 

as described in section 3.2.1, and main setup parameters for SA and ST simulations are 

described in Table 1. 

First, we designed a “reference” climatic scenario, selecting precipitation/sea-level 

temperature input (1 m/y and 5.5 °C, respectively) which translates into a given ELA (1985 

m, Fig. 1A) and ice extent (30 km long, Figs. 3B-C). This ELA value is roughly at the 

hypsometric mode of the synthetic landscape (Fig. 3A), and moreover it falls into the range 

of reported Alpine paleo-ELAs for the last glacial cycle (e.g. Kuhlemann et al., 2008; 

Višnjevic et al., 2020). Preliminary sensitivity tests showed that the behavior of 

temperature vs. precipitation in order to maintain the same mass balance does not 

significantly change for different ELA values; therefore, we consider that our ELA choice 

does not limit or alter our modeling investigation regarding the ice-dynamics response to 

climatic forcing. Annual precipitation scenarios were imposed and range within possible 

present-day and ELA Alpine precipitation estimates (Allen et al., 2008; Isotta et al., 2014; 

Becker et al., 2016; Višnjevic et al., 2020), including end-member scenarios of 0.25 and 4 

m/y. For each precipitation scenario, the annual sea-level temperature was constrained by 

a trial-and-error process (Fig. 2C) to predict either similar ELAs at 1985 m (SA 

simulations, Fig. 2A) or similar ice extents of 30 km long (ST simulations, Figs. 2B). For 

ST simulations, we imposed a maximum 100-m difference (i.e. one model cell) in ice-front 

position for fitting the different scenarios (Fig. 3C).  
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For each calibrated climatic scenario and associated surface mass balance (Figs. 2A-B), 

ice simulations were run for 1.7 ky without subglacial erosion (i.e. abrasion and quarrying 

off), to ensure that a steady-state configuration was attained with stable ice geometry and 

only small ice-thickness changes mostly coming from snow avalanche and subglacial 

hydrology (small variations in effective pressure). The steady-state ice configurations were 

checked with ice-thickness changes below 0.3% over the last 500 y of the total simulation 

run. Subsequently, steady-state ice configurations were used as initial input to run 

simulations over extra 1 ky with subglacial erosion on (i.e. abrasion and quarrying on), 

where Ka and Kq (Table 1) were calibrated for the reference scenario (1 m/y precipitation) 

in order to provide maximum abrasion and quarrying rates of 1 mm/y each.   
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Figure 2. Mass-balance input scenarios for (A) same-ELA (SA, ELA = 1985 m) scenarios and (B) same ice-

extent (ST, ELAs from 1748 to 2091 m) simulations (colored curves depict the different input precipitation 

scenarios). (C) Precipitation and temperature pairs for SA (blue crosses) and ST (red crosses) simulations. 

The two simulation sets show quite similar temperature ranges to maintain ELA (SA) or ice extent (ST). (D) 

Experimental design for the two datasets, the output ranges in ELAs or ice extents for ST (red crosses, left 

scale) or SA (blue crosses, right scale) simulations, respectively. 

 

Output ice configurations (glacier thickness and extent), predictions regarding ice 

dynamics (basal sliding and deformation velocities, subglacial hydrology) and erosion 

(abrasion and quarrying patterns) were extracted for further investigation. To ensure 

quantitative comparisons between the different climatic scenarios, we only kept the trunk 

glacier and its connected tributaries for subsequent analysis (Fig. 3A), while removing non-

connected tributaries. For this step, we used an automated Matlab® function (bwopen) to 

track only the connected cells based on neighbors-search, imposing a 25-m threshold for 

ice thickness to also remove small areas with potential ice-mass redistribution instabilities 

(mostly located on valley flanks or at crestlines).   

Given the large variability in the input temperature/precipitation scenarios (Fig. 2C), the 

connectivity between the trunk glacier and some tributaries vary between the different 

climatic scenarios (Fig. 3A), with some tributaries joining when increasing (decreasing) 

annual precipitation for SA (respectively ST) simulations (see section 3.3 for details and 

consequences on ice geometry). Such variability in tributary connectivity creates a more 

complex but realistic ice simulation, as also suggested by Bernard et al. (2020).  
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3.3 Simulation results  

3.3.1 Climatic scenarios and ice-extent/ELA predictions 

The mass-balance calibrations for the two simulations (SA and ST) and ten climatic 

scenarios (input annual precipitation between 0.25 and 4.00 m/y, with a reference scenario 

of 1.00 m/y, Fig. 2A-B) resulted in a limited range for annual sea-level temperatures (Fig. 

2C) to maintain the same ELA (SA, 2.0-10.2 °C) or the same ice-extent (ST, 3.5-9.6 °C). 

In addition, we observed similar temperature/precipitation relationships between SA and 

ST simulations despite the different simulation approach (Fig. 2C). Our calibrations 

highlighted the impact of drier or more humid conditions on both the ELA and ice-extent 

variability (Fig. 2D). The different climatic scenarios resulted in ice-extent ranges of 15-

30 km (SA simulations) and ELAs of 1750-2090 m (ST simulations). Moreover, our results 

highlight that ice simulations are more sensitive to climate drying compared to the 

reference scenario (1 m/y). 

In the following, we compare the ten calibrated climatic scenarios from each of the two 

simulations (SA and ST), with the overall aim to evaluate the climatic impacts on both 

glacier’s geometry and erosion patterns over a synthetic landscape (Fig. 3A). We present 

our results with comparisons between the accumulation (above the ELA) and ablation 

(below the ELA) zones in separate, as they show significant differences and provide further 

insights into glacial dynamics. We also indicate the reference scenario with 1 m/y of 

precipitation and 5.5° C for comparison purposes between colder/drier or hotter/wetter 

climatic scenarios (Fig. 2).  

 

 



Modelling Alpine glacier geometry and subglacial erosion patterns in response to contrasting climatic forcing 

121 
 

3.3.2 Outputs for ice geometry   
 

 

 

 

sf dgf dg 

 

Same ELA (SA) simulations show significant differences between climatic scenarios, 

with up to 15 km changes in glacier length. This corresponds to a relative change of ~60% 

in relation to our reference scenario, and highlights the importance of integrating ice flux 

rather than just the mass balance for predicting ice geometry (Figs. 3A-B). The 

incorporation of newly-connecting tributaries to the trunk glacial system also reinforces 

the observed geometric differences, and adds a more realistic approach to a seldom 

analyzed aspect. For SA simulations, ice thickness also shows the biggest change for our 

simulations, with differences of up to 700 m between the two end-member climatic 

scenarios (Fig. 3B).  On the other hand, same ice-extent (ST) simulations present much 

smaller differences in ice thickness (up to 100-150 m difference, Fig. 3C), even if the 

calibrated ELAs show a large variability between 1750 and 2100 m for the different 

climatic scenarios (Fig. 3C).   
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Figure 3. (A) Model extent (40x20 km, 100-m resolution) and synthetic fluvial landscape. Inset shows 

hypsometric distribution (black dashed line is reference ELA at 1985 m). Main glacier system is represented 

for the reference (1 m/y) and extreme (0.25 and 4 m/y) climatic scenarios (SA simulations, showing large 

variations in ice-front position between scenarios). Note the star symbols (a and b) that locate the tributary 

junctions for SA (a,b) and ST (b) simulations. See main text and Figures 5 and 6 for details. Longitudinal 

(A-A’, Figs. 3B-C) and cross-section (1 and 2, Fig. 4) profiles are also indicated. (B-C) Longitudinal ice 

profiles and ELA positions along the trunk valley (A-A’ in Fig. 3A) for SA (B) and ST (C) simulations 

considering different climatic scenarios (colored lines). 
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Glacier cross-sections in the ablation (Fig. 4A) and accumulation (Fig. 4B) zones 

confirm the ice-thickness changes between scenarios, but also reveal changes in the ice-

surface profiles for the two areas. In the ablation zone (cross-section 1, Fig. 4A), ice-

thickness changes are roughly constant along the transverse profile and the ice surface is 

apparently convex in shape. On the other hand, glacier cross-sections in the accumulation 

zone show significant variations in ice-surface changes along the transverse profile, with 

maximum differences in the central part of the trunk glacial valley, but almost none on the 

valley margins (i.e. at the bedrock-ice contact, Fig. 4B).  

 

Figure 4. Ice-surface cross-sections in the ablation (A) and accumulation (B) zones (respectively, cross-

section 1 and 2 in Fig. 3A). Presented cross-sections are model outputs from ST simulations (colored lines 

indicate the different climatic scenarios), although SA showed very similar ice configurations. Note the ice-

surface convex (ablation zone) and concave (accumulation zone) shapes along the cross-sections. See text 

for details.  

 

Our results also reveal interesting behaviors for tributary dynamics. For SA simulations, 

increased precipitation scenarios promote glacier advance, both for the trunk glacier and 
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its tributaries that progressively join the trunk glacial system (Fig. 3A). The opposite 

behavior is observed for ST simulations, with disconnected tributaries for increased 

precipitation scenarios. Such climatic scenarios are associated with increased temperatures 

in order to maintain the same ice extent for the trunk glacier, and cause disconnection of 

tributaries for which the integrated mass balance is not maintained.  

Glacier-area variations are noticeably different between the accumulation and ablation 

zones, with a higher variability in the ablation zone for both SA and ST simulations (Fig. 

5A-B). Given our approach for SA simulations (in which the ice extent can vary between 

scenarios), we observe glacier area changes by up to 100% between the two end-member 

scenarios. In ST simulations (in which the ice-extent is fixed, but the ELA can vary 

between scenarios), variations in glacier area are smaller, but can still represent 35% 

change due to changes in ice thickness, lateral glacier extent and tributary junction between 

end-member scenarios (Fig. 5B). In the accumulation zones, glacier-area changes are more 

limited, especially for ST simulations (<10% changes, Fig. 5B), but large ice-thickness 

variations and tributary junctions for SA simulations result in 50-60% changes in glacier 

total area (Fig. 5A). 

We further investigated the glacier-area changes between accumulation and ablation 

zones by calculating the output AAR (accumulation-area ratio, computed as the glacier’s 

accumulation area divided by its total area; Meier, 1962) for each climatic scenario. 

Interestingly, the AAR is changing by around 10-20% between climatic scenarios (Fig. 5), 

both for SA and ST simulations, with higher values (AAR around 0.6) for dry scenarios 

compared to wetter scenarios (AAR around 0.5). 
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Figure 5. Main glacier system area changes (% compared to reference scenario with 1 m/y precipitation) for 

SA (A) and ST (B) simulations. Both accumulation (blue stars) and ablation (red circles) zones are 

represented, as well as thresholds in area change for tributary junction (black arrows a-b, see Fig. 3A for 

locations and text for details). The evolution of the output Accumulation-Area Ratio (AAR) is also shown 

(yellow crosses, right scale). 

 

Finally, we also checked the relationships between glacier area and volume, focusing 

on potential differences between accumulation and ablation zones for ST and SA 

simulations. Although these variables are not independent, they may indicate different 

behaviors illustrating also changes in overall glacier thickness. First, as also observed for 

glacier area (Fig. 5), ice-volume differences are greater in the ablation zone for both 

simulations (Fig. 6) and also higher for SA than ST simulations. For SA simulations (Fig. 

6A), we observe almost linear relationships between ice area and volume changes (both for 

accumulation and ablation zones) for dry scenarios (<1 m/y precipitation), showing a first-

order control of ice-area changes on volume variations. For wet scenarios (>1 m/y 

precipitation), this relationship is altered and ice volume increase less than area, with a 

clear difference between accumulation and ablation zones. This highlights the importance 
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of ice-thickness changes in such scenarios. For ST simulations, a very different behavior 

between the accumulation and ablation zones is observed (Fig. 6B). While there is an 

apparent linear relationship between area and volume changes for the ablation zone, for the 

accumulation both area and volume changes are limited (<10%) with no apparent 

relationship between the two metrics.  

 

 

Figure 6. Main glacier system changes in ice volume and area (% compared to reference scenario with 1 m/y 

precipitation) for SA (A) and ST (B) simulations. Both accumulation (blue stars) and ablation (red circles) 

zones are represented. Note the smaller changes for ST simulations, and the different area/volume 

relationships between accumulation and ablation zones.  

 

3.3.3 Outputs for subglacial erosion patterns  

In this section, we present erosion results for ST simulations, since these are associated 

with same ice-extent predictions and allow for direct comparison of subglacial erosion 

patterns. We present erosion results for SA simulations in the Supplementary Material.  

Mean abrasion rates are largely similar within the accumulation and ablation zones (Fig. 

7A), with almost linear increase in mean abrasion for increasing precipitation. On the other 
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hand, there is a clear difference for quarrying outcomes, both in terms of their relationship 

with precipitation and their variability between accumulation/ablation zones: mean 

quarrying rates are higher in the ablation zone (2-3 times) and quickly reach a plateau at 

around 1.5 m/y with increasing precipitation (Fig. 7B). Abrasion and quarrying were 

calibrated for the reference scenario (1m/y precipitation) to predict maximum rates of 

around 1 mm/y each; however although they present similar mean values in the ablation 

zone (around 0.1 mm/y, Fig. 7), mean quarrying is much lower in the accumulation zone 

(around 0.03 mm/y) evidencing strong spatial variability in this zone.  

 

 

Figure 7. Mean subglacial abrasion (A) and quarrying (B) rates for steady-state same-extent (ST) 

simulations, with a distinction between accumulation (blue stars) and ablation (red circles) zones. Abrasion 

and quarrying were configured (Ka and Kq – see Table 1) to present maximum rates of 1 mm/y for the 

reference scenario (1 m/y precipitation). An apparent sublinear increase of mean abrasion with precipitation 

is noticeable (A), while mean quarrying reaches a plateau for high precipitation scenarios (> 1.5 m/y) and 

differs between accumulation and ablation zones (B). For output results of SA simulations, see 

Supplementary Material Figure S1.  
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We also computed the combined abrasion and quarrying rates to estimate the total 

eroded volume over 1 ky for each climatic scenario. Although glacier extents are the same 

for ST simulations, we observe that the total eroded volume nearly increases tenfold with 

precipitation (Fig. 8A), which is a similar magnitude change to SA simulations, (in which 

glacier area and volume are significantly changing, Fig. 6 and Supplementary Fig. S2). 

Mean erosion rates are higher in the ablation zone (Fig. 7), but the accumulation zone 

shows a slightly greater total eroded volume for wetter scenarios (Fig. 8A), which can be 

explained by the relative increase in the area occupied by ice within the accumulation zone 

for ST simulations (lowering of the ELA for increased precipitation) in addition to the 

larger variability in quarrying rates for the accumulation zone (Fig. 7B).  Moreover, we 

investigated the relationship between ice volume and total eroded volume which shows 

different behaviors between the accumulation and ablations zones: even if the ice volume 

is roughly constant in the accumulation zone, the total eroded volume still increases 

significantly, whereas it exponentially scales with ice volume in the ablation zone (Fig. 

8B). 
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Figure 8. (A) Precipitation input vs. total eroded volume with similar increasing trends in the accumulation 

and ablation zones. (B) Ice volume vs. total eroded volume, revealing two very different behaviors between 

the accumulation and ablation zones. See text for discussion. 

 

After investigating large-scale integrated erosion rates and volumes at the scale of the 

entire glacier, we now explore the variability of erosion (abrasion and quarrying) at 

smaller-scale. We computed distribution histograms of subglacial erosion (abrasion, 

quarrying and total erosion, Fig. 9) for three end-member climatic scenarios: 1 m/y 

(reference), 0.25 m/y (lowest precipitation) and 4 m/y (highest precipitation). Our aim is 

to evaluate the evolution of local subglacial erosion from dry to wet precipitation scenarios. 

The output abrasion rates (Fig. 9A-C) show similar distributions and magnitudes between 

the accumulation and ablation zones for the high-precipitation scenario (Fig. 9C), while 

abrasion is clearly lower in the accumulation zone for the low-precipitation scenario (Fig. 

9A). In addition, we observe a clear trend towards higher abrasion rates with increased 

precipitation, as also evidenced for glacier-averaged abrasion rates (Fig. 8A).  
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Quarrying rates show a similar trend between climatic scenarios, with a clear bimodal 

distribution in the accumulation zone for the low-precipitation scenario (Fig. 9D). 

Furthermore, and different to the abrasion distributions, quarrying in the accumulation zone 

still presents much smaller values than in the ablation zone, even in the high-precipitation 

scenario (Fig. 9F). This highlights an increased importance of quarrying in the ablation 

relatively to the accumulation zone with increased precipitation.   

Total erosion distribution (Fig. 9G-I) shows that with our model settings, abrasion 

provides, in general, the highest contribution to overall erosion, with very similar 

distributions between abrasion (Fig. 9A-C) and total erosion (Fig. 9G-I). This is mainly a 

consequence of the large variability in quarrying rates (Fig. 9D-F) and of our model set up, 

where we scaled maximum abrasion and quarrying to 1 mm/y for the reference scenario.   
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Figure 9. Subglacial abrasion (A-C), quarrying (D-F) and total erosion (G-I) rates, for three end-member 

climatic scenarios (left: 0.25 m/y, center: 1.00 m/y and right: 4.00 m/y, respectively). Output rates smaller 

than 10-5 mm/y are considered as no-erosion data and are not shown. Blue and red histograms are referring 

to accumulation and ablation zones, respectively. Mean (black dashed line) values for the entire main glacier 

system (combined accumulation + ablation zones) are also displayed.   
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However, an interesting observation for total erosion is its bimodal distribution in the 

accumulation zone, which is mainly driven by quarrying distribution. Finally, our small-

scale results agree with glacier-scale mean erosion predictions (Fig. 8), where the total 

eroded volume in the accumulation zone is smaller than in the ablation zone for low-

precipitation scenarios, but greater in high-precipitation conditions with increased abrasion 

rates (Fig. 9).  

We explored also the cell-by-cell variability in predicted subglacial erosion for the three 

end-member climatic scenarios, in terms of magnitude and hypsometric distribution (Fig. 

10). Our results first show that erosion rates, overall of low magnitudes (<1 mm/y), occur 

preferentially at low elevations (around 1000 m) for the low-precipitation scenario (0.25 

m/y, ELA at ~1750 m). For the reference scenario (1 m/y, ELA at 1985 m), erosion rates 

are higher (peak above ~1.5 mm/y) and a bimodal pattern emerges, with subglacial erosion 

located at low elevations (around 1000 m) but also close to the ELA (around 2000 m). This 

trend is visible in the wettest scenario (4 m/y, ELA at ~2100 m), with subglacial erosion 

rates up to 5 mm/y and three observed modes with an original high-elevation one (around 

3000 m) in addition to the previously observed peaks at low elevations and at the ELA.  

 



Modelling Alpine glacier geometry and subglacial erosion patterns in response to contrasting climatic forcing 

133 
 

 

Figure 10. Subglacial erosion patterns relative to elevation for three end-member climatic scenarios (0.25, 1 

and 4 m/y). Each data-point corresponds to one model cell (100x100 m size). The position of the ELAs 

(dashed lines) for each climatic scenario is also represented, with similar color-code.  

 

These results reinforce the cell-based erosion trends shown previously (Fig. 9G-I), with 

an evolution towards bimodal/multimodal patterns for erosion, especially in the 

accumulation zone, for increased precipitation scenarios. To further investigate the 

potential controls of ice dynamics on erosion variability, we explore the possible links with 

basal sliding. Abrasion is closely linked to sliding, as defined by the input power-law 

described in Equation 7 (see section 3.2.1). Likewise, the model input law for quarrying 

results in highly non-linear responses with basal sliding due to the important contribution 

effective pressure (Eq. 8), leading to different erosion patterns in the ablation and 

accumulation zones (Fig. 11). For the accumulation zone, the relationship between 
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quarrying and basal sliding is complex, and a triangular-like pattern is observed for all 

climatic scenarios (Fig.11A), although ranges increase with higher precipitations and the 

maximum quarrying is set by basal sliding magnitudes (Eq. 8). However, because of sliding 

and quarrying relationship depends on effective pressure, peaks in quarrying occur around 

half-way of the sliding range for all three end-member scenarios (Fig. 11A). In the ablation 

zone, a clearly different trend appears with higher dispersion and two opposite clusters for 

the relationship between basal sliding and quarrying (Fig. 11B), especially for the highest-

precipitation scenario. 

 

Figure 11. Subglacial sliding vs. quarrying rates in the accumulation (A) and ablation (B) zones for the three 

end-member climatic scenarios (0.25, 1 and 4 m/y). Distinct behaviors can be observed in the accumulation 

and ablation zones, with two opposite trends in the ablation zone for high-precipitation scenarios. Each data 

point corresponds to one model cell (100x100 m size). 

 

Finally, we extracted from the two end-member and reference climatic scenarios spatial 

patterns for both abrasion and quarrying (Fig. 12). A normalization was performed to 
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provide better relative spatial comparisons. For abrasion, it is noteworthy that the lowest 

precipitation scenario (Fig. 12A) predicts highly-distributed abrasion with several patches 

of high rates in the ablation zone, while overall lower rates are observed in the 

accumulation zone. With increasing precipitation (Figs. 12B-C) it appears that small-scale 

abrasion patches are less frequent, while larger ones in both the accumulation and ablation 

zones dominate the abrasion pattern. For quarrying, this evolution with increasing 

precipitation is even more evident. For the lowest precipitation scenario (Fig. 12D), 

maximum quarrying is focused in a highly-clustered pattern along the main trunk valley, 

mostly in the ablation zone. With increasing precipitation (Fig. 12E-F), maximum 

quarrying migrates from the main valley towards the accumulation zone (in smaller lateral 

valleys) and the number of clusters is significantly reduced in the ablation zone. 

 

 

Figure 12. Spatial patterns of predicted subglacial abrasion (A-C), quarrying (D-F) for the three end-member 
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climatic scenarios (left: 0.25 m/y, center: 1.00 m/y and right: 4.00 m/y, respectively). For better visualization 

of the spatial patterns and their evolution between precipitation scenarios, data were normalized 

independently (for evaluating magnitude changes, the reader is referred to Fig. 9). ELAs are represented as 

red lines in the different panels (considering the ice elevation). Color scale designed by F. Crameri.  

 

3.4 Discussion 

3.4.1 Model simplifications and limitations 

For our SA and ST simulations, we used a multi-tributary synthetic landscape to assess 

the impact of varying climate conditions on ice dynamics, simulating a first-order Alpine 

context in terms of relief and hypsometric distribution (Fig. 3A) with a large elevation 

range (0-4500 m) and typical Alpine relief (topographic slopes almost null at valley 

bottoms and up to 40° in high-elevation areas). However, we did not investigate different 

topographic configurations (e.g. low-relief plateau; Kessler et al., 2006; Egholm et al., 

2017) or temporally-evolving landscapes (e.g. Tomkin and Braun, 2002; Pedersen and 

Egholm, 2013; Sternai et al., 2013; Liebl et al., 2021), which is outside the main scope of 

our study. Other model simplifications have been adopted for the present study, mainly for 

computational efficiency and in order to isolate the glacial response to different climate 

scenarios, which are discussed thereafter. These include modeling setup, with a single 

glacial-advance event simulated and no evolving landscape under repetitive glacial periods 

(Pedersen and Egholm, 2013), but also climatic simplifications with spatially-uniform 

precipitation over the model extent, constant melting degree-day factor and annual 

temperature amplitude in the PPD model, or neglection of seasonal meltwater fluctuations 

(e.g. Ugelvig et al., 2018). As solar radiation, also not incorporated in our mass-balance 

computations is the presence of supraglacial debris, which can have an impact on glacier’s 
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ablation, as observed by Nakawo and Young (1981) and Rowan et al. (2021). However, 

these effects are not neglected in our approach, but are rather incorporated within the 

melting degree factor (mPDD, Table 1). Moreover, we considered surface mass balance 

being affected by input snow avalanching over a fixed threshold (avaslope @ 28°) to simulate 

snow redistribution over steep glacier/bedrock surfaces (Scherler and Egholm, 2020), but 

we did not evaluate more complex snow redistribution patterns linked to orography 

(Kessler et al., 2006; MacGregor et al., 2009).  

For predicting subglacial erosion patterns, we did not consider fluvial/hillslope 

processes during our simulations. Subglacial erosion is treated as a mixture of two distinct 

processes, abrasion and quarrying (e.g., Hallet, 1979, MacGregor et al., 2000; Anderson et 

al., 2006; Egholm et al., 2009) which, despite their close relationship, follow separate laws 

in our experiments (Eqs. 7, 8) and behave differently under varying climate conditions 

(Fig. 7). Particularly, abrasion under real glaciers are likely limited by the availability of 

abrasive tools (e.g. Herman et al., 2021), in the form of debris provided by quarrying or 

hillslope processes, but this limitation was not considered by our experiments.  

Subglacial hydrology is treated as in Ugelvig et al. (2018), but in a steady-state solution 

where cavities are assumed to be in balance with water flux, and water storage does not 

vary in time. This simplification neglects seasonal and monthly meltwater fluctuations, 

which might potentially lead to enhanced erosion through increased sliding and ice-bed 

contact, while weekly-monthly variations could intensify quarrying through increased 

stresses in cavities (Ugelvig et al., 2016). Therefore, sliding might be underestimated 

during times with abundant meltwater (e.g. spring periods). Nonetheless, since we focus 

on long-term ice simulations, we believe that these effects would provide minimal changes 
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in our predictions, while adding uncertainties and computation cost related to the 

parameterization of seasonal fluctuations in subglacial hydrology. Subglacial sediments, 

produced by abrasion/quarrying, are considered in our simulations as fully evacuated and 

do not form deposits, which could lead to small overestimates in erosion for areas where 

accumulation of subglacial debris would shield erosion (Egholm et al., 2012; Bernard et 

al., 2020). With this approach, we also neglected the potential influence of subglacial 

sediments on ice dynamics and subglacial hydrology (as opposed to Egholm et al., 2012; 

Ugelvig et al., 2018; Bernard et al., 2020). Although these assumptions, together with our 

model set up and selected parameters (Table 1) have an influence on the magnitudes of ice 

thickness, flux (due to changes in the mass balance) and on subglacial erosion patterns, our 

comparative results focus on first-order behaviors and relative changes in ice dynamics and 

erosion for varying climatic scenarios, instead of the mere output of the model laws.  

 

3.4.2 Response of glacier geometry to climatic forcing 

For our SA and ST simulations, we found similar tradeoffs (Fig. 2C) between 

temperature and precipitation to maintain glacier ELA (SA) or ice extent (ST). Moreover, 

we observed a high ice-model sensitivity for changes in precipitation, especially towards 

low-precipitation scenarios (<1 m/y, Fig. 2D) for which important changes in glacier ELA 

or extent occurred. This behavior is typical of alpine glacier sensitivity to climate forcing 

(e.g.  Zemp et al., 2006; Six and Vincent, 2014), which differs from model observations 

for ice-sheet behavior such as in the Antarctic Peninsula (Davies et al., 2014). 

 In SA simulations, low precipitations showed a significant impact on glacier geometry, 

triggering considerable reductions in both glacier length and thickness. Our multi-tributary 
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synthetic landscape (as proposed in Bernard et al., 2020) emphasized ice-flux increase for 

higher precipitations with tributary joining (Fig. 5A) and result in large glacier-geometry 

differences (both glacier length and thickness) between scenarios with similar ELAs (Fig. 

3A-B). In ST simulations, a similar effect for glacier thickness is observed, although of 

lower magnitude (Fig. 3C, associated with a decrease in ELA as shown in Fig. 2B). 

The importance of ice flux (velocity and thickness) is, therefore, paramount to predict 

ice geometry, when compared to the mass balance alone. Indeed, ELA information is not 

sufficient to quantitatively constrain paleo-glacier length or thickness, as illustrated from 

our simulations with same ELA scenarios (SA; Fig. 3B). This result confirms the general 

difficulty of reconstructing paleo-glacier using ELA shifts from paleo-temperature or 

paleo-precipitation proxies (e.g. Joerin et al., 2008; Ohmura, 2001). On the other hand, our 

results also showed that same ice-extent simulations (ST) also resulted in a large variability 

in inferred ELAs (with a range of around 350 m, Fig. 2B-D), although these are associated 

with much smaller changes in glacier thickness (Fig. 3C). From a geomorphologist point 

of view, the different tradeoffs between climate parameters (temperature and precipitation) 

to provide either similar ELA or ice-extent outputs than our reference scenario (5.5º C and 

1 m/y, respectively; Fig. 2), but not both together, suggests that inferred ELA or climate 

estimates from paleoglacial reconstructions should be taken cautiously due to the diversity 

of possible climate scenarios, as already evidenced from several case studies (Blard et al., 

2007; Becker et al., 2016; Protin et al., 2019; Mey et al., 2020). This problem can be 

overcome when adding glacier-thickness information to paleoglacial reconstructions such 

as lateral moraine elevation estimates (e.g. Protin et al., 2019; Reixach et al., 2021). 
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However, our ST simulations point out to relatively minor changes in glacier thickness for 

very contrasted climatic and ELA scenarios (Fig. 3C), which may limit such an approach.  

Another interesting outcome from our ST simulation is the glacier shape in cross-

sections and the output differences between ablation and accumulation zones (Fig. 4). In 

the accumulation zone, different climate configurations provide most of the ice-thickness 

variations in the central part of the trunk glacial valley (Figs. 3C-4B), while our results 

show limited ice-thickness changes on the lateral margin of the glacier. On the other hand, 

in the ablation zone, significant ice-thickness changes can be observed on the valley sides 

(Fig. 4A), theoretically suggesting that ablation zones would be more suitable target areas 

than accumulation zones to reconstruct paleo-glacier geometry and thus inferring paleo-

climate conditions (e.g. Seguinot et al., 2018; Protin et al., 2019). 

Our ST simulations also allowed to estimate the variability in accumulation-area ratio 

(AAR; Meier, 1962) for different climatic settings. AARs can vary in the literature for 

alpine glaciers, generally reported between 0.64 (Kern and László, 2010) and 0.67 (Gross 

et al., 1976; Pellitero et al., 2015). Except under very low-precipitation conditions (i.e. 

coldest scenarios), output AAR estimates are lower for our simulations, between 0.52 and 

0.60 and depend strongly on the input precipitation. Consequently, our simulations provide 

larger than literature-reported ablation zones, which can be attributed to different factors 

including the steepness of our synthetic landscape, the steady-state nature of our 

simulations (compared to empirical AAR measurements from literature on transient 

glaciers) combined with very high ice fluxes for higher precipitation scenarios.  

 

3.4.3 Subglacial erosion under varying climatic scenarios 
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Our simulation results provide quantitative evaluation for the role of climate forcing on 

glacial erosion, as generally reported in the literature (e.g., Anderson et al., 2006; Herman 

et al., 2011; Egholm et al., 2012; Herman et al., 2015; Koppes et al., 2015; Cook et al., 

2020). We showed the influence of precipitation (via ice flux) on mean abrasion and 

quarrying (Egholm et al., 2012; Fig. 7), with a non-linear relationship between 

precipitation and mean quarrying (Ugelvig et al., 2018; Bernard et al., 2020). However, 

we further expanded these investigations by differentiating accumulation and ablation 

zones, which have often been overlooked when considering the glacier system as a whole. 

While mean subglacial erosion rates are generally higher in the ablation zone for our model 

outcomes (Fig. 7; MacGregor et al., 2009; Herman et al., 2011), our simulations reveal 

different relationships with precipitation for these two glacier zones. In addition, when we 

considered the sum of subglacial erosion (i.e. the total eroded volume), our results highlight 

the accumulation zone dominates the total eroded volume for high-precipitation scenarios 

(>2 m/y, Fig. 8A), in accordance with most studies (Cook et al., 2020). This is reinforced 

by the different relationships between ice and erosion volumes between the ablation 

(apparent exponential trend) and accumulation (no apparent trend) zones (Fig. 8B). This 

output observation might result from the combined effects of sliding and effective pressure. 

With increased precipitation, ice-bed contact would be reduced in the ablation zone due to 

the higher water flux, which combined with lower effective pressure, drives a slower 

erosion in the ablation compared to the accumulation zone. Although these mechanisms 

and feedbacks between ice flux, effective pressure and sliding into erosion volume deserve 

further investigation beyond the scope of our study, we think this observation could be 

important for provenance studies (e.g. Stock et al., 2006; Godon et al., 2013; Enkelmann 
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and Ehlers, 2015; Herman et al., 2015; Bernard et al., 2020). In addition, our results show 

that the eroded volume by glaciers can be indicative of (paleo)climatic conditions such as 

precipitation setting, since this has also been investigated for other topographic/climatic 

factors (Koppes et al., 2015). The dependence of subglacial erosion on precipitation is clear 

when subglacial erosion rates are analyzed separately between ablation/accumulation 

zones as frequency distributions (Fig. 9): a shift from low to high rates of abrasion and 

quarrying, mostly in the accumulation zone, can be observed for increased precipitation 

(which can also be noticed in Fig. 12, discussed in section 3.4.3). This can be attributed to 

increased sliding in the steep tributaries belonging to the accumulation zone, as well as 

increased cavitation in the ablation which is not observed in the accumulation zone. In 

other words, the extent of cavitation (SLf parameter in iSOSIA model, Ugelvig et al., 2016, 

2018) remains very low in the accumulation zone (almost full contact), while it increases 

in the ablation zone and consequently decreases sliding, relative to the accumulation zone, 

which still shows high effective pressure (e.g. Iverson, 2012). Ice dynamics between the 

two zones is, thus, strongly controlled by subglacial hydrology computed using a cavity-

based law in our experiments (see section 3.2.1) which, in turn, affects sliding and depends 

on effective pressure (thus, ice-bed contact fraction) and shear stress. While small cavities 

can transport water in the accumulation zone (where ice is thicker and less water is 

available), channels and more wide-spread cavitation dominate the ablation zone and the 

latter accelerates basal sliding. The combined effects of subglacial hydrology, terrain 

steepness and climate inputs (i.e. precipitation/melting in our model set up) provide notable 

differences in ice thickness and velocities between the two zones and, consequently, 

subglacial erosion distributions (Fig. 9). 



Modelling Alpine glacier geometry and subglacial erosion patterns in response to contrasting climatic forcing 

143 
 

We further investigated the differences in ice dynamics between the ablation and 

accumulation sectors, by exploring on the apparent output relationships between quarrying 

and sliding (Fig. 11). Both abrasion and quarrying are sensitive to sliding and hydrology. 

Ice-bed contact fraction and basal shear stress play a main controlling role in abrasion, 

through sliding (Eq. 2). While abrasion vs. sliding are linked in the described power law 

(Eq. 7), on the other hand, quarrying depends also on effective pressure (therefore, water 

pressure) and bed slopes (Eq. 8), which provides interesting non-linear behavior with 

increased precipitation (Fig. 11). While abrasion peaks with maximum sliding for both 

accumulation and ablation zones, we reported two different relationships that appear for 

quarrying vs. sliding (see section 3.3, Fig 11). Such behaviors may be linked to effective 

pressure and the likelihood of cavitation rising as ice flux increases (e.g. Iverson, 2012), 

disrupting the straight link between quarrying and sliding for high-precipitation scenarios. 

This is mostly observed in the ablation zone (Fig. 11B) where channels form in response 

to abundant water and melting, decoupling the ice from the bed (high SLf) and allowing a 

decrease in quarrying even for fast sliding conditions.  

In our simulations, we have illustrated, from a specific model set up over a synthetic 

landscape, a strong climatic control on subglacial erosion through varying precipitation and 

temperature, affecting both subglacial hydrology and glacier ice flux. Other topographic, 

climatic and geodynamic controls can influence the ice flux and subglacial erosion. Lai and 

Anders (2020, 2021) have shown that the glacier basal thermal regime is a key control on 

subglacial erosion, either from geothermal heat flux (Lai and Anders 2020) or from 

increased precipitation in high-elevation areas that can result in a shift in basal thermal 

regimes from cold to warm-based, impacting erosion magnitudes and patterns (Lai and 
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Anders, 2021). Although we considered only warm-based glaciers in our iSOSIA 

simulations, the modeled outcomes agree with previously-reported observations and 

interpretations from the literature, with subglacial erosion increasing for high-precipitation 

scenarios and peaking around the ELA (Fig. 10). Similar results were observed in SA 

simulations (Fig. S4). We did not further investigate the potential influence of basal thermal 

regime on subglacial erosion in our simulations. However, due to the steepness of our 

synthetic landscape with only around 18% of modeled ice above 2500 m for the reference 

scenario (where cold-based glacier can occur during full Alpine glacial conditions; e.g. 

Cohen et al., 2017), warm-based ice controlled most of the ice dynamics in our numerical 

simulations.  

 

3.4.4 Spatial patterns of subglacial erosion  

From our numerical investigation, we noticed distributed patches of subglacial erosion 

in all simulations, notably for low-precipitation scenarios. These erosion patches occurred 

mainly at tributary confluences and in the main trunk valley center, preferentially in the 

ablation zone (Figs. 12A-D-G). We attributed such patterns in the ablation zone to high 

effective pressure, low cavitation (intensifying erosion where ice and bed are in direct 

contact) and increased sliding. For increased precipitation and higher ice-flux conditions, 

these patches became increasingly connected, especially for abrasion rates; such large-

scale behavior being observed for natural glacial systems and suggested as a potential 

process in overdeepenings evolution (Patton et al., 2016 and Magrani et al., 2020). While 

subglacial erosion patches become connected with increased precipitation in the ablation 
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zone, we also observed that both quarrying and abrasion increased in the accumulation 

zone (Fig. 12C-F) within all high-elevation tributaries.       

Although changes in ice geometry are considerable for same-ELA (SA) simulations, the 

spatial patterns of subglacial erosion are similar to same ice-extent (ST) simulations (Figs. 

S6 and 12, respectively) when varying input precipitation conditions. Only the magnitudes 

of subglacial erosion changed significantly due to ice-flux differences between SA and ST 

simulations: output maximum erosion rates range between 0.5 and 4.6 mm/y (SA) and 

between 0.7 and 3.8 mm/y (ST) for end-member precipitation scenarios, respectively.  

For all our climatic scenarios, subglacial erosion peaks below the ELA in the ablation 

zone (Figs. 10-12), which highlights the role of subglacial hydrology in erosion dynamics 

(e.g. Beaud et al., 2016; Herman et al., 2011) compared to maximized glacier sliding and 

erosion near the ELA (MacGregor et al., 2000). It is also worth noting for paleoclimate 

reconstructions that estimated ELAs using the AAR method (instead of direct output from 

the mass-balance model), would potentially provide differences, altering the observed 

erosion patterns. Therefore, a direct relationship between estimated (paleo-)ELAs and 

subglacial erosion patterns is debatable, as also pointed out by Lai and Anders (2021), 

relying much more on ice flux and climate inputs. Interestingly, for increased precipitation 

and ice-flux conditions, we observed a rising multimodal (bi- to tri-modal) elevation 

distribution, with subglacial erosion peaks located below, around and above the ELA (Fig. 

10). The observation of high-elevation subglacial erosion is in agreement with recent 

literature outcomes (Lai and Anders, 2021), higher ice fluxes leading to enhanced erosion 

in the accumulation area where ice is coupled with bedrock. Such erosion dynamics would 

have strong implications over repetitive Quaternary glaciations, since subglacial erosion at 
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high elevations would lead to topographic changes (Sternai et al., 2013) with subsequent 

feedbacks on ice dynamics by reducing the glaciarized area at the accumulation zone and 

thus limiting erosion (e.g., Egholm et al., 2012; Pedersen and Egholm, 2013), seen as a 

self-defeating mechanism (MacGregor et al., 2000; Kaplan et al., 2009). 

 

3.5 Conclusions 

Our numerical simulations using the iSOSIA model with a multi-tributary synthetic 

landscape provided a quantitative assessment of glacier geometry and subglacial ice 

dynamics changes under varying climate conditions (both temperature and precipitation), 

with the overall aim to improve our understanding of modern to paleoglacial systems in 

alpine settings. 

Following our model assumptions and set up, our simulation outcomes point to an 

important role exerted by the subglacial hydrology, together with ice flux, as controlling 

subglacial erosion patterns. While abrasion, linked to sliding, increases with precipitation, 

quarrying depends non-linearly on sliding and this dependence weakens with increased ice 

flux. We also illustrated, with our simulated outcomes that mean rates are not 

representative of the overall subglacial erosion and may hinder large variability between 

the accumulation/ablation zones as well as at local scale (i.e. model cell in our approach).  

Therefore, differences in ice flux, geometry and subglacial erosion between the ablation 

and accumulation zones can be significant and should not be considered together as a 

whole. Such observation is particularly relevant for paleoclimatic studies, since the ablation 

zone appears more suitable as target for paleo-glacier geometry reconstructions than the 

accumulation zone. Our simulation results also suggested that paleo-ELA information 
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might not be sufficient to quantitatively constrain paleo-glacier geometries, therefore, 

empirically-scaling subglacial eroded volume to ice volume alone should be taken 

cautiously.  

Moreover, the different subglacial processes in action (i.e. cavities vs. channels, 

respectively) and the effect of effective pressure have an important role on erosion rates 

and patterns between the accumulation and ablation zones. Such behaviors might suggest 

that cold and dry conditions would result in more irregular and rugged glacial landscapes, 

while smoother landscapes may evolve under increased ice-flux conditions (i.e. wet and 

warm). The evolution of spatial patterns for subglacial erosion, from localized patches to 

larger areas, and preferentially in the ablation zone are important to consider for glacial 

valley evolution and possible development of glacial overdeepenings, as highlighted in 

previous studies focusing on natural glacial systems.  

Our numerical experiments also highlighted the importance of the calibration 

parameters, since modelled erosion rates and patterns rely highly on the input laws and 

model set up. As a consequence, some of the observed outcomes may be over constrained 

or driven by our model simplifications; implying that field and laboratory measurements 

for constraining modelled parameters are required and would provide extremely valuable 

constraints for upcoming models.  

Future studies, using more complex or realistic landscapes and coupling subglacial 

processes with hillslope/fluvial erosion, can significantly improve our modelled outcomes, 

when also considering subglacial sediment transport/deposition, coupling abrasion and 

quarrying via debris production, or by incorporating different thermal regimes over several 

glacial cycles. Finally, our model results have pointed out that understanding subglacial 
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erosion magnitudes and patterns could provide a new proxy for paleoclimatic inferences 

from (paleo-)glacier systems. 

 

Supplementary Material 

The results for same-ELA simulations (SA) are shown in the Supplementary Material 

(Figs. S1 to S6) in APPENDIX II.  
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APPENDIX II 

 
Chapter 3 - Supplementary Material (Figures for SA simulations) 

 
 

 
S1 - Mean abrasion (A) and quarrying (B) rates for steady-state same-ELA (SA) simulations, with a 

distinction between accumulation (blue stars) and ablation (red circles) zones. An apparent linear increase of 

mean abrasion with precipitation is noticeable (A), while mean quarrying reaches a plateau for high 

precipitation (> 1.25 m/y) and differs between accumulation and ablation zones (B). 

 
 
 
 
 
 
 
 
 
 
 
 



APPENDIX II 

155 
 

 
S2 – (A) Precipitation vs. total eroded volume for SA simulations, with similar increasing trends in both 

accumulation and ablation zones. (B) Ice volume vs. total eroded volume, differently, reveals two very 

different behaviours between the accumulation and ablation zones. 
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S3 - Abrasion (A-C), quarrying (D-F) and total erosion rates (G-I), for three end-member scenarios (left: 0.25 

m/y, middle: 1.00 m/y and right: 4.00 m/y, respectively) for SA simulations. Output rates smaller than 1e-5 

mm/y are considered as no-erosion data. Blue and red histograms are referring to accumulation and ablation 

zones, respectively. Mean (black line) values for the combined accumulation + ablation zones are displayed.   
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S4 – Erosion patterns relative to elevation for three end-member scenarios (0.25 m/y, 1 and 4 m/y) for SA 

simulations. Each data-point corresponds to one model cell (100x100 m size). The position of the ELA 

(=1985 m, same for all scenarios) is represented in black dashed line.  
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S5 – Sliding vs. quarrying in the accumulation (A) and ablation (B) zones for the three end-member scenarios 

(0.25 m/y, 1 and 4 m/y) for SA simulations. Distinct behaviours are observed in the accumulation and ablation 

zones, with two opposite trends in the ablation zone for high precipitation. Each data point corresponds to 

one model cell (100 x 100 m size). 
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S6 – Spatial patterns of predicted subglacial abrasion (A-C), quarrying (D-F) for the three end-member 

scenarios (left: 0.25 m/y, middle: 1.00 m/y and right: 4.00 m/y, respectively) for SA simulations. For better 

visualization of the spatial patterns and their evolution between precipitation scenarios, data were normalized 

independently (for evaluating magnitude changes, the reader is referred to Figs. 9-11). ELAs are represented 

as red lines and considers the ice elevation. 
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Abstract  

Quaternary glaciations left remarkable imprints at the Earth’s surface, especially in Alpine regions where 

steep mountain valleys, hanging waterfalls and lakes offer conspicuous evidence for the imprint of glacial 

dynamics on mountainous reliefs.  Glacial overdeepenings (ODs) are one of the most striking examples of 

the impact of glacial erosion on the landscape. Their occurrence is in general associated with tributary 

confluences and valley-constrictions. However, ODs are also found in unconstrained ice-flow conditions, 

such as mountain forelands. Most ice conceptual and numerical models assume a direct link between ice 

sliding and subglacial erosion. The presence of ODs in foreland areas present an additional challenge for 

numerical simulations, since ice sliding in the distal foreland is significantly decreased compared to high-

relief areas with constrained ice flow. Although the multitude of the involved processes and their 

parametrization make simulating overdeepenings, especially in forelands, a challenge, modern numerical 

simulations with higher computational efficiency and ability to combine several numerical modules from 

different subglacial process allow the investigation of glacier dynamics and its response to different forcings, 

such as climate variations, tectonics and lithology. The objective of the present work is to numerically explore 

the potential development of overdeepenings in the Swiss Alpine foreland over single or multiple glaciations, 

with constant or varying climate forcing and changes in bedrock erosional resistance. We used the ice model 

iSOSIA to simulate subglacial erosion as the integration of abrasion and quarrying and adopted a modern 

Alpine landscape (Aare catchment, Swiss Central Alps) for our numerical experiments. This approach 

allowed to compare predicted output metrics from the simulated ODs with previously-measured 

morphometric parameters from Quaternary ODs in the Swiss Alpine foreland. Our results suggest that ODs 

development in the foreland region (low bedrock-resistance conditions) seem to start with valley widening 

and evolve into deeper and longer features. Moreover, our observations also support headward erosion with 

time, and that ODs might initiate from local patches of subglacial erosion and evolve into bigger and 

connected features, driven by either changes in climate and/or over multiple glaciations.  

 

Keywords: numerical modelling, overdeepenings, subglacial erosion patterns, Swiss Alpine foreland 
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4.1 Introduction 

Glaciations over the Quaternary have left remarkable imprints on the landscape, 

especially in Alpine regions where steep mountain valleys, hanging waterfalls and lakes 

offer conspicuous evidence for the imprint of glacial dynamics on mountainous reliefs (e.g. 

Prasicek et al., 2015; Egholm et al., 2009; Hallet et al., 1996; Davis, 1906; Penck, 1905). 

Nevertheless, many research questions on glacial erosion and associated landscape 

evolution still remain poorly assessed (e.g. Herman et al., 2021).   

Glacial overdeepenings (ODs) are one of the most striking examples of the impact 

of glacial erosion on the landscape. Often hidden below the present-day topographic 

surface by sediment infills or as lakes (Patton et al., 2016; Preusser et al., 2010), ODs have 

the potential to store large volumes of water and sediment (e.g. Magnin et al., 2020; Muñoz 

et al., 2020; Haeberli et al., 2016). OD origin and development have been suggested to 

result from a combination of direct glacial abrasion, quarrying (e.g. Iverson, 2012; Hooke, 

1991) and subglacial meltwater erosion (e.g., Swift et al., 2021; Beaud et al., 2016; Ugelvig 

et al., 2016; Creyts et al., 2013; Herman et al., 2011). The non-linearity and the multitude 

of the involved subglacial processes and their parametrization make modelling 

overdeepenings a complex task. Nevertheless, recent ice models with higher computational 

efficiency and ability to combine different geophysical modules (e.g. Seguinot & Delaney, 

2021; Pollard & DeConto, 2020; Ugelvig et al., 2016; Egholm et al., 2012) allowed to 

investigate ice dynamics and its response to different inputs (climatic fluctuations, 

tectonics, lithology, etc.), although many challenges, including the development of ODs in 

Alpine forelands, remain.  
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One of the primary controls on ice dynamics and erosion, therefore also governing 

ODs development, is climate (e.g. Lai & Anders, 2021; Cook et al., 2020; Koppes et al., 

2015). Precipitation and temperature are incorporated into the glacier mass balance, driving 

basal sliding and subglacial erosion in response to changes in both ice thickness and extent 

(e.g. Herman et al., 2021; Herman et al., 2015; Koppes et al., 2015; Hallet, 1979). Recent 

investigations suggest that quarrying is responsible for valley widening, while abrasion 

plays a secondary role (Bernard et al., 2021). Moreover, although often neglected in ice 

simulations, lithological differences seem paramount for the development of glacial 

landscape features (Glasser & Ghiglione, 2009; Harbor et al., 1995) and especially ODs 

(e.g. Bernard et al., 2021; Magrani et al., 2020; Swift et al., 2008).  

Previous studies proposed that OD location along a valley profile coincides 

approximately with the long-term Equilibrium Line Altitude (ELA), where ice flux and 

basal sliding would enhance glacial erosion (Anderson et al., 2006), or at tributary 

junctions with increased ice flux (MacGregor et al., 2000). On the other hand, other studies 

(Lai & Anders, 2021; Magrani et al., in review; see Chapter 3 of the present thesis 

manuscript) showed that several climatic scenarios (precipitation/temperature input 

forcing) are able to produce glaciers with the same ELA, but different geometries and 

spatial erosion patterns. Therefore, the correlation between glacier (paleo-)ELAs and 

spatial patterns of glacial erosion seem more complex, also involving subglacial hydrology 

(Herman et al., 2011). One of the reasons might lie in the feedbacks between ice/water 

flow and erosion/sedimentation patterns, which can produce localized and deep glacial 

erosion (Alley et al., 2003; Hooke, 1991), in turn controlling ODs size and morphology 

(Patton et al., 2015; Cook & Swift, 2012). At larger-scale, the spatial occurrence of ODs 
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is in general associated with laterally-constrained ice flow (i.e. tributary confluences and 

valley-constrictions; e.g., Patton et al., 2016; Cook & Swift, 2012; MacGregor et al., 2000). 

However, ODs can also be found under unconstrained ice flow conditions, such as 

mountain forelands (e.g., Preusser et al., 2010), glacier termini (Egholm et al., 2012) and 

zones of major lithological changes (Cook & Swift, 2012). These last cases present an 

additional challenge, since ice sliding in the distal mountainous foreland is significantly 

decreased but subglacial hydrology is enhanced (ice melting in ablation areas), therefore 

resulting in a priori complex, subglacial erosion patterns. In that sense, changes in glacier 

basal friction is unlike to be the main driver for overdeepenings formation in Alpine 

forelands.  

In the present study, trough the integration of abrasion and quarrying as subglacial 

erosion processes, as well as the role of subglacial hydrology in cavities or channels, we 

aim to fill the gap on distal foreland erosion by simulating scenarios based on different 

climatic conditions and contrasting bedrock resistances using the ice model iSOSIA (e.g. 

Egholm et al., 2011). Since the initial bed hypsometry (distribution of elevations) provides 

a major control on ice extent and predicted patterns of subglacial erosion (Sternai et al., 

2011; Egholm et al., 2009b), we adopted a real landscape (Aare catchment, Swiss Central 

Alps) in our simulations. This approach allowed us to compare metrics from the simulated 

erosion patterns and ODs with previously-measured morphometric parameters from 

Quaternary ODs in the Swiss Alpine Foreland (Magrani et al., 2020; Chapter 2 of the 

present thesis manuscript). Our objective is to numerically explore the potential formation 

of overdeepenings in the Swiss Alpine Foreland over single or multiple glaciations, with 

constant or varying climate forcing in order to evaluate the influence of the initial 
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topography and climate on changes in patterns of subglacial erosion (and therefore ODs 

development). We do not aim to provide an explanation on the physical mechanisms by 

which ODs are created, once they are simulated in our model. Rather, we try to improve 

the understanding on the external forcing factors (e.g. climate, lithology) for ODs 

development in a mountain-foreland setting using fixed boundary conditions within the 

iSOSIA numerical approach.   

  

4.2 Methodology 

4.2.1 iSOSIA model 

 In a similar way as adopted in Chapter 3, the present study uses the ice numerical 

model iSOSIA (depth-Integrated Second Order Shallow Ice Approximation), a finite 

volume solver with explicit time integration that allows the computation of ice flow, 

subglacial hydrology and sediment transport (Egholm et al., 2012, 2011). The numerical 

integration of “higher!order” effects ensures the preservation of good accuracy compared 

to Full-Stokes model predictions for steep and rugged topography (Egholm et al., 2011), 

while allowing long-term and large-scale simulations necessary to investigate paleoglacial 

questions and the impact of ice dynamics on subglacial erosion and mountain relief 

(Egholm et al., 2012).  

In iSOSIA, the climatic input is based on a simple mass-balance approach using a 

Positive-Degree-Day model (PDD, here we use a melting degree factor of 3.10-3 m w.e. °C-

1 day-1; see Table 1), which is a function of temperature (decreasing linearly with altitude 

at a lapse rate of 6 °C/km, with an annual temperature amplitude dTa of 10 °C, Table 1) 

and precipitation. In our simulations, precipitation is considered as spatially-constant and 
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input as a yearly into the PDD model. Any change in ice thickness is therefore computed 

as a balance between ice flow, ice ablation and accumulation (Equation 1), while mass 

conservation assumes a constant ice density spatially and at depth. Snow avalanching in 

iSOSIA (Scherler & Egholm, 2020) transports new accumulated snow downward towards 

lower elevation cells, as far as ice surface slope between the cells is smaller than avaslope 

(fixed to 22.5° in our simulations, see Table 1).  

 

Table 1. Main parameters (values and units) used in iSOSIA model common in all simulations. See text for 

details. 

Mass balance 

lrate Temperature lapse rate with elevation 6e-3 ºC m-1 
mPDD Melting degree day factor 3e-3 m w.e. °C-1 day-1 
dTa Annual temperature amplitude 10 ºC 
Erosion 

Ka Abrasion coefficient Variable (m−1 y)  
Kq Quarrying coefficient Variable (m−1 y)  
Hydrology and Ice flow 

Kmin Minimum hydraulic conductivity 0.01 kg−1/2 m3/2 
Ls Cavity spacing 4 m 
Lc Channel spacing 200 m 
avaslope Critical accumulation slope 0.5  
A Ice flow parameter 10−16 Pa−3 y−1 
ρice Ice density 910 kg m-3 
g Acceleration of gravity 10 N kg-1 
n Ice creep constant 3 
Cs Sliding coefficient  5e-3 Pa s1/3 

 
B Ice viscosity constant 73.3×106 Pa s1/3 
β Cavity shape parameter 0.7  

 
 

Ice fluxes are computed in iSOSIA by vertically-integrating horizontal ice-flow 

velocities at cell boundaries. In addition, bed topography, ice thickness and elevation are 
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averaged in each grid cell and values are assigned to the nodal points in the staggered grid 

(Brædstrup et al., 2014). Ice thickness changes are derived from the following mass 

conservation law:  

 

	"#$%&
"' = 	−	∇ ⋅ ,⃗ + / (1) 

 

Where hice is the thickness of ice (m), t is time (y), F is the horizontal flux (the product of 

ice thickness and the depth-averaged ice velocity vector, m2 y-1) and M the mass source 

term (m/y). This equation is integrated for each model cell using a flux limiter that prevents 

negative ice thicknesses (Egholm et al., 2011). 

 

Horizontal stress components are based on Glen’s flow law (stress exponent n = 3) 

and horizontal flow velocities depend non-linearly on ice-surface gradients and curvature 

(Egholm et al., 2011). In iSOSIA, the horizontal stress components are assumed not to vary 

at depth within the ice, and constant values can be computed from depth-averaged strain 

rate components. In that sense, depth-averaged velocities depend on the local ice thickness, 

ice surface gradient, local variations in depth-averaged ice velocities, and material 

parameters (note that ice is assumed to be isotropic in iSOSIA). 

In our simulations, we used a modified sliding equation (See Table 1 for parameter 

details), based on Ugelvig et al. (2018): 

 

01 = 	 	23∗	56
7

(9:;<=) (2) 
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Where Ub is the sliding velocity (m/y), Cs is the sliding coefficient (Pa s1/3), ?1 is the 

computed basal shear stress (Pa; Egholm et al., 2011) and SLf is the ice-bed contact fraction 

that accounts for the cavities (SLf = S/Ls; S being the cavity length and Ls the cavity spacing; 

Ugelvig et al., 2018).  

 

We follow the approach adopted by Ugelvig et al. (2018) for modelling subglacial 

hydrology, which is described by channels and cavities. However, in our approach we do 

not account for seasonal nor diurnal pressure variations but rather we model a steady-state 

solution, where steady-state effective pressures are computed and the highest effective 

pressure is taken, classifying the region as cavity or channel dominated. Therefore, a long-

term average effective hydraulic pressure is modelled following:  

 

@ABC = 	D ∗ EFGH
I
J ∗ 	EK6∗#3;L 	H

I
J  (3) 

 

Where Ncav is the effective pressure in cavities, B is the ice viscosity constant (Pa s1/3), n is 

the ice creep constant (n=3), Ub is the sliding velocity (m/y), hs the height of the topographic 

step (m), S is the cavity length S (m) (see Table 1 for parameter details). 

 

@A#B = 	MD ∗	E<%∗NO∗PQR$<$S%
	H
I
J  (4) 

 
 

Where Ncha is the effective pressure in channels, Lc is the mean channel spacing (m), qw the 

water flux under the glacier (m2 s-1, see Ugelvig et al., 2018), ∇ψ = ρwg∇hice is the gradient 

of the hydrological head (Pa m-1), TU and VU are ice density and latent heat, Ac is the channel 
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cross-section (m2) (see Eq. 3 for parameters description and Table 1 for details). The size 

of cavities (S) and channels are modelled as, respectively: 

 

W = 	 9
X∗#3

∗ Y <3∗NO	
Z[$J∗	\PQ

	]
^.F

  (5) 

and 

`A = 	 Y <%∗NO	
Z[$J∗	\PQ

	]
^.F

  (6) 

 

Where β is the constant cavity shape parameter, kmin is the minimum hydraulic conductivity 

(kg-1/2 m3/2) and Ls is the mean cavity spacing (m). For previously-presented parameters, 

see description for Equation 3 and details in Table 1. 

 

From Equations 3-5, cavity size controls the effective pressure (Ncav) of the system 

influencing, in turn, basal sliding speed (Eq. 2).  

In our simulations, subglacial erosion (MacGregor et al., 2009) is computed as the 

sum of two components: abrasion and quarrying. Abrasion accounts for the direct effect of 

ice-to-bedrock friction and adopts Hallet’s abrasion law (Hallet, 1979), in which abrasion 

rates scales with sliding velocity squared (Eq. 6). The adopted law assumes topographic 

steps have roughness, since effective ice-bed contact ratio (SLf) is considered within the 

sliding velocity (Eq. 2). In the simulations, we did not consider the potential shielding 

effect of basal sediments nor the tool effect of basal debris (Ugelvig et al., 2018) and the 

computation of abrasion follows: 

 

bB = cB ∗ 01d	 (7) 
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Where Ka is the abrasion coefficient and Ub is the basal sliding velocity (m/y). Ka depends 

on basal-ice debris concentration, debris-particle shape, and the relative hardness of debris 

particles and bedrock (Hallet, 1979). We do not model variations in this property and treat 

Ka as a constant, although we impose spatial variability during our simulations (see section 

4.4.2 for details). 

 

Quarrying accounts for plucking of bedrock pieces, and is influenced by first-order 

controls such as sliding velocity (which also considers ice-bed contact fraction; Eq. 2), 

effective pressure (difference between ice and water pressures at the bed in cavities or 

channels) and the presence of preexisting fractures (Iverson, 2012). Quarrying depends on 

the chance of a rock with a topographic step to fracture and the ice-bed contact. In general, 

this assumes that the larger the rock, the higher chance it has to fracture and quarry. We 

computed quarrying based on Iverson (2012) and followed the approach by Ugelvig et al. 

(2016) that also investigated the controlling effect of bed slope on quarrying: 

 

bN = cN ∗ Nf ∗ 	01 ∗ 	(∇gh)d		 (8) 

 

Where Kq is the quarrying coefficient, representing the effect of bedrock lithology and pre-

existing fractures and used for scaling the erosion rates. N is effective pressure, which is 

the highest of Ncav or Ncha (i.e. the hydrological system with lowest water pressure 

dominates the hydrological system). ∇bs is the bed slope in the direction of sliding (see 

Table 1 for parameter details). 
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4.2.2 Initial model set up  

 
In this study, we aim to investigate the potential development of overdeepenings in 

the Swiss Alpine foreland using numerical simulations with iSOSIA based on (1) three 

climatic scenarios with a similar glacial extent (1 m/y, 2 m/y and 4 m/y of precipitation), 

(2) a difference in bedrock resistance between the foreland and the mountainous areas 

(Magrani et al., in review), and (3) multiple glaciations with constant or varying climate 

forcing. 

We ran iSOSIA simulations using present-day topography for the Aare catchment 

(Swiss Central Alps; Fig. 1), based on the DHM25 Digital Elevation Model (provided by 

Swisstopo - Bundesamt für Landestopografie Swisstopo), and derived from the National 

Map 1:25000, with 25-m spatial (horizontal) resolution. In our study, we used a 500-m cell 

resolution in a 100x100 km extent study area. The landscape has an elevation range 

between 390 and 3700 m. Our study area was split into "Foreland" (matching the Molasse 

Basin; after Sommaruga et al., 2012) and "Mountains" in order to evaluate each domain 

separately.  
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Figure 1. Study area with the limits between the Swiss Alps (Mountains) and the Foreland (colored in 

yellow), which coincides with the Molasse Basin (after Sommaruga et al., 2012). Present-day Aare river 

flowline (blue line) was extracted from the Swiss Map Vector 500, by Swisstopo. The accumulation mask 

(red outline) used for the simulations is approximately the Aare watershed that drains towards the main 

flowline (Aare drainage), in order to avoid ice flowing out of the study area (in black). Cross-profiles are 

indicated with their corresponding number.  

 

We simulated three climatic scenarios with different annual precipitation/sea-level 

temperature pairs (Table 2) with the aim to simulate ice extent reaching the Foreland. Initial 
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simulations were run for 2.6 ky without subglacial erosion (i.e. abrasion and quarrying off) 

to ensure that a steady-state configuration was attained with stable ice geometry and only 

small ice-thickness changes mostly coming from snow avalanche and subglacial hydrology 

(from small variations in effective pressure). The steady-state ice configurations were 

attained when ice-thickness changes were below 0.3% over the last 500 y of the total 

simulation run.). For each climatic scenario and imposed annual precipitation, the annual 

sea-level temperature was constrained by a trial-and-error process to predict similar ice 

extents into the Foreland (Fig. 2).  A maximum of 3 cells difference (~1.5 km) in ice-front 

position was allowed for the different scenarios, which corresponds to around 1% of the 

total glacier extent of ~ 130 km (Aare flowline; e.g. Fig.2). 

The longitudinal profile (following the present-day river flowline from Fig.1) 

shows the ice elevations at steady-state for the three climatic scenarios, together with their 

respective Equilibrium Line Altitudes (ELAs; Fig. 2). Computations were processed using 

ArcGis® and routines in Matlab®, besides TopoToolbox which allowed the extraction of 

flowlines. Ice thickness changes along the main flowline for the three scenarios reveal 

different climatic imprints in the accumulation zone (higher elevations than the 

corresponding ELAs, Fig 2). A significant change in the glacier’s commonly concave 

geometry also occurs in the accumulation zone due to an ice overflow draining towards a 

different catchment (yellow star on Fig. 1), suggesting a glacial drainage capture. 

Interestingly, all major differences in ice thickness occur in Mountains sector, while ice 

configurations are relatively similar in the Foreland sector between the three different 

climatic scenarios (Fig. 2). 
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Figure 2. Longitudinal profile with ice and bedrock elevations (steady-state ice configurations) for the three 

climatic scenarios. ELAs are shown as dashed lines with the same color as their respective precipitation 

scenario (Table 2 for the associated temperature) as well as the Foreland/Mountains limit (see Fig. 1). Cross-

profiles positions and codes are indicated in the x-axis as brown ticks. A reduction in ice thickness in the 

upstream area is noticed due to a drainage capture (yellow star on Fig. 1). 

 

We selected as our reference the climatic scenario of 2 m/y and 3.1 °C (precipitation 

and sea-level temperature, respectively), which translates into an The Equilibrium Line 

Altitude (ELA) of 1297 m (fitting similar-to-LGM ELA for the studied region; e.g., 

Višnjevic et al., 2020). Scenarios of 1 m/y (0 °C) and 4 m/y (6.2 °C) show ELAs of 1068 

m and 1422 m, respectively (Fig. 3). 
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Figure 3. (A) Input mass-balance for three climatic scenarios used in the simulations and their respective 

ELAs (1068 m, 1297 m and 1422 m). (B) Hypsometric distribution of the present-day topography (DHM25) 

with the respective ELAs for each simulated climatic scenario.   

 

4.2.3 Erosion simulations set-up 

All simulations and their characteristics are summarized in Table 2. The first set of 

simulations (A1, B1, C1, respectively 1 m/y, 2 m/y and 4 m/y, as described in section 4.2.2 

– Table 2) uses the steady-state ice configurations as initial input for simulations of 25 ky 

with subglacial erosion on (i.e. both abrasion and quarrying), where Ka and Kq were 

calibrated for the lowest flux scenario (1 m/y precipitation and 0 °C) in order to provide 

realistic (Hallet et al., 1996) maximum subglacial erosion rates (abrasion + quarrying) 

around 1.2 mm/y. This results in abrasion and quarrying coefficients of respectively Ka =  

4e-8 (m−1 y) and Kq  = 2e-7 (m−1 y). 

The second set of simulations (A2, B2, C2 – Table 2) consisted in 25 ky runs with 

the reference scenario (2 m/y precipitation), but using three different bedrock resistances 

for the Foreland sector compared to the Mountains region: we progressively increased 
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Foreland bedrock erodibility (both for abrasion and quarrying) by x2 (A2), x10 (B2) and 

x100 (C2). Since the Foreland sector in our simulations broadly coincides with the Molasse 

Basin (after Sommaruga et al., 2012; Fig. 1) which presents higher erosion potential than 

the Mountains region (e.g. Kühni & Pfiffner, 2001), our aim is to simulate how increase in 

bedrock erodibility into the Foreland may influence spatial patterns and rates in subglacial 

erosion, potentially leading to ODs in the foreland (Preusser et al., 2010).  

A third set of simulations (A4, B4 (same as B2), C4 – Table 2) combines 

Simulations 1 and 2, considering again the three different climatic scenarios (1 m/y, 2 m/y 

and 4m/y precipitation) while imposing a tenfold bedrock resistance difference between 

the Foreland and the Mountains sectors. Therefore, we aim to investigate how different 

climatic forcing affect subglacial erosion patterns and rates when considering increased 

erodibility in the Foreland sector. 

Afterwards, simulations A4, B4 and C4 were “run” for 250 ky to allow for longer 

landscape evolution under glacial erosion and development of landforms such as 

overdeepenings. This is called Simulation 4+ and assumes that erosion evolved linearly 

with time, using outputs from Simulation 4 as a basis and multiplying them by 10 (i.e. 

artificially extrapolating erosion outputs over 250 ky). We checked for one reference 

scenario and the difference in erosion between a regular iSOSIA simulation running for 

250 ky and a 25 ky simulation with erosion outputs multiplied by 10 is around 1%. As a 

consequence, this approach was adopted for time efficiency in numerical simulations, since 

long simulations are numerically very expensive.     

The two next simulations (Simulations 5 and 6) are based on an eroded bedrock as 

initial topography (output from Simulation 4) for the three different climate scenarios (1 
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m/y, 2 m/y and 4m/y), with a tenfold bedrock resistance difference between the Foreland 

and Mountains sectors. In these simulations, we numerically explored how subsequent ice 

re-advances (i.e. new glaciation period after a complete deglaciation) will develop and 

erode the landscape. Simulations A5-B5-C5 consider the effects of a subsequent glaciation 

period with the same climatic conditions as the previous one (Simulation 4). For 

Simulations A6-B6-C6 (Table 2), we impose a change in the climatic conditions for the 

subsequent glaciation with either a decrease (by a two, A6) or an increase (by two or four, 

respectively B6 and C6) in precipitation and associated temperatures. Our objective is to 

analyze potential changes in rates and patterns of subglacial erosion over two glacial cycles 

with either similar (Simulations 5) or different (Simulations 6) climatic settings.  

A set of simulations including sub-glacial sediments were tried out (Simulations 3). 

However, especially in the Foreland where sediments concentrate, the deposits shielded 

erosion and prevent the development of ODs. This approach was not given continuity in 

the present study. 

 

Table 2. Simulations code and setup.  

Simulation Code Running 
time 

Temperature 
at sea level 

Precipitation Lithological 
differences 

Initial topography 

A1 25 ky 0 ºC 1 m/y no Present-day 
B1 25 ky 3.1 ºC 2 m/y no Present-day 
C1 25 ky 6.2 ºC 4 m/y no Present-day 
A2 25 ky 3.1 ºC 2 m/y twofold Present-day 
B2 25 ky 3.1 ºC 2 m/y tenfold Present-day 
C2 25 ky 3.1 ºC 2 m/y hundredfold Present-day 
A4 25 ky 0 ºC 1 m/y tenfold Present-day 
B4 25 ky 3.1 ºC 2 m/y tenfold Present-day 
C4 25 ky 6.2 ºC 4 m/y tenfold Present-day 

  A4+ 250 ky 0 ºC 1 m/y tenfold Present-day 
B4+ 250 ky 3.1 ºC 2 m/y tenfold Present-day 
C4+ 250 ky 6.2 ºC 4 m/y tenfold Present-day 
A5 25 ky 0 ºC 1 m/y tenfold Eroded from 1 m/y (A4) 
B5 25 ky 3.1 ºC 2 m/y tenfold Eroded from 2 m/y (B4) 
C5 25 ky 6.2 ºC 4 m/y tenfold Eroded from 4 m/y (C4) 
A6 25 ky 0 ºC 1 m/y tenfold Eroded from 2 m/y (B4) 
B6 25 ky 3.1 ºC 2 m/y tenfold Eroded from 1 m/y (A4) 
C6 25 ky 6.2 ºC 4 m/y tenfold Eroded from 1 m/y (A4) 
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4.3 Results  

4.3.1 Simulations 1 and 2 – Erodibility forcing on the Foreland 

 
 For Simulation 1 (A1/B1/C1, Table 2), we tested different climatic scenarios over 

25 ky without lithological differences between Foreland and Mountains sectors. Figure 4 

presents some of the main characteristics for scenario B1 (with 2 m/y precipitation input 

and 3.1oC, used as our reference model). 

 

Figure 4. Outputs from Simulation 1 (scenario B1 with 2 m/y precipitation and 3.1oC sea-level temperature) 

after 25ky, with the most relevant ice dynamics characteristics for the present study. The different panels 
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show the simulated steady-state (after 25 ky) for ice thickness (A), normalized effective pressure by ice 

density times gravitational acceleration - units are in equivalent ice thickness (B), deformation velocity (C), 

sliding velocity (D), abrasion (E) and quarrying (F).  

 

Our results showed that overall erosion in the Foreland was too low for promoting 

OD development on a regional scale (Fig. 4E-F), the ice flux being mainly driven in this 

sector by ice deformation (Fig. 4C) compared to a lower sliding velocity (Fig. 4D). As a 

consequence, for Simulations 1 (A1/B1/C1), most of the erosion occurred above the ELAs 

in the Mountains (1500-2500 m elevations), while subglacial erosion in the Foreland was 

limited and restricted to around 700-800m elevations (Fig. 4E-F). 

For Simulations 2 (A2/B2/C2, Table 2), we tested different magnitudes of the 

bedrock resistance contrast between the Foreland and Mountains sectors, using only one 

climatic scenario with 2 m/y precipitation and 3.1°C sea-level temperature. We, thus, 

imposed different erodibility contrasts. With a twofold increase in Foreland bedrock 

erodibility (scenario A2), we can still observe very low overall erosion in the Foreland, 

while scenarios C2, with a hundredfold difference, clearly presented too high erosion with 

unrealistic predictions up to ~400 m of erosion in 25 ky (Fig. 5B). Therefore, we decided 

to adopt the tenfold increase in bedrock erodibility for the Foreland (Simulation B2, Fig. 

4B for the subsequent simulations.  
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Figure 5. Subglacial erosion patterns relative to bedrock elevation for (A) Simulation 1 (no lithological 

difference between Foreland and Mountains), show that erosion focus both below 1000 m and above the ELA 

(see also Figs. 2 and 3 for ELAs). (B) Simulation 2, with very high erosion rates in the Foreland (especially 

below 1200 m) when imposing increased erodibility in the Foreland compared to Mountains (note Mountains 

are not shown). Each data-point corresponds to one model cell (500x500 m size). In (B) only cells within the 

Foreland are shown, since the Mountains have no changes between Simulation 1 and 2. 

 

 A spatial comparison between the scenarios from Simulation 2 (A2, B2 and C3; see 

Table 2 for details) is shown in Figure 6. Modeled subglacial erosion due to the imposed 

lithological differences is enhanced in the Foreland, for a same climatic input (2 m/y 

precipitation and 3.1°C sea-level temperature; Fig. 6). 
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Figure 6. Spatial patterns of subglacial erosion for Simulation 2 (in log10 scale) for scenarios with varying 

lithological differences between the Foreland and the Mountains: twofold (A2), tenfold (B2) and hundredfold 

(C2) increase in Foreland bedrock erodibility. Climatic input is the same for the three scenarios and erosion 

is similar in the Mountains sector (not shown). Modelled total erosion below 0.1 m (after 25 ky) is not shown. 

Color scale designed by F. Crameri. 

 

4.3.2 Simulation 4 – Climatic forcing on erosion patterns 

Simulation 4 shows that despite having similar extents, scenarios subjected to 

higher precipitation/warmer climate (and, consequently, higher ice flux) resulted in 

enhanced erosion at higher altitudes than in the Foreland, where the bedrock resistance is 

however lower (Fig. 7). For the scenario C4, there is an observed peak in subglacial erosion 

around 2200 m. Maximum total erosion after 25 ky simulations for the three climatic 

scenarios (1 m/y, 2 m/y and 4 m/y, respectively A4, B4 and C4) are, respectively 39 m, 70 

m and 151 m. The difference in maximum ice thickness between the two end-member 

scenarios (1 m/y and 4 m/y) is of approximately 190 m (Fig. 2). Although total erosion 

does not appear to peak around the ELA relatively to the bedrock elevation (Fig. 7A), when 

ice elevation instead of bedrock is considered, maximum total erosion seems to follow the 

ELA for each climatic scenario (Fig. 7B). 
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Figure 7.  Subglacial erosion patterns relative to (A) bedrock elevation and (B) ice elevation for the three 

climatic scenarios of Simulation 4, including the sum of abrasion and quarrying (in semi-log scale). Each 

data-point corresponds to one model cell (500x500 m size). ELAs are represented as the same color-code as 

their respective climatic scenario.  

 

 The spatial patterns of subglacial erosion for Simulation 4 (Fig. 8) show a general 

trend of increased erosion in the central part of the Foreland and at high-altitude tributaries 

in the Mountains sector when imposing a wetter/warmer climatic input. A link with 

subglacial hydrology is also noticeable (Fig. S1).  
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Figure 8. Spatial patterns of subglacial erosion for Simulation 4 (in log10 scale) for A4 (A), B4 (B) and C4 

(C) with a tenfold lithological difference between the Foreland and the Mountains and varying climatic input. 

Up to one order of magnitude difference can be observed between the scenarios. Erosion below 0.1 m was 

set to null and is not shown. See also Fig. S1 (Supplementary Material) for cavities/channels. Color scale 

designed by F. Crameri. 

 

4.3.2 Simulations 5 and 6 – Multiple glaciations under contrasting climate  

Simulations 5 and 6 tested the effects of two glaciations under the same climatic 

conditions (Simulation 5) and under contrasting climate (Simulation 6), with the aim to 

compare the different patterns and magnitudes of subglacial erosion in each scenario.  

The comparisons between Simulations 5, 6 and 4 showed that the second glaciation 

tends to erode more than the first one in the central parts of the valley, but less in the 

Mountains and at the glacier front/lobes (Fig. 9). This effect becomes more evident with 

increased precipitation, when the difference between the first and the second glaciation are 

greater (as well as erosion). Drainage confluences also show an overall higher erosion for 

the second glacial cycle than in the first one.  
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Figure 9. Spatial patterns of subglacial erosion for Simulations 4 and 5 for each individual glaciation (not 

combined), with absolute (A to C) and percentage (D to F) difference between the scenarios A4/A5 (A and 

D), B4/B5 (B and E), C4/C5 (C and F). Positive numbers in (D, E and F) indicate how much erosion in the 

first glaciation is greater than the second glaciation (in percentage). Values lower than 3 m or higher than 3 

m in absolute erosion difference (A to C) are set to the corresponding color bar limit, the same is valid for 

values lower than -50% or higher than 50% in percentage difference (D to F), for better visualization.  

 

We further investigated the differences between Simulations 5 and 6. For that 

comparison, we checked the differences in the total combined erosion (combining the two 

glacial cycles), since both Simulations 5 and 6 considered two glaciations but under 

constant (Simulations 5) or varying (Simulations 6) climatic forcing.  
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Simulation 5 presented maximum erosion values of 80, 147 and 277 m, 

respectively, for scenarios A5, B5 and C5, while scenarios A6, B6 and C6 presented 97, 

95 and 170 m of total combined erosion, respectively.  

In Figure 10 (B-C), we compared scenarios B5 and A6, since both start from the 

same initial eroded bedrock from B4 (precipitation input of 2 m/y). However, in A6 

precipitation is reduced by half (1 m/y and temperature to 0oC; see Table 2) during the 

second glaciation, while A5 this is kept constant to 2 m/y.  

The results show that the Mountains experienced less erosion when precipitation is 

reduced (A6), while the glacier lobes exhibit an increase in predicted erosion.  

The comparison between A5 and B6 (Fig. 10D-F) provides similar but opposite 

climatic inputs. In B6 we simulated a second glaciation with doubling precipitation 

compared to the first glacial period (with a corresponding temperature increase for 

maintaining a similar glacial extent). Our results show an enhanced erosion in the 

Mountains, but a reduced subglacial erosion at the glacier margins compared to scenario 

A5 (lowest precipitation and coldest scenario). 
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Figure 10. Spatial patterns of total combined subglacial erosion for Simulations B5 (A), A6 (B), A5 (D) and 

B6 (E), in log10 scale (sum of the two glaciations). The differences in erosion between the two scenarios 

highlight the impact of constant vs. varying climate on the final landscape morphology. In (C), positive 

numbers indicate how much erosion in B5 is greater than A6 (in percentage), while in (F) positive numbers 

indicate how much erosion in A5 is greater than B6 (in percentage). Values lower than -100% or higher than 

100% are set to the corresponding color bar limit, for better visualization (C and F). Color scale designed by 

F. Crameri. 

 

 Finally, we compared A6 and B6, both having had glaciations of 1 m/y and 2 m/y, 

but in a different order (see Table 2 for details). Aside from few cells where erosion 

differences are slightly higher (e.g. glacier lobes and some confluences), the order in which 

the climate varies in each glaciation did not produce a significant difference in terms of 

subglacial erosion (Fig. 11).  
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Figure 11. Spatial patterns of total combined subglacial erosion for Simulations A6 (A) and B6 (B) in log10 

scale (sum of the two glaciations). The differences in erosion between the two scenarios are presented as 

percentages (C). Positive numbers indicate how much erosion in A6 is greater than B6. Values lower than -

50% or higher than 50% are set to the corresponding color bar limit, for better visualization. Color scale 

designed by F. Crameri. 

 

4.3.3 Long-term simulation (250 ky) and OD development 

  Finally, we analyzed the landscape evolution after 250 ky simulation (Simulation 

4+). The cross-profile 3 in the Foreland (Fig. 12A) show that erosion generally increases 

with increased precipitation and temperature. Especially at the glacier lobes, we can detect 

overdeepenings with up to 200 m depth.    

 Cross-profile 4 (Fig. 12B), where ice thicknesses are especially different between 

the scenarios due to its position at the glacier front, reinforces erosion at the glacier lobes, 

where the driest scenario (A4+ with 1m/y precipitation and coldest temperature) provide 

the highest erosion rates (linked to its higher ice thickness at the glacier front). Moreover, 

at this position total predicted erosion magnitudes are smaller than in cross-profile 3. This 

can be also observed on the longitudinal profile (Fig. 12C), where overdeepenings 
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formation seem to be favored at the lee side of a bedrock high along the profile (e.g. at x ≈ 

100 km and x ≈ 140 km). Nevertheless, this is not observed in the Mountains sector (Fig. 

12C).  

 

Figure 12. Cross-profiles 3 (A) and 4 (B) for the 250 ky simulations with the three climatic scenarios and 

the initial bedrock. (C) The longitudinal profile includes the eroded bedrocks after 250 ky and ice elevations 

of the three scenarios of Simulation 4+ for the Foreland sector. The vertical dashed line indicates the 

Foreland/Mountains limit. Please also refer to Figure 1 for cross- and longitudinal-profiles position.  

 

 Histograms of subglacial erosion for the three scenarios of Simulation 4+ (A4+, 

B4+ and C4+, Table 2) were computed to illustrate the difference in climate forcing 
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between the Mountains and Foreland sectors (Fig. 13). An increase in erosion is observed 

for increased precipitation and temperature (e.g. scenario C4+). The results also show 

around one order of magnitude difference between the Mountains and the Foreland 

histogram peaks for the scenarios A4+ and B4+, which was imposed by our tenfold 

lithological difference. However, for C+4 (Fig. 13C) the difference between the two 

regions is reduced. Moreover, erosion in the Foreland seem to concentrate values around 

its mid-range (~50 m in total erosion; thinner and higher histograms in the Foreland) much 

more than the Mountains, where erosion is more evenly distributed and tends to evolve 

from a right-skewed to a closer-to-normal distribution.  

 

 

Figure 13. Histograms of subglacial erosion (abrasion + quarrying) for the three scenarios: A4+ (A), B4+ 

(B) and C4+ (C) for the Mountains and Foreland sectors. Erosion below 0.1 m was set to no erosion and is 

not shown.  

 

4.4 Discussion  

4.4.1 Model and approach limitations 
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Similar to our approach in Chapter 3, for computational efficiency, model 

simplifications were adopted and in order to simulate the subglacial erosion response to 

different climate scenarios. Our overall aim was to use a real landscape and ultimately to 

investigate the development of ODs in the Swiss Foreland. 

First of all, we used a spatial resolution of 500 m for our ice simulations, which has 

also an effect on the final results, since erosion in our models are sensitive to both ice-

surface and subglacial bedrock slopes. We have also made several simplifications and 

hypotheses for the mass balance model, including: spatially-uniform precipitation over the 

model extent, constant melting degree-day factor, neglection of seasonal meltwater 

fluctuations (e.g. Ugelvig et al., 2018), absence of solar radiation in our mass-balance 

computations, no inclusion of fluvial/hillslope processes and supraglacial debris influence 

on mass balance (e.g. Rowan et al., 2021; Nakawo & Young, 1981), and a fixed threshold 

for snow avalanching (avaslope @ 28°, Table 1). Such processes can also have an impact on 

glacier’s extent and thickness, and therefore also on ice dynamics and associated subglacial 

erosion. Moreover, our simulations were computed without tectonic nor isostatic uplift, 

which would sustain over long-term topography and thus subglacial erosion. 

In terms of subglacial erosion magnitudes, our low-precipitation/low-temperature 

climate scenario (Simulation 1) was used for calibrating abrasion and quarrying. We tuned 

parameters to set maximum combined abrasion and quarrying rates at 1.2 mm/y, which is 

arbitrary tuning and might not reflect the real coefficients for Alpine glaciers during glacial 

periods (although within observed rates proposed by Cook et al., 2020; Koppes et al., 2015; 

Hallet et al., 1996). Besides, the one order of magnitude difference in bedrock resistance 

between the Foreland and Mountains (as used in our Simulations 4-5-6), do not take into 
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account local variations due to spatial variability within lithology and/or structural 

inheritance (e.g. bedrock fracturing). Also, abrasion under real glaciers are likely limited 

by the availability of abrasive tools (e.g. Herman et al., 2021; Ugelvig & Egholm, 2018), 

in the form of debris provided by quarrying or hillslope processes, but this intrinsic 

limitation was not considered in our numerical experiments. As for the patterns of erosion, 

which are highly-controlled by our model of subglacial hydrology, we do not model 

meltwater erosion and complex sediment transfer through glacial systems, including 

adverse slopes regelation (e.g. Swift et al., 2021; 2018). For computational efficiency when 

running long-simulations (104-105 ky) over a large area (catchment-scale), subglacial 

hydrology is treated as in Ugelvig et al. (2018), but in a steady-state solution where 

cavities/channels are assumed to be in balance with water flux, and water storage does not 

vary in time. This simplification neglects seasonal and monthly meltwater fluctuations, 

which might potentially lead to enhanced erosion through increased sliding and ice-bed 

contact, while weekly-monthly variations could intensify quarrying through increased 

stresses in cavities/channels (Ugelvig et al., 2016). Therefore, sliding might be 

underestimated during times with abundant meltwater (e.g. spring periods). Although 

outside the scope of the present study, subglacial sediment entrainment and deposition is 

believed to have a significant impact on overdeepenings formation (e.g. Swift et al., 2021). 

Moreover, although different thermal basal regimes were not tested in our simulations (Lai 

& Anders, 2021), we believe that by focusing on the Foreland, cold-based glaciers were 

not expected or would have a minor influence on overall ice dynamics during our 

simulations. 
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Finally, due to the difficulties in obtaining paleo-elevation reconstructions, we used 

the present-day topography of the Aare catchment to run our simulations (lake surfaces 

being treated as bedrock, therefore flatter), which does not reflect the reality when the 

overdeepenings were formed in the Swiss Alpine foreland. Although these simplifications, 

together with our model set up and selected parameters, have an influence on the predicted 

patterns of subglacial erosion, our results focus rather on spatial patterns and first-order 

synthetic outputs for evaluating the potential of ODs development in the Foreland and the 

impact of varying climatic scenarios.  

 

4.4.2 Foreland erosion in response to varying climate 

The comparison of Simulations 1 and 2 showed that in order to reproduce ODs in 

the foreland, with our current model and settings, a contrast in bedrock erosional resistance 

(Durst-Stucki & Schlunegger, 2013) is needed between Mountains and Foreland (Fig. 5B).  

Although cavitation is present at the glacier lobes (see Fig. S1, scenario B2 is same 

as B4) similarly for all scenarios from Simulation 2 (same climatic input) reducing sliding, 

the high effective pressure and shear stress at the lobes in turn enhance erosion (Fig. 6). 

Previous studies proposed that high rates of subglacial erosion and OD location 

along a valley profile coincides approximately with the long-term Equilibrium Line 

Altitude (ELA), where ice flux and basal sliding would enhance glacial erosion (Anderson 

et al., 2006), especially in models where erosion depends directly on sliding velocity (e.g. 

MacGregor et al., 2000). Our results showed that erosion does not peak around the ELA 

(Fig. 7), in accordance with other recent observations (e.g. Lai & Anders, 2021), suggesting 

more complex feedback that take into account ice/water interactions. However, when ice 
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elevation instead of bedrock elevation is considered, maximum total erosion (abrasion + 

quarrying) seems to follow the predicted ELA under a corresponding climatic scenario 

(Fig. 7B). This seems to favor the role of water flux and ice pressure on ODs development, 

rather than a direct relationship with ice sliding on the bed in the present model.   

Simulation 4 presented the influence of climate forcing on subglacial erosion 

patterns, based on changes in precipitation and temperature (see Table 2). The results show 

that in wetter and warmer conditions (i.e. scenario C4) the Mountains and the main valley 

(Aare flowline) exhibit enhanced subglacial erosion driven by ice flux, however the 

increased cavitation reduces erosion especially at the glacier margins and lobes where bed 

stresses are smaller than in the main valley (Figs. 8C and S1). The opposite output results 

can be highlighted in a colder and drier scenario (i.e. scenario A4; Fig. 8A). Based on the 

same scenarios, Simulation 4+ was allowed to erode the landscape for an equivalent of 250 

ky with the objective to reproduce closer-to-real overdeepenings in the Swiss Foreland (e.g. 

Magrani et al., 2020; Reber & Schlunegger, 2016; Dürst Stucki et al., 2010). The cross-

profiles (Fig. 12A, B) illustrate the eroded bed after 250 ky for each scenario and emphasize 

the development of ODs at the ice margins and on the lee side of a topographic high. The 

latter can be linked to the fact that in our simulations the spacing between the bed steps is 

constant (Lc) and the height of cavities on their lee side is a function of bed slope, increasing 

erosion in that region.   

The coldest/driest scenario (A4+) produce in general longer, but shallower ODs (see 

patterns in Fig. 8). Another interesting observation lies in different ODs shape between 

A4+ and C4+ which seem to vary from two features in A4+ to a connected single feature 

in C4+ (OD at the Foreland/Mountains eastern limit; OD nr. 6 in Fig. 14). This observation 
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corroborates with previous assumptions that ODs might initiate from pockets of erosion 

into a bigger and single feature (e.g. Magrani et al., 2020; Patton et al., 2016; Cook & 

Swift, 2012). Our simulations suggest that different climates could also trigger the 

connection between individual ODs into a single OD, on top of the more widely-proposed 

from subsequent glaciations (e.g. Patton et al., 2016; Cook & Swift, 2012).  

In Simulation 5, we analyzed the effects of a second glaciation with the same 

climatic input by using the eroded bedrock from Simulation 4. It has been proposed that 

successive glaciations would likely reduce erosion due to the lowering of the landscape 

after the first glacial cycle, moving a larger area close to the ELA or even into the ablation 

zone (Pedersen et al., 2013). Simulation 6, on the other hand, investigated different changes 

in both climate forcing and on the initial topography (e.g. Pedersen et al., 2014) during the 

second glaciation, which has been suggested for glaciations in the Swiss Alps (e.g. Reber 

& Schlunegger, 2016). Our results show that the Mountains sector experiences less erosion 

when precipitation is reduced (A6), while erosion increase at the glacier lobes due to the 

higher ice thickness in the coldest scenario, needed for maintaining a similar ice extent than 

the warmer (but wetter) scenarios.  

The comparison between A5 and B6 (Fig. 10D-F) leads to a similar conclusion as 

observed in B5 vs. A6 (when a reduction in precipitation/temperature occur in the second 

glaciation), but in the opposite order. Therefore, we are not able to distinguish the order in 

which glaciations with different climate occurred (a wetter glaciation followed by a drier, 

or the reverse) which can be relevant for paleoclimate reconstructions (while tectonic uplift 

not being accounted).   
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Overall, our results show that a distinction could be made in terms of subglacial 

erosion patterns between the ice margins, the main valley and high-relief areas. This effect 

depends, however, on how the subglacial hydrology is modelled as cavities/channels (Eqs. 

3 to 6) in response to mass balance inputs and hydrological parameters, as previously 

mentioned. Recent studies propose that a more simplified subglacial hydrology approach 

can be adopted for long-term simulations on Alpine glaciers, especially on soft-beds where 

cavitation has a smaller impact (e.g. Gimbert et al., 2021).   

Although the comparisons between scenarios A6 and B6 (Fig. 11) did not provide 

significant changes between the order in which glaciations with different climates occur, 

sedimentation could play a major role in controlling the erosion patterns of successive 

glaciations due to possible bedrock shielding from subsequent erosion (e.g. Bernard et al., 

2021; Mey et al., 2015; Preusser et al., 2010). In this regard, a first glaciation with a higher 

precipitation/warmer climate followed by a drier/colder condition (for glacier with similar 

ice extent) could produce much less erosion than with opposite conditions because of the 

possible higher amount of sediments deposited during the first cycle that would need to be 

evacuated during the interglacial period and/or subsequent glaciation. 

 
 
4.4.3 Metrics comparison between Quaternary and simulated ODs 

Using a similar approach and filtering thresholds adopted for charactering 

Quaternary ODs in the Swiss Alps and Foreland (see section 2.2.2-2.2.3 from Chapter 2 or 

in Magrani et al., 2020), we extracted the simulated ODs, based on the scenario C4+ (250 

ky simulation with 4 m/y precipitation and 6.2oC temperature sea-level). The approach 

resulted in four distinct ODs within the Foreland (blue polygons; Fig. 14) in which their 
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metrics where extracted using fitting-ellipses (with Matlab regionprops tool; Fig. 14 and 

Table 4). 

 
 

 

Figure 14. Location of the simulated overdeepenings, using the approach from Chapter 2 (Magrani et al., 

2020), occurring in the Foreland. The numbers (1 to 6) correspond to the codes for referencing the resulting 

metrics (see Table 3). The red ellipses were used to extract area, length and maximum width. Volumes were 

extracted based on each OD cells. The blue-colored features represent the actual shape of the simulated ODs.   
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Table 3. Metrics for the Simulated ODs (Simulation C4+). 

OD code Length (m) Width (m) Area (m2) Volume (m3) Max depth (m) Elongation ratio 

1 16,733 9,004 1.06 e8 8.9 e9 233 0.54 

2 22,812 6,210 9.7 e7 6.2 e9 78 0.27 

3 13,264 4,217 3.2 e7 2.5 e9 170 0.32 

4 7,923 6,692 3.9 e7 5.1 e9 345 0.84 

5 9,795 4,986 3.7 e7 5.6 e9 351 0.51 

6 9,429 6,498 4.6 e7 5.8 e9 530 0.69 

 

The output simulated results were then compared with the Quaternary ODs 

morphometrics (Chapter 2 or in Magrani et al., 2020) and plotted together in four different 

graphs: area vs. maximum depth; length vs. width; area vs. elongation ratio and area vs. 

volume (Fig. 15). 
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Figure 15. Metrics for the simulated ODs (red dots) plotted together with the Quaternary ODs (blue circles, 

analyzed on Chapter 2; Magrani et al., 2020) for Area vs. maximum depth (A), length vs. width (B), area vs. 

elongation ratio (C) and area vs. volume (D).  
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While maximum depths in simulated ODs are similar to Quaternary ODs with a 

similar area (Fig. 15A, especially Quaternary ODs in the Foreland – see Fig. S2), OD nr. 2 

(see Fig. 14 for code reference) in the main valley present a much shallower maximum 

depth compared to Quaternary ODs, which is also linked to the effects of cavitation (see 

Fig. S1).  

On the other hand, OD length vs. width present slightly wider simulated ODs (Fig. 

15B). Such effect could be associated to our simulation’s resolution (500 m) compared to 

the high-resolution datasets used in the analysis for Quaternary ODs. Since elongation 

ratios (width/length) also suggest that Quaternary ODs with a similar area than the 

simulated ODs presented much smaller widths (Fig. 15C). As an alternative explanation, 

our numerical results may support the observation of an initial OD widening and 

subsequent deepening (video link in the Supplementary Material) combined with length 

increase though headward erosion (e.g. Patton et al., 2016; Sternai et al., 2013;  MacGregor 

et al., 2009; Brocklehurst & Whipple, 2002). This might also help explaining why modern 

ODs (under current-ice) present bigger widths in relation to their lengths (and therefore 

higher elongation ratios; as seen in Magrani et al., 2020, their Fig. 8B). These shape 

differences between Quaternary and modern ODs (under current-ice) might be linked to a 

higher resistive bedrock (harder to widen-up) and/or a colder basal thermal regime during 

glacial periods (e.g. Lai & Anders, 2021).   

Moreover, both Quaternary and modern ODs present low elongation ratios for 

increased areas (Magrani et al., 2020, their Fig. 8), while our simulated ODs present much 

higher elongation ratios for ODs with similar areas. Therefore, elongation ratios could 

serve as a potential metric for OD maturity. In that sense, mature ODs in the Foreland 
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would show big areas and associated low elongation ratios, while mature ODs in the 

Mountains could present higher elongation ratios but with a limited area (see Fig. S2). 

Simulated ODs, on the other hand, show both large areas and high elongation ratios, which 

could suggest non-mature ODs that can further develop during subsequent glaciations. 

Although our simulated ODs do not develop at locations of Quaternary ODs within 

the Swiss Foreland, but rather correspond to our model’s ice extent, these features have 

been proposed to having formed during not only multiple glaciations (e.g. Preusser et al., 

2010), but also by much greater/extensive glaciations. This includes also the fact that the 

Last Glacial Maximum presents already a much larger glacial coverage in the Swiss 

Foreland than our simulations (e.g. Bini et al., 2009), although no significant erosion in the 

Foreland was proposed during that time for the Aare paleoglacier (e.g. Reber & 

Schlunegger, 2016).  

Finally, OD area vs. volume relationship suggest that simulated ODs are slightly 

shallower (Fig. 15D) than observed Quaternary ODs: both simulated and Quaternary ODs 

seem to follow a similar trend between OD area vs. volume (in log-log scale, Fig. 15D), 

although simulated ODs are in the lower range of volume. However, still coincides with 

Quaternary ODs developed in the Foreland (see Fig. S2). This might originate from our 

simulation’s resolution (500 m) which allows for big ODs, but smoothens topographic bed 

irregularities and in turn can result in lower predicted erosion. Especially for OD nr. 2, in 

the main valley, erosion is even more pronouncedly reduced, due to the flatter bed and the 

impact of cavitation (Figs. 14 and S1). On the other hand, recent studies have shown that 

in soft sediments, ODs tend to widen more than deepen (e.g. Bernard et al., 2021; Magrani 

et al., 2020), which is in accordance with our simulations. Moreover, ODs might require 
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much longer ice residence time than in our simulations and short cycles of ice fluctuations 

(advances and retreats) would allow the evacuation of sediments from the ODs, promoting 

increased erosion and the development of deeper ODs (Patton et al., 2016).  

 

4.5 Conclusions 

Our numerical investigation and simulations first show that overdeepenings (ODs) 

development is not possible in the Foreland without imposing changes in bedrock 

erodibility for abrasion and quarrying between the Foreland and Mountains sectors. This 

is due to the low effective pressure in the low-relief areas and associated cavitation 

dominating subglacial hydrology. When simulating warmer scenarios, we showed that 

despite having higher ice fluxes in the Foreland sector, our simulations also predicted a 

reduced erosion in the Foreland compared to the Mountains (Fig. 5A). Therefore, different 

model parametrizations are needed for the Foreland to reproduce ODs (i.e. changes in 

bedrock resistance; subglacial hydrology; Figs. 5B, 6 and S1) under these conditions. 

Additionally, the effects of climate on the spatial patterns of subglacial erosion should be 

analyzed in separate between the ice margins, main valley and high-relief areas, once these 

regions present different erosive responses to climate change.  

OD development in the Foreland (low bedrock resistance conditions) seem to start 

from valley widening and evolve into deeper and longer topographic features with time. 

We also observed that colder and drier scenarios seemed to result in longer, but shallower 

ODs (video link in the Supplementary Material). Besides, our observations also support 

headward erosion for OD evolution, and that ODs might initiate from local patches of 
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subglacial erosion but then evolve into bigger and connected features, driven by either 

changes in climate and/or multiple glaciations. 

For future experiments, the incorporation of sediment transfer under the glacier, 

transient ice simulations (changes in temperature to cyclic ice-extent fluctuations), 

sedimentary adverse slope and erosion by meltwater under pressure can significantly 

increase potential insights for Foreland OD development and controlling factors/processes. 

Besides, the comparison with both active overdeepenings (under modern ice) and 

Quaternary ODs (filled by sediments or water), can also improve the understating of the 

mechanisms behind overdeepenings formation and evolution. Nevertheless, the choosing 

between model resolution, complexity and simulation time remains as a computational 

challenge yet to overcome.  

  

Supplementary Material 

For the video, please refer to: github.com/fabiomagrani/thesis_publicfiles 

Supplementary Material are available in APPENDIX III.   
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Chapter 4 - Supplementary Material 

 
 
 

 

 
 

S1 - Spatial distribution of the presence of subglacial cavities or channels, as modelled from our subglacial 

hydrology module within iSOSIA. The output of scenarios A4 (A), B4 (B) and C4 (C) are shown. Notice that 

the abundance of water in scenario C4 (wettest and warmest scenario) allow cavities to form also in the main 

valley, reducing subglacial erosion.   
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S2 - Metrics for the simulated ODs (red dots) plotted together with the Quaternary ODs (circles), with a 

distinction between the Mountains (blue circles) and in the Foreland (orange circles). Area vs. maximum 

depth (A), length vs. width (B), area vs. elongation ratio (C) and area vs. volume (D). 
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Abstract  

Paleo-temperature records in the European Alps document for the Lateglacial period (19.0-11.7 ka ago) short-term 

cooling episodes within the general post-Last Glacial Maximum warming trend, in correlation with North Hemisphere 

climate oscillations. Alpine paleo-precipitation reconstructions are instead rare, and further constraints are needed in 

order to assess whether Lateglacial cold periods were associated with a modified atmospheric circulation pattern over 

the Alps. The Alpine paleoglacial record offers a quantitative framework to investigate Lateglacial paleoclimatic 

conditions and glacier sensitivity to climate changes. Through the combination of 10Be surface-exposure dating of 

glacial landforms and deposits constraining ice-front and surface (i.e. polished bedrock surfaces and morainic 

boulders) together with numerical glacier simulations (iSOSIA ice-flow model), our study aims to reconstruct the 

timing, ice configuration and potential climatic conditions of two Lateglacial ice stages in three tributary valleys 

(Valpelline, Valsavarenche and Val di Cogne) located within the Dora Baltea catchment (western Italian Alps). Our 

dating-modelling approach reveals in all the three investigated sectors two distinct paleo-glacier stages at ca. 13 and 

11 ka, documenting respectively the ice configuration at the transition between the Oldest Dryas cold period and the 

Bølling-Allerød interstadial and between the Younger Dryas cold period and the early Holocene warming. Numerical 

ice simulation outcomes suggest a similar-to-today precipitation pattern (i.e. same absolute values or homogeneously 

decreased) over the Dora Baltea during the two ice stages, although we cannot quantitatively constrain paleo-

precipitation magnitudes. Using present-day precipitation pattern and magnitude, our results provide paleo-

temperature drops compared to present-day between -3.3 to -3.8°C for the older glacial stage and -2.7 to -3.2°C for 

the younger stage, in the upper range of paleo-temperature reconstructions from other paleoclimatic proxies. Finally, 

Alpine glaciers’ sensitivity to climate fluctuations differ significantly between the investigated catchments (i.e. 

variations in ice-front retreat), with a much higher sensitivity to changes in the Equilibrium Line Altitude (ELA) in 

Valpelline compared to Valsavarenche/Val di Cogne, reflecting different topographic and/or climatic conditions 

between the three tributary valleys. 

 

Keywords: Paleoclimate, 10Be surface-exposure dating, glacial geomorphology, Dora Baltea, numerical modelling 
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5.1 Introduction 

Paleoclimate reconstructions in the European Alps suggest major changes in atmospheric 

circulation during the Last Glacial Maximum (LGM, 26.5-19.0 ka ago; Clark et al., 2009), with 

dominant south-westerly moisture advection from the Mediterranean (Florineth and Schlüchter, 

2000; Kuhlemann et al., 2008; Luetscher et al., 2015; Becker et al., 2016; Monegato et al., 2017). 

Such enhanced precipitation in south-western Europe (Hofer et al., 2012; Ludwig et al., 2016) was 

proposed to result from topographic anomaly of the expanding European and Laurentide ice sheets 

causing a southward migration of the North Atlantic storm track (Merz et al., 2015), and in turn 

triggering the last maximum expansion of Alpine glaciers (Wirsig et al., 2016; Monegato et al., 

2017; Gribenski et al., 2021). 

Post-LGM gradual retreat of the North Hemisphere ice sheets and associated northward 

migration of the North Atlantic storm track induced the re-establishment of north-westerly 

circulation over the Alps, with modern dominant moisture coming from the Atlantic (Merz et al., 

2015) already in place at ca. 22 ka (Luetscher et al., 2015). Reduced moisture supply from the 

Mediterranean, together with a globally increasing temperature (Rasmussen et al., 2014), initiated 

general ice-retreat from the Alpine foreland at 24-19 ka and ice-thinning in the internal Alpine 

massifs at ca. 18 ka (Wirsig et al., 2016 and reference therein). However, overall glacier decay 

during the Lateglacial period (19.0-11.7 ka ago) was not continuous but interrupted by multiple 

stages of stillstand or re-advance (so-called Alpine Lateglacial stadials; Ivy-Ochs et al., 2007) 

associated to periods of climatic deterioration, also recorded by other paleoclimate proxies in the 

Alps (i.e. biotic proxies in lake deposits and oxygen isotopes in speleothems and lake sediments; 

see review in Heiri et al., 2014; Heiri et al., 2015). These short-term cooling episodes punctuating 

the Lateglacial were recognized as analogous to the global stadials (GS) or cold interstadial sub-
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events (GI) of the Greenland ice core stratigraphy (Rasmussen et al., 2014) and include: a first 

post-LGM climatic deterioration associated to the Heinrich 1 ice-rafting event in the North Atlantic 

at 17.5-15.4 ka (Stanford et al., 2011; GS-2.1a), several short cold events interrupting the Bølling-

Allerød interstadial (rapid ~3-4°C warming in the European Alps between 14.6-12.8 ka, equivalent 

to GI-1; Heiri et al., 2014) with temperature decrease of 0.5-1.5°C (Older Dryas or Aegelsee 

Oscillation at 14.0-13.9 ka, equivalent to GI-1d; Gerzensee Oscillation at 13.3-13.0 ka, equivalent 

to GI-1b; Lotter et al., 2012), and a last and abrupt cooling of 1.5-3°C during the Younger Dryas 

(12.9-11.7 ka; GS-1), before the Holocene (11.7 ka-present; Heiri et al., 2014). Based on 

geomorphological mapping, stratigraphic analysis and dating of glacial landforms and deposits, 

post-LGM glacier stadials related to the above-mentioned Lateglacial cold periods have been 

identified across the European Alps (e.g. Ivy-Ochs, 2015 and reference therein; Federici et al., 

2016; Hofmann et al., 2019; Rolland et al., 2020; Protin et al., 2021; Serra et al., in review).  

Paleoglacier fluctuations (Wirsig et al., 2016b) have been investigated as first-order proxy for 

changes in Alpine paleoclimatic condition (e.g. Kerschner and Ivy-Ochs, 2008; Davis et al., 2009; 

Spagnolo and Ribolini, 2019; Protin et al., 2019; Baroni et al., 2021), since glacier mass-balance 

is highly sensitive to both temperature and precipitation, governing ice accumulation and ablation 

(Oerlemans, 2005) and therefore the associated Equilibrium Line Altitude (ELA; Ohmura et al., 

1992). While detailed paleo-temperature records are available for the Lateglacial (Heiri et al., 2014 

and reference therein), Alpine paleo-precipitation reconstructions are rare (Luetscher et al., 2015; 

Protin et al., 2019; Baroni et al., 2021) and further constraints are therefore needed in order to 

assess whether Lateglacial cold periods were associated with spatial variations in Alpine paleo-

precipitation. Such a spatial re-organization in atmospheric circulation, similar to the LGM (i.e. 

southwesterly moisture advection from the Mediterranean) has been suggested globally for the 
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Younger Dryas (Bakke et al, 2009) and over Europe using large-scale paleo-ELA reconstructions 

(Rea et al., 2020). The Alpine paleoglacial record offers a quantitative framework to further 

investigate Lateglacial paleo-precipitation changes. However, uncertainties still remain due to the 

low spatial and temporal resolution of the Lateglacial paleo-glacier records in the Alpine valleys, 

and to the difficulty in decoupling the relative contribution of past temperature and precipitation 

changes from paleo-glacier fluctuations (e.g. Protin et al., 2019). Furthermore, it has remained 

difficult to assess the observed temporal/magnitude variability in paleoglacier fluctuations across 

a same region (e.g. Protin et al., 2021) in response to changing climatic conditions (e.g. Kirkbirde 

and Winkler, 2012).  

With the aim of assessing Alpine paleo-glacier sensitivity to Lateglacial paleoclimate and 

potential changes in paleo-precipitation, our study focuses on the post-LGM glacial history of three 

tributary valleys within the Dora Baltea catchment (western Italian Alps; Fig. 1). We combined 

10Be surface-exposure dating of glacial landforms and deposits together with numerical glacier 

simulations in order to constrain the paleoglacier extent and thickness during Lateglacial ice stages 

in the three studied catchments (Valpelline, Valsavarenche and Val di Cogne). Using iSOSIA 

simulations (e.g. Egholm et al., 2011) to model steady-stage paleoglacier configurations, we 

derived paleoclimatic estimates (i.e. past changes in precipitation and temperature) and paleo-

ELAs from our paleoglacier reconstructions in order to discuss the sensitivity of Alpine 

paleoglaciers in the Dora Baltea catchment to climate forcing (Kerschner and Ivy-Ochs, 2008). 
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Figure 1. Study area and sampling locations within the Dora Baltea catchment (mosaic DEM from Regione Autonoma 

Valle d'Aosta, Regione Piemonte, swisstopo, and Institut Géographique National). Black line marks the extent of the 

Dora Baltea catchment within the mountain front. Solid green, red and blue lines delimit respectively Valpelline, 

Valsavarenche and Val di Cogne tributary catchments which are investigated in the present study. Red and yellow 

dots indicate new sampling locations (glacially-polished bedrocks and morainic boulders) from this study. Green dots 

are morainic boulders from Baroni et al. (2021) used for discussion. Black boxes highlight the extent of Figures 3, 4 

and 5. Present-day glaciers (GlaRiskAlp Project, http://www.glariskalp.eu), main topographic peaks and main rivers 

are indicated. Bottom-left inset shows location of the Dora Baltea catchment (yellow open box) within the European 

Alps, with the LGM ice extent (light blue; Ehlers and Gibbard, 2004). 

 

5.2. Study area 
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Our study focuses on three major tributary valleys of the Dora Baltea catchment: Valpelline, 

Valsavarenche and Val di Cogne (Fig. 1). The Dora Baltea catchment is a large drainage system 

(around 3400 km2 and 170 km long) located in the western Italian Alps, with the three studied 

valleys being situated north (Valpelline; Dent d’Hérens massif) and south (Valsavarenche and Val 

di Cogne; Gran Paradiso massif) of the catchment, and connecting to the main Dora Baltea stream 

in proximity of Aosta, ~50 km downstream of the Dora Baltea source. The three catchments are 

around 20-30 km long, and ~150 km2 (Valsavarenche) and 260-270 km2 (Val di Cogne, Valpelline) 

in area. They extend from the Dora Baltea valley floor (~600 m a.s.l.) to major 4000-m Alpine 

peaks (i.e. Dent d’Hérens and Gran Paradiso; Fig. 1), with an average altitude of 2350-2500 m 

a.sl. for the three catchments. Various lithological units outcrop within the three studied 

catchments. Bedrock of Valpelline is mainly composed of pre-Alpine basement derived from the 

continental Adriatic margin and dominated by metapelites, mafic and carbonate lithologies 

(Manzotti et al., 2014). On the other hand, Valsavarenche and Val di Cogne are characterised, in 

their upstream areas, by crystalline lithologies of the Gran Paradiso internal massif in contact with 

ophiolite units of the Piemonte zone, while in their lowermost parts lithologies of the Briançonnais 

basement occur (i.e. gneisses and schists; Polino et al., 2008). 

 Present-day temperature conditions are similar in the three studied catchments, with mean 

annual values ranging between 9°C (valley floor) and -6°C (4000 m-high mountain peaks) and 

around ~8°C seasonal amplitude variation (Regione Autonoma Valle d’Aosta, 2019). Annual 

precipitation is comparatively low at the outlet of all the three catchments (around 800 mm/yr), 

while moderately wetter conditions are observed in the uppermost sectors of Valpelline (1480 

mm/yr) compared to Valsavarenche and Val di Cogne (1220 mm/yr; Isotta et al., 2014; Fig. S1A). 

Modern glaciers cover 10-13% of the studied catchments and are concentrated in the valley heads 
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above 2000 m a.s.l. (GlaRiskAlp Project, http://www.glariskalp.eu). Mass-balance data series for 

the Grand Etrèt glacier (Valsavarenche, Fig. 4A for location) for the period 1999-2019 document 

an Equilibrium Line Altitude (ELA) at around 2900 m a.s.l. (data from Parco Nazionale del Gran 

Paradiso), in line with other modern glaciers within the Dora Baltea catchment (Baroni et al., 

2021).  

Throughout the Quaternary, valley glaciers from Valpelline, Valsavarenche and Val di Cogne 

repeatedly fluctuated and connected with the extensive Dora Baltea glacial system during periods 

of major glaciations, which at its maxima occupied the entire main Dora Baltea valley down to the 

Po Plain, as indicated by the Ivrea morainic amphitheatre (Fig. 1), last abandoned after the Last 

Glacial Maximum (LGM, ca. 26-19 ka; Gianotti et al., 2008; 2015). Following the LGM, the 

Valpelline, Valsavarenche and Val di Cogne tributaries were all disconnected from the retreating 

Dora Baltea glacier after the Alpine Gschnitz stadial (ca. 15 ka; Serra et al., in review). During the 

last Lateglacial pronounced glacier re-advance, in response to the Younger Dryas (ca. 12 ka) 

cooling event, paleoglaciers remained confined in the upper source catchments in Valsavarenche 

and Val di Cogne (Baroni et al., 2021) and in glacier systems nearby Valpelline (Schimmelpfennig 

et al., 2012). Subglacial deposits and morainic landforms from the Little Ice Age (LIA; 1250-1860 

CE), representing the maximum Holocene extent reached by local glaciers (Orombelli, 2011; 

Baroni et al., 2021), are well preserved in all the studied catchments and were mapped within the 

GlaRiskAlp Project, (http://www.glariskalp.eu, in Figs. 3-5). 

 

5.3 Methods 

5.3.1 10Be surface-exposure dating 
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We performed fieldwork and geomorphological mapping in the upper catchments of Valpelline, 

Valsavarenche and Val di Cogne (Fig. 1) to investigate potential glacial landforms and deposits. 

In total, twenty-four glacially-polished bedrocks and five morainic boulders were sampled for 10Be 

surface-exposure dating (Fig. 2 and Table 1), with the aim to reconstruct and compare the 

Lateglacial-Holocene paleoglacier evolution in the three tributary systems. Our sampling strategy 

was driven both by field access restrictions and preservation/outcrop of glacial landforms and 

deposits, and by our objective to acquire geomorphic constraint on glacier extent and thickness. 

For constraining paleoglacier ice-front fluctuations, we targeted glacially-polished surfaces on 

bedrock knobs in the valley floor (no preserved frontal moraine in Valpelline and Valsavarenche, 

VALP01, 03, 11, 12; VSAV14, 15; Figs. 3 and 4) and erratic boulders on the top of a high-

elevation latero-frontal moraine (Valsavarenche, VSAV06-11; Figs. 2C and 4) in completion to 

existing glacier-margin moraine dating (Valsavarenche and Val di Cogne, Baroni et al., 2021; 

Figs. 4A and 5A). In addition, glacially-polished bedrock surfaces were sampled along the valley 

sides, following altitudinal transects from the valley bottom to just below the trimline (i.e. 

geomorphic transition between frost-weathered zone above and glacially-polished surface below, 

potentially indicating maximum Late-Pleistocene elevation of the active ice surface; Penck and 

Brückner, 1901/09; Coutterand and Buoncristiani, 2006), to constrain ice-thickness variations 

(Wirsig et al., 2016a, b). In total, five altitudinal transects were collected in the three studied 

catchments (VALP04-06; VALP07-11; VSAV01-04; VSAV05, 08, 12, 13; and COGNE01, 03, 

04; Figs. 2A-B and 3-5).  
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Figure 2. Field photographs of sampling locations for 10Be surface-exposure dating. A) Glacially-polished bedrock 

altitudinal transect targeted in Valpelline (right valley side; Fig. 3B). B) Glacially-polished bedrock altitudinal transect 

targeted in Valsavarenche (left valley side; Fig. 4B). C) Latero-frontal moraine of Valsavarenche (Fig. 4B) and 

location of three sampled erratic boulders. D) Highest-elevation polished bedrock from the altitudinal transect targeted 

in Val di Cogne (Fig. 5). Sample altitudes are indicated, and sample colour code is as in Figure 1. 

 

Samples were collected on sub-vertical polished bedrock surfaces distant from soil coverage or 

on top of >1m-height erratic boulders, by using saw, hammer and chisel. Coherent surfaces with 

evidence for minimal weathering were selected (Gosse and Phillips, 2001). Crushing and sieving 

were performed in order to separate the 250-400 im grainsize fraction, from which pure quartz 
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was isolated by following modified procedure based on Kohl and Nishiizumi (1992) (quartz 

purification performed at the Institute of Geological Sciences - University of Bern, Switzerland). 

For 10Be extraction through anion and cation exchange column chemistry, conventional chemical 

treatments from Brown et al. (1991) and Merchel and Herpers (1999) were adapted and performed 

at the GeoThermochronology platform (ISTerre, - University Grenoble Alpes, France). 10Be/9Be 

ratios were measured at ASTER French National AMS facility (CEREGE, Aix-en-Provence, 

France; Arnold et al., 2010) and calibrated against the in-house Be standard (isotope ratio 

1.191x1011; Braucher et al., 2015). Full process blank 10Be/9Be ratios of 5.4±0.6x10-15 and 

5.5±1.0x10-15 were used to correct 10Be concentrations of VALP samples and VSAV/COGNE 

samples, respectively.  

The online CREp program (Martin et al., 2017; https://crep.otelo.univ-lorraine.fr/#/init) was 

used in order to calculate the 10Be surface-exposure ages of our samples, and to re-calculate, for 

consistency, previously-published 10Be surface-exposure ages from morainic boulders in 

Valsavarenche and Val di Cogne (Baroni et al.,2021; see Figs. 4 and 5 for locations and Table S2 

for details). A 10Be production rate by neutron spallation at sea-level and high-latitude (SLHL) of 

4.16±0.10 at g-1 a-1 (Claude et al., 2014) was used and scaled at the sampling location with the 

LSDn scaling scheme (Lifton et al., 2014). Corrections for atmospheric pressure according to the 

ERA-40 reanalysis data set (Uppala et al., 2005) and for geomagnetic field fluctuations according 

to the Lifton-VDM2016 geomagnetic database (Lifton, 2016) were integrated in the scaling 

scheme. Field measurements were used to calculate topographic shielding correction at each 

sampling location based on Dunne et al. (1999). 10Be surface-exposure ages were corrected for an 

erosion rate of 0.1 mm ka-1 (André, 2002; Deline et al., 2015; Wirsig et al., 2016a). No snow 

correction was applied due to the uncertainties in estimating temporal and spatial variability of 
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snow accumulation. While snow-coverage shielding for glacially-polished bedrock samples 

collected along steep valley sides is likely negligible (i.e. sub-vertical bedrock surfaces), 10Be 

surface-exposure ages from moraine boulders and valley-bottom bedrock knobs might be 

influenced by long-term snow shielding and need to be considered as minimum exposure ages. 

 

 

Figure 3. 10Be surface-exposure ages from Valpelline (location in Fig. 1; modified DEM from Regione Autonoma 

Valle d'Aosta; LIA glacier extent from GlaRiskAlp Project, http://www.glariskalp.eu). A) Glacially-polished bedrock 

sample locations in the valley head. The most downstream valley floor polished-bedrock knob is indicated (VALP01) 

with its respective 10Be surface exposure age. Black box highlights the extent of the zoom presented in Figure 3B, 

green line depicts the extent of the studied catchment. B) Locations and 10Be surface-exposure ages of samples 

collected along the valley floor and altitudinal transects. C) Individual (dashed lines) and summed (continuous lines) 

KDE of 10Be surface-exposure ages. The modes and uncertainties of the summed KDE are reported. Colour code 

(valid also for sample ages in panels A and B) differentiates samples between the two clusters (red and blue labels, 

see text for details).  
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Figure 4. 10Be surface-exposure ages from Valsavarenche (location in Fig. 1; modified DEM from Regione Autonoma 

Valle d'Aosta; LIA glacier extent from GlaRiskAlp Project, http://www.glariskalp.eu). A) Sample locations and (re-

)calculated 10Be surface-exposure ages of morainic boulders (yellow, present study, and green, after Baroni et al., 

2021) and polished bedrocks (red) in the valley head. Black box highlights the extent of the zoom presented in Figure 

4B, red line depicts the extent of the studied catchment. B) Zoom on the polished-bedrock altitudinal transects and on 

the latero-frontal moraine sampled in this study. C) Individual (dashed lines) and summed (continuous lines) KDE of 

10Be surface-exposure ages. The modes and uncertainties of the summed KDE are reported. Colour code (valid also 

for sample ages in panels A and B) differentiates samples between the two clusters (red and blue labels, see text for 

details).  
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Figure 5. 10Be surface-exposure ages from upper Val di Cogne (location in Fig. 1; modified DEM from Regione 

Autonoma Valle d'Aosta; LIA glacier extent from GlaRiskAlp Project, http://www.glariskalp.eu). A) Sample locations 

and (re-)calculated 10Be surface-exposure ages of morainic boulders (green, after Baroni et al., 2021) and polished 

bedrocks (red) in the upper valley. B) Individual (dashed lines) and summed (continuous lines) KDE of 10Be surface-

exposure ages. The modes and uncertainties of the summed KDE are reported. Colour code (valid also for sample 

ages in panel A) differentiates samples between the two clusters (red and blue labels, see text for details). 

 

In order to identify potential distinct glacial stages with geomorphic information about 

associated paleoglacier configurations, we assessed clustering between individual 10Be surface-

exposure ages from ice-front (i.e. valley-floor bedrock knob, morainic boulders) and ice-surface 

(i.e. polished bedrock surfaces along valley sides) constraints, based on normal kernel density 

estimate (KDE; based on Lowell, 1995) distributions (per site), and on sample elevation and 

geomorphic/stratigraphic information. For each identified cluster, individual 10Be age KDEs were 

summed (Lowell, 1995), with mode and standard deviation of the summed KDE defining the time 

period (asymmetric errors were obtained, because of the skewness of the summed KDE) of the 
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glacial stage within the temporal resolution of 10Be data. Samples at different locations along the 

valley and/or different elevations (especially glacially-polished bedrock surfaces), but grouped in 

one 10Be age cluster, would represent the magnitude of glacier retreat/thinning after the ice stage. 

We also considered that the upper age range of each cluster would be minimum time estimate for 

that glacial stage and onset of glacier retreat/thinning. 

 

5.3.2 Paleoglacier modelling 

5.3.2.1 Ice-flow model 

Our paleoglacier simulations are based on the ice-flow model iSOSIA (depth-Integrated Second 

Order Shallow Ice Approximation), a finite volume solver with explicit time integration that allows 

the computation of ice flow and subglacial hydrology under climate forcing (Egholm et al., 2011, 

2012). The numerical integration of “higher-order” effects ensures the preservation of good 

accuracy compared to Full-Stokes model predictions for steep and rugged topography (Egholm et 

al., 2011), while allowing long-term and large-scale simulations necessary to investigate 

paleoglacial questions (Egholm et al., 2012).  

In iSOSIA, the climatic input is based on a simple mass-balance approach using a Positive-

Degree-Day model (PDD, see section 3.2.2 for parameter details), which is a function of 

temperature and precipitation. Any change in ice thickness is therefore computed as a balance 

between ice flow, ice ablation and accumulation (Equation 1), while mass conservation assumes a 

constant ice density spatially and at depth. Snow avalanching in iSOSIA (Scherler and Egholm, 

2020) transports new accumulated snow downward towards lower elevation cells, as far as ice 

surface slope between the cells is smaller than a given threshold (see section 3.2.2 for parameter 

details). Ice fluxes are computed in iSOSIA by vertically-integrating horizontal ice-flow velocities 
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at cell boundaries. In addition, bed topography, ice thickness and elevation are averaged in each 

grid cell and values are assigned to the nodal points in the staggered grid (Brædstrup et al., 2014). 

Ice thickness changes are derived from the following mass conservation law:  

	"#$%&
"' = 	−	∇ ⋅ ,⃗ + / (1) 

where hice is the thickness of ice (m), t is time (yr), F is the horizontal flux (the product of ice 

thickness and the depth-averaged ice velocity vector, m2 yr-1) and M the mass source term (m/y). 

This equation is integrated for each model cell using a flux limiter that prevents negative ice 

thicknesses. Horizontal stress components are based on Glen’s flow law (stress exponent n = 3) 

and horizontal flow velocities depend non-linearly on ice-surface gradients and curvature (Egholm 

et al., 2011). In iSOSIA, the horizontal stress components are assumed not to vary at depth within 

the ice, and constant values can be computed from depth-averaged strain rate components. In that 

sense, depth-averaged velocities depend on the local ice thickness, ice surface gradient, local 

variations in depth-averaged ice velocities, and material parameters (ice is assumed to be isotropic 

in iSOSIA). In our simulations, we follow the approach adopted by Ugelvig et al. (2018) for 

modelling ice sliding and subglacial hydrology, although we rather consider steady-state solution 

for subglacial hydrology and effective pressure (see details and parameters in Bernard et al., 2020; 

Magrani et al., in review).  

 

5.3.2.2 Modelling set-up for paleoglacier simulations 

In the present study, we performed numerical simulations to assess the climatic conditions 

(temperature and precipitation) associated with the reconstructed glacial stages in the three Dora 

Baltea catchments from geochronology and paleoglacier spatial configuration (section 3.1). We 

first calibrated the PDD mass-balance model against direct and modern mass-balance observation 
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data from two glaciers nearby our study areas (Fig. S2): the Argentière glacier (north-western side 

of Mont Blanc massif; 1976-2019 data series from Glacioclim network, https://glacioclim.osug.fr) 

and the Grand Etrèt glacier (Valsavarenche, Fig. 4A for location; 1999-2019 data series from 

Annual Glaciological Surveys of Parco Nazionale Gran Paradiso). We imposed in the PDD model 

modern sea-level temperature of 14.8°C (NOAA, 2016), precipitation of 2 m/yr for Argentière 

glacier and 1.2 m/yr for Grand Etrèt glacier (Isotta et al., 2014), annual temperature variation 

amplitudes (dTa) of 8°C and atmospheric temperature lapse rate of 0.0065°C/m (Protin et al., 

2019). We then performed by trial-and-error a process to best fit the observed present-day mass-

balance data and derived melting positive degree-day factors (mPDD) of 5.7 and 5.2 mm w.e. °C-

1 d-1 for the Argentière and Grand Etrèt glaciers, respectively (Fig. S2). By simultaneously fitting 

the two mass-balance datasets, we obtained mPDD of 5.6 mm w.e. °C-1 d-1 that was adopted in the 

subsequent iSOSIA simulations (Fig. S2).  

Simulations were run using the ice-corrected bedrock DEM of the Dora Baltea catchment (Viani 

et al., 2020; 60-m resolution) as glacier bed input, and a critical snow accumulation slope (i.e. 

minimum slopes for avalanching) of 0.7, found to best reproduce ice accumulation in cirque 

glaciers during preliminary tests. We run simulations with fixed climate forcing (temperature and 

precipitation) until steady-state conditions (i.e. maximum one grid cell ice-extent oscillations, 

generally after 1 ka simulation time). In a first series of test simulations, we maintained the 

precipitation constant in the three studied catchments, using present-day precipitation grid from 

Isotta et al. 2014 (downscaled to 60-m resolution; Fig. S1A), and varying sea-level temperatures 

from 14.1 to 14.5°C (0.1°C increment), with the aim to model the glacier extent for LIA 

(GlaRiskAlp Project, http://www.glariskalp.eu; Fig. S3). These initial simulations allowed to set a 
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reference sea-level temperature for the LIA (Fig. S3) for comparison with subsequent simulations 

of older glacial stages.   

Based on existing literature paleo-temperature estimates from Alpine paleoclimatic proxies 

records for the time periods considered (Heiri et al., 2014), we then tested varying sea-level 

temperatures from 11.4 to 14.4°C (0.2°C increment). We thus assessed best-fitting paleo-

temperature scenarios (Table 2) for which simulated ice configuration best reproduced 

paleoglacier front and thickness constraints (polished-bedrock surfaces and morainic boulders, 

Figs. 3-5) in the three catchments. In a second phase, we conducted similar ice simulations for one 

glacial stage, using same sea-level temperature range but with different precipitation inputs: (1) 

uniform decrease across the catchments by 25% and 50% compared to present-day conditions (i.e. 

0.75 and 0.5 factors applied), or (2) spatially-variable precipitation pattern across the Dora Baltea 

drainage systems, estimated from large-scale climate models for the Lateglacial period (PaleoClim 

data downscaled to 60-m resolution; Fordham et al., 2017; Brown et al., 2018; Fig. S1B). 

 

5.4 Results 

5.4.1 10Be surface-exposure dating 

10Be surface-exposure ages newly-acquired (Table 1) or recalculated (Table S2) in the present 

study are shown in Figures 3-5. Two distinct age populations are observed in all the three tributary 

valleys investigated in this study, clustering around ca. 13 and 11 ka (Figs. 3-5).  
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Table 1. 10Be surface-exposure dating for samples collected in the present study. Sample locations, topographic shielding, average sample thickness, 10Be/9Be 

blank corrected ratios, 10Be concentrations and exposure ages are reported. Sample density is assumed to be 2.65 g cm-3 for all samples. Mass of quartz dissolved, 

mass of Be carrier and non-blank corrected 10Be/9Be ratios are reported in Table S1. 

Sample Name Location  
WGS 84 (°N/°E) 

Elevation (m 
a.s.l.) 

Topographic 
shielding 1 

Sample thickness 
(cm) 

10Be/9Be 
blank corrected 
(10-14 at g-1) 2 

10Be/9Be 
uncertainty 

(%) 

10Be concentration 
(105 at g-1) 

10Be exposure age (ka) 3 

VALP01 45.8499/7.3863 1471 0.959 4 14.3 3.30 1.89±0.06 13.8±0.5 
VALP03 45.8952/7.4752 1834 0.930 2 6.5 5.79 1.85±0.11 10.9±0.7 
VALP04 45.8973/7.5069 2344 0.915 2.5 24.3 3.35 3.11±0.10 12.7±0.5 
VALP05 45.8956/7.5071 2447 0.946 2.5 26.4 3.39 3.50±0.12 12.8±0.5 
VALP06 45.8941/7.5082 2521 0.935 6 25.9 3.98 3.33±0.13 12.0±0.6 
VALP07 45.9217/7.5142 2524 0.950 2.5 27.1 3.31 4.06±0.13 13.9±0.6 
VALP08 45.9214/7.5169 2334 0.851 2.5 17.2 3.34 2.31±0.08 10.2±0.4 
VALP09 45.9209/7.5176 2270 0.848 2.5 13.3 3.31 2.25±0.08 10.5±0.4 
VALP10 45.9197/7.5192 2177 0.959 2.5 18.9 3.31 2.42±0.08 10.7±0.4 
VALP11 45.9171/7.5243 1982 0.955 2 14.8 3.23 2.07±0.07 10.6±0.4 
VALP12 45.9092/7.5100 1990 0.798 2 5.11 5.3 1.92±0.10 11.6±0.7 
VSAV01 45.5027/7.1958 2659 0.961 2.5 26.4 3.19 4.16±0.13 13.0±0.5 
VSAV02 45.5036/7.2027 2446 0.968 2.5 23.7 3.17 3.60±0.12 13.0±0.5 
VSAV03 45.5098/7.2021 2297 0.933 2 21.1 4.13 3.40±0.14 14.1±0.7 
VSAV04 45.5113/7.2026 2212 0.817 2.5 15.8 3.39 2.37±0.08 12.0±0.5 
VSAV05 45.5117/7.2063 1997 0.822 2 15.9 3.17 2.28±0.07 13.5±0.5 
VSAV06 45.5140/7.2231 2638 0.987 2.5 22.8 3.40 3.65±0.13 11.3±0.4 
VSAV07 45.5133/7.2258 2675 0.990 3 21.5 3.26 3.70±0.12 11.1±0.4 
VSAV08 45.5191/7.2238 2663 0.984 2.5 26.7 3.23 4.53±0.15 13.7±0.5 
VSAV09 45.5160/7.2212 2580 0.988 2.5 22.2 3.16 3.53±0.11 11.4±0.4 
VSAV10 45.5156/7.2211 2578 0.992 2 22.9 3.37 3.76±0.13 12.0±0.5 
VSAV11 45.5155/7.2207 2576 0.992 2 20.1 3.74 3.32±0.13 10.7±0.5 
VSAV12 45.5142/7.2160 2400 0.952 2.5 21.0 3.15 3.36±0.11 12.8±0.5 
VSAV13 45.5145/7.2106 2204 0.966 2.5 21.7 3.18 3.30±0.11 14.2±0.6 
VSAV14 45.5145/7.2106 1958 0.957 2 19.3 6.35 2.80±0.18 14.6±1.0 
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1 Topographic shielding correction according to Dunne et al. (1999). 
2 10Be/9Be ratios of batch-specific analytical blanks used for the correction are 5.4±0.6x10-15 (VALP samples) and 5.5±1.0x10-15 (VSAV and COGNE samples). 
3 Ages are reported with external uncertainties (i.e. including both analytical errors and production-rate uncertainties). Ages were calculated with a SLHL 10Be 

production rate of 4.16±0.10 at g-1 a-1 (Claude et al., 2014) and LSDn scaling scheme (Lifton et al., 2014) and considering an estimated surface erosion rate of 0.1 

mm ka-1 (André, 2002). No snow-cover correction was applied.

VSAV15 45.5453/7.2119 1841 0.945 2 13.9 3.28 2.30±0.08 13.3±0.5 
COGNE01 45.5684/7.3432 2468 0.983 2 23.7 8.84 3.80±0.34 13.3±1.2 
COGNE02 45.5705/7.3428 2434 0.984 2 27.9 3.56 4.19±0.15 14.9±0.6 
COGNE04 7.3428/7.3398 1919 0.930 2 14.8 4.65 2.26±0.11 12.6±0.7 
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In Valpelline, the first age cluster is at 12.8-0.6+1.3 ka (red, Fig. 3C) and includes both the furthest 

downstream polished-bedrock knob in the valley floor (VALP01, ~16 km from the LIA ice limit; 

Fig. 3A), together with all samples from the left valley side transect (VALP04-06, 2344 to 2521 

m a.s.l.; Fig. 3B) and the highest sample from the right valley side and most upstream transect 

(VALP07, 2524 m; Fig. 3B). The latter is also the oldest age of the cluster (14.0 ±0.6 ka). The 

second age population has a summed KDE mode of 10.6-0.4+0.8 ka (blue, Fig. 3C) and includes all 

valley-bottom samples upstream of VALP01 (VALP03, 12, 11, ~7-3 km from the LIA ice limit) 

and along the right valley side transect below VALP07 (VALP08-10, 2334 to 2177 m a.s.l.; Figs. 

2A-3B), with the oldest age at 11.7 ±0.7 ka being along the valley floor (VALP12), while the 

highest sample (VALP08) has an age of 10.3 ±0.4 ka. 

In Valsavarenche, the distribution of 10Be surface-exposure ages (including new and litterature 

data from Baroni et al., 2021) also indicates two populations with summed KDE modes of 13.1-

0.6+1.2 and 11.2-1.3+0.6 ka (Fig. 4C). The oldest population includes the two polished-bedrock knobs 

sampled along the main valley floor (VSAV14-15; Fig. 4A), at ~6 and 3.5 km from the LIA ice 

limit, all but one (lowest) samples from the left side and most upstream altitudinal transect 

(VSAV01-03, 2297 to 2659 m a.s.l.; Figs. 2B and 4B), and all bedrock samples from the right 

valley side (VSAV05, 08, 12-13, 1997 to 2663 m; Fig. 4B). In addition, this cluster also includes 

two boulders from moraine crests built by tributary gaciers expanding on the right side of 

Valsavarenche (GP34.18 and 31.18, Baroni et al., 2021; Fig. 4A). The oldest age of the cluster is 

obtained for a valley-floor bedrock knob at 14.7 ±1.0 ka (VSAV14), while the highest sample 

(VSAV01) has an age of 13.1±0.5 ka.  The second and younger age cluster comprises the lowest 

bedrock sample from the left valley side transect (VSAV04, 2012 m a.s.l.; Fig. 4A), five morainic 
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boulders sampled in this study (VSAV06-11; Figs. 2C-4B) and additional five morainic boulders 

from Baroni et al. (2021) (GP24.18, 36.18, 37.18, 05.17 and 11.17; Figs. 4A-B). All sampled 

boulders are located on morainic ridges deposited by tributary glaciers nested on the right slopes 

of the Valsavarenche upper catchment, and which at that time reached 200-800 m downstream the 

LIA extent (Fig. 4). The oldest age of this second cluster, at 12.1±0.5 ka, is represented by both 

the lowest transect bedrock (VSAV04)  and a morainic boulder sample (VSAV10). 

Lastly, in Val di Cogne, all bedrock samples from the altitudinal transect, located along the 

right valley side at the junction with small tributary (COGNE01, 02, 04, 1919 to 2468 m a.s.l.; 

Figs. 2D-5A), together with one morainic boulder located on the other side of the valley (GP16.18, 

2350 m a.s.l.; Baroni et al., 2021; Fig. 5A), cluster around 12.8-0.5+2.1 ka (Fig. 5B), with the oldest 

age at 15.0 ±0.6 ka (COGNE02, 2434 m), while the highest sample (COGNE01, 2468 m, Fig. 2D) 

has an age of 13.3 ±1.2 ka. A younger age cluster (summed KDE modes of 12.8-0.8+1.7; Fig. 5B) is 

indicated by two morainic boulders in the valley bottom, around 5 km from the LIA ice limit 

(GP01.17, 02.17; Fig. 5A) and another morainic boulder perched on the left valley side (GP19.18, 

2659 m a.s.l.; Fig. 5A). For this cluster, the oldest age is indicated at 11.9 ±0.5 ka for the valley-

bottom moraine. 

 

5.4.2 Paleo-glacier simulations 

From the iSOSIA simulations calibrated for our study area, we identified multiple climate 

scenarios (pairs of temperature and precipitation; Table 2) allowing to best match paleoglacier 

extent and thickness associated with the two main glacial stages recognized in the three tributary 

valleys of the Dora Baltea catchment (Figs. 6-8). These two glacial stages have been estimated at 

ca. 13 and 11 ka respectively, based on 10Be surface-exposure age distributions (Figs. 3-5).  
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In Table 2, for each paleo-precipitation input (i.e. present-day pattern, Fig. S1A, modified 

present-day pattern or PaleoClim data, Fig. S1B), corresponding paleo-temperatures are indicated 

in temperature anomalies (ΔTLIA) in relation to the LIA reference sea-level temperature (14.5°; 

Fig. S3) for which our ice simulations (and especially the PDD model; Fig. S2) have been 

calibrated. For the old glacial stage, simulations were conducted only with present-day 

precipitation, therefore only one precipitation-temperature couple is shown in Table 2. 

 

Table 2. Temperature and precipitation inputs for paleoglacier simulations in the three studied valleys for the two 

reconstrcuetd ice stages. Temperature anomalies are compared to the model-calibrated Little Ice Age temperature 

(Fig. S2, ΔTLIA in the text). In main table are ΔTLIA values for the YD/EH glacial stage, in brackets are ΔTLIA values 

for the OD/BA glacial stage (obtained only with same precipitation as today). Spatially-variable precipitation pattern 

across the Dora Baltea drainage system is based on PaleoClim data (downscaled to 60-m resolution; Fordham et al., 

2017; Brown et al., 2018; Fig. S1B). See text for details and discussion. 

 

 

 

 

 

 

When using present-day precipitation pattern, the best-matching scenario for the reconstructed 

ice extent/thickness were obtained by applying a ΔTLIA of 2.5°C (Valpelline, Fig. 6A) and 2.3°C 

(Valsavarenche and Val di Cogne; Figs. 7A-8A) for the older glacial stage, and ΔTLIA of 1.7°C for 

the younger glacial stage (all three valleys; Figs. 6B-7B-8B). As illustrated by longitudinal and 

cross-section profiles along the Valpelline catchment (Fig. 9), temperature variations are primarily 

reflected in changes in glacier extent, while glacier thickness is less sensitive in colder conditions 

Ratio of present-day 
precipitation 

Best-fitting temperature anomaly (°C) 
Valpelline Valsavarenche Val di Cogne 

1 -1.7 (-2.5) -1.7 (-2.3) -1.7 (-2.3) 
0.75 -2.3 -2.3 -2.3 
0.5 -3.1 -3.1 -3.1 

Spatially-variable 
(PaleoClim) 

-2.9 -2.1 / 
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(i.e. larger temperature drops; -2.3 to -2.7°C; Fig. 9B). For the older glacial stage, ice 

reconstructions based on the longitudinal profile (matching our ice extent markers, e.g. glacially 

polished-knob along the valley bottom) are thus more easily constrained than based on ice 

thickness differences from cross-profiles (Fig. 9B). While for the younger glacial stage, both ice-

thickness (altitudinal transect) and ice-extent constraints allow for distinguishing the best-

matching paleo-temperature scenario. 

For the younger glacial stage, different temperature offsets (Table 2) allow the best-matching 

between modelled and reconstructed ice extent/thickness, when varying the magnitude of present-

day precipitation pattern (regional decrease in precipitation by 25 and 50%) or when imposing a 

different precipitation pattern based on paleoclimate reconstructions (PaleoClim data; Fordham et 

al., 2017; Brown et al., 2018). The latter dataset suggests highly-variable precipitation difference 

compared to present-day conditions, from -50 to +34%, -33 to +14% and -37 to +31%, within the 

glacial area of Valpelline, Valsavarenche and Val di Cogne catchment, respectively (Fig. S1B). In 

Valpelline, a 40-50% decrease in precipitation is mainly observed in the accumulation zone, while 

the precipitation decrease is more homogeneous across Valsavarenche and Val di Cogne. While 

similar temperature offsets for the three catchments were able to fit our ice extent markers when 

using a similar to present-day precipitation pattern decreased by a factor of 25 % (-2.3°C) and 50% 

(-2.9 to -3.1°C; Table 2), significantly variable temperature drops were obtained when applying 

PaleoClim precipitation pattern (~0.8°C difference between Valpelline and Valsavarenche, Table 

2).  

Among the best-matching climatic scenarios obtained when applying present-day precipitation 

with or/without a reducing factor or using PaleoClim precipitation model (Table 2), our 
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paleoglacier simulations do not allow to discriminate between the different scenarios as the ice 

configurations do not vary significantly (Fig. S4). 

Paleo-ELA estimates were inferred for each simulation. Table 3 reports only the paleo-ELA 

estimates obtained with the same precipitation pattern as today, since similar ELA values were 

obtained when fitting the same ice front/thickness constraints with different 

temperature/precipitation couples. The reconstructed paleo-ELAs for the LIA are 3112 m for all 

the three valleys, leading to ELA depressions (ΔELA) of 385 m (Valpelline) and 354 m 

(Valsavarenche and Val di Cogne) for the older glacial stage, and of 262 m in all the sectors for 

the younger glacial stage.  

 

 

Figure 6. Valpelline paleoglacier simulation results obtained with present-day precipitation and temperature drop of 

-2.5°C (A) and -1.7° (B) compared to LIA ice-extent calibration. Red and blue dots represent polished-bedrock 

samples used to fit the modelled ice extent and thickness. Colour code distinguishes samples from the older (red) and 

younger (blue) glacial stages (sample ages and clusters in Fig. 3). 
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Figure 7. Valsavarenche paleoglacier simulation results obtained with present-day precipitation and temperature drop 

of -2.3° (A) and -1.7° (B) compared to LIA ice-extent calibration. Red and blue dots represent morainic boulders and 

polished-bedrock samples used to fit the modelled ice extent and thickness. Colour code distinguishes samples from 

the older (red) and younger (blue) glacial stages (sample ages and clusters in Fig. 4).  
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Figure 8. Val di Cogne paleoglacier simulation results obtained with present-day precipitation and temperature drop 

of -2.3° (A) and -1.7° (B) compared to LIA ice-extent calibration. Red and blue dots represent morainic boulders and 

polished-bedrock samples used to fit the modelled ice extent and thickness. Colour code distinguishes samples from 

the older (red) and younger (blue) glacial stages (sample ages and clusters in Fig. 5). 

 

 

Figure 9. Modelled Valpelline paleoglacier longitudinal (A) and cross-section (B) profiles obtained with present-day 

precipitation and different temperature offsets from LIA ice-extent calibration. The longitudinal profile has been taken 

along the main modern Valpelline valley, and the cross-section profile has been selected at location of altitudinal 

transect of VALP07-11 (Fig. 3B). Red and blue dots represent polished-bedrock samples used to fit the modelled ice 
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extent and thickness. The samples which are not located along the longitudinal profile flowline (see Figs. 3-6 for 

sample position) were projected from the valley-sides into the profile (Fig. 9A) for better visualization. Colour code 

distinguishes samples from the older (red) and younger (blue) glacial stages (sample ages and clusters in Fig. 3). 

 

5.5 Discussion 

5.5.1 Lateglacial paleoglacial stages 

Based on 10Be surface-exposure dating of polished bedrock surfaces and morainic boulders 

(Figs. 3-5, Table 1) together with numerical ice simulations (Figs. 6-8), we propose the spatial 

reconstruction of two main Lateglacial paleoglacier stages at ca. 13 and 11 ka, respectively. These 

two stages are constrained by our data and simulations within all three investigated tributary 

valleys of the main Dora Baltea catchment (Valpelline, Valsavarenche and Val di Cogne) and they 

are consistent with Lateglacial stadials identified across the European Alps (Ivy-Ochs, 2015), also 

in correlation with North Hemisphere climate oscillation records (Rasmussen et al., 2014). 

The first recorded stage (at ca. 13 ka) is mainly derived from polished bedrock surfaces, 

therefore rather reflecting a phase of ice retreat and thinning which started ~14 ka ago, as suggested 

by 10Be exposure ages at highest elevations or furthest downstream distances along the three 

investigated valleys. We related this constrained timing to the beginning of the Bølling-Allerød 

interstadials (14.6-12.8 ka; Heiri et al., 2014), which indicate a phase of general warming 

punctuated by some short cooling events (Older Dryas or Aegelsee Oscillation at 14.0-13.9 ka, or 

Gerzensee Oscillation at 13.3-13.0 ka; Lotter et al., 2012) following the Oldest Dryas cold period 

(19-14.6 ka; Ivy-Ochs et al., 2008). Within the resolution of our chronology, it remains however 

challenging to decipher whether the observed glacier retreat/thinning recorded in our study area 

since ca. 13-14 ka coincides with the Older Dryas event, also recognized as a widespread Alpine 
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paleoglacial stage (Daun stage, Ivy-Ochs et al., 2015), or it rather highlights general ongoing 

glacier retreat/thinning posterior to the LGM. 

In the latter case, it is interesting to note that significantly earlier onset of Lateglacial ice 

thinning, at ca. 18 ka, have been recorded in other locations of the High Alps (Wirsig et al., 2016a 

and references therein; Lehmann et al., 2020). We cannot however certify whether the time 

difference for our study area indicates an actual delay in ice thinning compared to the other sectors 

of the High Alps, associated with spatial differences in glacier sensitivity to post-LGM climate 

change, or if the delayed onset in glacier thinning is related to the locations of our sampling sites. 

Some of our highest transect samples in Valpelline (VALP07; Fig. 2A) and Valsavarenche 

(VSAV01; Fig. 2B) were collected close to the trimline, and therefore should record the onset of 

post-LGM ice-thinning (Wirsig et al., 2016a,b; Lehmann et al., 2020). However, our numerical 

ice experiments (Fig. 9) also show that ice fluctuation in response to post-LGM climate change 

are primarily reflected in glacier extent (Fig. 9A), while glacier thickness in the upper catchment 

is only weakly sensitive to different cold scenarios (Fig. 9B). We therefore do not exclude that 

earlier onset in ice lowering may have been recorded more downstream in the valleys in the glacier 

ablation area (Magrani et al., in review). Our delayed timing for ice thinning is also consistent with 

10Be exposure ages from bedrock surfaces close to the trimline in upstream Alpine catchments 

(Kelly et al., 2006; Böhlert et al., 2011; Hippe et al., 2014; Wirsig et al., 2016a), associated with 

the persistence of thick valley glacier at high elevations despite the general post-LGM retreat of 

glaciers from the piedmont areas since around 20-19 ka. Further investigation of the above 

hypotheses (i.e. actual delay in post-LGM ice thinning vs. location of sampling sites) would require 

detailed sampling around the trimline, especially in the downstream section of the tributary valleys, 

which is beyond the scope of this study. Additional investigation could exclude potential late-
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exhumation (Wirsig et al., 2016a, b) of high-elevation samples and/or persistence of ice from small 

tributary cirque glaciers (e.g. for VALP04, 05 and 06 and COGNE02; Figs. 3 and 5). 

In Valsavarenche and Val di Cogne, some high moraine ridges also indicate 10Be exposure ages 

around 13 ka (GP31.18, 34.18, 16.18, Baroni et al., 2021; Figs. 4-5). Based on their elevation and 

orientation, we interpret these morainic ridges to have been built during a short cooling interval 

within the Bølling-Allerød interstadial (Older Dryas or Gerzensee Oscillation) by high-elevation 

small tributary cirque glaciers. These morainic ridges could therefore correspond to the Alpine 

Daun glacial stage (Ivy-Ochs, 2015), also recognized in the Mont Blanc sector, upstream Dora 

Baltea catchment (Serra et al., in review). Based on ice simulation results (Fig. 8A), we also 

propose that the latero-frontal moraine along the Val di Cogne was possibly built during the Daun 

ice re-advance/stillstand, despite its apparent younger age based on boulder 10Be exposure dating 

(GP01.17, 02.17; Fig. 5). Interestingly, our ice simulations could only match this moraine location 

when applying temperature/precipitation conditions in agreement with other 10Be ages of 13-14 ka 

in Val di Cogne (Fig. 8A) and also in Valsavarenche and Valpelline. Although such observation 

may require further dating constraints in Val di Cogne, we propose that the apparent young 10Be 

exposure ages from the latero-frontal moraine along the Val di Cogne may result from late-

exhumation due to post-depositional moraine degradation.  

For the second glacial stage, all three tributaries suggest a common timing at ca. 11 ka that we 

relate to the Younger Dryas cold phase (YD, 12.9-11.7 ka; Heiri et al., 2014) and its transition into 

the Holocene (11.7 ka-present; Heiri et al., 2014). In Valsavarenche and Val di Cogne (Figs 4-5), 

this paleoglacial stage is mainly recorded from morainic boulders with ages of 11-12 ka (new 

samples VSAV06-11, and recalculated ages of GP11.17, 05.17, 19.18 from Baroni et al., 2021), 

that we interpret as documenting ice stillstand/re-advance in response to the YD, being described 
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in the Alps as the Egesen stadial (Ivy-Ochs et al., 2015). Ice simulation results suggest that the 

Valsavarenche moraine with younger 10Be exposure ages of 9-10 ka (GP36.18, 37.18; recalculated 

from Baroni et al., 2021) may belong to the YD paleoglacier configuration (Fig. 7B). Thus, 

apparent younger ages might result from small ice fluctuations of similar extent occurring at the 

YD-early Holocene transition (Baroni et al., 2021; Protin et al., 2021) or from sample late 

exhumation. 

Polished bedrock samples with 10Be exposure ages around 12-11 ka (Valsavarenche and 

Valpelline, Figs. 3-4) record the phase of ice withdrawal induced by rapid warming following the 

end of the YD. Post-YD ice decay was most probably abrupt, as indicated in Valpelline (Figs. 3 

and 9) where polished bedrock samples collected over a longitudinal distance of ~5 km and an 

altitude range of ~350 m present similar 10Be exposure ages of ca. 10-11 ka. 

In summary, Lateglacial paleoglacier reconstructions obtained from our combined 10Be 

exposure dating and numerical ice simulations approach in the three tributary catchments of the 

Dora Baltea evidence distinct paleoglacier configurations (1) at the transition between the Oldest 

Dryas (OD, based on the polished bedrock sites) cold period and the Bølling-Allerød (BA) 

interstadial (stage OD/BA hereafter; Figs. 6-8A), with potential minor influence of the Older Dryas 

short cooling interval (from few morainic samples), and (2) at the transition between the Younger 

Dryas (YD) cold period and the early Holocene (EH) warming (stage YD/EH stage hereafter; Figs. 

6-8B). In the following section, we investigate the potential climatic conditions 

(precipitation/temperature input scenarios in ice simulations) for these two glacial stages, in order 

to discuss glacier sensitivity to climate forcing in the three investigated valleys within the Dora 

Baltea catchment. 
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5.5.2 Paleoclimatic interpretation and glacial sensitivity 

We combined our paleoglacier reconstructions from field/geomorphology mapping and 10Be 

exposure dating with the iSOSIA model to numerically investigate the variability in sensitivity of 

alpine glaciers to changing climate forcing. This modelling approach was chosen as best trade-off 

that allows for fast computation of paleoglacier extents at catchment scales (in order to model 

Lateglacial paleoglacial stages) using high-resolution landscapes (60 m resolution in our 

simulations). However, our modelling approach also needed some simplifications, including 

steady-state subglacial hydrology based on cavities/channels (e.g. Ugelvig et al., 2018) but without 

transient meltwater fluctuations, or other neglected factors in the Positive Degree Day (PDD) 

model (no heat transfer within the ice nor solar radiation accounted for) that has been rather 

empirically calibrated on existing mass-balance data (Fig. S2). Moreover, we used the ice-

corrected bedrock DEM of the Dora Baltea catchment (Viani et al., 2020) as glacier bed input, 

which may present up to 30% uncertainties in bedrock elevations for currently glaciated zones 

(Linsbauer et al., 2012) and may differ from Lateglacial topographic conditions (e.g. different 

valley sediment or lake infills). However, we think that small changes in topographic conditions 

would only have minor influence on the ice simulation outputs and would not change the first-

order paleoclimatic interpretation of paleoglacier reconstructions. 

The reconstructed ΔELAs (compared to the LIA) for both the OD/BA and the YD/EH stages 

(Table 3), based on numerical simulations with present-day precipitation pattern, are in good 

agreement with values obtained from previous paleoglacial studies in nearby Alpine sectors and 

in the Gran Paradiso massif. The ELA depressions of 354 m (Valsavarenche and Val di Cogne) 

and 385 m (Valpelline) for the OD/BA stage, fit within the range of ΔELA reported for the Daun 

glacial stage in the Mont Blanc sector of the Dora Baltea catchment (365-478 m; Serra et al., in 
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review). For the YD/EH stage, our ΔELA estimate of 262 m obtained in all the three valleys is in 

agreement with previous ΔELA estimates for the Egesen stadial from Valsavarenche and Val di 

Cogne (~200 m; Baroni et al., 2021) and from the Argentière glacier in the north-western side of 

the Mont Blanc massif (100-300 m; Protin et al., 2019). 

Input paleo-temperature in the numerical ice simulations for the OD/BA and YD/EH ice stages, 

assuming present-day precipitation (Figs. 6-8), are analogous in Valpelline, Valsavarenche and 

Val di Cogne (Table 2) and are hereafter discussed in comparison to Alpine temperature 

reconstructions from other paleoclimate records. For the OD/BA transition, our temperature 

anomaly compared to the model-calibrated Little Ice Age temperature (ΔTLIA) is -2.3°C for the 

three studied tributaries. According to data collected in the HISTALP project 

(http://www.zamg.ac.at/histalp/; Auer et al., 2007), LIA temperature depression in the Alps 

compared to modern value are between -1 to -1.5°C. Therefore, based on our calibrated simulations 

for the LIA, our paleo-temperature anomaly compared to present-day (ΔTPresent) for the OD/BA 

stage would range between -3.3 to -3.8°C.  

Chironomid assemblages in other Alpine localities record distinctly the OD cold period from 

the BA warming, with reconstructed difference in mean summer temperatures compared to 

present-day from the OD cold period between -3° and -8°C (Heiri and Millet, 2005; Laroque and 

Finsiger, 2008; Samartin et al., 2012). Assuming an increase in seasonal amplitude up to 2°C 

compared to present-day, due to larger drop in paleo-winter temperature compared to summer 

temperature around the YD period, as suggested by pollen reconstructions in SW and SE Europe 

(Davies et al, 2003), our ΔTPresent estimates of -3.3 to -3.8°C would be then on the upper limit of 

the summer temperature decrease indicated from chironomids during the OD.   
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For the YD/EH transition we obtained a ΔTLIA of -1.7°C for all the three catchments, 

corresponding to ΔTPresent around -2.7 to -3.2°C. As for the OD/BA transition, this is within the 

upper range of paleo-temperature reconstructions from chironomid Alpine records (between -2° 

and -6°C summer temperature anomaly compared to present-day; Samartin et al., 2012; Ilyashuk 

et al., 2009; assuming up to 2°C increase in seasonal amplitude; Davies et al., 2003) and pollen 

regional temperature reconstruction (around -3°C of area-average mean annual temperature 

anomaly compared to today; Davis et al., 2003). When compared with paleo-temperature estimates 

from the nearby Mont Blanc massif (Argentière glacier; Protin et al., 2019), our ΔTLIA (-1.7°C) 

differs from the estimates from Protin et al. (2019) who proposed ΔTLIA of -2.8°C obtained for the 

Argentière glacier. Although we used similar combined dating-modelling approach as Protin et al. 

(2019), our ice model and calibration approaches differ, which may explain the output differences 

in estimated paleo-temperatures. Our ΔTPresent estimates are also lower than estimates from treeline 

records (around -5°; Heiri et al., 2014). However, it cannot be excluded that differences between 

our ΔT estimates and from other records could be due to spatial variability in temperature 

anomalies across the Alps (Bartlein et al., 2011).  

At last, only a small difference in ΔTLIA/present (i.e. ~0.8°C) between the OD/BA and YD/EH 

periods is observed from our paleoglacier reconstructions despite very different ice configurations 

(Figs. 6-8), which is in overall agreement with data trends from the chironomid records (Heiri and 

Millet, 2005; Laroque and Finsiger, 2008; Samartin et al., 2012). Indeed, these records indicate 

that the rapid warming of the BA interstadial resulted in ~3°C temperature increase compared to 

the OD cold period (Heiri et al., 2014), subsequently followed by cooling of similar magnitude 

(1.5-3°C; Heiri et al., 2014) at the end of the BA. This would have led to the re-establishment of 
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cold stadial conditions during the YD, as also shown by data from Greenland ice core stratigraphy 

(Rasmussen et al., 2014). 

Simulation results from the YD/EH stage using different precipitation scenarios as inputs (see 

section 3.2.2) do not support spatially-variable precipitation pattern during the YD across the Dora 

Baltea drainage, as it has been suggested from PaleoClim reconstructions (Fig. S1B). Indeed, when 

imposing spatially-variable precipitations with significantly wetter YD conditions in 

Valsavarenche than in Valpelline (PaleoClim data; Fordham et al., 2017; Brown et al., 2018; Fig. 

S1B), different paleo-temperature anomalies are needed in order to numerically fit to the YD 

paleoglacier configurations (i.e. 0.8°C difference; Table 2), which appears unrealistic considering 

the spatial proximity of the two tributary valleys. We therefore favour, from our paleoglacier 

reconstructions and combined ice simulations, YD paleoclimate scenarios with similar-to-today 

precipitation pattern (i.e. wetter condition in Valpelline than in Valsavarenche/Val di Cogne; Fig. 

S1A), as supported by the good agreement in paleo-temperature anomaly estimates between the 

three tributary catchments, assuming modern precipitation or uniformly decrease in precipitation 

(Table 2). It is however difficult to quantitatively assess which precipitation scenario (similar or 

decreased compared to present-day) was potentially in place during the YD, since our different 

paleoclimatic inputs (temperature-precipitation couples; Table 2) provide similar ice 

extents/thicknesses which all satisfactorily fit the geomorphological constraints in the three 

valleys, with only minor changes in glacier extent and thickness (Fig. S4). Similarly, all the 

ΔTLIA/present based on uniformly-decreased YD precipitation (Table 2) are within the range of 

estimated paleo-temperatures inferred from independent Alpine paleoclimatic proxies (between -

2° and -6°C, see discussion above). We however note that our ΔTLIA/present lie in the upper range 

limit of paleo-temperature anomalies compared to chironomids archives or other reconstructions 
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from paleo-glaciers or global climate model outputs such as PaleoClim (averaged temperature 

depression of around 5°C between present-day and the YD, within our study area), which hence 

may argue in favour of scenarios with reduced precipitation (and larger ΔT) compared to today. 

While our simulation results suggest similar precipitation pattern compared to today across the 

Dora Baltea (central) catchment, they however do not provide evidence neither in favour nor 

against the hypothesis of a larger regional spatial re-organization in atmospheric circulation with 

south-westerly moisture advection over the European Alps during the YD, as suggested from 

previous studies using paleoclimate modelling and glacier ELAs-atmospheric temperature proxies 

compilation at the scale of entire southern Europe (Rea et al., 2020 and references therein). Our 

investigated Dora Baltea tributary catchments are most certainly too spatially close to capture any 

potential signal of regional-scale change in atmospheric circulation. On another hand, the observed 

larger ΔTpresent estimates for the Argentière glacier (north-western side of the Mont Blanc massif, 

~40-50 km west/north-west of our study area; Protin et al., 2019), would support the idea of YD 

atmospheric re-organization with precipitation decrease along an East-West gradient as proposed 

from other paleoclimatic studies (Brown et al., 2018; Rea et al. 2020). 

Finally, we observe a clear difference in glaciers’ sensitivity to Lateglacial and Holocene 

climate variations between the three investigated catchments. Ice-front retreat along the main 

valley in response to a spatially-uniform change in paleoclimate between OD/BA and YD/EH 

(+0.8°C difference between the two paleoglacial stages), and between YD/EH and LIA (+2°C 

difference between YD and LIA), and assuming present-day precipitation, was much larger in 

Valpelline (around 8 and 7.5 km retreat, respectively; Fig. 6) than in Valsavarenche (around 4 and 

3 km retreat, respectively; Fig. 7) and Val di Cogne (~2 and 3 km retreat, respectively; Fig. 8). 

Such discrepancy in glacier response to climate change can highlight different topographic and/or 
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climatic conditions between the three investigated catchments. Catchment hypsometry analyses 

for Valpelline and Valsavarenche indicate significantly larger catchment area above the paleo-

ELA estimates in Valsavarenche compared to Valpelline (Fig. S5). As such, for a similar change 

around these paleo-ELA estimates, the different catchment hypsometric distributions would result 

in larger paleoglacier fluctuations in Valpelline, compared to Valsavarenche since Valpelline has 

a reduced accumulation area. Additionally, the present-day precipitation distribution across the 

Dora Baltea catchment (Fig. S1A), shows moderately-wetter conditions over the north tributaries 

(Valpelline) compared to the south tributaries (Valsavarenche and Val di Cogne). This spatial 

difference in precipitation, if stable over the Lateglacial-Holocene period as suggested from our 

simulation outputs, had likely played a major role in governing glacier sensitivity across the Dora 

Baltea catchment. Indeed, (paleo)glaciers from the wetter Valpelline catchment (Fig. S1A) are 

more sensitive to climate change (i.e. higher potential to accumulate snow depending on 

temperature forcing), therefore being more responsive to change in (paleo-)ELAs than in the drier 

Valsavarenche/Val di Cogne catchments. 

 

5.6 Conclusions 

In this study, we combined paleoglacial reconstructions from 10Be surface-exposure dating of 

glacial landforms and deposits (i.e. polished bedrock surfaces and morainic boulders) together with 

numerical glacier simulations (iSOSIA ice-flow-model) in three tributary valleys of the Dora 

Baltea catchment (western Italian Alps). Our results allowed to provide quantitative constraints on 

the timing, ice configuration and potential climatic conditions for two Lateglacial ice stages in this 

Alpine area. 
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   In all the three investigated valleys (Valpelline, Valsavrenche and Val di Cogne), we constrained 

the onset of post-LGM ice thinning at ca. 14 ka, which is apparently delayed compared to other 

locations of the High Alps (ca. 18 ka). We propose that this timing difference could be due to 

actual delay in ice thinning associated with spatial differences in glacier sensitivity to post-LGM 

climate change, or alternatively to our spatial sampling strategy with specific targets in the upper 

catchment parts, where numerical ice simulations showed a limited ice-thickness response to early 

Lateglacial climate fluctuations. 

Our combined geomorphology-dating-modeling approach revealed in all the three sectors two 

distinct paleoglacier stages at ca. 13 and 11 ka, consistent with reported dates from Lateglacial 

stadials identified across the European Alps and in correlation with North Hemisphere climate 

oscillations. The old stage (OD/BA) documents the ice configuration at the transition between the 

Oldest Dryas cold period (19-14.6 ka) and the Bølling-Allerød interstadial (14.6-12.8 ka), with 

potential minor influence of the Older Dryas short cooling interval (14.0-13.9 ka). The young stage 

(YD/EH) represents paleoglacier oscillations at the transition between the Younger Dryas (12.9-

11.7) cold period and the early Holocene warming (11.7-8 ka). For both paleoglacial stages, we 

estimated paleo-ELAs in agreement with literature values in nearby alpine sectors, with ΔELA 

(compared to LIA conditions) of around 355-385 m for the OD/BA stage and 260 m for the YD/EH 

stage. 

Paleoclimatic conditions associated with the reconstructed glacial stages were assessed based 

on the temperature/precipitation inputs used in iSOSIA ice-flow simulations to best fit ice surface 

and thickness constraints from our geomorphological observations. Our simulation outcomes 

suggest a similar-to-today precipitation pattern (i.e. same absolute values or homogeneously 

decreased within investigated catchments) over the Dora Baltea during the two glacial stages, 
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leading to analogous temperature anomalies compared to the Little Ice Age (ΔTLIA) in all the three 

valleys. Temperature anomalies obtained when assuming present-day precipitation (-2.3/-2.5°C 

and -1.7°C, for the OD/BA and YD/EH stages respectively) lie in the upper range of paleo-

temperature reconstructions for the same Lateglacial periods from other paleoclimatic proxies, 

which hence may argue in favour of scenarios with reduced precipitation compared to today (and 

larger ΔTLIA), but a priori not for a spatial change in precipitation pattern over the Dora Baltea 

area. However, our results do not exclude precipitation pattern changes at a larger regional scale 

during the YD period, as suggested by previous studies. 

Finally, we observe a clear difference in glaciers’ sensitivity to Lateglacial and Holocene 

climate variations between the three investigated catchments, with much larger ice-front retreats 

in Valpelline than in Valsavarenche and Val di Cogne, in response to a spatially-uniform change 

in paleoclimatic conditions. We explain such discrepancy as related to different topographic and 

possibly climatic conditions (precipitation distribution) between the three investigated catchments, 

with glaciers from the lower-elevation and wetter Valpelline catchment, being more responsive to 

change in (paleo-)ELAs than glaciers in the higher-altitude and drier catchments of 

Valsavarenche/Val di Cogne. Our study hence highlights the variability in alpine glaciers response 

to common climate forcing due to local factors, critical to take into account in order to make 

reliable paleoclimate inferences from paleoglacier records.  

 

Supplementary Material 

Supplementary Material are available in APPENDIX IV.   
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APPENDIX IV 

 

Chapter 5 - Supplementary Material  

 

Table S1. Additional information about 10Be surface-exposure dating of samples collected in the present study. Sample locations, topographic shielding, and 

thickness are reported in Table 1 in the main text. Sample density is assumed to be 2.65 g cm-3 for all samples.  

Sample Name 
Quartz 

dissolved (g) 
Be carrier 

(mg) 

10Be/9Be 
not blank corrected 

10Be/9Be 
blank corrected1 

10Be/9Be 
Uncertainty 

 (%) 

10Be concentration 
(105 at g-1) 

10Be exposure age 
(ka)2 

VALP01 27.2215 0.0005097 14.8 14.3 3.30 1.89±0.06 13.8±0.5 
VALP03 12.0558 0.0005104 7.1 6.5 5.79 1.85±0.11 10.9±0.7 
VALP04 26.6337 0.0005099 24.9 24.3 3.35 3.11±0.10 12.7±0.5 
VALP05 25.7188 0.0005101 26.9 26.4 3.39 3.50±0.12 12.8±0.5 
VALP06 26.4683 0.0005103 26.4 25.9 3.98 3.33±0.13 12.0±0.6 
VALP07 22.7812 0.0005103 27.6 27.1 3.31 4.06±0.13 13.9±0.6 
VALP08 25.4702 0.0005112 17.8 17.2 3.34 2.31±0.08 10.2±0.4 
VALP09 20.2356 0.0005117 13.9 13.3 3.31 2.25±0.08 10.5±0.4 
VALP10 26.7028 0.0005120 19.5 18.9 3.31 2.42±0.08 10.7±0.4 
VALP11 24.4338 0.0005114 15.4 14.8 3.23 2.07±0.07 10.6±0.4 
VALP12 8.8968 0.0004997 5.7 5.11 5.3 1.92±0.10 11.6±0.7 
VSAV01 21.2864 0.0005030 26.9 26.4 3.19 4.16±0.13 13.0±0.5 
VSAV02 20.3711 0.0004630 24.3 23.7 3.17 3.60±0.12 13.0±0.5 
VSAV03 21.2680 0.0005140 21.6 21.1 4.13 3.40±0.14 14.1±0.7 
VSAV04 22.3471 0.0005030 16.3 15.8 3.39 2.37±0.08 12.0±0.5 
VSAV05 23.9931 0.0005140 16.5 15.9 3.17 2.28±0.07 13.5±0.5 
VSAV06 20.8472 0.0005010 23.3 22.8 3.40 3.65±0.13 11.3±0.4 
VSAV07 20.4523 0.0005280 22.0 21.5 3.26 3.70±0.12 11.1±0.4 
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1 10Be/9Be ratios of batch-specific analytical blanks used for the correction are 5.4±0.6x10-15 (VALP samples) and 5.5±1.0x10-15 (VSAV and COGNE samples). 

2 Ages are reported with external uncertainties (i.e. including both analytical errors and production-rate uncertainties). Ages were calculated with a SLHL 10Be 

production rate of 4.16±0.10 at g-1 a-1 (Claude et al., 2014) and LSDn scaling scheme (Lifton et al., 2014) and considering an estimated surface erosion rate of 0.1 

mm ka-1 (André, 2002). No snow-cover correction was applied.  

VSAV08 20.9422 0.0005320 27.2 26.7 3.23 4.53±0.15 13.7±0.5 
VSAV09 20.9749 0.0004990 22.8 22.2 3.16 3.53±0.11 11.4±0.4 
VSAV10 20.4915 0.0005030 23.4 22.9 3.37 3.76±0.13 12.0±0.5 
VSAV11 20.3394 0.0005020 20.7 20.1 3.74 3.32±0.13 10.7±0.5 
VSAV12 21.0898 0.0005050 21.6 21.0 3.15 3.36±0.11 12.8±0.5 
VSAV13 22.3060 0.0005070 22.2 21.7 3.18 3.30±0.11 14.2±0.6 
VSAV14 23.3319 0.0005060 19.9 19.3 6.35 2.80±0.18 14.6±1.0 
VSAV15 20.0155 0.0004950 14.4 13.9 3.28 2.30±0.08 13.3±0.5 

COGNE01 20.8069 0.0005000 24.2 23.7 8.84 3.80±0.34 13.3±1.2 
COGNE02 22.7836 0.0005130 28.4 27.9 3.56 4.19±0.15 14.9±0.6 
COGNE04 22.3614 0.0005110 15.4 14.8 4.65 2.26±0.11 12.6±0.7 
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Table S2. Recalculation of 10Be surface-exposure data from Baroni et al. (2021). Sample locations, topographic shielding, 10Be concentrations and recalculated 

exposure ages are reported. Sample density is assumed to be 2.65 g cm-3 for all samples.  

 

 

 

 

 

 

 

 

 

 

 

1 Topographic shielding correction according to Dunne et al. (1999). 

2 Ages were re-calculated with a SLHL 10Be production rate of 4.16±0.10 at g-1 a-1 (Claude et al., 2014), LSDn scaling scheme (Lifton et al., 2014), and estimating 

surface erosion correction of 0.1 mm ka-1 (André, 2002). No snow-cover correction was applied.

Sample 
Location 
WGS 84 
(°N/°E) 

Elevation (m 
a.s.l.) 

Topographic 
shielding 1 

Sample thickness (cm) 
10Be concentration 

(105 at g-1) 
10Be exposure age (ka) 2 

GP01.17 45.585/7.341 1685 0.932 1.5 1.41±0.07 9.4±0.5 
GP02.17 45.585/7.341 1685 0.934 2 1.80±0.07 11.8±0.5 
GP16.18 45.579/7.317 2350 0.967 1.5 3.34±0.12 12.8±0.6 
GP19.18 45.470/7.310 2659 0.980 1.8 3.40±0.15 10.4±0.5 
GP05.17 45.540/7.236 2666 0.976 2 3.41±0.17 10.4±0.6 
GP11.17 45.542/7.236 2640 0.971 1 3.45±0.21 10.7±0.7 
GP24.18 45.514/7.214 2367 0.977 1 3.00±0.14 11.2±0.6 
GP31.18 45.574/7.248 2618 0.955 2.5 3.91±0.12 12.6±0.5 
GP34.18 45.549/7.232 2500 0.950 2 3.51±0.12 12.4±0.5 
GP36.18 45.531/7.23 2549 0.972 1.5 2.97±0.10 9.9±0.4 
GP37.18 45.531/7.23 2543 0.980 1 2.78±0.15 9.2±0.6 
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S1. Maps of mean annual precipitation for (A) present-day, determined from rain-gauge measurements from 1971-

2008 (Isotta et al., 2014), and (B) the Younger Dryas, based on large-scale climate models (PaleoClim data; Fordham 

et al., 2017; Brown et al., 2018).  
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S2. PDD model fitting based on present-day observed mass balance on Argentière and Grand Etrèt glaciers. A) Fitting 

procedure between model and observed mass balance data by varying mPDD, keeping constant other parameters in 

PDD model (see text for details), and imposing precipitation of 2 m/yr for Argentière and 1.2 m/yr for Grand Etrèt 

(present day value from Isotta et al., 2014). Best-fit values are obtained with mPDD of 5.7 mm w.e. °C-1 d-1 for 

Argentière glacier (red) and 5.2 mm w.e. °C-1 d-1 for Grand Etrèt glaciers (blue). Lowest simultaneous misfit is 

obtained with mPDD of 5.6 mm w.e. °C-1 d-1 (yellow). B) Comparison between present-day mass balance data from 

Argentière (data series 1976-2019 from Glacioclim network, https://glacioclim.osug.fr) and Grand Etrèt (data series 

1999-2019 from Parco Nazionale Gran Paradiso) glaciers and modeled mass-balance obtained with mPDD of 5.6 mm 

w.e. °C-1 d-1, present-day precipitation values and parameters as described in main text.   
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S3. Best fits between modelled (coloured polygons) and LIA (striped polygons; GlaRiskAlp Project, 

http://www.glariskalp.eu) ice extents for the three studied catchments: (A) Valpelline, (B) Valsavarenche and (C) Val 

di Cogne. Best-fitting simulations were obtained in all sectors with input present-day precipitation (fixed) and sea-

level temperature of 14.5°C (investigated temperature range of 14.1-14.5°C). See main text for details.   
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S4. Modelled Valpelline paleoglacier longitudinal (A) and cross-section (B) profiles obtained with different 

precipitation scenarios and associated temperature anomalies for the YD/EH stage. The longitudinal profile has been 

taken along the main modern Valpelline valley, and the cross-section profile has been selected at location of altitudinal 

transect of VALP07-11 (Fig. 3B). Red and blue dots represent polished-bedrock samples used to fit the modelled ice 

extent and thickness. The samples which are not located along the longitudinal profile flowline (see Figs. 3-6 for 

sample position) were projected from the valley-sides into the profile (panel A) for better visualization. Sample 

VALP01 is not shown because far downstream the ice-front of YD/EH configurations. Colour code distinguishes 

samples from the older (red) and younger (blue) glacial stages (sample ages and clusters in Fig. 3).  
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S5. Hypsometric distributions of Valpelline (green) and Valsavarenche (red) catchments, with paleo-ELAs obtained 

from paleoglacier simulations for the OD/BA (blue dashed line) and YD/EH (red dashed line) glacial stages. 
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GENERAL CONCLUSIONS 

The present present chapter comprises general conclusions aiming to synthesize the main 

objectives and outcomes of this thesis as well as to provide potential directions for future 

investigation. This chapter is subdivided in four sections. The three first sections (6.1 to 6.3) 

summarize conclusions from the four main chapters of the thesis (Chapters 2 to 5) regarding ice 

geometry and implications for paleoclimate reconstructions (6.1), climate and patterns of 

subglacial erosion (6.2) and overdeepened features and metrics (6.3), while recalling the main 

questions proposed in the beginning of the thesis (general introduction – Chapter 1). Finally, the 

last section (6.4) deals with future research perspectives, proposing a few potential directions to 

improve the understanding of the topics dealt in this thesis.   
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6.1 Ice geometry and implications for paleoclimate reconstructions  

Through numerical simulations, I explored the response of glacier’s geometry (ice extent 

and thickness) to varying climate inputs. Chapters 3 and 5 used synthetic and real bedrock 

topographies, respectively. Output results reinforce the role of climate and the importance of ice 

flux in conditioning glacier geometry. I also showed that a wide range of climatic conditions (i.e. 

temperature and precipitation, affecting ice flux) can be attained for a given fixed Equilibrium 

Line Altitude (ELA) or a paleo-ice front position (e.g. terminal moraines based on 

geomorphological mapping), leading to ambiguous paleoclimate estimates, as also observed in 

other scientific works (e.g. Protin et al., 2019; Becker et al., 2016; Blard et al., 2007). 

Simulations based on same ice-extent (Chapter 3) presented considerably smaller changes 

in ice geometries (glacier thickness, area and volume; Fig. 6, Chapter 3) between the different 

climate scenarios than simulations based on similar ELAs (Chapter 3). Therefore, paleo-ELA 

information might not be sufficient to quantitatively constrain paleo-glacier geometries (ice-

volume differences >100% for glaciers with the same ELA; Fig. 6, Chapter 3), but can be improved 

if local constraints on glacial extent/thickness are provided.  

I also analyzed the differences in ice thickness between the accumulation and ablation 

zones of a glacier in separate, resulting in striking differences with potential implications for 

paleoclimate reconstructions (Figs. 3-4, Chapter 3). Our simulations suggest that the ablation zone 

is a better target, for example, for samples acquisition on valley-sides for 10Be exposure-dating 

with the objective to infer paleoclimate reconstructions from paleo-ice configurations.  

A step forward was given in Chapter 5, when numerical simulations were used in 

combination with geochronological dating techniques (in situ 10Be surface-exposure dating of 

glacial landforms/deposits). This combined approach suggests that constraining paleoclimates are 
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possible when ice simulations are calibrated to well-known ice stages (e.g. Little Ice Age, as 

performed in Chapter 5). However, calibrating to present-day conditions is a challenging, since 

modern glaciers are not in equilibrium with local climatic conditions. Therefore, ice simulations 

(which were run to steady-state ice configuration) using present-day climate settings cannot 

provide a very precise picture. Understanding glacial response-time and sensitivity to short and 

long-term climatic changes (Oerlemans, 2005) is important for providing a more accurate picture, 

especially for present and future settings, as well as for better assessing how other factors such as 

tectonic, solar radiation or geothermal regimes impact glacier dynamics (e.g. Lai & Anders, 2021; 

Norton & Hampel, 2010; Kessler et al., 2006). 

Chapter 5 reconstructed steady-stage paleoglacier configurations and derived paleoclimatic 

estimates for Alpine Lateglacial period. Obtained results reinforced the idea that glacier’s terminus 

position is a better constraint than ice thickness or paleo-ELAs; particularly in the accumulation 

zone, where we were unable to quantitatively constrain paleo-precipitation magnitudes from ice-

thickness constraints, due to minor differences between simulations outputs (e.g. Fig. S4, Chapter 

5). On the other hand, our simulations helped to evaluate the different glaciers’ sensitivities to 

climate fluctuations between the investigated Alpine valleys, providing an additional information 

that can be used both for paleoclimate reconstructions (e.g. for sampling planning, which can target 

preferential valleys where the sensitivity to climate change is enhanced) and for the diagnosis of 

future changes in glacier volume or water resources. 

Despite the inherent limitations of the combined approach in Chapter 5 (see section 5.5 for 

further details), our estimates were within the range of paleoclimatic conditions suggested in 

previous studies (e.g. Samartin et al., 2012; Laroque & Finsiger, 2008; Heiri & Millet, 2005; Davis 

et al, 2003), reinforcing the potential of the combined approach of numerical simulations and 
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geochronological dating techniques in helping to provide local paleoclimatic estimates, 

complementing the more regional/global proxies such as based on marine isotopes (e.g. Huber et 

al., 2006; Lisiecki & Raymo, 2005). 

Finally, although different ice fluxes (derived from a range of climate inputs) were able to 

produce similar ice geometries, the same does not hold true when the magnitudes and spatial 

patterns of subglacial erosion are considered. The next sections (6.2 and 6.3) summarize the main 

insights from these thesis outcomes regarding the complex feedbacks between climate, glacial 

dynamics and long-term landscape evolution.  

 

6.2 Climate and patterns of subglacial erosion 

The role of climate on glacier dynamics, with focus on subglacial erosion has been 

discussed throughout the present thesis and comprises a common bond within all chapters. As also 

previously explored by other authors, climatic conditions during the Quaternary are potentially 

one of the most important triggers of periodic changes in erosion, at first order from rivers to 

glaciers (e.g. Herman et al., 2013; Kuhlemann et al., 2002; Kühni & Pfiffner, 2001). This thesis 

focused on subglacial erosion, where erosional rates are overall higher that from other agents of 

erosion (e.g. Koppes et al., 2015), having had a significantly bigger impact on Alpine landscapes 

evolution throughout the Quaternary. 

Cook et al. (2020), based on several measurements worldwide, have shown a statistically 

significant correlation between ice sliding and subglacial erosion. The ice-flow model used in our 

simulations (iSOSIA; Egholm et al., 2011) scales subglacial erosion with sliding, as well as takes 

into account complex ice/water interactions within the subglacial hydrology, modelled as channels 

and cavities (Chapter 3). Subglacial erosion was modelled as the combination of abrasion and 
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quarrying, both sensitive to sliding and hydrology. Ice-bed contact fraction and basal shear stress 

play a main controlling role in abrasion, through sliding. While abrasion vs. sliding are directly 

linked by a power law (reinforced by recent observations from Gimbert et al., 2021), on the other 

hand, quarrying depends on effective pressure (therefore, water pressure) and bed slopes, 

providing a non-linear behavior (e.g. Ugelvig et al., 2018). 

In the present thesis, although abrasion and quarrying were initially calibrated for a 

reference climatic scenario with similar rates, their response to contrasting climate conditions 

showed that abrasion in general overtakes quarrying under warmer/wetter conditions (e.g. Fig. 7, 

Chapter 3). Despite this effect being related to our modelling set up, it is in accordance with 

observations by Herman et al. (2015), where especially for fast flowing glaciers, abrasion appears 

to dominate over quarrying for total subglacial erosion rates. 

As analyzed for differences in ice geometries, I also examined in separate the accumulation 

and ablation zones for differences in the subglacial erosion and its response to contrasting climatic 

conditions. This procedure allowed me to propose that regarding ice dynamics and erosion, a 

glacier should not be considered as one single homogeneous feature. Despite a general trend of 

enhanced subglacial erosion with increased precipitation and temperature, our iSOSIA simulations 

(Chapter 3) showed that the accumulation zone dominates the total eroded volume for high-

precipitation scenarios (bigger area occupied by ice), in accordance with Cook et al. (2020). The 

combined effects of sliding, effective pressure and cavitation (ice-bed contact is reduced in the 

ablation zone due to the higher water flux in increased precipitation/temperature scenarios), 

driving overall slower erosion in the ablation compared to the accumulation zone. Besides, in 

drier/colder climate conditions the differences in subglacial erosion between the two zones tend to 
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amplify, with much lower rates in the accumulation compared to the ablation zone (Fig. 9, Chapter 

3). 

As the numerical outcomes for subglacial erosion are strongly controlled by our input 

model equations (see section 3.2), we believe that the feedbacks between ice flux, effective 

pressure, sliding and eroded volume can be further investigated. Recently, Gimbert et al. (2021) 

proposed from their in-situ measurements that basal effective pressure is driven mainly by basal 

shear stress, instead of water input, which can be important to consider in future investigations. 

Finally, while the patterns of subglacial erosion seemed controlled by subglacial hydrology 

and ice-bed contact (cavitation), erosion magnitudes are closely tied to ice flux, deriving from the 

climatic inputs. In that sense, localized patches of erosion, preferentially in the ablation zone (e.g. 

Fig. 12, Chapter 3) are an important effect related to subglacial hydrology to be considered for 

alpine valleys evolution and the development of glacial overdeepenings, which is the topic 

synthesized in the next section (6.3).  

 

6.3 Overdeepened features and metrics 

 The identification and study of Quaternary overdeepenings (ODs) are challenging due to 

their often-hidden location under water or sediments. Therefore, ODs investigation regularly relies 

on bedrock models (Mey et al., 2016; Dürst-Stucki & Schlunegger, 2013) fed by tgeological and 

geophysical data. However, such databases impose costly investigations for conducting 

geophysical acquisitions and boreholes drilling (e.g. Gegg et al., 2021; Buechi et al., 2017; 

Preusser et al., 2011; Brückli et al., 2010). 

However, insights can still be obtained from the combination of less expensive techniques, 

such as remote sensing and geoprocessing tools using current-landscape features (e.g. 
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morphometrics from Chapter 2). Kühni & Pfiffner (2001) compared present-day topographic 

sectors with different erodibilities from the Swiss Alps, finding a good agreement between bedrock 

resistance and elevation distributions (as well as with the drainage network), triggering further 

questionings on the relationships between mountain topography uplift and denudation. Our own 

results support the influence of lithology on subglacial erosion rates and as a controlling factor for 

overdeepenings geometry, as observed in Chapter 2. In addition, our experimental simulations 

(Chapter 4) showed that ODs development in the Swiss Alpine foreland (low bedrock-resistance 

conditions) seems to start with valley widening and evolve into deeper and longer features. A 

similar effect was also observed by Bernard et al. (2021) for fjords in Greenland, suggesting a 

similar controlling mechanism between glaciers from Alpine forelands and arctic fjords. 

Moreover, significant differences between the Swiss Alpine foreland and the mountainous 

region (higher bedrock resistance) were observed both in our morphometric investigations 

(Chapter 2) and experimental simulations (Chapter 4), pointing towards a strong lithological 

control on ODs development (also recently suggested by Gegg et al., 2021), as well as reinforcing 

one of our initial hypothesis that ODs morphometrics can, indeed, provide insights into their 

potential controlling factors.  

Another important outcome from both morphometric and simulation results is that both 

support headward subglacial erosion for ODs evolution (e.g. Liebl et al., 2021; Sternai et al., 

2013). Especially, our simulations suggest that ODs start to develop at the glacier front, steepening 

valley-flanks and migrating upwards with erosion, in agreement with recently published works 

(e.g. Liebl et al., 2021). Besides, as also pointed out by Cook & Swift (2012), the creation of 

multiple small ODs closely-spaced was also observed in our simulations. However, an interesting 

mechanism is that with ongoing subglacial erosion over longer time periods, these features tend to 
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get connected into a single and bigger OD. Our simulations also suggested that the linking of 

different ODs might happen not only over multiple glaciations, but also with changes in climate 

conditions (see discussions in Chapter 4). From our multiple-glaciations approach the differences 

in patterns and magnitudes of subglacial erosion were sensitive to climate change for each 

individual glaciation, however it is currently not possible to establish in which order glaciations 

with different climatic conditions occurred, since the combined outcomes of the two glaciations 

are very similar, no matter the order. 

ODs locations have been suggested to coincide preferentially with the long-term ELA (e.g. 

Anderson et al., 2006). However, our simulations showed that they tend to develop below the ELA 

(e.g. Fig. 7, Chapter 4 - highlighting the role of subglacial hydrology in erosion dynamics) and, 

even more interesting, we observed that subglacial erosion seem to peak when the ELA coincide 

with ice elevation instead of bedrock heights. This apparent relationship can be related to the 

specific topography used (Aare catchment), but further investigations might provide exciting 

results on that direction linking paleo-ELA, paleo-ice thickness and subglacial erosion. 

Another literature hypothesis for ODs starting position propose that their formation would 

be favored at drainage confluences (e.g. Dürst-Stucki et al., 2010; Patton et al., 2016; Preusser et 

al., 2010). Although our simulations show enhanced subglacial erosion at confluences (Chapter 3; 

and rather small in Chapter 4 due to the imposed higher lithological resistance in mountainous 

region), our morphometrics found no significant support for this idea (Chapter 2), despite using 

the present-day drainage network, since constraining paleo-ice confluences is challenging. Brückli 

et al. (2010) also observed that the confluence of glaciers was not a significant factor for deep 

erosion in their studied alpine valleys. This possibility led them to propose that deep erosion might 

be related to high water pressure at the bed (Brückli et al., 2010). Recently, Gegg et al. (2021) also 
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advocated towards the idea that glacier's basal drainage could be the main driver for ODs 

development. Combining these evidences, a link between subglacial meltwater and lithology for 

ODs development can be proposed. In addition, subglacial erosion should be analyzed in separate 

between the ice margins, main valley and high-relief areas, once these regions may present 

different erosion responses to climate change (as illustrated by our simulations in Chapter 4). 

In that regard, I observed comparable metrics between simulated and observed Quaternary 

ODs, however their positions in the Swiss Alpine foreland do not exactly match. Since subglacial 

meltwater is not considered as an erosional agent in our modelling experiments, the locations 

where simulated ODs occur could change and more accurately fit with the observed features in the 

Swiss Alpine foreland if this process was explicitly included in our simulations. Nevertheless, the 

potential erosional magnitude of meltwater was indirectly incorporated in our abrasion+quarrying 

scaling parameters, since subglacial erosion was calibrated using previously published rates of 

total glacial erosion (e.g. Koppes et al., 2015; Hallet et al., 1996). Hence, the incorporation of this 

dynamic mechanism in future experiments can allow a more accurate estimate on ODs evolution 

and spatial occurence in Alpine forelands, alongside with the role of sediments and adverse slopes 

(e.g. Swift et al., 2021; Cook & Swift, 2012).   

 

6.4 Future research directions   

 To properly understand ice dynamics and its effects on long-term landscape evolution, 

from erosional to sedimentary processes, the combined use of remote sensing, Surface Process 

Models (SPMs), geomorphological mapping and geochronological dating techniques is essential. 

Numerical models are emulations of reality based on mathematical equations describing natural 

phenomena. In spite of that, they consist in one of the best available tools for combining big data 
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from different working-groups and simulating the complex interactions between the numerous 

processes within Earth’s dynamic system. Recent developments of iSOSIA allowed to incorporate 

robust particles and sediment transport modules (e.g. Rowan et al., 2021), as well as to improved 

subglacial hydrology at non-steady-state conditions, accounting for seasonal variations (e.g. 

Ugelvig et al., 2018), which can certainly refine future interpretations and the robustness of 

numerical experiments. 

For future research directions, I particularly propose the following improvements and 

potential approaches: 

1) Comparing overdeepenings morphometrics from the Swiss Alpine foreland with ODs 

from other regions worldwide (Antarctica, Canada, Scandinavia, Himalayas, Andes) to 

check for similarities/differences in the controlling mechanisms, as well the potential 

of overdeepenings for destabilizing large ice sheets (e.g. Jones et al., 2015). 

2) Expanding morphometric studies to Martian landforms, constraining paleo-glacial 

extents and ice sheet geometries, would allow the extraction of information on extra-

planetary ice mechanics and (sub-)glacial hydrology (Edwards et al., 2020). The 

combination of increasingly high-resolution satellite data and numerical modelling 

(e.g. Nye, 2000; Smith et al., 1999) could also significantly improve the interpretations 

on extra-planetary paleoclimates (Clifford et al., 2000). 

3) New developments within ice models that allow to investigate the coupling of abrasion 

and quarrying via debris production (e.g. Ugelvig et al., 2018), as well as the 

incorporation of subglacial meltwater as an erosive agent in the iSOSIA model. 

4) The incorporation of new model developments on supra- and subglacial debris 

transport (e.g. Rowan et al., 2021), together with mechanisms involved in the formation 
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of adverse slopes (supercooling effect, channel opening rates - different for descending 

and ascending slopes - and sediments transportation; e.g. Werder et al., 2016; Alley et 

al. 2003) coupled with (sub-)glacial erosion.  

5) Including a zero-basal shear component (similar to adopted in Shallow Shelf 

Approximation; e.g. Bueler & Brown, 2009; Weis et al., 1999) within iSOSIA for 

exploring ice dynamics and erosion patterns for Alpine glaciers flowing over lakes in 

the foreland areas. 

6) Including a time-dependent vertical component for subglacial erosion over sediments, 

coupled with sediments deformation and transport (by subglacial hydrology and ice) 

before the glacier is allowed to start eroding the bedrock. 

7) Simulating different polythermal regimes over several glacial cycles (Quaternary 

timescales) with ice models capable of dynamically coupling the feedbacks between 

climate, bedrock erosion and subglacial meltwater.  

8) The inter-comparison with other available glacial models (e.g. Elmer Ice - Gagliardini 

et al., 2013; PISM - Winkelmann et al., 2011), working with potentially different 

timescales and resolutions. 

9) Improving field and laboratory measurements for better constraining modelled 

parameters, providing extremely valuable constraints for future numerical simulations 

(e.g. Gimbert et al. 2021; Cook et al., 2020), including sediment transport-times within 

glacial systems. 

  

To conclude this thesis, glaciers are immense masses of ice, but very sensitive to climate 

(Roe, 2011), serving as a good indicator of changes and providing exceptional records of past 
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climates (e.g. EPICA, 2004; Petit et al., 1999). While we cannot look into the future yet, the present 

and especially the past are the keys for our survival. Understanding the intricate dynamics of ice 

and water addressed in this thesis can help us not only to foresee events using probabilistic models, 

but also to improve our chances of living a better and more sustainable life.  
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Abstract 

Several palaeoclimatic archives have documented the pronounced climatic and environmental change associated with 

the Lateglacial–Holocene transition in the European Alps. However, the geomorphic response to this major 

environmental transition has only been punctually investigated. In this study, we propose a detailed reconstruction of 

post-Last Glacial Maximum palaeoenvironmental conditions and geomorphic connectivity in the Sanetsch Pass area 

(2252 m a.s.l., western Swiss Alps) based on a multi-method approach combining geomorphological and 

sedimentological field investigations with quantitative sedimentology and geochronology. Samples for sediment 

characterization (grain size, micromorphology and X-ray diffraction) and geochronology (optically stimulated 

luminescence and 10Be surface exposure dating) were collected from three representative landforms of the study area: 

a high-elevation silty deposit covered by patterned ground, an alluvial fan, and a hummocky moraine covered by 

rockfall deposits. Our results reveal the geomorphic history of the three deposits and their connectivity through 

sediment cascade. These results highlight the development of rapid and most probably transient landscape changes in 

high Alpine regions during the Lateglacial–Holocene transition, with an increase in sediment flux and the 

establishment of paraglacial and periglacial geomorphic processes. 
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Introduction 

High-elevation Alpine regions are active environments, where landforms are constantly re-

shaped by the interplay between a variety of geomorphic processes. Throughout the Quaternary, 

the nature and dominance of these processes have been largely determined by climatic oscillations 

between glacial and interglacial conditions. During glacial periods, glacier erosion, sediment 

transport and deposition leave behind characteristic landforms and deposits such as U-shaped 

valleys, glacial cirques, polished bedrock, moraines and erratic boulders (e.g. Benn & Evans 2014). 

During or soon after glacier retreat at the glacial/interglacial transition, glacial processes are 

gradually replaced by paraglacial and periglacial processes, which transiently transform the ice-

free landscape (Church & Ryder 1972; Ballantyne 2002; French 2007; Mercier & Etienne 2008). 

Paraglacial processes involve various geomorphic agents (hillslope, fluvial, aeolian) resulting in a 

wide range of depositional and erosional landforms (e.g. rockfall deposits, debris cones, alluvial 

fans, gully incisions and aeolian drapes; Ballantyne 2002; Cossart et al. 2008; Borgatti & Soldati 

2010; Cossart et al. 2013; Geilhausen et al. 2013; Gild et al. 2018). Periglacial processes are also 

present and give origin to permafrost-related landforms like rock glaciers and patterned ground 

(French 2007; Colombo et al. 2016). 

The European Alps were repeatedly glaciated during the Late Pleistocene, with glacier 

expansion culminating at the Last Glacial Maximum (LGM, 26.5–19.0 ka ago; Clark et al. 2009; 

Wirsig et al. 2016a). Post-LGM warming and rapid ice decay were followed by episodes of glacier 

stillstands and re-advances during the Lateglacial period (Lateglacial stadials, 19.0–11.6 ka ago; 

Ivy-Ochs et al. 2007; Hippe et al. 2014; Ivy-Ochs 2015), due to temporary climate deteriorations 

(Schmidt et al. 2012). Following the Younger Dryas (YD, 12.7–11.6 ka ago; Ivy-Ochs et al. 2007) 

and the Early Holocene Preboreal Oscillation cold event (11.4–11.3 ka ago; Rasmussen et al. 2007; 
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Schimmelpfennig et al. 2012), Alpine glaciers eventually retreated and remained behind the ice 

limit of the Little Ice Age (LIA, 1300–1860 CE; Hanspeter et al. 2005; Ivy-Ochs et al. 2009; 

Steinemann et al. 2020), in response to Early and Middle Holocene abrupt warming 

(Schimmelpfennig et al. 2012). 

Palaeoenvironmental conditions during the Lateglacial and at the Holocene transition have 

been investigated through several palaeoclimate proxies (Heiri et al. 2014). However, the 

geomorphic response to this major environmental transition has been only punctually examined, 

focusing on specific geomorphic processes like rockfall activity (e.g. Zerathe et al. 2014; Ivy-Ochs 

et al. 2017) or fluvial incision (e.g. Korup & Schlunegger 2007; Valla et al. 2010; Rolland et al. 

2017). Likewise, the timing of paraglacial activity, as well as the question of sediment cascade and 

landscape connectivity, are still poorly understood (Mercier & Etienne 2008 and references 

therein). 

Our study aimed to contribute to the reconstruction of post-LGM palaeoenvironmental 

conditions and geomorphic connectivity within high-altitude Alpine regions. We focused on the 

Sanetsch Pass area (2252 m a.s.l., western Swiss Alps; Fig. 1) where multiple geomorphic 

processes have left an extensive record of landforms and sediment deposits during the Lateglacial 

and the Holocene (Fig. 2). Three landforms representative of the high Alpine landscape were 

investigated: a silty deposit covered by patterned ground, an alluvial fan and a hummocky moraine 

covered by rockfall deposits (Figs 1-3). These three deposits were selected with the goals of (i) 

reconstructing their geomorphological history, (ii) investigating a potential connectivity between 

the different records and (iii) assessing the suitability of glacial, paraglacial and periglacial 

landforms as proxies for palaeoenvironmental reconstruction in high Alpine regions. To that aim, 
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we performed a detailed geomorphological and sedimentological field investigation and collected 

samples for multi-methodological analyses on the different landforms. 

 

 

Fig. 1 Location of the study area (swissALTI3D DEM from swisstopo, authorization 5701367467/000010). Present-

day glaciers, main peaks around the Sanetsch Pass and the Rhône River are marked. The yellow box indicates the 

extent of the geomorphological map presented in Fig. 2. Inset shows location of the Sanetsch Pass (red box) within 

Switzerland and the European Alps, with the LGM ice extent (Ehlers & Gibbard 2004). 
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Fig. 2 Detailed map of the Quaternary deposits occurring in the study area (swissALTI3D DEM from swisstopo, 

authorization 5701367467/000010). The different Quaternary deposits and the three study sites are shown: high-

elevation platform covered by patterned ground (ARP), alluvial fan (CRE) and hummocky moraine and rockfall 

deposits (SAN). The hillshade area corresponds to bedrock (mainly limestones, as well as shales for the Arpille ridge, 

see text for details). 
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Fig. 3 Field photographs. A. General view of the three study sites (see Fig. 2 for locations) looking from the south 

(orthophoto and swissALTI3D DEM from swisstopo, authorization 5701367467/000010). B. High-elevation platform 

covered by sorted polygonal patterned ground (ARP site), on the southern slope of the Arpelistock peak. Arrows 

indicate the locations of the two stratigraphical sections and the ARP samples. C. View from the Arpille ridge on the 

Sanetsch valley, with arrows indicating the location of the alluvial fan log (CRE site) and the hummocky moraine 

with overlying rockfall deposits (SAN site), in contact with the Sanetsch artificial lake. D. Hummocky moraine (SAN 

site) partially covered by rockfall boulders derived from Les Montons cliff. 

 

Study area and sampling locations 

The study area is located next to the Sanetsch Pass (2252 m a.s.l., western Swiss Alps; 

Fig. 1). The local bedrock is composed of Cretaceous and Palaeogene sedimentary rocks belonging 

to the Helvetic Diablerets and Wildhorn nappes (Badoux et al. 1959; Masson et al. 1980). Three 

geological units are of particular interest for our study: calcareous shales containing ̃20% of fine 

detrital quartz (Palfris Formation; Föllmi et al. 2007) form the Arpille Ridge, siliceous limestones 
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(Helvetic Kieselkalk Formation; Föllmi et al. 2007) form the Arpelistock cliff, and quartzose 

sandstones (Fruttli Member of the Klimsenhorn Formation, Menkveld-Gfeller 1997) form a ̃5-m-

thick layer at the top of the calcareous Les Montons cliff (Fig. 2). 

The Sanetsch Pass is currently ice-free, with the nearest glacier front (Tsanfleuron Glacier) 

~3 km to the southwest (Fig. 1). During the LGM, the Rhône glacier reached an altitude of about 

2000 m a.s.l. in the main valley above Sion (Fig. 1; Bini et al. 2009). The Sanetsch Pass area was 

partly covered by ice with an estimated average thickness of ̃200 m and some mountain peaks were 

protruding above the ice surface as nunataks (Bini et al. 2009). The Tsanfleuron glacier was 

flowing both northwards and southwards from the pass, as testified by lateral morainic ridges 

(Fig. 2; Badoux et al. 1959). Following the deglaciation of the Swiss foreland c. 21 ka ago (Ivy-

Ochs et al. 2004), the Rhône Valley became ice-free c. 17 ka ago (Hantke 1992; Hinderer 2001). 

The onset of sedimentation in the Pond Emines (at 2288 m a.s.l., ̃1 km south-west from the 

Sanetsch Pass; Fig. 2) at c. 12 ka ago (Berthel et al. 2012), and the apparent post-12 ka exposure 

ages (Steinemann et al. 2020) of glacially polished bedrock outside the Tsanfleuron LIA moraine 

( ̃1 km west of the Sanetsch Pass; Fig. 2) imply ice-free conditions at the Sanetsch Pass during or 

soon after the YD. Paraglacial and periglacial processes following the deglaciation have resulted 

in a rich record of landforms reflecting the transient landscape evolution (Fig. 2). Three 

representative landforms of the Sanetsch Pass landscape are investigated in the present study 

(Figs 2, 3). 

The first landform consists of a thin sediment blanket draping a bedrock platform located 

on the southern slope of the Arpelistock peak, in contact with glacial deposits from a small local 

glacier (ARP site, 2660–2715 m a.s.l., ~0.23 km2 in area; Fig. 3A). The surface of the ARP deposit 

exhibits locally a polygonal patterned ground (Fig. 3B; Gobat & Guenat 2019). The second 
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landform is an alluvial fan located in the plain north of the Sanetsch Pass (CRE site, 2090–2130 m 

a.s.l., 0.14 km2 in area; Fig. 3A, C). The third landform is a hummocky moraine located north of 

the plain (SAN site, 2040–2100 m a.s.l., 0.13 km2 in area; Fig. 3A, C, D). The distinct hummocky 

morphology, with hills up to a few metres high, is partially covered by rockfall deposits composed 

of sandstone and limestone boulders detached from the nearby overhanging cliff (Les Montons 

peak; Figs 2, 3D). 

 

Material and methods 

Geomorphological and sedimentological field investigation 

In the present study, we performed a new geomorphological mapping over an area 

of ̃16 km2 around the Sanetsch pass (Fig. 2), based on the sheet St-Léonard (1286) (Badoux et al. 

1959) of the Geological Atlas of Switzerland (1:25 000). To this aim, we combined the 

geomorphological map of Quaternary superficial deposits (Badoux et al. 1959) with new field 

investigations and remote sensing mapping based on the swissALTI3D DEM and orthophotos 

(swisstopo). 

Detailed stratigraphical outcrops were logged for the ARP and CRE deposits. Two 

stratigraphical profiles (~40 cm deep) were dug out in the ARP high-elevation silty deposit, below 

the polygonal patterned ground (Fig. 3B). The CRE log was recorded from a natural outcrop 

exposed in a gully incising the alluvial fan (4.5 m deep; Fig. 3C). Sedimentary units were 

identified based on their grain-size range, sorting, clast shape, compaction, sedimentary structures, 

colour and lithology. Reaction to HCl in the field and the nature of contacts between individual 

units were also recorded. 

Grain size, micromorphology and optical petrography 
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Eight bulk sediment samples were collected for grain-size analyses (G1–G6 from CRE site, 

G7 and G8 from ARP site; Figs 5 and 4, respectively), in order to understand the genesis of the 

ARP and CRE deposits and the potential connectivity between them. Conventional grain-size 

distribution measurements were carried out by sieving the air-dried sand and granule/pebble 

fractions (Rivière 1977; Hadjouis 1987). Analyses of the silt and clay fractions were performed 

using a laser Malvern MS20 diffraction system (Department of Environmental Sciences, 

University of Basel, Switzerland). Sorting indexes (So) were calculated using millimetre units (So 

= (D75/D25)0.5, where D25 and D75 are respectively the first and the third quartile of the grain-size 

distribution), providing different sediment sorting categories: very well sorted (So < 2.5), well 

sorted (So between 2.5 and 3.5), normally sorted (So between 3.5 and 4.5) and poorly sorted (So 

> 2.5). 

 

 

Fig. 4 Stratigraphy of the ARP site (left: photograph, right: log). Sedimentological units and samples collected for the 

different analyses are represented: XRD (ARP01 and ARP03, red crossed circles), grain size (G7 and G8, black 

circles), conventional OSL (ARP01–ARP03, red crossed circles) and portable OSL (arp01–arp05, blue boxes). Unit 

colours refer to the stratigraphical description in Table S3. The deposit lies on top of non-weathered siliceous 

limestone bedrock. 
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Three CRE undisturbed sediment samples were collected in Kubiena boxes (8×11 cm) for 

micromorphological analyses (M1–M3; Fig. 5), with the aim to identify depositional and 

postdepositional features in the alluvial fan sediments. The samples were first air-dried, 

impregnated with an acetone-diluted epoxy resin and then cut with a diamond saw (Department of 

Environmental Sciences, University of Basel, Switzerland). Two covered thin sections 

(4.5×4.5 cm) per sample were prepared (Th. Beckmann, Braunschweig, Germany) and examined 

optically on a Leitz DM-RXP microscope, both in plane-polarized and crossed-polarized light. 

Bedrock thin sections were additionally prepared (Department of Geosciences, University of 

Fribourg, Switzerland) and analysed for four bedrock samples representative of the catchment 

lithology (two from the siliceous limestone, L1 and L2, and two from the calcareous shale, S1 and 

S2; Table S1), in order to obtain further information on the silicate fraction of the bedrock (grain 

shape and size) and to discuss the potential connectivity between the local bedrock and the CRE 

sediments. 
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Fig. 5 Stratigraphy of the CRE site (left: photograph, right: log). Sedimentological units and samples collected for the 

different analyses are shown: XRD (CRE01–CRE16, blue boxes), grain size (G1–G6, black circles), 

micromorphology (M1–M3, black rectangles), conventional OSL (CRE01–CRE04, red crossed circles) and portable 

OSL (cre01–cre16, blue boxes). Red dashed lines show the extent of the photograph in proportion to the log. Unit 

colours refer to the stratigraphical description in Table S4. 

 

X-ray diffraction and geochemistry 

X-ray diffraction (XRD) analyses were performed on a total of 22 samples, including 18 

bulk sediment samples from CRE and ARP sites (CRE01–CRE16, Fig. 5; ARP01 and ARP03, 

Fig. 4) and four bedrock samples (L1, L2, S1, S2), to gain information on their mineral 

composition and assess sediment provenance and potential connectivity of the ARP and CRE 
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deposits. Bulk sediments and bedrock samples were ground with a mechanical crusher, and sample 

powders were analysed through a Rigaku Ultima IV diffractometer system using Cu-Kα radiation 

(Department of Geosciences, University of Fribourg, Switzerland). Mineral identification was 

performed using the Rigaku's PDXL-2 software and the ICDD Powder Diffraction File 2017 

database (International Centre for Diffraction Data). Mineral quantification was made by Rietveld 

refinement (Rietveld 1969), with weighted residuals of the whole pattern (Rwp) and the goodness 

of fit (GOF) considered as Rietveld fit criteria (Toby 2006). In the present refinements, Rwp and 

GOF values range from 4.84 to 6.74% and from 1.73 to 2.90, respectively. 

Concentrations of total carbon (TC) and total inorganic carbon (TIC) were measured on 

the same ARP and CRE sediment samples, using a Bruker G4 Icarus elemental analyser (Institute 

of Geology, University of Bern, Switzerland). The percentage of total organic carbon (TOC) was 

determined from the difference between TC and TIC. These analyses and calculations were 

performed to examine the potential presence of palaeosols in the deposits. 

Geochronology 
Portable optically stimulated luminescence 

Luminescence signal intensities were measured for the CRE (cre01–cre16; Fig. 5) and ARP 

(arp01–arp05; Fig. 4) sites, with the aim of investigating potential stratigraphical variations in the 

luminescence response, possibly reflecting differences in sediment provenance and depositional 

environment. Indeed, the luminescence signal of bulk sediment is mainly dependent, amongst 

other factors, on the pre-deposition light exposure of sediments (i.e. signal resetting or ‘bleaching’; 

King et al. 2014) and on the post-deposition signal accumulation during burial time due to 

surrounding irradiation (i.e. sediment age; Sanderson & Murphy 2010). A few grams of sample 

was collected at different depths along the ARP and CRE stratigraphy, and sealed from light 
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exposure. We quantified total photon counts on two replicates of each bulk sediment sample 

(without chemical pre-treatment) using the SUERC portable OSL reader (Sanderson & Murphy 

2010), following the measurement sequence of Muñoz-Salinas et al. (2014). The measurement 

sequence (150 s in total) comprises a first cycle of infrared-stimulated luminescence, targeting 

feldspar minerals within the bulk sediment (IRSL, 30 s), and a second cycle of blue-stimulated 

luminescence targeting quartz (hereafter referred to as optically stimulated luminescence, OSL, 

60 s), separated by 10 s of dark counts. Two additional periods (10 s) of dark counts bracketed 

each measurement sequence. Final (IRSL and OSL) photon counts were obtained by averaging 

between the two replicate measurements of each sediment sample. 

Conventional optically stimulated luminescence dating 

Seven fine-grain samples were collected for conventional luminescence dating from the 

CRE alluvial fan (CRE01–CRE04; Fig. 5) and the ARP high-elevation platform (ARP01–ARP03; 

Fig. 4), to constrain sediment deposition chronology. By combining conventional and portable 

luminescence measurements, we determined the true depositional chronology of the deposits, 

taking into account potential pre-depositional partial bleaching or post-depositional sediment 

reworking (i.e. resulting in age overestimation or underestimation, respectively). 

Samples were collected with opaque plastic tubes pounded into fresh sediment surface 

(Nelson et al. 2015). Under subdued laboratory illumination, samples were treated with HCl (32%) 

and H2O2 (30%) to remove carbonates and organic components, respectively. Sedimentation in 

Atterberg cylinders (based on Stokes’ Law) was used to extract the 4–11 µm grain-size fraction. 

Half of the extracted 4–11 µm fraction was additionally treated with H2SiF6 (30%) to obtain pure 

quartz (only ARP03 did not provide enough material for quartz purification). Polymineral and 



300 
 

 

quartz separates were settled on 10-mm diameter stainless steel discs for subsequent luminescence 

analyses. 

All conventional luminescence measurements were carried out using TL/OSL DA-20 Risø 

readers, equipped with a calibrated 90Sr/90Y beta source (Institute of Geology, University of Bern, 

Switzerland). Luminescence signals were detected using an EMI 9235QA photomultiplier tube, in 

the UV region through a 7.5 mm Hoya U-340 transmission filter and in the blue region through a 

Schott BG-39 and L.O.T.-Oriel D410/30 nm filter combination, for quartz OSL and polymineral 

IRSL measurements, respectively. 

OSL and/or IRSL measurements were performed according to sample mineral 

composition. OSL equivalent dose (De) measurements were conducted on quartz separates of two 

ARP samples (ARP01 and ARP02) and on all the CRE samples. A post-IR OSL protocol was 

applied (Table S2A), which includes an IRSL stimulation at 50 °C (100 s) prior to the blue OSL 

stimulation (at 125 °C for 100 s; Lowick et al. 2015). IRSL De measurements were conducted on 

polymineral (non-separated) fractions for all the ARP samples using the post-IR IRSL protocol of 

Buylaert et al. (2009) (this protocol targets feldspar luminescence signal only; Table S2B). After 

a preheat treatment (250 °C for 60 s), luminescence measurement cycles of this modified single-

aliquot regenerative-dose (SAR) protocol (Murray & Wintle 2000) consist of a first IRSL 

stimulation at 50 °C (100 s) followed by a second IRSL stimulation at 225 °C (100 s). A 40-s IRSL 

stimulation at 290 °C was added at the end of each SAR cycle in order to limit signal carry-over 

throughout successive cycles (Wallinga et al. 2007). No post-IR IRSL measurements were 

performed on CRE samples due to the absence of feldspar IRSL signal. Fading rates (g-value; 

Aitken 1985) were measured on aliquots used for De determination, following Auclair et al. 

(2003). Final fading corrected De values were calculated following the fading correction procedure 
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of Huntley & Lamothe (2011), using the Luminescence R package (Kreutzer et al. 2012). Signals 

used for data analysis were integrated over the first 1.2–2.4 s minus the following 2.6–8 s for quartz 

OSL measurements, and over the first 1.2–10 s minus the last 90–99 s for polymineral IRSL 

measurements. Dose–response curves were constructed using an exponential fitting. Recycling 

ratios within 15% of unity and recuperation within 10% of the natural dose were used as acceptance 

criteria for the single-aliquot data. The suitability of the two applied protocols was confirmed by 

preheat-plateau (for quartz OSL), and residual and dose-recovery tests (Wintle & Murray 2006). 

For all the samples, residual doses <2% of the natural De and recovered doses within 10% of unity 

were measured. 

About 200 g of bulk sediment material was collected from the surrounding of each sample 

to determine the environmental dose rate. The material was desiccated at 60 °C to enable water 

content quantification. U, Th and K activities were measured using high-resolution gamma 

spectrometry (Department of Chemistry and Biochemistry, University of Bern, Switzerland; 

Preusser & Kasper 2001) and were employed, together with the measured water content, as inputs 

for final dose rate determination through the Dose Rate and Age Calculator (DRAC; Durcan et al. 

2015). Final ages were calculated using the central age model (CAM; Galbraith & Roberts 2012). 

10Be surface exposure dating 

Three rockfall-derived sandstone boulders lying on the hummocky moraine, one on a flat 

area, one on a hummock ridge and one in an intra-hummock hollow (boulders ~2 m wide and 1 m 

high, SAN site; Fig. 3C), were sampled for 10Be surface exposure dating, in order to obtain a 

minimum age constraint for the hummocky moraine formation. Samples were collected with 

hammer and chisel from flat surfaces on top of the boulders, with evidence of minimal erosion 

(Gosse & Phillips 2001). Sample crushing and sieving were performed to isolate the 250–400 µm 
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grain-size fraction. Quartz was isolated using magnetic separation and repeated leaching in a 

H2SiF6-HCl mixture. Conventional chemical treatment adapted from Brown et al. (1991) and 

Merchel & Herpers (1999) was followed to complete 10Be extraction (GTC platform, ISTerre, 

University Grenoble Alpes, France). 10Be/9Be ratios were measured at ASTER French National 

AMS facility (CEREGE, Aix-en-Provence, France; Arnold et al. 2010) against the in-house Be 

standard (Braucher et al. 2015), whose assumed isotope ratio is 1.191×1011. Correction for a full 

process blank ratio of 10Be/9Be = 5.4±0.6×10−15 was applied. 

Surface exposure ages were computed with the online CREp program (Martin et al. 2017; 

https://crep.otelo.univ-lorraine.fr/#/init). Calculations were performed using a 10Be production rate 

by neutron spallation at sea level and high latitude (SLHL) of 4.16±0.10 at g−1 a−1 (Claude et al. 

2014) scaled at the sample sites using the LSDn scaling scheme (Lifton et al. 2014). The ERA-40 

reanalysis data set (Uppala et al. 2005) and the Lifton-VDM2016 geomagnetic database (Lifton 

2016) were used to correct atmospheric pressure and geomagnetic field fluctuations, respectively. 

Corrections for topographic shielding based on field measurements were also applied (Dunne et al. 

1999). For assessing the effect of potential post-depositional surface covering (e.g. snow) or 

surface degradation processes, two end-member scenarios were considered: one without any post-

depositional correction and one including snow cover and surface-erosion corrections. For surface-

erosion correction, an erosion rate of 1 mm ka−1 was applied, following the argument of Wirsig 

et al. (2016b). The snow cover correction factor was computed for all boulders following eq. (3.76) 

in Gosse & Phillips (2001), considering 6 months per year persistence of a 50-cm-thick snow cover 

(Wirsig et al. 2016b), a snow density of 0.3 g cm−3 and a spallation attenuation length in snow of 

109 g cm−2 (Delunel et al. 2014). 
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Results 
Geomorphological and sedimentological field investigation 

We present an updated map of superficial deposits in Fig. 2, showing the Quaternary 

deposits occurring in the study area and the location of the three study sites (ARP, CRE and SAN). 

Sedimentological observations for ARP and CRE deposits are summarized in the stratigraphical 

logs shown in Figs 4 and 5, respectively (detailed descriptions are given in Tables S3 and S4). The 

stratigraphy of the ARP deposit (Fig. 4, Table S3) consists of two sediment units lying on top of 

non-weathered siliceous limestone bedrock. The 10-cm-thick top unit (unit 1) is clast-supported, 

with siliceous limestone fragments in a silty matrix. The 30-cm-thick basal unit (unit 2) consists 

of a silty layer with a well-developed platy structure, containing few siliceous limestone fragments. 

The stratigraphy of the CRE alluvial fan (Fig. 5, Table S4) displays the current soil horizon (unit 

1) and the recent (i.e. Holocene) coarse alluvial fan deposit (unit 2) in the first 1.5 m of depth. 

Underneath, a succession of three categories of sediment units can be observed: homogenous 

clayey silt (units 6, 7, 9, 10, 17, called ‘fine layers’ hereafter), silty clay or loam containing 

weathered granules and pebbles (units 3, 4, 5, 8, 11, 12, 13, 15, 19, called ‘heterogeneous layers’ 

hereafter), and gravel layers clast-supported with imbricated elements (units 14, 16, 18). 

Grain size and micromorphology 

Grain-size distributions (Fig. 6) show strong similarities between the ARP silty unit (unit 

2, samples G7 and G8), and the CRE fine (units 6, 10, 17, samples G2, G3 and G6) and 

heterogeneous (units 5, 12, 15, samples G1, G4 and G5) layers. Frequency curves are multi-modal 

and characterized by one primary peak around 35 µm (coarse silt), a secondary peak around 4–

8 µm (fine/very fine silt), and a minor peak around 150 µm (fine sand). An additional minor peak 

around 104 µm (pebble) is also visible for samples G4 (CRE site, heterogeneous layer) and G8 
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(ARP site), which reflects the presence of some isolated clasts as observed in the stratigraphy 

(Figs 4, 5). Median grain-size values (D50) range between 11 and 16 µm (fine silt). Calculated So 

vary between 2.7 and 3.4, reflecting good sorting (with the exception of G4 and G8, which have a 

So of 5.5 and 4.5, respectively, but reduced to 3.3 and 2.9 if only the clayey, silty and sandy 

fractions are considered). 

 

Fig. 6 Grain-size distributions of ARP (G7 and G8, in red) and CRE (G1–G6, in blue) samples. Individual cumulative 

(top) and frequency (bottom) curves show strong similarities between ARP and CRE sites. The distribution curves of 

G4 (CRE) and G8 (ARP) are slightly different because of the presence of small clasts within the samples (see 

individual peak at ~104 µm). Grain-size distribution data are reported in Table S6. 

 

Fig. 7 highlights the main micromorphological features observed in thin sections from the 

CRE alluvial fan. Thin section M1 (fine unit 6; Fig. 7A) displays a moderately developed 

subangular blocky microstructure in the clayey silt, expressed by slickensides associated with 

mottling. A low proportion (<2%) of small lithic fragments (<2 mm; not visible in Fig. 7A but 
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similar to the one shown in Fig. 7C) containing quartz grains (20 to 300 µm size) is also 

recognized. In thin sections M2 (fine unit 7; Fig. 7B) and M3 (heterogeneous unit 13), well-

developed horizontal laminae (1 to 5 mm thick) with normal grading are observed. In addition, the 

lower part of thin section M2 (heterogeneous unit 8; not visible in Fig. 7B) contains a higher 

proportion (5–10%) of weathered (partly decarbonated) lithic fragments (2–5 mm) in a clayey-

silty matrix. Thin section M3 (heterogeneous units 12 and 13; only unit 13 shown in Fig. 7C) 

shows ~40% of weathered (partly to completely decarbonated) lithic fragments (3–10 mm) 

containing quartz grains (20 to 150 µm size), which are embedded in a clayey-silty carbonated 

matrix. These fragments present different weathering stages, but no weathering cortex on their 

edges. Lastly, bedrock thin sections display quartz grains of 10 to 150 µm size (the main population 

ranging between 30 and 50 µm), representing 5–15% of the siliceous limestone and 15–30% of 

the calcareous shales (Fig. 7D). 
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Fig.7 Main micromorphological features observed in CRE fine and heterogeneous units (A–C) and bedrock thin 

section (D). A. Thin section M1 (unit 6) shows a blocky microstructure developed in the silty sediments expressed by 

slickensides associated with mottling (reddish zones indicated by yellow arrows). B. Detail of thin section M2 showing 

the well-developed horizontal parallel lamination present within unit 7. C. Detail of thin section M3 with weathered, 

decarbonated lithic fragments containing quartz grains (greyish grains, examples highlighted by yellow arrows), in a 

clayey-silty carbonated matrix (unit 13). D. Bedrock thin section (calcareous shales S1) showing abundant quartz 

grains (greyish grains, examples highlighted by yellow arrows). xpl = crossed-polarized light; ppl = plane-polarized 

light. 

 

X-ray diffraction and geochemistry 

XRD results show four distinct average mineralogical compositions (Fig. 8). Bedrock 

samples (samples L1–L2 and S1–S2) present similar composition, largely dominated by 

carbonates (55–66% calcite and up to 5% dolomite). Silicates are secondary components, mainly 
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represented by quartz (23–33%) and micas (3–16%), with some chlorite appearing only in the 

calcareous shales (S1–S2, up to 4%). ARP sediment samples (ARP01 and ARP03) are carbonate-

free and contain 67–70% of quartz and 19% of micas as main components (with up to 8% of 

chlorite and 4–7% of albite). For CRE samples, two main groups can be distinguished from the 

mineralogical compositions. Nine samples (CRE02, 03, and 05 to 11) are carbonate-free and 

contain mainly quartz (40–54%), micas (36–52%) and chlorite (1–14%). The seven other samples 

(CRE01, 04, and 12 to 16) are characterized by variable calcite content (5–39%), in addition to 

quartz (32–43%), micas (23–43%) and chlorite (6–11%) components. CRE04 also contains a small 

percentage of albite (11%), as found in the ARP samples. Geochemistry analyses result in low 

TOC percentages for all the CRE (0.3–1.2%) and ARP (0.8 and 1.2%) samples. 

 

 

Fig. 8 XRD bulk mineralogical compositions of CRE (CRE01–CRE16), ARP (ARP01 and ARP03) and bedrock (L1–

L2: siliceous limestone, S1–S2: calcareous shale) samples. Cumulative mineral percentages are reported in Table S7. 
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Geochronology 
Portable OSL measurements 

ARP and CRE depth profiles for luminescence signal intensity are shown in Fig. 9 (samples 

arp01–arp05) and Fig. 10 (samples cre01–cre16), respectively (luminescence counts are reported 

in Table S5). For the ARP site (Fig. 9), both the quartz OSL and feldspar IRSL intensity profiles 

could be measured, with more than one order of magnitude difference between OSL (103–104 

counts) and IRSL (101–102 counts) signals. While the IRSL counts increase consistently with depth 

(Fig. 9B), the OSL intensity profile is more complex: sample arp03 displays large uncertainty due 

to the significant difference between the two replicate measurements, and sample arp05 deviates 

significantly from the increasing signal trend with depth (Fig. 9A). 

 

 

 

Fig. 9 Portable and conventional luminescence measurements for the ARP site. A. OSL signal intensity profile and 

quartz OSL ages. B. IRSL signal intensity profile and polymineral IRSL ages. See Fig. 4 for the legend of the 

stratigraphical column. 
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Fig. 10 Portable and conventional luminescence measurements for the CRE site. OSL signal intensity profile and 

quartz OSL ages are shown. See Fig. 5 for the legend of the stratigraphical column. 

For the CRE site, the general low-feldspar content in the analysed sediments, as highlighted 

by XRD analyses (Fig. 8), prevented the measurement of IRSL signal along the section, and only 

an OSL profile could be obtained (Fig. 10). The measured profile does not show a stratigraphical 

coherence (i.e. luminescence signal intensity increasing with depth), but alternates between two 

signal intensity groups characterized by low (20–25×103 counts) and high (30–50×103 counts) 

OSL counts. These two groups correspond respectively to fine (low signal intensities) and 

heterogeneous (high signal intensities) layers (Fig. 10). 

Conventional OSL dating 
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Sample specific information and results, including De values, relevant dose rate data and 

final CAM ages (Galbraith & Roberts 2012), are shown in Tables 1 and 2, and Figs `9 and 10. 

Both OSL and IRSL ages were obtained for two ARP samples (ARP01 and ARP02; Fig. `9), while 

only an IRSL age was measured for sample ARP03 (due to the lack of material for quartz 

purification). ARP final IRSL and OSL ages range between 2.5 and 7 ka, with high variability 

between samples and signals despite sample collection at relatively similar depths within unit 2 

( ̃25 cm deep; Fig. 4). For both ARP01 and ARP02, the IRSL and OSL ages appear to differ without 

any systematic trend (i.e. younger IRSL age for ARP01, the opposite for ARP02). 

Table 1. Sample luminescence details and corresponding quartz OSL dating results. For analytical details about the 
measurement protocol, see Table S2A. CAM = central age model; OD = overdispersion (Galbraith & Roberts 2012) 

Sample Depth below 
surface (m) 

Radionuclide 
concentration Water 

content 
(%) 

Total dose rate 
(Gy ka−1) 

CAM De 
(Gy) 

Number of 
aliquots OD (%) Age 

(ka) 
U (ppm) Th 

(ppm) K (%) 

ARP01 0.15 3.4±0.2 10.5±0.5 1.6±0.1 18 3.53±0.13 14.51±0.45 11 8.6 4.1±0.2 
ARP02 0.15 3.4±0.2 10.5±0.5 1.6±0.1 18 3.53±0.13 8.14±0.36 12 14.7 2.3±0.1 
CRE01 2.35 3.2±0.2 12.0±0.6 1.8±0.1 28 3.36±0.12 33.45±1.51 12 15.1 10.0±0.6 
CRE02 2.65 3.4±0.3 11.7±0.6 1.8±0.1 27 3.40±0.13 41.90±1.78 12 14.0 12.3±0.7 
CRE03 3.17 2.9±0.2 10.4±0.5 1.6±0.1 33 2.89±0.10 78.44±1.71 12 4.5 27.2±1.1 
CRE04 3.73 3.1±0.2 10.3±0.5 1.8±0.1 31 3.08±0.11 28.18±1.38 7 8.9 9.1±0.6 

 
 
Table 2. Sample luminescence details and corresponding polymineral IRSL dating results. See Table 1 (ARP 
samples) for radionuclide concentration and water content. For analytical details about the measurement protocol, 
see Table S2B. CAM = central age model; OD = overdispersion (Galbraith & Roberts 2012)  

Sample Depth below 
surface (m) 

Total dose rate 
(Gy ka−1) 

CAM 
uncorrected De 

(Gy) 

Number of 
aliquots 

OD 
(%) 

g2 days (% per 
decade) 

CAM corrected 
De (Gy) 

Age 
(ka) 

ARP01 0.15 4.13±0.15 10.57±0.35 11 0 1.26±1.03 11.77±1.21 2.8±0.3 
ARP02 0.15 4.13±0.15 26.01±1.02 10 9.82 1.39±0.88 29.50±2.88 7.1±0.7 
ARP03 0.15 4.13±0.15 9.02±0.47 12 14.47 1.43±0.98 10.19±1.08 2.5±0.3 

 

Quartz OSL data for the CRE site (Fig. 10) result in two age populations. The first age 

population concentrates around 11 ka (weighted-average age of 10.5±1.6 ka) and corresponds to 
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samples CRE01 (10.0±0.6 ka), CRE02 (12.3±0.7 ka) and CRE04 (9.1±0.6 ka). All three samples 

were collected from fine layers (unit 6 for samples CRE01 and CRE02, unit 17 for sample CRE04). 

A significantly older age of 27.2±1.1 ka was obtained from sample CRE03, coming from a 

heterogeneous layer containing pebbles (unit 11). No post-IR IRSL measurements were performed 

on CRE samples due to the absence of feldspar IRSL signal. 

10Be surface exposure dating 

Sample specific information, as well as measured 10Be concentrations and calculated 

exposure ages (with and without erosion and snow corrections), are summarized in Table 3 and 

Fig. 11. A high consistency of the 10Be exposure ages obtained for the three SAN sandstone 

boulders is evident (9.3±0.4, 9.4±0.4 and 9.8±0.4 ka, without snow and erosion corrections). The 

three boulder ages agree within uncertainty and yield a weighted-average age estimates of 

9.5±0.3 ka (no snow and erosion corrections) and 10.3±0.3 ka (with snow and erosion corrections). 

 

Table 3. Details on cosmogenic 10Be samples, concentrations and exposure ages. Sample 
thickness and density are 2.5 cm and 2.65 g cm−3, respectively  

Sample Location WGS 84 
(°N/°E) 

Elevation 
(m a.s.l.) 

Topographic 
shielding1 

 
10Be/9Be 

blank 
corrected 

(10−13 at g−1) 

10Be/9Be 
uncertainty 

(%) 

10Be 
concentration 

(105 at g−1) 

10Be exposure age 
(ka)2 

 No 
snow/ 

erosion 

Incl. 
snow/ 

erosion3 
SAN18_01 46.35111/7.28751 2055 0.92  1.46 3.33 1.86±0.06 9.3±0.4 10.1±0.4 
SAN18_02 46.35117/7.28900 2056 0.96  1.55 3.38 1.96±0.07 9.4±0.4 10.1±0.4 
SAN18_03 46.35137/7.28874 2054 0.94  1.76 3.39 2.01±0.07 9.8±0.4 10.6±0.4 

1 Topographic shielding correction according to Dunne et al. (1999). 

2 10Be production rate of 4.16±0.10 at g−1 a−1 (Claude et al. 2014) and LSDn scaling 
scheme (Lifton et al. 2014). 
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3 50 cm snow cover for 6 months per year (Wirsig et al. 2016a), snow density of 
0.3 g cm−3 and spallation attenuation length in snow of 109 g cm−2 (Delunel et al. 2014). 
Erosion rate of 1 mm ka−1 (Wirsig et al. 2016a, b). 

 

 

 

Fig. 11 10Be surface exposure ages from rockfall sandstone boulders lying on the hummocky moraine (SAN site, 

modified orthophoto from swisstopo, authorization 5701367467/000010). 10Be surface exposure ages calculated with 

snow and erosion corrections are shown. See Table 3 for the ages obtained without applying any correction. The blue 

dashed line delimits the extent of a younger rockfall deposit than the one dated in the present study. Inset shows 

probability density plots of the individual and weighted-average 10Be surface exposure ages, after snow and erosion 

corrections. 

 

Discussion 

Landform and sediment (post-)depositional histories 

High-elevation platform (ARP) 
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Field stratigraphical observations (Table S3) and the different results obtained from the 

multi-method approach suggest (i) that the silty sediments (unit 2) from the ARP high-elevation 

platform correspond to an aeolian deposit covered by in situ produced cryoclasts (i.e. bedrock 

limestone clasts derived from freeze and thaw cycles), and (ii) that the whole deposit has been 

reworked by recent (possibly still ongoing) cryoturbation. 

Excluding the coarser grain-size fraction (>2 mm, most probably deriving from isolated 

cryoclasts) from G7 and G8 grain-size analyses (Fig. 6), the good sorting indexes (2.5 and 3.3, 

respectively) and the dominance of the silty fraction (D50 = 10.1 and 11.1 µm, respectively) point 

towards loess deposit (sensu stricto; Pye 1987; Smalley 1995; Muhs 2013). The multi-modal grain-

size distributions further suggest a local deflation source, with three main modes (4–8, 35 and 

150 µm; Fig. 6) roughly corresponding to silicate fractions (micas and quartz) from local bedrock 

(10–150 µm; Fig. 7D). Observed Lateglacial aeolian deposits at low elevations in the Rhône 

Valley (Sion and Bex; Fig. 1) show unimodal grain-size distributions (main mode between 20 and 

150 µm), very good sorting (1.8) and D50 of 35–45 µm (Guélat 2013; and pers. comm. 2016). We 

interpret the different grain-size characteristics between ARP and Rhône Valley loess as the result 

of a mixed provenance with both local and allochthonous input for the ARP deposit. 

Several arguments allow us to exclude the hypothesis that the ARP silty sediments derive 

from in situ weathering of the underlying siliceous limestone (L1–L2; Fig. 8): (i) the sharp (with 

no weathering) contact between the base of the ARP aeolian deposit and the underlying bedrock, 

(ii) the complete absence of carbonates, and (iii) the presence of albite in ARP samples (ARP01 

and ARP03; Fig. 8). The albite content (4–7%) supports the hypothesis of an allochthonous 

component within the ARP aeolian deposit, possibly related to the Rhône Valley loess at lower 

elevations, which is dominated by quartz, micas, chlorite and feldspar mineralogy (Spaltenstein 
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1984; Guélat pers. comm. 2016). Such a loessic input was indeed highlighted in a nearby soil 

profile located 1.7 km south of the Sanetsch Pass (Spaltenstein 1985). However, XRD analyses 

alone cannot discriminate the dominant source area(s) between Alpine or more distal origin (e.g. 

Martignier et al. 2015) for the ARP aeolian material. Further geochemical analyses would be 

necessary (Újvári et al. 2015) to quantitatively discuss the origin of such aeolian sediments in the 

context of atmospheric palaeo-circulations at the scale of the European Alps (e.g. Muhs et al. 2014; 

Rousseau et al. 2006). 

Conventional luminescence dating on ARP silty sediments provides ages ranging between 

2 and 7 ka, with an observed discrepancy between OSL and IRSL ages and no clear systematic 

trend (Fig. `9, Tables 11, 2). This mismatch is further highlighted by portable luminescence 

measurements, with different patterns in OSL and IRSL intensity profiles (i.e. higher OSL 

variability compared to depth-increasing IRSL signal; Fig. `9). Different luminescence signal 

resetting rates under light exposure (i.e. bleaching) have been reported in the literature (Murray 

et al. 2012), with quartz OSL signal bleaching more rapidly than feldspar IRSL. Our observations 

can be explained by (i) partial bleaching of the ARP silt before deposition, which would lead to 

overestimation of the true depositional age, and/or (ii) differential post-depositional bleaching 

through cryoturbation, which would cause underestimation of the true depositional age. Based on 

the sedimentology, we favour the post-depositional bleaching hypothesis: there is high probability 

that the ARP silt was completely bleached prior to deposition, since aeolian sediment transport is 

commonly associated with efficient sunlight exposure (Li & Wintle 1992). After deposition, active 

cryoturbation processes resulted in both sediment reworking and formation of the overlying 

patterned ground (unit 1; Fig. 4). Frost and thaw processes have continually mobilized sediment 

patches from various depths (Bertran et al. 2019), causing light exposure of reworked sediments 
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and the (partial) resetting of their luminescence signal. Similarly, stratigraphical inconsistency and 

large variability in luminescence ages have been observed for periglacial sediment deposits, and 

have been attributed to post-depositional reworking due to active cryoturbation processes 

(Bateman 2008; Andrieux et al. 2018). Our young OSL (2.3–4.1 ka) and IRSL (2.5–2.8 ka) ages 

are therefore probably the result of recent/ongoing post-depositional bleaching through periglacial 

sediment reworking, while the IRSL age of sample ARP02 (7.1±0.7 ka) is interpreted as a 

minimum age for the high-elevation aeolian deposit. This minimum age estimate is in agreement 

with low-elevation loess from the Rhône Valley attributed to the late YD/Early Holocene, based 

on luminescence dating (Guélat 2013; Parriaux et al. 2017). 

To summarize, the high-elevation ARP deposit reflects Lateglacial to Holocene aeolian 

dynamics in the Sanetsch area, in line with previous aeolian sediment reconstructions in the Swiss 

Alps and foreland (Pochon 1973; Guélat 2013; Martignier et al. 2015). The ARP primary aeolian 

deposit presents a mixed autochthonous (bedrock and moraine-deposit deflation) and 

allochthonous (nearby alluvial plains such as the Rhône Valley) origin. Luminescence dating 

suggests that deposition occurred at least c. 7 ka ago; however, this only remains a minimum age 

estimate due to recent/ongoing active cryoturbation and sediment reworking at the ARP site. The 

ARP aeolian deposit may give also insights into the presence of high-elevation ice-free areas 

(nunataks) in the Alps already during the LGM or the early Lateglacial (Bini et al. 2009; 

Martignier et al. 2015; Gild et al. 2018), where aeolian sediment could accumulate, in proximity 

to glacially covered areas. Furthermore, luminescence analyses (both portable and conventional 

dating) have highlighted the occurrence of (ongoing) cryoturbation processes at the ARP site, 

providing a potential palaeoclimatic proxy for the Holocene but requiring further investigation 

(e.g. Vandenberghe 2013; Rousseau et al. 2006). 
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Alluvial fan (CRE site) 

Insights into the depositional history of the CRE alluvial fan and its connection to the 

surrounding landforms and deposits also emerge from our multi-method results. XRD and 

micromorphological analyses confirm field stratigraphical observations (Table S4), revealing a 

local bedrock origin for the clasts contained in the heterogeneous and gravel layers of the fan 

(Figs 5, 7, 8). This is suggested by the moderate calcite content (5–39%; Fig. 8) in most of the 

heterogeneous CRE units, which likely relates to the presence of bedrock-derived weathered 

granules and pebbles (55–66% calcite content in both siliceous limestone and calcareous shales; 

Fig. 8). The absence of calcite in some heterogeneous layers can be explained by clast weathering 

and complete decarbonation as observed in the field (very little/no reaction to HCl; Table S4). 

Thin section analyses further highlight mineralogical and grain-size similarities between 

weathered clasts and bedrock (Fig. 7C, D), with abundant quartz grains of similar sizes (10–

150 µm) in both bedrock and clasts. The absence of a developed weathering cortex around the 

clasts suggests that weathering did not occur in situ (i.e. after clast deposition in the alluvial fan), 

but is probably inherited from a previous alteration phase (e.g. within morainic and/or slope 

parental deposits). Further support for this hypothesis is given by the low TOC along the fan 

stratigraphy, which implies absence of palaeo-soils and therefore little in situ weathering by 

pedogenesis. 

Field stratigraphical observations and grain size and XRD analyses also show similarities 

between the fine/heterogeneous CRE layers and the high-elevation ARP deposit. Grain-size 

distributions closely overlap for CRE and ARP samples (G1 to G6, and G7 and G8, respectively; 

Fig. 6), with multiple modes (4–8, 35 and 150 µm), good sorting (2.7–3.3) and silty fraction 
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dominance (D50 between 10.9 and 16.5 µm). Mineralogical analyses further support this 

observation, with the absence of calcite (except for CRE15, which probably integrates clasts from 

overlying/underlying gravel units) and the dominance of quartz (40–54%) and micas (23–43%). 

Stratigraphy and micromorphological analyses also show (i) fining-up sedimentary sequences 

within some CRE units (i.e. from weathered calcareous granules and pebbles at the base to silty 

loam at the top; Fig. 5, Table S4), (ii) a moderately developed subangular blocky microstructure 

(unit 6; Fig. 7A) and (iii) well-developed 1 to 5 mm thick horizontal laminae (units 7 and 13; 

Fig. 7B). All together, these observations point towards an alluvial reworking of aeolian sediments 

to form the fine units and the matrix of the heterogeneous units of the CRE alluvial fan. Deposition 

of reworked aeolian sediments could have occurred in a lake, or possibly in a pond within the 

alluvial fan, as suggested by the fining-up sedimentary sequences (units 3, 4 and 5) and the 

horizontal laminae (units 7 and 13). Isolated pebbles and cobbles (fine units 7, 9 and 10) can be 

interpreted as possible dropstones, and would support the lake hypothesis. Based on the presence 

of slickensides and mottling (unit 6; Fig. 7A) as well as Fe-Mn precipitation, we hypothesize 

ephemeral lake/pond conditions with wetting/drying cycles and low-sedimentation phases, during 

which the original depositional microstructure (Fig. 7B) was destroyed. 

Luminescence measurements (both portable and conventional OSL), show a general 

alternating pattern between two populations of low counts/young ages and high counts/old ages 

along the fan stratigraphy (Fig. 10). We propose that these OSL trends reflect differences in quartz 

provenance as well as transport processes. For the heterogeneous layers, we expect the high OSL 

counts and old OSL age to result from the mixing and signal-averaging between grains from 

weathered clasts carrying an inherited signal (i.e. no light exposure during transport) with well-

bleached grains (i.e. full luminescence signal reset prior to deposition) coming from reworked 
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aeolian material. Moreover, sediments from heterogeneous units were probably transported and 

deposited during periods of high-sediment supply by sheetflow events: transportation in dense and 

turbid flows could have prevented the complete OSL bleaching of reworked quartz grains, leading 

therefore to higher luminescence counts and overestimated OSL age (i.e. CRE03 at 27.2±1.1 ka). 

Fine layers, characterized by low OSL counts and young OSL ages, may have settled during 

periods of lower sediment supply by decantation in water, allowing complete/better OSL bleaching 

prior to deposition. We therefore interpret OSL ages of the fine CRE units (CRE01, 02 and 04; 

weighted-average age of 10.5±1.6 ka) as more representative of the true depositional age of the 

CRE alluvial fan. Potential incorporation of lithic fragments could explain the slightly older OSL 

age for sample CRE02 (12.3±1.6 ka, unit 6). In summary, CRE fan deposition most likely occurred 

during or soon after the YD. This proposed chronology agrees with the onset of sedimentation in 

Pond Emine (Fig. 2) at c. 12 ka ago (Berthel et al. 2012; Steinemann et al. 2020), implying that 

the Sanetsch Pass and the alluvial plain were ice-free during (or soon after) the YD, and that the 

subsequent sediment connectivity and transport from the hillslopes towards the plain (CRE site) 

established quickly. 

 

Hummocky moraine and rockfall boulders (SAN site) 

The average 10Be surface exposure age from the three rockfall boulders is 10.3±0.3 or 

9.5±0.2 ka, calculated respectively with or without erosion and snow corrections. For the rest of 

the discussion, we focus on the age estimate obtained with erosion (1 mm ka−1; Wirsig et al. 

2016b) and snow corrections (50-cm snow thickness over 6 months per year; based on Wirsig 

et al. 2016b and our own field observations). We, however, note that the uncorrected age estimate 
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differs by <10%, and would not lead to any significant change in our proposed geomorphological 

reconstruction. 

Dating of the rockfall boulders (c. 10 ka; Fig. 11) provides a minimum age constraint for 

the hummocky moraine formation, which occurred before or at the time of the rockfall event. 

Based on field observations of boulder distribution, we propose a scenario where the rockfall 

occurred over stagnant ice. If the rockfall had occurred when the hummocky moraine was already 

formed, the boulders would have been deposited mainly in the intra-hummock hollows, due to 

gravity. Instead, the uniform distribution of rockfall boulders, placed both on hummock ridges and 

in intra-hummock hollows, suggests that the rockfall spread over a disconnected ice body, before 

or during the formation of the underlying hummocky morphology. We further hypothesize that 

this stagnant ice body could have temporarily dammed an ephemeral lake in the plain, where the 

CRE alluvial fan was deposited around 10 ka ago. 

At a regional scale, this rockfall event is contemporaneous with several other Early 

Holocene gravitational events reported within the Alps (10–9 ka; Ivy-Ochs et al. 2017 and 

reference therein), including two coeval landslides of the Rinderhorn region (Bernese Alps, 

Switzerland; Grämiger et al. 2016), at only 28-km distance from the Sanetsch Pass. Glacial 

debuttressing (Cossart et al. 2008) and rock stress changes associated with repeated glacial 

fluctuations (Grämiger et al. 2017) were probably the trigger mechanisms behind the rockslope 

failure. 

The rockfall event investigated here was probably followed by a second event, 

characterized by smaller extent (Fig. 11). Age constraint for this subsequent event is, however, not 

available, but may be related to Holocene landslide/rockslide clusters observed elsewhere in the 

European Alps (Zerathe et al. 2014; Ivy-Ochs et al. 2017). 
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Lateglacial to Holocene palaeoenvironmental reconstruction 

By combining our field observations and multi-method results, we propose a 

palaeoenvironmental reconstruction of the Sanetsch Pass area during the Lateglacial–Holocene 

transition, with the aim to highlight the interplay between different sedimentary and geomorphic 

processes (Fig. 12). 

 

 

Fig. 12 Schematic palaeoenvironmental reconstruction of the study area. A. Glacier extent with subglacial sediment 

deposition, and aeolian drapes deposition on nunatak platforms, during the LGM and Lateglacial periods. B. 

Paraglacial (alluvial, colluvial, lacustrine, aeolian) and periglacial (cryoturbation) geomorphic processes during/soon 

after glacier retreat, at the Lateglacial–Holocene transition. The three landforms investigated in the study are indicated 

(ARP, CRE, SAN). 

 

Throughout the LGM and Lateglacial periods, the area north of Sanetsch Pass was ice-

covered, while some peaks were protruding above the ice surface (nunataks, Fig. 12A; Bini et al. 

2009), similar to the overall European Alps. These conditions may have favoured deposition of 

aeolian drapes on nunatak platforms already at this time (Gild et al. 2018), with an allochthonous 

contribution of the wind-blown material as confirmed by XRD analyses (ARP site), although local 

vs. more distal sources cannot be discriminated by our multi-method approach and would require 
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further investigations. Lateral morainic ridges and glacial deposits in the Sanetsch plain (Fig. 2) 

do not have tight chronological constraints but they are likely related to ice retreat stadials during 

the Lateglacial (Ivy-Ochs et al. 2007). Several indications point towards an onset of glacier retreat 

for the Sanetsch Pass and our investigated area at the end of the YD (Fig. 12B), in close agreement 

with other palaeoglacial and lacustrine chronologies in the Swiss Alps (Schwander et al. 2000; 

Heiri et al. 2014; Schimmelpfennig et al. 2014). The Pond Emines (Fig. 2) became ice-free during 

the same time period (c. 12 ka; Berthel et al. 2012), when the Tsanfleuron glacier finally retreated 

close to the most external LIA morainic ridges ( ̃1 km west of the Sanetsch Pass; Fig. 2), similar to 

other palaeoglaciological reconstructions in the Alps (Schimmelpfennig et al. 2012; Kronig et al. 

2018). A disconnected ice body, thick and sediment-rich, persisted at the downstream end of the 

Sanetsch plain until c. 10 ka and formed a hummocky morphology overridden by rockfall deposits. 

Glacier retreat in the Sanetsch Pass area was associated with rapid (re-)establishment of 

paraglacial and periglacial geomorphic processes, promoting sediment connectivity and transport 

and resulting in major landscape changes. All these processes illustrate and synthesize postglacial 

alpine dynamics (Church & Ryder 1972; Mercier & Etienne 2008; Fig. 12B), as summarized 

below. Firstly, ice retreat promoted slope processes, as well as aeolian remobilization of glacially 

-derived erosion products. Fine sediments in glacial outwash plains, within the Sanetsch Pass area 

or other nearby valleys (e.g. the Rhône Valley), were probably entrained and redeposited on 

mountain flanks and low-relief areas by local katabatic winds and/or regional winds (Bullard & 

Austin 2011; Martignier et al. 2015). Post-YD paraglacial relaxation favoured hillslope dynamics 

and sediment entrainment (Sanders & Ostermann 2011), with catastrophic rockfall events such as 

the rockslope failure of Les Montons cliff (Figs 3, 11; Ivy-Ochs et al. 2017). The alluvial fan (CRE 

site) was deposited at the downstream end of the fluvioglacial plain, probably within an ephemeral 
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ice-dammed lake contemporary to the hummocky moraine formation. Exposed catchment-slope 

deposits (i.e. aeolian, glacial and talus) were remobilized and transported downhill into the plain, 

where they were redeposited to form a stratigraphical succession of coarse and fine layers within 

the CRE alluvial fan (Beaudoin & King 1994). We propose that the aeolian deposit identified on 

the high-elevation plateau (ARP site) is a remnant of a broader aeolian drape. The ARP aeolian 

sediments have been preserved due to the low connectivity between the platform and the 

downstream hillslopes (Figs 2, 3), but this potentially more-extensive deposit has been eroded 

elsewhere in the Sanetsch Pass area, with the reworked fine sediments being eventually 

incorporated in the alluvial fan down-slope. 

Based on our OSL chronology, we hypothesize that short-lived sedimentation in the CRE 

alluvial fan stopped or slowed down already during/soon after the YD, resulting from a drastic 

change in base-level and sedimentation dynamics due to the melting of the ice-dam. Since then, 

landscape dynamics around the Sanetsch Pass seem to have been dominated by (i) hillslope 

denudation (Hendrickx et al. in press) and localized stream incision within bedrock and 

glacial/alluvial sediments (Figs 2, 3C) at low elevations, and (ii) active periglacial processes at 

high elevations, with aeolian sediment cryoturbation (ARP site) and rock glaciers within scree 

deposits (Fig. 2). 

Conclusions 

Based on a combined approach of geomorphological and sedimentological field 

investigations together with different analytical methods, we proposed a detailed reconstruction of 

post-LGM palaeoenvironmental conditions and geomorphic connectivity in the Sanetsch Pass area 

(western Swiss Alps). Our study provides quantitative constraints for the high-altitude landscape 
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response to ice retreat and climate changes during the Lateglacial–Holocene transition. Our multi-

method results show that silty sediments from the high-elevation platform are primary aeolian 

sediments, deposited on ice-free areas before or during the post-YD glacier retreat and then 

reworked by cryoturbation. Post-YD ice retreat was also associated with slope relaxation and 

aeolian/glacial sediment remobilization. This is evidenced by the contemporary occurrence of 

hummocky moraine formation, rockfall event and alluvial fan deposition within an ephemeral ice-

dammed lake, all taking place at c. 10–12 ka. Altogether, our results highlight the development of 

rapid and most probably transient landscape changes in high Alpine regions during the 

Lateglacial–Holocene transition, with an increase in sediment flux following glacier retreat and 

the establishment of paraglacial and periglacial geomorphic processes. 

Several palaeoclimatic archives, mainly from lacustrine and peat records, have documented 

the pronounced climatic and environmental change associated with the end of the YD in the 

European Alps. In this study, we have shown that landscape dynamics and connectivity between 

geomorphic markers can also be used as quantitative proxies to constrain the environmental 

response to this climatic transition. 
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Supplementary Material 

 

Table S1. Samples locations, corresponding geomorphic units and conducted analyses. 

Sample Name 
Location WGS84 

(°N/°E) 
Altitude (m a.s.l.) Geomorphic unit Analysis 

G1 - G6 46.34091/ 7.29049 2100 Alluvial fan (CRE) Grain-size 

G7, G8 46.33703/ 7.31810 2712 High-elevation platform (ARP) Grain-size 

M1 - M3 46.34091/ 7.29049 2100 Alluvial fan (CRE) Micromorphology 

L1, L2; S1, S2 
46.33715/ 7.31815; 

46.33380/ 7.30790 

2712; 2650 Bedrock 

(limestone; shale) 
Petrographic thin section 

CRE01 - CRE16 46.34091/ 7.29049 2100 Alluvial fan (CRE) XRD and Geochemistry 

ARP01, ARP03 46.33703/ 7.31810 2712 High-elevation platform (ARP) XRD and Geochemistry 

L1, L2; S1, S2 
46.33715/ 7.31815; 

46.33380/ 7.30790 

2712; 2650 Bedrock 

(limestone; shale) 
XRD 

cre01 - cre16 46.34091/ 7.29049 2100 Alluvial fan (CRE) Portable OSL 

arp01 - arp05 46.33703/ 7.31810 2712 High-elevation platform (ARP) Portable OSL 

CRE01 - CRE04 46.34091/ 7.29049 2100 Alluvial fan (CRE) OSL burial dating 

ARP01 - ARP03 46.33703/ 7.31810 2712 High-elevation platform (ARP) OSL burial dating 

SAN01 46.35111/ 7.28751 2055 Rockfall deposit (SAN) 10Be exposure dating 

SAN02 46.35117/ 7.28900 2056 Rockfall deposit (SAN) 10Be exposure dating 

SAN03 46.35137/ 7.28874 2054 Rockfall deposit (SAN) 10Be exposure dating 
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Table S2. Luminescence protocols. A. Post-IR OSL protocol, after Murray & Wintle (2000), applied on quartz separates from CRE and ARP sample (except for 

sample ARP03, which did not provide enough material for quartz purification). B. Post-IR IRSL protocol, after Buylaert et al. (2009), applied on polymineral ARP 

samples. No post-IR IRSL measurements were performed on CRE samples due to the absence of feldspar IRSL signal. 

 

Table S2A         Table S2B 

Step Treatment 

1 Natural/regenerative dose  

2 Preheat  200°C, 60 s 

3 IRSL 50°C, 100 s 

4 OSL 125°C, 100 s 

5 Test dose 500 s 

6 Preheat  200°C, 60 s 

7 IRSL 50°C, 100 s 

8 OSL 125°C, 100 s 

9 Return to step 1  

Step Treatment 

1 Natural/regenerative dose  

2 Preheat  250°C, 60 s 

3 IRSL 50°C, 100 s 

4 IRSL 225°C, 100 s 

5 Test dose 500 s 

6 Preheat  250°C, 60 s 

7 IRSL 50°C, 100 s 

8 IRSL 225°C, 100 s 

9 IRSL 290°C, 40 s 

10 Return to step 1  
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Table S3. Stratigraphic description and field interpretation of the sedimentological units forming the ARP high-elevation platform deposit. The thickness of the 

units is given in Fig. 4. *Reaction to HCl on the field: no (-), little (-/+), strong (+), very strong (++) reaction. 

 

Unit Description HCl* Field interpretation 

1 

Angular platy fragments of grey siliceous limestones (60%) in a greyish brown silty matrix 

(40%). Clast-supported, no preferred orientation of elements. Well-developed forms of sorted 

polygonal patterned grounds on the surface. 

- 
In situ cryoclasts bedrock derived,  

reworked by frost and thaw processes. 

2 
Light yellowish brown silt containing few limestone angular fragments. Well-developed platy 

structure. 
++ Aeolian deposit. 
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Table S4. Stratigraphic description and field interpretation of the sedimentological units forming the upper 4.5 m of the CRE alluvial fan. The thickness of the units 

is given in Fig. 5. *Reaction to HCl on the field: no (-), little (-/+), strong (+), very strong (++) reaction. 

Unit Description HCl* Field interpretation 

1 Dark brown humic loam containing platy fragments of shale. Granular structure. - Current A horizon of a soil developed under an alpine meadow. 

2 

Platy subangular fragments (mean diameter 5-10 cm, max. 30 cm) of slightly weathered shale 

(ca. 70%) in a greyish brown loamy matrix (ca. 30%). Clast-supported with imbricated 

elements. 

++ Coarse alluvial fan deposit. 

3 
Three sub-units each composed of slightly weathered granules and pebbles (shale and 

limestone) at the base and yellowish to grayish brown silty loam at the top.  
++ 

Alluvial fining-up sedimentary sequences 

 possibly deposited in a lake.  

4, 5 
Orange strongly weathered (almost decarbonated) pebbles (shale and limestone) at the base, 

light yellowish to grayish brown silty loam at the top. 
-/+ 

Alluvial fining-up sedimentary sequences possibly deposited in a lake 

(affected by pre- or post-depositional weathering). 

6 
Light yellowish brown clayey silt with black and red mottles (Fe-Mn hydromorphism) 

especially at the base. Massive structure. 
- Aeolian sediments (in situ deposited or reworked by fluvial transport). 

7, 9, 10, 

17 

Yellowish to grayish brown clayey silt. Massive structure, less consistent than unit 6. 

Laterally, presence of isolated pebbles and cobbles in units 7, 9 and 10.  
- 

Aeolian sediments possibly deposited or reworked in a lake, with possible 

dropstones (10-15 cm). 

8 Yellowish brown sandy loam containing orange weathered calcareous granules. -/+ 

Alluvial input (affected by pre- or post-depositional weathering). 11, 12, 

13 

Greyish brown silty clay with strongly weathered (decarbonated) granules and pebbles at the 

base. Massive structure, very low consistency. 
-/+ 

15, 19 Similar to above but with little weathering of the pebbles. ++ 

Alluvial input. 14, 16, 

18 

Grey calcareous pebbles and granules (ca 60%) in a yellowish brown loamy matrix (40%). 

Clast-supported sediment with weathered imbricated elements. 
++ 

 

  



337 
 

 

Table S5. Luminescence signal intensities measured for CRE and ARP sites using the SUERC portable OSL reader 

(Sanderson & Murphy 2010), and following the measurement sequence of Muñoz-Salinas et al. (2014). IRSL counts 

are the total photon counts obtained after the first 30 s of IRSL stimulation. OSL counts are the total photon counts 

obtained after the 60 s of OSL stimulation. The counts and respective errors were obtained by averaging between two 

replicate measurements of each bulk sediment sample. Dim IRSL counts were measured along the CRE section, due 

to the low-feldspar content in the analysed sediments. For this reason, only the OSL signal intensity profile is 

represented in Fig. 10. 

 

Sample Depth (cm) IRSL (counts) OSL (counts) 

cre01 175 79±24 22697±154 

cre02 205 68±24 22062±2674 

cre03 215 268±76 40924±4946 

cre04 230 218±42 36925±4341 

cre05 250 250±45 20808±931 

cre06 267 227±89 20620±1260 

cre07 273 196±51 26092±1162 

cre08 290 142±42 46407±667 

cre09 300 187±26 18210±497 

cre10 314 203±116 35955±1162 

cre11 320 96±116 34252±3459 

cre12 336 264±122 31968±5749 

cre13 355 210±83 18034±2269 

cre14 365 256±48 33525±806 

cre15 376 58±74 20950±4965 

cre16 420 210±79 47951±1995 

arp01 10 75±21 3668±407 

arp02 17 213±94 5965±351 

arp03 24 303±152 20339±16682 

arp04 31 768±190 28319±7321 

arp05 38 883±43 14250±1201 
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Table S6. Grain-size distributions of CRE (G1-G6; S6A) and ARP (G7 and G8; S6B) samples. Individual cumulative and frequency percentages of the different 

grain sizes are reported. Details about grain-size distribution measurements are given in the main text. 

Table S6A. Grain-size distributions of CRE samples. 

Sample G1 G2 G3 G4 G5 G6 

Grain size 
(µm) 

Cumulative 
(%) 

Frequency 
(%) 

Cumulative 
(%) 

Frequency 
(%) 

Cumulative 
(%) 

Frequency 
(%) 

Cumulative 
(%) 

Frequency 
(%) 

Cumulative 
(%) 

Frequency 
(%) 

Cumulative 
(%) 

Frequency 
(%) 

0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.58 0.91 0.91 0.95 0.95 1.04 1.04 1.30 1.30 0.96 0.96 0.85 0.85 

1.06 3.09 2.18 3.36 2.40 3.74 2.70 4.16 2.86 3.29 2.33 2.80 1.95 

1.95 7.99 4.90 9.07 5.72 10.02 6.28 10.24 6.08 8.89 5.60 7.38 4.57 

4.19 19.93 11.94 23.76 14.69 25.21 15.19 23.87 13.63 23.35 14.46 19.66 12.28 

7.72 32.97 13.04 39.65 15.89 41.29 16.07 34.12 10.25 39.51 16.16 34.56 14.90 

14.22 46.51 13.53 54.23 14.58 56.60 15.31 48.11 14.00 55.80 16.29 50.87 16.30 

35.56 68.44 21.94 71.81 17.58 75.66 19.06 69.41 21.30 77.41 21.61 73.50 22.63 

63 78.70 10.26 77.80 5.99 82.10 6.44 77.90 8.49 85.00 7.59 80.80 7.30 

125 89.50 10.80 87.90 10.10 90.00 7.90 83.70 5.80 89.90 4.90 86.60 5.80 

250 95.70 6.20 92.90 5.00 95.00 5.00 89.10 5.40 94.50 4.60 92.40 5.80 

500 97.70 2.00 94.70 1.80 96.40 1.40 90.10 1.00 96.30 1.80 94.10 1.70 

1000 99.50 1.80 96.90 2.20 97.80 1.40 92.00 1.90 98.50 2.20 96.70 2.60 

2000 99.90 0.40 99.50 2.60 98.20 0.40 92.60 0.60 99.10 0.60 97.30 0.60 

5000 100.00 0.10 99.60 0.10 99.10 0.90 96.30 3.70 99.80 0.70 98.50 1.20 

10000 100.00 0.00 100.00 0.40 100.00 0.90 100.00 3.70 100.00 0.20 100.00 1.50 

20000 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 

30000 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 

40000 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 
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50000 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 

60000 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 

80000 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 

100000 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 

200000 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 

300000 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 

400000 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 

500000 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 
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Table S6B. Grain-size distributions of ARP samples. 

Sample G7 G8 

Grain size 
(µm) 

Cumulative 
(%) 

Frequency 
(%) 

Cumulative 
(%) 

Frequency 
(%) 

0.11 0.00 0.00 0.00 0.00 

0.58 0.91 0.91 1.11 1.11 

1.06 3.62 2.72 4.53 3.42 

1.95 9.50 5.88 11.39 6.86 

4.19 22.65 13.15 24.35 12.96 

7.72 36.76 14.11 36.46 12.11 

14.22 51.55 14.79 47.88 11.42 

35.56 73.43 21.88 63.97 16.09 

63 82.50 9.07 71.80 7.83 

125 90.90 8.40 78.20 6.40 

250 95.20 4.30 83.80 5.60 

500 96.20 1.00 87.50 3.70 

1000 97.40 1.20 88.40 0.90 

2000 97.80 0.40 88.60 0.20 

5000 98.40 0.60 93.00 4.40 

10000 100.00 1.60 100.00 7.00 

20000 100.00 0.00 100.00 0.00 

30000 100.00 0.00 100.00 0.00 

40000 100.00 0.00 100.00 0.00 

50000 100.00 0.00 100.00 0.00 

60000 100.00 0.00 100.00 0.00 

80000 100.00 0.00 100.00 0.00 

100000 100.00 0.00 100.00 0.00 

200000 100.00 0.00 100.00 0.00 

300000 100.00 0.00 100.00 0.00 

400000 100.00 0.00 100.00 0.00 

500000 100.00 0.00 100.00 0.00 
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Table S7. XRD bulk mineralogical compositions of CRE (CRE01-CRE16), ARP (ARP01 andARP03) and bedrock 

(L1-L2: siliceous limestone, S1-S2: calcareous shale) samples. Cumulative mineral percentages are reported. Details 

about XRD analyses are given in the main text. 

Sample Quartz (%) Micas (%) Chlorite (%) Albite (%) Calcite (%) Dolomite (%) 

CRE01 36.9 42.5 10.6 0.0 10.0 0.0 

CRE02 39.2 51.5 9.3 0.0 0.0 0.0 

CRE03 50.0 36.0 14.0 0.0 0.0 0.0 

CRE04 42.7 22.5 9.9 11.1 13.9 0.0 

CRE05 54.4 41.8 3.8 0.0 0.0 0.0 

CRE06 46.5 41.3 12.2 0.0 0.0 0.0 

CRE07 46.7 40.5 12.8 0.0 0.0 0.0 

CRE08 51.4 40.6 8.0 0.0 0.0 0.0 

CRE09 41.1 50.8 8.1 0.0 0.0 0.0 

CRE10 52.9 39.5 7.6 0.0 0.0 0.0 

CRE11 54.0 44.9 1.1 0.0 0.0 0.0 

CRE12 43.3 36.1 8.4 0.0 12.3 0.0 

CRE13 41.6 38.2 7.9 0.0 12.3 0.0 

CRE14 32.4 22.9 6.3 0.0 38.5 0.0 

CRE15 41.8 42.9 9.8 0.0 5.5 0.0 

CRE16 35.6 30.3 7.4 0.0 26.6 0.0 

ARP01 69.6 18.9 7.6 3.9 0.0 0.0 

ARP03 66.7 18.2 8.0 7.1 0.0 0.0 

L1 25.6 5.6 0.0 0.0 63.7 5.2 

L2 32.7 3.0 0.0 0.0 64.3 0.0 

S1 23.7 15.5 0.8 0.0 55.1 4.9 

S2 22.5 7.0 4.0 0.0 65.9 0.9 
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