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Summary 
 

Little Ice Age glacier forefields in alpine permafrost environments are characterized by complex past 
or current glacier-permafrost interactions. These environments, sitting astride the fields of glaciology, 
geomorphology, hydrology, paleo-climatology and natural hazard assessment, are the result of a wide 
and interconnected spectrum of glacial, periglacial, nival, hydrological, gravitational, and mass-
wasting processes. Glacier-permafrost relationships in high mountain environments give rise to the 
coexistence of a diverse range of landforms, such as glaciogenic debris, glacier ice masses, including 
debris-covered ice and buried dead glacier ice, but also thermally controlled (permafrost-related), 
viscous creeping debris-masses (rock glaciers) disturbed and sometimes partly displaced by the 
loading of glacial-stress (glaciotectonic). These interactions thus contribute to the development of 
morphologies beyond simple either–or-type landform classification. The consideration of interactions 
between glaciers and permafrost is fundamental to understanding the long-term evolution of high-
mountain landscape. Due to their thermal inertia, viscous-permafrost creep landforms can develop 
over millennial timescales and may act as archives of past climatic oscillations. Repeated sequences 
of glacial and interglacial periods throughout the Holocene and recent historical glacier advances 
have driven the multi-phased geomorphic processes in glacier forefields and contributed to the 
morphology of present-day glacier forefields in permafrost environments. The driving processes 
contributing to the dynamics of the systems in which glaciers and permafrost interacted remain 
understudied by the scientific community.  

This thesis presents and synthesises five years of research on Little Ice Age glacier forefields in alpine 
permafrost environments. Their internal structure, thermal evolution, and kinematic behaviour across 
temporal and spatial scales were investigated at three sites, located in the western and southern Swiss 
Alps. The extensive dataset gathered from field campaigns, combined with a thorough literature 
review, has enhanced the understanding of the driving processes behind the post-LIA 
morphodynamical evolution of these systems. 

Throughout the different investigations carried out in the scope of this thesis, we were able to 
emphasize the value of applying a multi-method approach, which provided new insights on the 
dynamics of these systems across varying spatio-temporal scales. On all three sites, we were able to 
highlight the heterogeneous distribution of the ground ice content and origin within the glacier 
forefields and their associated landforms. The variability of ground ice content and properties is 
reflected through the varying degrees of sensitivity to thermally-driven processes. It was also revealed 
that the spatial heterogeneity of the kinematic behaviour of the investigated landforms – such as 
glacitectonized perennially frozen landforms and debris-covered glaciers – can be largely attributed to 
the landform origin and development, as well as the debris coverage and the topographical slope. Key 
processes driving surface changes include ice melt-induced subsidence and downslope permafrost 
(back-)creep deformation, both of which exhibit seasonal signals due to their thermal drivers. The 
magnitude of ice melt-induced subsidence was the highest in areas where massive ice lenses (or 
debris-covered glacier ice) were found. This study also revealed the resilience of the ground ice to a 
warming atmosphere, in particular in the permafrost of perennially frozen landforms with a coarse 
debris mantle. This was also found for the glacier ice beneath the thickening debris-cover of the 
glaciers’ terminus, which is in complete disequilibrium with the current climate. 
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Résumé 
 

Les marges proglaciaires du Petit Âge Glaciaire situées dans un contexte de pergélisol alpin se 
caractérisent par des interactions complexes entre glaciers et pergélisol. Ces environnements, situés 
à la croisée des domaines de la glaciologie, de la géomorphologie, de l'hydrologie, de la 
paléoclimatologie et de la gestion des risques naturels, sont le résultat d'un large spectre de 
processus glaciaires, périglaciaires, nivaux, hydrologiques et gravitationnels. Dans les 
environnements de haute montagne, les relations entre les glaciers et le pergélisol donnent lieu à la 
coexistence de diverses formes de relief, telles que des sédiments glaciogéniques, des glaciers, 
notamment des glaciers couverts, mais aussi des formations de glace morte, ainsi que des glaciers 
rocheux mécaniquement et thermiquement perturbés par l’avancée glaciaire. Ces interactions 
contribuent ainsi au développement de morphologies qui vont au-delà des classifications de formes 
de relief simples. La prise en compte des interactions entre glaciers et pergélisol est fondamentale 
pour comprendre l'évolution à long terme des paysages de haute montagne. En raison de leur inertie 
thermique, les formes du relief découlant du fluage du pergélisol peuvent se développer sur des 
échelles temporelles millénaires et constituent des archives des oscillations climatiques passées. 
Les séquences répétées de périodes glaciaires et interglaciaires tout au long de l'Holocène et les 
avancées glaciaires historiques récentes ont fortement influencé les processus géomorphologiques 
multi-phasés dans les marges proglaciaires et ont contribué à la morphologie des marges 
proglaciaires actuels dans les environnements de pergélisol. Les processus moteurs contribuant à la 
dynamique des systèmes dans lesquels glaciers et pergélisol ont interagi restent peu étudiés par la 
communauté scientifique. 

Cette thèse présente et synthétise cinq années de recherche sur les marges proglaciaires du Petit Âge 
Glaciaire situées dans les environnements de pergélisol alpin. Leur structure interne, leur évolution 
thermique et leur comportement cinématique à travers les échelles temporelles et spatiales ont été 
étudiés sur trois sites situés dans les Alpes suisses occidentales. L’importante base de données 
recueillie lors de campagnes de terrain, combinée à une revue approfondie de la littérature, a permis 
d'améliorer la compréhension des processus à l’origine de l'évolution morphodynamique post-Petit 
Âge Glaciaire de ces systèmes. 

Grâce aux investigations menées dans le cadre de cette thèse, nous avons pu relever les avantages 
d’une approche multi-méthodes, qui a fourni de nouvelles perspectives sur la dynamique de ces 
systèmes à travers différentes échelles spatio-temporelles. Nous avons pu mettre en évidence la 
distribution hétérogène du contenu et de l'origine de la glace dans les marges proglaciaires. La 
variabilité du contenu et des propriétés de la glace se reflète dans les différents degrés de sensibilité 
aux processus thermiques. Il a également été révélé que l'hétérogénéité spatiale du comportement 
cinématique des morphologies étudiées – telles que les moraines de poussées et les glaciers couverts 
– peut être largement attribuée à l'origine et au développement du relief, ainsi qu'à la couverture de 
débris et à la pente topographique. Les processus à l'origine des changements de surface sont 
l'affaissement induit par la fonte et la déformation par (rétro-)fluage du pergélisol, qui présentent tous 
deux des signaux saisonniers en raison de leurs facteurs thermiques. L'ampleur de l'affaissement 
induit par la fonte de la glace était la plus élevée dans les zones où l'on a trouvé des lentilles de glace 
massives (ou de la glace de glacier recouverte de débris). Cette étude a également révélé la résilience 
de la glace malgré le réchauffement de l'atmosphère, en particulier dans le pergélisol des reliefs gelés 
de façon permanente. Cela a également été constaté pour la glace de glacier sous la couverture de 
débris de plus en plus épaisse du terminus des glaciers, qui est en complet déséquilibre avec le climat 
actuel. 
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1 Introduction 
 

Sitting astride the fields of glaciology, geomorphology, hydrology, paleo-climatology and natural 
hazard assessment, environments and their associated landforms subject to glacier-permafrost 
interactions and interrelations reach beyond clear and linear research frontiers. Being part of a 
wide and interlaced spectrum of processes and complex interconnected systems, glacier-
permafrost relationships in high mountain environments tend to breach research frontiers, 
fostering interdisciplinary research. The first part of this introductory chapter provides an 
overview of the current state of research. The second part discusses the motivation and relevance 
of advancing research on glacier-permafrost interactions, and defines the main research 
questions guiding this thesis. The last part presents the structure of the thesis.  

 

1.1 Sate of knowledge on glacier–permafrost interactions 
 

Historically, research on glaciers and permafrost has evolved along separate lines. Permafrost 
research has its principal origins in glacier-free, high-latitude lowlands, while glaciology emerged 
in high-mountain environments where permafrost is heterogeneously distributed and difficult to 
recognize. Descriptions of glacier-permafrost interactions were first documented in the sub-
Arctic and Arctic lowlands from the early decades of the 20th century  (Bersier, 1954; Carlé, 1938; 
Hopkins, 1923; Kälin, 1971; Kupsch, 1962), whereas their identification and description in the 
high-mountain context were published in the latter half of the 20th century (Evin, 1992; Haeberli, 
1979; Kääb et al., 1997; King et al., 1987; Kneisel, 1998; Ribolini et al., 2007). These first scientific 
insights on glacier-permafrost interactions and the environments in which they occur have 
opened a door to expand the knowledge on their genesis, on their evolution, and on the driving 
processes behind their dynamics, as well as in defining their geomorphological significance under 
a changing climate (Bosson et al., 2015; Cusicanqui et al., 2023; Gärtner-Roer et al., 2022; 
Haeberli et al., 2024; Kunz et al., 2022; Kunz and Kneisel, 2020; Vivero et al., 2021). This sub-
chapter provides a brief overview of the current knowledge from the scientific literature on glacier-
permafrost interactions in high-mountain environments, which will allow the definition of key 
terms encountered in this thesis.  

 

1.1.1 Permafrost and rock glaciers 
 

Permafrost is thermally defined as ground material (i.e. rock, sediments or soil) that remains 
continuously at or below 0°C for at least two consecutive years (Harris et al., 1988). Considering 
exclusively temperature as a defining parameter, permafrost does not necessarily contain frozen 
water. Rather, it encompasses any substrate that is subject to specific thermal conditions. 
Permafrost is found in regions where the mean annual air temperature (MAAT) is below 0°C (Péwé, 
1983). Permafrost is widespread in the Arctic and affects most of the Subarctic, and a great part 
of high mountain regions, underlying approximately one-fifth of the global land surface (Gruber, 
2012; Obu, 2021). The distribution of permafrost can vary from being continuous in the coldest 
regions, where 90-100% of the area is affected by permafrost, to discontinuous or sporadic in 
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warmer or mountainous regions, where the occurrence of permafrost is 50-90% or 10-50%, 
respectively. In the Alps, permafrost is mostly sporadic or discontinuous, reflecting its complex 
and heterogeneous spatial distribution, with respect to the different surface and near-surface 
characteristics and properties governing its existence and evolution (Haeberli and Gruber, 2009). 
In the Swiss Alps it is generally found at elevations above around 2500 m a.s.l. on north-facing 
slopes, covering about 3-5 % of the area of Switzerland (Boeckli et al., 2012; Keller et al., 1998; 
Kenner et al., 2019). 

As a thermal phenomenon, permafrost is usually invisible from the surface. However, various 
direct and indirect methods enable its detection and characterization (Hauck and Kneisel, 2008; 
Noetzli et al., 2021). In the alpine context, permafrost generally occupies barren terrain above the 
tree line, such as rock walls and coarse debris-covered slopes, amongst which rock glaciers are 
the most discernible evidence of past and present permafrost occurrence (Barsch, 1992; 
Waharftig and Cox, 1959). Because of their distinct appearance and their thermo-dynamical 
response to the warming climate (Kellerer-Pirklbauer et al., 2024), rock glaciers have received 
increasing attention from the scientific community. Nevertheless, the dynamic response of these 
phenomena and landforms to this warming trend is not uniform in space nor in time as their 
occurrence in high mountain environments can be found under a wide spectrum of possible 
conditions, origins, landform settings and assemblages (Bosson and Lambiel, 2016; Monnier et 
al., 2014; Navarro et al., 2023). Moreover, in a context of growing interest to coordinate the 
development of rock glacier inventories as part of large scale approaches to quantify the impact 
of climate change on permafrost, efforts have been undertaken to create clarity in order to better 
interpret and analyse the climatic, hydrological and geomorphological significance of rock 
glaciers, in particular where complex geomorphological contexts (e.g. glacier-permafrost 
interactions) hamper simple and straightforward “either-or” classification (Haeberli et al., 2024).  

Rock glaciers are defined by the former or current viscous creep of ice-rich frozen ground 
(Haeberli et al., 2006). They are recognizable in the landscape by their steep lateral and frontal 
margins and their surface topography characterised by a successive pattern of ridges and furrows, 
reflecting a cohesive flow behaviour. The movement of rock glaciers, when in their thermally and 
kinematically active state, occurs essentially at the shear horizon (Arenson et al., 2002; Arenson 
and Springman, 2005). Internal thermally-driven deformation in the ice-rich core and 
displacements due to sliding or tilting boulders at the surface of the active layer also account for 
their movement. The dynamic behaviour of rock glaciers is highly dependent on the properties of 
the latter and former structural components, which in turn influence the mechanical processes 
taking place at the shear horizon (Cicoira et al., 2019).  

Being the uppermost layer of viscous-creep landforms (i.e. rock glaciers), the active layer is 
composed of coarse blocky seasonally frozen material of a few meters. The active layer is by 
definition the interface between the atmosphere and the perennially frozen and ice-rich rock 
glacier core. This ground thermal regime is owed to complex thermodynamic processes between 
the atmosphere and ground surface properties, governing its energy balance (Amschwand et al., 
2024; Hoelzle et al., 2001; Scherler et al., 2014; Wicky and Hauck, 2020) and consequently 
affecting the processes occurring in the ice-rich permafrost layer and in the shear horizon with a 
thermal lag. As a buffer layer between the atmosphere and the ground ice, the active layer 
insulates the ground ice, reducing the thawing process occurring at the permafrost table. 
Nevertheless, the strength of the insulation effect depends on the active layer thickness. The 
influence of increasing air temperatures can significantly contribute to enhanced ice melt-
induced subsidence in cases of supersaturated ice-rich permafrost conditions or embedded 
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glacier-ice lenses within the permafrost body, or permafrost thaw. The presence of ice of glacial 
origin within perennially frozen rock glacier bodies, can occur in contexts of former or current 
glacier-permafrost interactions (Haeberli, 1979; Kunz and Kneisel, 2020). Such interactions can 
largely modify the thermal regime of rock glaciers, but also their thermo-mechanical behaviour, 
thereby fundamentally influencing their general kinematic behaviour. Many aspects of how the 
coexistence and interaction between glaciers and pre-existing perennially frozen landforms 
influence their post-interaction internal structure and subsequent processes remain largely 
unknown. This thesis aims to assess the extent of the impact of former glacier-permafrost 
interactions on glacitectonized frozen landforms. Specifically, we will address the following 
questions: Is there embedded ice of glacial origin within these landforms? If so, where is it 
located? Is the thickness of the active layer or the debris cover influenced by these interactions? 
Lastly, how do these structural changes in viscous-creep glacitectonized frozen landforms 
influence their dynamics? 

 

1.1.2 Holocene glacier variations in the Alps 
 

The Holocene experienced repeated sequences of glacial and interglacial periods with differing 
intensities. In the Alps, the strongest glacier advances likely occurred during the Little Ice Age (ca. 
1350–1850 in the Alps), as during most of the Holocene, alpine glaciers were never significantly 
larger than they were during this last significant period of glacier expansion (Ivy-Ochs et al., 2009; 
Nussbaumer et al., 2011). The LIA underwent a general temperature depression of about one or 
two degrees (Grove, 2008), mainly due to large explosive volcano eruptions causing radiative 
summer cooling, increased summer precipitations, and altered circulation patterns (Lüthi, 2014; 
Wegmann et al., 2014). Reconstructed alpine mean annual temperatures revealed alternating 
warm and cold periods (Casty et al., 2005), reflected by episodic and rapid glacier length 
fluctuations (Figure 1.1; Nussbaumer et al., 2011; Zumbühl et al., 2008). In general, glacier 
advances during the period of maximum extent were within a few hundred metres. The precise 
timing and amplitude of these fluctuations varies between glaciers, depending on factors such as 
glacier size and slope, as well as topographic conditions and mass balance sensitivity (Paul and 
Bolch, 2019). Maximal glacier extents were documented in the 1600s, 1650s and 1850s (Lüthi, 
2014; Nussbaumer et al., 2011), and were preceded by periods of particularly harsh winters with 
low temperatures and high precipitation (Casty et al., 2005; Vincent, 2005). The fluctuations of 
LIA glaciers, with their maximal extent reached in the 1850s, exerted a strong influence on the 
multi-phased geomorphic processes contributing to the past- and present morphodynamical 
evolution of the alpine landscape (Maisch et al., 2003).   
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Figure 1.1: Reconstructed and measured cumulative glacier front variation in the Alps since the LIA. The zero value on 
the y-axis corresponds to the most extensive front position of glaciers during the LIA. Modified after Zemp et al. (2011). 

 

1.1.3 Little Ice Age glaciers in alpine permafrost environments 
 

The distribution of glaciers and permafrost is highly dependent on the degree of continentality in 
climate conditions, being a function of mean annual air temperature and annual precipitation 
(Haeberli and Burn, 2002; Kenner and Magnusson, 2017). In regions with humid-maritime climate, 
active glaciers whose extent often reach permafrost-free area tend to predominate (Pfeffer et al., 
2014). In contrast, regions with too dry-continental climate hamper the formation of glaciers in 
cold environments and are rather characterized by widespread permafrost (Azócar and Brenning, 
2010). Nevertheless, in some dry-continental climatic contexts, polythermal to cold glaciers can 
form where permafrost conditions occur (Bosson, 2016; Etzelmüller and Hagen, 2005; Haeberli 
and Burn, 2002). The dry topo-climatic conditions of the inner Swiss Alps allowed, during the LIA, 
the development of relatively small cirque glaciers confined within the belt of discontinuous 
permafrost (see Figure 1.2; also Bosson, 2016), as one can assume that the reasonably small 
climatic oscillations of the Holocene could potentially mean that the lower altitudinal limit of 
permafrost did not differ significantly from the current one throughout the last 10000 years or so 
(Ivy-Ochs et al., 2009).  
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Figure 1.2: Little Ice Age glacier maximal extent in the western Swiss Alps based on the historical Dufour map (1864) 
and current permafrost distribution (Kenner et al., 2019). Swisstopo (2024).  

 

In the Swiss Alps, glaciers that extended exclusively within the belt of discontinuous permafrost 
were mainly small (cirque) glaciers, as larger valley glaciers extended beyond the lower limit of 
mountain permafrost (Figure 1.2). Small cirque glaciers are commonly found where the maximal 
altitude of the surrounding relief is slightly higher than the regional equilibrium line altitude (ELA) 
or at lower elevations where the topography enables higher accumulation rates (Colucci, 2016; 
González Trueba et al., 2008; Huss and Fischer, 2016; Oliva et al., 2018). Small glaciers develop 
under climatically-dominant processes or topographically-dominant processes. For instance, 
small glaciers are often situated in cirques, bellow rock walls, where wind-drift and avalanches in 
steep topographical settings may locally multiply winter accumulation by a larger factor (Helfricht 
et al., 2015; Kuhn, 1995). Because of their size and micro-climatic regulation, small glaciers are 
very responsive to climatic changes (Colucci and Guglielmin, 2015). However, some of these 
small cirque glaciers are often debris-covered, as the presence of steep rock walls enables 
important sediment production (Capt et al., 2016). The thickness of supraglacial debris controls 
how glaciers respond to climatic fluctuations, as a thin layer (less than a few centimetres) 
enhances melting, while a thick layer insulates the underlying ice, making them more resilient to 
climate change (Østrem, 1959; Pellicciotti et al., 2015; Rounce et al., 2021). Nevertheless, 
understanding the influence of larger scale climatic changes on their evolution can be seen as a 
challenge as their mass balance is mainly governed by complex advective processes of snow and 
small-scale effects (Huss and Fischer, 2016; Scotti et al., 2014). 

The majority of glaciers present in permafrost environments are either cold-based or polythermal 
(Etzelmüller and Hagen, 2005). This is due to the fact that the temperature of glacier ice is 
dependent on the energy exchanges with the climate and the Earth's surface (Cuffey and 
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Paterson, 2010). Etzelmüller and Hagen (2005) identified three main spatial configurations of 
thermal regime for these glaciers. At high elevation or in very cold and dry climatic conditions, 
when the equilibrium line altitude (ELA) of glaciers is well above the mountain permafrost altitude 
(MPA), glacier ice is likely to be below the temperature of the pressure melting point, making the 
glacier cold (Figure 1.3a). Whereas in slightly warmer and wetter, but still dry-continental 
conditions, where limited summer melting occurs, the glacier can be polythermal when the basal 
layer is temperate (at the pressure melting point) due to latent heat release by meltwater 
refreezing or by internal deformation (Figure 1.3b-c; Aschwanden and Blatter, 2005). Alternatively, 
the glacier can be polythermal when cold ice is present only in the marginal glacier zones, while 
the central part is temperate (Figure 1.3d-e).  

 

 
Figure 1.3: Schematic profiles of glaciers showing the distinct thermal regimes that possibly occur in mountain 
permafrost conditions. ELA and MPA refers to the equilibrium line altitude and to the mountain permafrost altitude, 
respectively. In the (a) situation, the glacier is entirely cold. For (b-c), temperate ice occurs at the glacier-ground 
interface, and for (d-e), cold ice is located at the margins of the glacier and temperate ice at its central part. Modified 
after Etzelmüller and Hagen (2005). 

 

The thermal regime of a glacier is influenced by a multitude of factors, including the spatial and 
temporal variations in the snow cover thickness, the glacier thickness, the energy fluxes related 
to water circulation and phase changes, as well as geothermal heat fluxes (Cuffey and Paterson, 
2010; Gilbert et al., 2012). The thermal structure of a glacier exerts a critical influence on its 
mechanical and hydrological properties (Cuffey and Paterson, 2010; Irvine-Fynn et al., 2011). 
Hydrological processes are prevalent in temperate ice, whereas they are scarce or absent in cold 
ice, given that it acts as an impermeable layer. The presence of water within a temperate glacier 
and at its bed exerts a significant influence on the deformation properties of the ice, thereby 
enhancing the glacier’s dynamics. Conversely, cold ice is less subject to internal deformation as 
the cooling of ice increases its viscosity (Cuffey and Paterson, 2010). As a consequence, cold 
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glaciers are immobile and bed erosion is usually very limited. Found at the interface between 
temperate and cold glaciers, polythermal glaciers present a certain complexity in terms of their 
hydro-dynamical dichotomy.  

In polythermal glaciers, the occurrence of temperate ice in the accumulation zone is driven by the 
release of latent heat, which is caused by the refreezing of percolating meltwater in firn areas. 
Conversely, the presence of cold ice in the marginal zones is partly owed to the more efficient 
cooling of the ice during periods of low air temperature in winter. This is because the snow cover 
on the ablation zone sets on later in the season and is often thinner than in the accumulation zone, 
thus diminishing its insulating effect. Furthermore, englacial meltwater circulation, which 
contributes to the warming of ice, are generally uncommon or absent in glacier margins (Cuffey 
and Paterson, 2010; Gilbert et al., 2012). Because of their thermal structure (i.e. extensive cold 
ice content), polythermal glaciers can exhibit limited rates of ice deformation (Etzelmüller et al., 
1993; Irvine-Fynn et al., 2011). In cases where the proportion of temperate ice is greater than cold 
ice in polythermal glaciers, increased effective glacial stress and ice deformation may be 
induced. Nevertheless, cold ice remains frozen to its bed and compressive stresses can be 
transmitted by the glacier into proglacial frozen sediments that may locally result in their 
deformation through thrusting (Etzelmüller and Hagen, 2005). These glacitectonized frozen 
sediments, also known as push-moraines or glacier forefield-connected rock glaciers, are the 
visible expression of glacier-permafrost interactions. While this thesis primarily focuses on the 
glacitectonized frozen landforms within Little Ice Age glacier forefields, it also examines the 
internal structure and dynamics of two adjacent polythermal debris-covered glacier tongues at 
Ritord and Gruben. These two glaciers are directly connected to the investigated forefields, 
making them relevant to the study. Although few studies (Bosson, 2016; Capt et al., 2016) have 
explored the processes associated with small debris-covered glacier systems in alpine 
permafrost environments, this research aims to further our understanding of the dynamics these 
systems through geodetic and geophysical investigations. By doing so, we hope to enhance our 
understanding of how these particular glacier types respond to recent climatic fluctuations within 
permafrost regions. 

 

1.1.4 Glacier-permafrost interactions 
 

Glacier-permafrost interactions in the Alps have been investigated in pioneering studies half a 
century ago (Haeberli, 1979; Haeberli and Röthlisberger, 1976). Early studies have mainly 
focussed on investigating thermal conditions and permafrost occurrences in recently exposed LIA 
alpine glacier forefields located within the belt of mountain permafrost by using 
geomorphological mapping, ground surface temperature measurements, and geophysical 
soundings (Evin, 1992; Haeberli, 1979; Kääb et al., 1997; King et al., 1987; Kneisel, 1998; Reynard 
et al., 2003; Ribolini et al., 2010). These first scientific insights on glacier-permafrost interactions 
in the Alps established a general typology of these systems and their components.  

LIA glacier forefields in alpine permafrost environments provide insight into the role of Holocene 
glaciers in the production, transfer, deposition, and reworking of unfrozen and frozen sediments, 
which contribute to their development (Bosson, 2016). Holocene glacier fluctuations, occurring 
at varying rates over time, created conditions conducive to the continuous production of 
sediments within the glacier catchment, thus contributing to the development of multi-phased 
and polygenic permafrost-related landforms, but also glaciogenic landforms (Bosson, 2016; 
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Maisch et al., 2003). Moreover, as geomorphological and glaciological systems, environments in 
which glacier-permafrost interactions have occurred are the result of a wide and interconnected 
spectrum of glacial, periglacial, nival, hydrological, gravitational, and mass-wasting processes 
(Ballantyne, 2018; Etzelmüller and Hagen, 2005). Such interactions give rise to the coexistence of 
a diverse range of landforms, such as glaciogenic debris, glacier ice masses, including debris-
covered ice and buried dead glacier ice, but also thermally controlled (permafrost-related), 
viscous creeping debris-masses (rock glaciers) disturbed and sometimes partly displaced by the 
loading of glacial-stress (glaciotectonics). Besides geometrical alteration, these glacitectonized 
frozen landforms (push-moraines or glacier forefield-connected rock glaciers) may encompass 
sporadic embedding of glacier ice (sedimentary ice) into frozen rock debris. In such systems, the 
occurrence of ice can be found within a wide spectrum of possible conditions, processes, 
materials, origins, landform settings and assemblages (Bosson and Lambiel, 2016; Cusicanqui et 
al., 2023; Monnier et al., 2014; Navarro et al., 2023). The origin and spatial distribution of ice within 
these systems predominantly reflects the thermal and mechanical impacts of the most recent 
glaciation, as well as the complexity of their dynamic response to the current warming trend, 
which is not uniform in space nor in time. In line with the questions raised in section 2.1, this thesis 
also examines the significance and impact of glacier-permafrost interactions on the spatial 
configuration of the investigated systems through the establishment of an (non-exhaustive) 
inventory of glacitectonized frozen landforms in LIA glacier forefields permafrost environments in 
the Swiss Alps.  

 

1.1.4.1 Thermal influences of glaciers on permafrost 
 

During the LIA, the advance of glaciers induced a thermal buffer effect between the atmosphere 
and the ground surface. Despite the cooling of the atmosphere during this cold period, warming 
of the overridden sub-glacial permafrost system can occur. The ice layer can exert an insulating 
effect by reducing heat exchange between the cold atmosphere and the ground (Etzelmüller and 
Hagen, 2005). Simultaneously, the glacier can facilitate advective heat transport through the 
movement of ice masses and through meltwater flow (Cuffey and Paterson, 2010). Ice flow can 
redistribute heat stored within the glacier from warmer accumulation zones to colder ablation 
zones, while meltwater transport within and beneath the glacier enhances heat transfer due to its 
high thermal capacity. This meltwater, originating from temperate zones of the glacier, can warm 
the underlying ground, especially as it releases latent heat upon refreezing in subglacial 
permafrost. Nevertheless, a reduction in the ground temperature gradient reduces the thermal 
response of permafrost to the presence of a polythermal glacier. Consequently, the longevity of 
permafrost can be sustained even in the presence of a temperate-based glacier (Etzelmüller and 
Hagen, 2005). However, it was often found that the central zones of glacier forefields are deprived 
of permafrost, due to warming effect of the temperate base of the polythermal glacier, often 
expressed by the presence of fluted moraines (Kneisel, 2003; Reynard et al., 2003; Figure 1.4). 
Fluted moraines are defined as a set of low ridges formed on the basal moraine surface, parallel 
to the glacier’s flow direction (Hoppe and Schytt, 1953).  The formation of fluted moraines is 
essentially due to the compression exerted on a water-saturated basal moraine following a basal 
detachment of the glacier when it surpasses an obstacle (such as a large boulder, outcrop of 
bedrock) (Delaloye, 2004). The presence of such patterns indicates that the glacier rested on 
saturated sediments and, thereby indicating that it was temperate at the base (Haeberli, 1979).  
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1.1.4.2 Mechanical influences of glaciers on permafrost 
 

Cold ice is often present in the marginal zones of polythermal glaciers, which can allow the 
preservation of permafrost conditions (Gilbert et al., 2012). The marginal distribution of 
permafrost in glacier forefields where glacier-permafrost interactions occurred not only reflects 
the thermal impact, but also the mechanical influence of advancing polythermal glaciers on the 
frozen terrain. Rather than overriding the frozen sediments, the cold glacier margins can bind to 
the frozen debris. The loading of ice onto the frozen debris, induces the geometrical deformation 
of the latter, which is expressed by glaciotectonic landforms (compressive ridges and furrows 
perpendicular to the stress exerted by the LIA advancing glacier; Figure 1.4). The perennially frozen 
landforms (partly) derived from glaciotectonics are thus referred to as glacitectonized frozen 
landforms, push-moraines (Haeberli, 1979), thrust-moraines (Kunz and Kneisel, 2020), glacier 
forefield-connected rock glaciers (RGIK, 2023), or complex (former) contact zones (Gärtner-Roer 
et al., 2022; Haeberli et al., 2024b). The geometrical changes induced by glacial pressures also 
induce changes in stress transmission and reoriented stress fields, which are often expressed by 
a back-creeping behaviour (in the direction of the topographic thalweg formerly occupied by the 
glacier) following the glacial unloading. During the process of their formation, push moraines are 
frequently displaced towards a counter-slope. The glacier’s retreat initiates a process of 
debuttressing, which results in slope instability (Deline et al., 2021). To offset this disequilibrium, 
the back-creeping of push-moraines is a common kinematic and geometrical response to glacier 
retreat, which also indicates the frozen state of the landform. In addition, enhanced surface 
elevation changes mainly due to ice melt-induced subsidence of embedded glacier ice lenses 
can also be observed. During the contact phase between the cold glacier margins and the frozen 
debris, glacier ice lenses can be embedded within the perennially frozen landform (Figure 1.4). 
Results from the very few existing studies revealed the presence of sporadic lenticular frozen 
bodies with a high electrical resistivity, often found in the proximal side of the investigated 
landforms (Cusicanqui et al., 2023; Delaloye, 2004; Kunz et al., 2022; Kunz and Kneisel, 2020; 
Reynard et al., 2003; Ribolini et al., 2010). This thesis aims to refine the two-dimensional 
characterization of the ground ice content at the study sites through geophysical investigations in 
order to better understand the distribution of permafrost and glacier ice in glacitectonized frozen 
landforms.  
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Figure 1.4: Schematic description of glacier-permafrost interactions contributing to the formation of a glacitectonized 
frozen landform (or push-moraine). Light blue corresponds to temperate ice and dark blue corresponds to cold ice. 

 

1.2 Motivation and relevance  
 

The high alpine environment is characterized by glacial and periglacial processes and landforms, 
which express varying degrees of sensitivity to the current warming trend (Carturan et al., 2020; 
Huss and Fischer, 2016; Kellerer-Pirklbauer et al., 2024; Mollaret et al., 2019a). The increase of 
temperature initiated at the end of the Little Ice Age (LIA; ca. 1350-1850 in the Alps; (Ivy-Ochs et 
al., 2009)) has largely contributed to the alteration of alpine environments, partly illustrated by a 
degrading cryosphere, and symbolized by the shrinkage of glaciers (Hock et al., 2019; Hugonnet 
et al., 2021). In the process of deglaciation, the forefields of glaciers are gradually enlarged, 
exposing unconsolidated sediments and ice of various origins, and forming a transitional 
landscape which may be subject to rapid geomorphic activity and evolution (Bosson et al., 2015; 
Carrivick et al., 2013; Carrivick and Heckmann, 2017; Gärtner-Roer and Bast, 2019; Figure 1.5). 
However, the dynamic response of these new landscapes and associated landforms to this shift 
from glacial towards  periglacial or even post-periglacial (in cases of advanced permafrost 
degradation) conditioning can vary widely in space and in time as the occurrence of ice in such 
environments can be found under a wide range of possible conditions, processes, materials, 
origins, landform settings and assemblages (Bosson and Lambiel, 2016; Cusicanqui et al., 2023; 
Monnier et al., 2014; Navarro et al., 2023). It is particularly the case in environments subject to 
glacier-permafrost interactions, such as glacier forefields in alpine permafrost environments.  
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Figure 1.5: Conceptual model of glacier forefield systems in their transitional stages: from glacial-dominant processes, 
through a paraglacial phase, towards a periglacial-dominant processes, and perhaps ultimately a temperate landscape 
(modified after Carrivick and Heckmann, 2017).

Situated within a broad and continuous spectrum of glacial, periglacial, nival, hydrological, 
gravitational, and mass-wasting processes, these systems – as wholes – and their associated 
landforms have been overlooked by the fields of glaciology and geomorphology due to their 
complexity and the necessity to deconstruct research boundaries. The motivation behind this 
work is to foster a better understanding of the morphodynamical response of these systems 
under transitioning climate conditions and their evolution across different timescales and 
spatial extents. Further research in the dynamics of glacier forefield in alpine permafrost 
environments can lead to significant advances in research fields such as periglacial 
geomorphology, glaciology, mountain hydrology and natural hazard management.

In high-mountain regions, ice- and debris-dammed periglacial lakes are found at the front or 
margins of glaciers, as well as in permafrost areas. Outbursts of such proglacial, ice marginal or 
thermokarst lakes represent a significant natural hazard and can be associated with extreme 
discharge events (Kääb and Haeberli, 2001). Glacier shrinkage and permafrost degradation 
contribute to the development of potential hazardous proglacial lakes or thermokarstic 
periglacial lakes. Investigating and understanding the full spatio-temporal complexity of relations 
and interactions between surface and subsurface ice contributing to the evolution of the 
landscape is essential in a context of applied hazard management purposes (Cusicanqui et al., 
2023; Haeberli and Röthlisberger, 1976; Kääb and Haeberli, 2001; Lliboutry et al., 1977). 

In a context of growing interest and effort to coordinate the development of rock glacier 
inventories as part of large-scale approaches to quantify the impact of climate change on 
permafrost, such as the Global Terrestrial Network-Permafrost (GTN-P) and IPA Action Group 
Rock Glacier Inventories and Kinematics (IPA Action Group RGIK, 2023; Streletskiy et al., 2021),
there is a need to create clarity in order to better interpret and analyse the climatic, hydrological 
and geomorphological significance of rock glaciers, in particular where complex 
geomorphological contexts such as glacier-permafrost interactions hamper simple and 
straightforward “either-or” classification (Haeberli et al., 2024). The characterisation of these 
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landforms is even more so important in a context where glaciers and viscous-permafrost creep 
landforms are subject to environmental laws whose purpose is to protect surface and subsurface 
perennial ice reservoirs (Arenson et al., 2022; Azócar and Brenning, 2010; Brenning, 2008; Vivero 
et al., 2021). This is why their correct characterisation through process understanding and ground 
truth data have become a highly relevant environmental matter.  

The consideration of interactions between glaciers and permafrost (Kenner, 2018) is undoubtedly 
fundamental to the understanding of high-mountain landscape long-term evolution. Due to their 
thermal inertia, viscous-permafrost creep landforms can develop over millennial timescales and 
may act as archives of past climatic oscillations (Haeberli, 2000; Kääb, 2013). Repeated 
sequences of glacial and interglacial periods throughout the Holocene and recent historical 
glacier advances have strongly orchestrated the multi-phased geomorphic processes in glacier 
forefields and contributed to the morphology of present-day glacier forefields in permafrost 
environments (Ivy-Ochs et al., 2009; Maisch et al., 2003). During periods of glacier advances, 
permafrost was probably glacitectonically deformed and pushed upslope by the cold-based 
margins of advancing glaciers (Etzelmüller and Hagen, 2005). This interaction is often associated 
with the resulting morphologically distinctive ice-marginal landforms such as push-moraines at 
the former line of contact between the glacier and the pre-existing frozen debris. A deeper 
understanding of the genesis of push-moraines (or glacitectonized frozen landforms) as the 
visible expression of glacier-permafrost interactions, as well as the typology of their ice content 
and their associated morphodynamical processes can further their potential as indicators of past 
and future landscape evolution, contributing to estimations of mountain sediment fluxes and of 
their hydrological significance under different climatic conditions. 
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1.3 Aims and research questions 
 

This thesis aims to explore the driving processes behind the dynamics of glacitectonized frozen 
landforms in three alpine Little Ice Age glacier forefields, as well as their adjacent debris-covered 
glaciers, and to study their variation over different spatial and temporal scales. From a 
geomorphological perspective, this thesis lies within the scope of a multi-method approach, 
whose overarching goal is to gain further insight into glacier-permafrost interactions and their 
contribution to kinematic and mass-wasting processes in such environments. This will be 
addressed in the form of site-specific case studies, through the following research questions:  

 

Research question I:  

What are the driving mechanisms behind the dynamics of viscous-creep features in LIA 
glacier forefields in mountain permafrost environments?  

The viscous-creep of ice-rich mountain permafrost features (rock glaciers) shows strong inter-
annual variations in velocities. The continuous ground and permafrost warming over the last two 
decades caused a general increase in creep rates of rock glaciers in the Alps. Nevertheless, 
decelerating creep rates have been observed in some cases. The objective of Publication I is to 
identify and assess the underlying driving processes responsible for such kinematic behaviour in 
permafrost creep formerly affected by glacier-permafrost interactions through the analysis of 
long-term geodetic, temperature and geophysical datasets.   

 

Research question II: 

To what extent do ground ice properties and origins influence the surface dynamics of 
landforms where glacier-permafrost interaction occurred?  

The post-glacial dynamics of systems where glacier-permafrost interactions occurred comprise 
spatio-temporally complex and interlaced glacial, periglacial, nival, hydrological, gravitational, 
and mass-wasting processes. The full understanding of these systems requires high-resolution, 
quantitative, multi-method and interdisciplinary approaches. Publication II proposes an extensive 
data coverage to facilitate the interpretation and analysis of the climatic, hydrological, and 
geomorphological significance of landforms where glacier-permafrost interaction occurred. 

 

Research question III:  

How do LIA glacier forefields in alpine permafrost environments respond to climatic 
variations from pluri-decadal to seasonal timescales?  

Inter-disciplinary investigations in the context of permafrost monitoring contribute to the 
understanding of the recent dynamics of viscous- creep landforms in mountain permafrost. 
However, the dynamic variations across the long-term evolution of complex systems in the 
context of glacier-permafrost interactions remains sparse. The assessment of the 
morphodynamical evolution of glacitectonized frozen landforms and a debris-covered glacier 
within a LIA glacier forefield in mountain permafrost across timescales ranging from decades to 
days is proposed in Publication III. 
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1.4 Structure of the thesis 
 

This thesis is divided into two main parts. Part I provides a detailed synopsis of the research 
project, while Part II presents the scientific publications on which the work is based. 

 

Part I – Synopsis 

This section provides a comprehensive overview of the research conducted within the framework 
of this thesis. It begins with a detailed review of the current state of knowledge on glacier–
permafrost interactions, followed by an identification of key knowledge gaps, which in turn leads 
to the motivation and relevance of the study, and the formulation of the main research questions. 
The study sites and the climatic context are then introduced, providing the geographical context 
in which the research is set. The methodological framework is subsequently outlined and 
detailed. The main findings are then presented through three case studies, each corresponding to 
a research publication, and are discussed in a broader context. A synthesis of the results is then 
given, integrating the findings from the individual case studies to identify common system 
components and dynamics across sites. A summary of the main outcomes and an outlook on 
future research directions closes the first part of this thesis.  

 

Part II – Research Publications 

This section contains the three scientific publications that constitute the core of this dissertation. 
All three are based on original research conducted during the thesis work and focus on different 
aspects of glacier forefield dynamics and glacier–permafrost interactions: 

⋅ Wee and Delaloye (2022), Permafrost and Periglacial Processes 

⋅ Wee et al. (2024), The Cryosphere 

⋅ Wee et al. (submitted), Geomorphology 

Each publication is preceded by a short summary, a list of the main findings, a statement of author 
contributions, information on data availability, and the journal in which it is published or 
submitted. 

The combination of these two parts provides an integrated and multi-method perspective on the 
evolution, structure, and surface dynamics of glacier forefields in alpine permafrost 
environments.  
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2 Study sites 
 

This dissertation investigates the driving processes behind the dynamics of frozen landforms in 
Little Ice Age glacier forefields in mountain permafrost environments. As a first step in this 
research, an inventory of LIA glacier forefields in mountain permafrost environments, where mass 
movements of landforms subject to glacier-permafrost interactions occur, was undertaken to 
gain some familiarity with the systems under study (Figure 2.1). This was achieved using existing 
inventories of moving landforms in periglacial environments in the Swiss Alps (Barboux et al., 
2014; Delaloye et al., 2010) and the LIA glacier inventory (Maisch, 2000) as a baseline for the 
inventory of the extent of the glaciers forefields, delimited by the LIA moraines. It allowed the 
identification of LIA glacier forefields and their associated glacitectonized viscous-creep 
landforms in mountain permafrost, which were found under various spatial configurations. From 
this non-exhaustive inventory, the sites of Aget, Ritord and Gruben, located between the western 
and southern Swiss Alps were selected. Their choice relied essentially on their long-term 
permafrost monitoring history (Delaloye, 2004; Gärtner-Roer et al., 2022; Haeberli, 1976; Reynard 
et al., 2003), but also because of their different spatial configurations and site characteristics, 
which outline specific processes occurring in LIA glacier forefields in mountain permafrost 
environments.  

 

 
Figure 2.1: Non-exhaustive inventory of glacitectonized viscous-creep landforms in mountain permafrost environments 
established on the basis of existing inventories of mass movements in periglacial environments in the Swiss Alps 
(Delaloye et al., 2010; Barboux et al., 2014).  
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2.1 Aget 
 

Aget is a LIA glacier forefield located in the Bagnes valley in the western Swiss Alps (46°00′32″N, 
7°14′20″E; Figure 2.2; Figure 2.3; Delaloye, 2004; Reynard et al., 2003; Wee and Delaloye, 2022). 
The area where the Aget glacier developed is dominated by the Grand-Aget (3133 m a.s.l.) and the 
Mont Rogneux (3084 m a.s.l.) summits in its uppermost western part and extends northeast down 
to the LIA frontal moraine at 2770 m a.s.l. Potential permafrost conditions occur in most of the 
forefield, as characterized by the occurrence of a south-east facing push-moraine complex in the 
orographic left of the LIA glacier forefield. It is likely that during its advance, the Aget LIA glacier 
was mostly free of debris and temperate at its base, as attested by widespread fluted moraines, 
whereas cold-based conditions were likely towards the glacier margins, which could explain the 
presence of permafrost conditions in the margin of the forefield (Reynard et al., 2003). Tiny 
remnants of the glacieret were still present in 2020 but occupied less than a hectare at the foot of 
the Grand-Aget headwall and were entirely covered by a thin layer of debris. Following the retreat 
of the Aget glacier, paraglacial readjustments such as lateral back-creeping in the direction of the 
topographic thalweg formerly occupied by the glacier of the push-moraine complex were initiated 
as indicated by geomorphological evidence of permafrost creep features such as ridges and 
furrows.  

 

 
Figure 2.2: General description of the Aget LIA glacier forefield (b, c) and its location within the western Swiss Alps (a) 
and indicative permafrost distribution (Kenner et al., 2019). The dark blue polygon represents the investigated 
glacitectonized frozen landform (GFL) A, and the hatched lines highlight its actively back-creeping area. The green 
polygon represents the no longer active GFL B. The black arrows represent fluted moraines and the LIA extent of the 
Aget glacier is highlighted by the white dashed lines (base map a: Swisstopo, digital elevation model b: Flotron AG 2019, 
aerial image c: Google Earth, Landsat 2016). 
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Figure 2.3: Panoramic view of the Aget Little Ice Age glacier forefield (a) and close-up photograph of the Aget 
glacitectonized frozen landform (push-moraine) A, highlighted by the white dashed lines (b). The lower part of the 
forefield is occupied by the no longer kinematically active GFL B, while the upper part of the forefield is occupied by the 
kinematically active and back-creeping GFL A (b).   

 

To gain deeper insights into the driving mechanisms behind the dynamics of viscous-creep 
features within Little Ice Age glacier forefields in mountain permafrost environments, the 
following key measurements (detailed in Publication I) were conducted at the Aget field site (Table 
2.1): 

Table 2.1: Key measurements carried out at the Aget field site. 

Method Purpose 
Repetition of historical vertical electrical 
soundings  
(2017) 

To assess the evolution of permafrost through the analysis of 
resistivity changes and the implications on the 
morphodynamic 

Electrical resistivity tomography  
(2021) 

To characterize in two-dimension the internal structure of the 
Aget GFL A and determine the current state of permafrost 
within the landform 

In-situ annual dGNSS surveys  
(2001 – ongoing) 

To assess the long-term (decadal scale) kinematic behaviour of 
the Aget GFL A 

Ground surface temperature measurements 
(1998 – ongoing) 

To assess the evolution of the thermal state of the ground 
surface and its implication on the dynamics of the Aget GFL A 
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2.2 Ritord 
 

The Ritord site (45°57′10.671″N 7°14′46.078″E; Figure 2.4; Delaloye, 2004) is located in the 
Entremont valley in the western Swiss Alps. It is enclosed by the Ritord (3557 m a.s.l.), the Pointe 
de Challand (3623 m a.s.l.) and the Grande Aiguille (3681 m a.s.l.) summits on its eastern part and 
its western boundary extends down to the Little Ice Age (LIA) morainic bastion of the Challand and 
Epée glaciers (2800 m a.s.l.). The study site is characterized by the remnants of the Challand 
glacieret and the vanishing Epée debris-covered glacier and its adjacent partly disconnected 
debris-covered tongue (now considered as dead-ice), two perennially frozen back-creeping push-
moraines, and two glacier forefield-connected rock glaciers. During its LIA maximal extent, the 
polythermal debris-covered Epée glacier mainly occupied the southern zone of the study site, 
while the polythermal debris-free Challand glacier occupied the northern zone. A medial moraine 
indicates where both glaciers converged. During their advance, the cold-based margins of both 
glaciers partly thrusted and overrode pre-existing perennially frozen debris landforms occupying 
the margins of the area. This former glacier-permafrost interaction altered the spatial distribution 
of ground ice, the thermal regime, and the surface morphology of the Challand and Epée glacier 
forefields. Both push-moraines show morphological proof of glaciotectonics (compressive ridges 
and furrows perpendicular to the stress exerted by the LIA advancing glacier) and reveal 
embedded lenses of ice, while the rooting zone of both rock glaciers is characterized by a 
topographical depression. A clear mechanical response following the shrinkage of both glaciers 
and consequent release of glacier-induced stress, expressed as back-creeping (flow field in the 
direction of the topographic thalweg formerly occupied by the glacier) dominates as the kinematic 
behaviour of the two push-moraines. The forefield of the Challand glacier is partly occupied by 
widespread fluted moraines, indicating that the glacier lay on saturated sediments and was 
temperate at its base. In contrast to this ice-free forefield, the forefield of the Epée debris-covered 
glacier is occupied by its partly disconnected debris-covered glacier tongue. 

At Ritord, we seek to better understand the dynamics of the different landforms within the area of 
interest, namely the lateral glacitectonized frozen landforms (push-moraines), the glacier 
forefield-connected rock glacier, and the debris-covered glacier tongue, across different spatial 
and temporal scales. The following key measurements (detailed in Publication III) were conducted 
at the Ritord field site (Table 2.2): 
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Table 2.2: Key measurements carried out at the Ritord field site. 

Method Purpose 
Repetition of historical vertical electrical 
soundings  
(2020) 

To assess the evolution of permafrost through the analysis of 
resistivity changes 

Electrical resistivity tomography  
(2021) 

To characterize in two-dimension the internal structure of the 
two lateral push-moraines and the Epée debris-covered glacier 
tongue  

Ground penetrating radar 
(2021) 

To delineate the internal structure of the Epée debris-covered 
glacier tongue and the northern push-moraine 

In-situ seasonal dGNSS surveys  
(2020 – 2023) 

To assess the seasonal kinematic behaviour of the investigated 
push-moraines and the Epée debris-covered glacier tongue 

In-situ continuous dGNSS measurements 
(2020 – 2024) 

To assess the daily kinematic evolution of one push-moraine 
(northern-most) and the Epée debris-covered glacier tongue, 
and in particular the kinematic response to ground surface 
temperature changes 

UAV-surveys 
(2022 – 2023) 

To obtain a high spatial and temporal resolution of the surface 
changes 

Historical aerial images analysis 
(1964 – 2005) 

To assess the long-term kinematic and geomorphological 
evolution of the area of interest and the kinematic responses to 
different climatic settings (from 1960s to present) 

Ground surface temperature measurements 
(1998 – ongoing) 

To assess the evolution of the thermal state of the ground 
surface and its implication on the dynamics of the push-
moraines and debris-covered glacier tongue 

 



22 
 

 
Figure 2.4: General geomorphological description of the Ritord site (a, c) and the general distribution of permafrost 
(Kenner et al., 2019) in the study area (b). The Ritord glacitectonized frozen landforms (or push-moraines) are 
highlighted by alternating yellow and blue dashed lines. The rock glaciers are highlighted in yellow. The Epée and 
Challand (-now) debris-covered glaciers are highlighted in blue. Black dashed lines indicate part of the LIA maximal 
extent of the Challand and Epée glaciers. Fluted moraines indicate the flow direction of the Challand debris-free glacier. 
Location and direction of picture (c) is marked by a symbol on map (a). Background map (a): SWISSIMAGE 2017 
(Swisstopo). 
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2.3 Gruben 
 

The Gruben site (46°10′22″N 7°58′09″E; Figure 2.5) is located in the Saas Valley in the southern 
Swiss Alps. It is characterized by the rapidly shrinking debris-covered cold tongue of the 
polythermal Gruben glacier below the western face of the Fletschhorn (3985 m a.s.l.), the 
continuously advancing, perennially frozen Gruben glacier forefield-connected rock glacier below 
the south-eastern flank of the Rothorngrat (3104 m a.s.l.), and a complex contact zone of the 
previously more extended Little Ice Age glacier and the rock glacier permafrost (Haeberli et al., 
2024). During its LIA maximal extent, the margins of the Gruben polythermal glacier overrode the 
uppermost zone of the pre-existing Gruben rock glacier (Gärtner-Roer et al., 2022; Kääb et al., 
1997), consequently altering the thermal regime, spatial distribution of ground ice and 
morphology of this zone. The morphological signature of this glacier-permafrost contact and 
interaction is expressed by glaciotectonics (compressive ridges and furrows perpendicular to the 
stress exerted by the LIA advancing glacier) and thermokarst features, the latter inferring the 
presence and degradation of buried massive ground ice. Geometrical changes and reoriented 
stress fields in this zone are expressed by lateral back-creeping (in the direction of the topographic 
thalweg formerly occupied by the glacier) and enhanced surface elevation changes mainly due to 
ice melt-induced subsidence. In contrast to the complex contact zone, the rock glacier displays 
longitudinal ridges and furrows, parallel to its extending flow field.  

The debris-covered glacier tongue of the polythermal Gruben glacier (south-eastern part in Figure 
2.5) is characterized by a rather chaotic surface morphology, in which a pattern of somewhat 
subdued transverse ridges and furrows from compressing flow is discernible. Earlier borehole 
temperature investigations (Haeberli, 1976) revealed ice temperatures of -1°C to -2°C within the 
tongue of the glacier, which was frozen to its bed at the margins (i.e. cold-based glacier margins) 
but was temperate at its upglacier base (cf. Etzelmüller and Hagen, 2005). Surface elevation 
changes express strong signs of downwasting: the central zone shows important rates of ice melt-
induced subsidence, gradually decreasing towards the margins, inferring the rapid thinning and 
vanishing of (cold) glacier ice (Gärtner-Roer et al., 2022).  

At Gruben, the following investigations (Table 2.3) have been conducted to determine the extent 
to which ground ice properties influence the surface dynamics of landforms where glacier-
permafrost interaction occurred (detailed in Publication II):  

Table 2.3: Key measurements carried out at the Gruben field site. 

Method Purpose 
Petrophysical joint inversion (electrical 
resistivity tomography and refraction seismic 
tomography)  
(2022; 2023) 

To quantify and characterize the volumetric fraction of ice, 
water, air and rock content of the Gruben rock glacier and its 
complex contact zone  

In-situ seasonal dGNSS surveys  
(2012 – ongoing) 

To assess the seasonal kinematic behaviour of the investigated 
landforms 

In-situ continuous dGNSS measurements 
(2018; 2022 – 2024) 

To assess sub-seasonal (daily) kinematic response to ground 
surface temperature changes on the complex contact zone, the 
intact rock glacier and the debris-covered glacier tongue 

UAV-surveys 
(2022 – 2023) 

To obtain a high spatial and temporal (seasonal) resolution of 
the surface changes 

Ground surface temperature measurements 
(2012 – ongoing) 

To assess the evolution of the thermal state of the ground 
surface and its implication on the dynamics of the glacier 
forefield-connected Gruben rock glacier 
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Figure 2.5: General geomorphological description of the Gruben site. The Gruben rock glacier is highlighted by the 
yellow dashed lines. The complex contact zone is highlighted by alternating yellow and blue dashed lines. The 
delineation between the rock glacier and the complex contact zone (faded hatched lines) is here not clearly defined but 
based on geomorphological knowledge and prior studies (Kääb et al., 1997; Gärtner-Roer et al., 2022). The Gruben 
debris-covered glacier terminus is highlighted in blue. Black dashed lines indicate part of the LIA maximal extent of the 
Gruben glacier. Red dashed lines indicate a probable former (~1600) LIA glacier advance. Fluted moraines indicate the 
flow direction of the adjacent Senggchuppa glacier (a). Background (a): SWISSIMAGE 2017 (Swisstopo). Permafrost 
distribution map (Kenner et al., 2019) of the Gruben area (b), and UAV-derived orthoimage of the Gruben site taken on 
the 6 October 2022 (c) (S. Vivero 2022).  
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2.4 Climatic setting 
 

The Aget and Ritord glacier forefields are located in the western Swiss Alps, while the Gruben 
glacier forefield is located in the southern Swiss Alps. The general climate of the three study areas 
is characterized by inner-alpine continental climatic conditions, predominantly influenced by 
high-relief topography. Being shielded by the high-mountain topography of the surrounding 
mountain ranges, the mean annual precipitation at the study sites in the western part of the Swiss 
Alps (Aget and Ritord) ranges between 1300 – 1500 mm/y, while the study site located in the 
southern Swiss Alps (Gruben) receives less precipitation, as it is shielded by mountain ranges to 
its west and south (MeteoSwiss, 2024; Figure 2.6a).   

 

 
Figure 2.6: Mean annual precipitation (mm) based on the reference period of 1991-2020 (a) and mean annual 
temperature (°C) based on the reference period of 1991-2020 (b) (MeteoSwiss, 2022). 

 

The mean annual air temperature for the reference period of 1981-2010 measured at the 
meteorological station Col du Grand St-Bernard (GSB) located at 2472 m a.s.l. (45°52′09.01″N 
7°10′14.57″E) is -0.6 °C, which infers that at the elevation of the sites of Aget and Ritord (around 
2800-2900 m a.s.l.), the mean annual temperature, when considering an environmental lapse rate 
of -0.65°C per 100 m, is approximately between -2 to -3°C. Temperatures measured since 1864 
reveal a clear warming trend of 1.44°C/100 years, particularly marked by the temperature rise of 
the last forty years (MeteoSwiss, 2024; Figure 2.6b).  
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3 Methodology 
 

Improving the understanding of processes governing the dynamics of LIA glacier forefields in 
mountain permafrost environments and their associated frozen landforms necessitates the 
collection of detailed observations of the various processes and changes occurring on and within 
these systems. The acquisition of such datasets in high mountain terrain can be a challenging 
endeavour. The nature of the setting presents researchers with challenging working conditions, 
including limited accessibility to the field sites, unpredictable and rapidly changing weather 
conditions, and field logistics that rely on human-power, which can collectively pose significant 
safety concerns. For the acquisition of such datasets, meticulous preparation is required prior to 
any measurement campaigns, as well as the consideration of alternative methodologies. In the 
scope of this thesis, we were able to apply a multi-method and interdisciplinary approach to gain 
the most comprehensive understanding of the driving processes contributing to the dynamics of 
the studied systems (Figure 3.1). For instance, the compilation of previously existing datasets on 
which novel observations from in-situ and remote sensing techniques were built allowed to 
continue the monitoring and, consequently, the comprehension of the investigated sites across 
different spatial and temporal dimensions. The following chapter provides details of the methods 
applied to investigate the dynamics and evolution of LIA glacier forefields in mountain permafrost 
environments and their associated frozen landforms.  

 

 

Figure 3.1: Schematic overview of the different methods, their spatial and temporal coverage and resolution, and their 
application to each of the study sites (corresponding individual publication).   
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Surface dynamics were assessed at different spatial and temporal scales using in-situ geodetic 
methods and remote-sensing approaches. Annual, seasonal and hourly differential global 
navigation satellite system (dGNSS) acquisitions allowed high-temporal resolution observations, 
while UAV-based and historical aerial-based imagery acquisitions combined with structure-from-
motion (SfM) three-dimensional (3D) reconstruction allowed high-resolution topographic 
analysis. The general characterization of the frozen ground was qualitatively assessed based on 
the application of geoelectrical measurements such as vertical electrical soundings (VES) and 
electrical resistivity tomography (ERT). In addition, refraction seismic tomography (RST) was 
carried out at one site, enabling the application of the newly developed petrophysical joint 
inversion (PJI) scheme to quantitatively estimate the fraction of ice in the subsurface. Ground 
penetrating radar (GPR) measurements were also carried out at one of the three sites investigated 
to identify structures in the frozen ground. Ground surface temperature measurements were 
equally used to strengthen the analysis of thermally-driven processes. The combination of 
thermal, geodetic, and geophysical measurements enabled to discern spatially variable ground 
ice contents over time.  

 

3.1 Geodetic approaches 
 

Geodetic observation techniques allow to accurately determine positions on the Earth’s surface. 
The geodetic methods applied here are commonly used in the context of mass movement 
monitoring. The aim of their application is to assess the kinematic behaviour and surface changes 
of the studied landforms at different temporal and spatial scales. The following sub-chapters give 
a brief description of the geodetic techniques used in this thesis.  

 

3.1.1 In-situ continuous geodetic measurements 
 

Two permanent dGNSS stations were installed at Ritord in 2020 and three at Gruben in 2022, 
enabling a very high-temporal resolution of surface displacements, as they yield continuous 
displacement data for single point locations, allowing to follow the sub-seasonal variations 
affecting the velocity and surface dynamics of the landforms. Hourly positions are determined in 
real-time kinematics with a cm-range accuracy based on (1) a continuously operating reference 
station (CORS) installed on stable terrain, but can also be based on (2) the Swiss Positioning 
Service (swipos) which provides data from the automatic GNSS network Switzerland (AGNES) 
CORS network as virtual reference stations via GSM, enabling the differential GNSS 
measurements of high accuracy. The first approach is applied for the stations at Ritord, while at 
Gruben a combination of the two approaches was applied. At Gruben, a fourth permanent dGNSS 
station installed in 2012 (Beutel et al., 2021) was used to complete the already dense dataset. For 
all data hourly positions were averaged to obtain daily positions. A Gaussian kernel smoothing 
approach was applied to the daily positions to reduce noise and improve the data signal quality.  

To avoid repetition, the further applications of this technique and the data that it has yielded are 
presented in detail in Publication II, and Publication III.  
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3.1.2 In-situ seasonal and annual geodetic measurements 
 

Within the framework of Swiss Permafrost Monitoring Network (PERMOS), rock glacier surface 
displacement rates are being measured on a regular basis by terrestrial geodetic surveys (TGS) at 
Aget and Gruben, while a monitoring network based on the PERMOS standards was put in place 
at Ritord in the context of this thesis. At Aget, geodetic campaigns have been carried out on a 
yearly basis since 2001 and bi-annually from 2004 to 2013, however only the annual 
measurements are considered here. At Gruben, seasonal in-situ geodetic surveys in early-July 
and early-October have been carried out since 2012, and at Ritord the bi-annual monitoring of 
surface displacements was initiated in mid-July 2020. At each site a network of 50 – 80 marked 
boulders are measured once or twice a year with real-time kinematics (RTK) dGNSS surveys, 
following the measurement set-up described by Lambiel and Delaloye (2004).  From these 
acquisitions, annual and seasonal horizontal, vertical, and three-dimensional surface 
displacement vectors and rates are calculated. The dGNSS technique is based on the use of a 
static reference receiver placed at a known point, which is assumed to be stable. The reference 
GNSS calculates its position continuously and determines the difference to its attributed point 
coordinate. It then sends this bias value to correct the position measured by another receiver at 
individual points marked on the rock glacier surface. The Real Time Kinematic (RTK) technique, 
which involves a permanent state of observation, enables the precision of the measured point 
position to be enhanced to a level of less than 3 cm (Lambiel and Delaloye, 2004). 

More details about this method are given in the respective methodological section of Publication 
I, Publication II, and Publication III.  

 

3.1.3 Structure-from-Motion photogrammetry 
 

Accurate, precise and rapid acquisition of topographic data is fundamental to the analysis and 
understanding of landscape evolution at different spatial and temporal scales (Smith et al., 2015). 
For geomorphological research, Structure-from-Motion (SfM) photogrammetry is a technique that 
offers high-resolution topographic data, which is fundamental to the qualitative and quantitative 
analysis of surface changes, particularly in systems of complex morphologies (Eltner and Sofia, 
2020; Westoby et al., 2012). The SfM method shares the same fundamental principles as 
stereoscopic photogrammetry. Both techniques rely upon the ability to resolve three-dimensional 
structures from a series of overlapping, offset images. However, the approach of SfM differs from 
conventional photogrammetry, as the geometry of the scene, camera positions and orientation 
are solved in an automated process without the need to specify a priori a network of target points 
with known 3D positions. In contrast, these are obtained through the application of a highly 
redundant, iterative bundle adjustment procedure, based on the automatic identification of 
matching features extracted from a set of multiple overlapping images (Snavely et al., 2008; 
Westoby et al., 2012). Unlike conventional photogrammetry, the 3D point clouds generated by SfM 
are given in relative image-space coordinates. The transformation of relative image-space 
coordinates to an absolute coordinate system can be achieved using known ground-control 
points (GCPs) with known 3D coordinates, finally yielding high-resolution orthoimages and digital 
elevation models (DEMs). The latter and former can be used to quantify surface changes in the 
terrain’s topography and mass movements through DEM differencing and image correlation, 
respectively. These approaches are further explained in Publication II and Publication III.  
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3.1.3.1 UAV-SfM photogrammetry 
 

A spatially and temporally (seasonal) high-resolution coverage of the geomorphic changes in the 
Gruben and Ritord glacier forefields was obtained through the use of uncrewed-aerial-vehicle 
(UAV) imagery or drone imagery. The operation of UAV systems can often be challenging in 
mountainous terrain. The topographical setting often requires the device to fly at elevations that 
are high enough to avoid collision with obstacles yet low enough to obtain a high-quality ground 
sampling density (Vivero et al., 2022).  

Seasonal UAV surveys carried out in Ritord and Gruben were conducted with a DJI Phantom 4 RTK 
device, equipped with a GNSS L1 and L2 frequency antenna, providing real-time kinematics (RTK) 
differential corrections using a virtual reference station (VRS) based on the automated GNSS 
reference stations network for Switzerland (AGNES). Flight missions were planned with the built-
in DJI GS RTK application. All missions were designed with the same parameters: side and forward 
overlap were set to 70% and 80%, respectively and flown at a constant height of 70 m, based on 
the swissALTI3D DEM loaded in the Terrain Awareness module to cover the entire area of interest. 
This resulted in approximately 2000 images with a geotagging accuracy between 1-2 cm 
(horizontally) and 1.5-3 cm (vertically) per survey. The UAV images were processed following 
Vivero et al. (2021) using the software PIX4Dmapper Pro version 4.7 to derive digital elevation 
models (DEMs) and orthomosaics, which were sampled at a resolution of 2.5 cm × 2.5 cm. 

 

3.1.3.2 Historical aerial photogrammetry 
 

Historical aerial photographs taken by the Swiss Federal Office of Topography (Swisstopo) for the 
period 1964 to 2005 were used for the analysis of the long-term evolution of the Ritord glacier 
forefield. To reference the aerial photographs, the coordinates of a network of GCPs were retrieved 
from the reference Swiss digital surface model (swissSURFACE3D Raster), derived from airborne 
LiDAR data with a grid mesh size resolution of 0.5 m. For a high accuracy, it is essential that the 
selected GCPs remain stable throughout the observation period, are evenly distributed 
throughout the images, and are identifiable on the images. Due to varying image quality and 
contrast, it was not always possible to retrace all GCP locations with high accuracy and 
confidence. This explains the importance of having as many GCPs as possible distributed evenly 
across the photographs. 

To reconstruct historical digital elevation models (DEMs) and orthomosaics, we apply Structure-
from-Motion (SfM) and Multi-View-Stereo (MVS) using commercial software Agisoft Metashape (v 
2.0.1). To orient the multiple epochs of historical aerial photos, we use multi-temporal tie points 
which can be tracked over several epochs, originally introduced as Time-SIFT method (Feurer and 
Vinatier, 2018), further generalized as the co-alignment method (Blanch et al., 2021; Cook and 
Dietze, 2019; Hendrickx et al., 2020, 2022) and recently also tested and applied for historical 
aerial data (Genzano et al., 2024). This way, GCPs are only used in the common SfM project to 
compute image orientation and camera calibration for all the epochs at once. Moreover, the 
relative accuracy is also improved by the automatic extraction of tie points in stable areas. A sub-
pixel reprojection error, indicative of the overall performance of the bundle adjustment, was 
obtained for the area of interest. After the common tie point reconstruction, dense point clouds 
are reconstructed for every epoch separately, using high resolution settings with moderate depth 
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filtering (Cusicanqui et al., 2021). These are subsequently used for the creation of DEMs and 
orthomosaics. 

 

3.2 Geophysical methods and applications 
 

Geophysical methods allow to image the subsurface in an indirect and non-invasive way. Initially, 
their development and application has served for the exploration of underground resources such 
as fossil fuels, geothermal reservoirs, and groundwater reservoirs. Since several decades, 
permafrost research has made use of geophysical techniques to characterize the distribution and 
occurrence of ground ice. Geophysical methods applied in the context of permafrost research are 
based on the contrasting properties between ice and other materials, allowing the qualitative or 
quantitative estimation of ground ice content. The following sub-chapters briefly describe the 
geophysical methods used in the scope of this thesis to interpret the extent and properties of the 
frozen ground.   

 

3.2.1 Geoelectrical surveys in permafrost environments 
 

Geoelectrical measurements are commonly used to detect the occurrence of permafrost and 
ground ice in mountainous regions (Hauck and Vonder Mühll, 2003). This method is well-suited 
for imaging the subsurface distribution of mountain permafrost and ground ice due to its ability to 
distinguish between materials with contrasting electrical properties. Unfrozen ground, ice-rich 
permafrost, and massive sedimentary ice each exhibit distinct electrical characteristics, making 
geoelectrical measurements a sensitive and effective technique for imaging varying subsurface 
properties (e.g. (Bosson et al., 2015; Haeberli and Vonder Mühll, 1996; Halla et al., 2021; Hauck 
and Kneisel, 2008; Herring et al., 2023; see Table 3.1 ).  

Table 3.1: Range of electrical resistivity for different materials (Hauck and Kneisel, 2008). 

Material Range of resistivity (Ωm) 
Groundwater 10 – 30  
Topsoil 50 – 500  
Clay 1 – 100  
Sand/Gravel 100 – 5000  
Sandstone 10 – 3000  
Limestone 50 – 5000  
Granite 5000 – 106  
Ice 106 – 108  
Air infinity 

 

Geoelectrical resistivity measurements are conducted by generating a continuous electrical 
current of intensity I into the ground through one pair of steel electrodes (A and B). The electrical 
voltage V (or potential difference) is measured between a pair of potential electrodes (M and N). 
The current I and potential difference ΔV are used to determine the electrical apparent resistivity 
(ρa) of the subsurface as follows (Eq. 3.1):  
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𝜌𝜌𝑎𝑎 = 𝐾𝐾
𝑉𝑉
𝐼𝐼

 (Eq. 3.1) 

          

where K the geometric factor is defined by the geometry of the configuration of the electrodes. 

In the context of this thesis, two distinct geoelectrical resistivity measurement techniques were 
applied. One-dimensional vertical electrical soundings (VES) were conducted at Aget in Ritord for 
the purpose of repeating historical VES surveys, and for a robust comparative analysis. Electrical 
resistivity tomography (ERT) measurements were conducted at all three sites, as this method has 
the advantage of yielding a two-dimensional image of the distribution of the electrical resistivity 
of the subsurface, and therefore provide a more accurate interpretation of the distribution of 
permafrost. Moreover, ERT measurements carried out at Gruben were used for the application of 
the petrophysical joint inversion scheme (explained in section 3.2.3) in order to quantify the 
fraction of ground ice in the subsurface. 

 

3.2.1.1 Vertical electrical soundings 
 

The investigation of the evolution of ground ice distribution required the repetition of geoelectrical 
measurements. In order to achieve a robust comparative analysis of changes in the frozen 
subsurface, repetitions of vertical electrical soundings (VES) were carried out at Ritord in 2020 
and Aget in 2017, based on existing VES datasets from 1997 and 1998 (Delaloye, 2004), 
respectively. The approach applied in 2017 and 2020 followed Delaloye (2004), regarding the 
timing of the campaign period in August, and using the same measuring device (McOhm 2115 
resistivity-meter), and electrode configuration. Because of the heterogeneity of the subsurface, 
both the symmetrical Schlumberger and asymmetrical Hummel arrays were applied to all VES in 
both campaigns. Hummel and Schlumberger arrays require a gradual increase of spacing 
between electrodes M and N as the spacing between the current electrodes increases. This 
configuration generates three to four segments, where each segment corresponds to the 
measurements carried out with the given spacing of MN. Shifting between the segments often 
occurs in this process (Figure 3.2).  
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Figure 3.2: Scheme of a Schlumberger array with a gradual increase of the spacing of the current electrode (A-B) (a-b) 
and as the spacing increases the spacing between the potential electrodes (M-N) is increased (c), consequently 
increasing the depth of investigation. Example of the resulting profile of a vertical electrical sounding, showing the 
different segments due to the increased spacing between the potential electrodes M-N (d).  

 

To determine the importance of the shift between two segments, two measurements with the first 
electrode spacing of MN are systematically repeated with the new electrode spacing of MN. The 
segments are corrected and adjusted (logarithmic translation) to a fixed segment. To determine 
the fixed segment, the segments were once adjusted to the second segment, as suggested by 
Vonder Mühll (1993) and repeated by Delaloye (2004) and were also adjusted to the last (third or 
fourth) segment, as the margin of error caused by the electrode configuration is potentially 
smaller with an increased electrode spacing (Figure 3.2d). The values obtained from the 
adjustment of the segments on the second and on the last segment were compared to each other 
in order to determine the amplitude of the shift between an adjustment on the second segment 
or on the last segment (Figure 3.3). The amplitude between the different adjustments (shift of all 
segments on the second fixed segment or on the last (third or fourth) segment) varied from one 
sounding to another. This can be explained by the different amplitude ranges of the shifts between 
each segment, which is partly controlled by the measurement conditions (electrode 
configuration, topography, conductivity, etc.). 
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Figure 3.3: Variability of the amplitude of the shifts based on the amplitude between each segment of a profile. The 
profile Ag-S03 shows a difference of 3.4% between the profile fixed on the second (black) and last (grey) segment (a) 
and the profile Ag-S09 shows a difference of 63.6% between the profile fixed on the second (black) and last (grey) 
segment (b).  

 

The calibrated measured apparent resistivity values were inverted to determine the thickness and 
specific resistivity of the layers of a 1-dimentional model to produce a model response that best-
fits the measured values using the programme RES1D ver. 1.0, where the least-square 
optimisation method is applied  (Loke, 2001). A simple initial model of the subsurface is 
prescribed, and the optimisation subroutine modifies the thickness and resistivity of the layers in 
order to reduce the discrepancy between the calculated and measured apparent resistivity 
values. The measured apparent resistivity values were used for the comparative analysis between 
the historical and repeated datasets, as the model was not able to grasp the oversteepening 
effect, consequently yielding relatively high root-mean-square (RMS) error values for each 
individual inversion.  

 

3.2.1.2 Electrical resistivity tomography 
 

Characterizing the internal structure of the landforms present in the investigated glacier forefields 
was an essential aspect of this thesis as it enabled to link visible processes occurring at the 
surface with the properties of the subsurface. Electrical resistivity tomography (ERT) is a well-
established method to image the two-dimensional distribution of electrical properties of 
subsurface mountain permafrost and ground ice due to its sensitivity and suitability to distinguish 
unfrozen material, ice-containing permafrost (excess ice), and massive sedimentary ice due to 
their contrasting electrical properties (e.g. Bosson et al., 2015; Haeberli and Vonder Mühll, 1996; 
Halla et al., 2021; Hauck and Kneisel, 2008; Herring et al., 2023).  

The Wenner-Schlumberger configuration was applied in the scope of this research as it provides 
a compromise between the depth of investigation and its horizontal resolution. Tomographic 
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measurements yield several hundreds of quadrupole (pairs of current and potential electrodes) 
combinations measurements in an automated process. The apparent resistivity is then inverted 
to obtain a two-dimensional image of the spatial distribution of the specific resistivity of the 
subsurface.  

 

3.2.2 Refraction seismic tomography (RST) 
 

RST makes use of the differences in the elastic properties of subsurface materials, such as 
unfrozen sediments, supersaturated permafrost, and buried surface ice, which are quantified in 
terms of their different P-wave velocities and their spatial variability. Seismic P-waves are 
refracted when they encounter subsurface layers with velocity contrasts and are especially well 
suited to delineate quasi-horizontal subsurface layers and to differentiate between air- and ice-
filled pores space, which may both exhibit similarly high electrical resistivities (Draebing, 2016; 
Halla et al., 2021; Hauck, 2001; Hilbich, 2010).  

The RST method is based on the principle that when a seismic wave impinges upon layers with 
contrasting velocities, a change in direction of the wave occurs. The amount of change of direction 
is governed by the contrast in seismic velocity across the layer boundary, according to the 
physical principle of Snell’s law (Eq. 3.2):  

 

𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑟𝑟

=
𝑉𝑉1
𝑉𝑉2

 (Eq. 3.2) 

 

where θi and θr are the angles of incidence and refraction respectively, and V1 and V2 are the 
velocities of the P-wave propagation in the upper layer and lower layer, respectively.  When the 
angle of incidence reaches a particular value, known as the critical angle, the refraction angle 
becomes 90°, where the refracted wave travels parallel to the boundary layer with a velocity V2. 
This relies on the principle that the propagation velocity increases with depth (i.e. V2 > V1), which 
infers that waves travelling at a greater depth can reach the sensor earlier than the direct wave. 
The refracted wave therefore provides information of deeper layers based on their contrasting 
velocities (Table 3.2).  

 

Table 3.2: Range of P-wave velocity for different materials (Schrott and Sass, 2008). 

Material Range of P-wave velocity (m/s) 
Groundwater 1400 – 1600  
Topsoil 100 – 600  
Clay 550 – 2700   
Sand/Gravel 100 – 2000  
Sandstone 800 – 4500  
Limestone 2000 – 6200  
Granite 3000 – 5800  
Ice 3000 – 4500  
Air 300 – 330  
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RST measurements are based on the controlled generation of seismic signals, generally induced 
by a sledgehammer or explosives, which are recorded by geophones or seismometers. P-waves 
are the first waves to arrive at the sensor and correspond to the first onset of the seismic signal. 
The associated arrival travel-time can be identified and picked manually. 

 

3.2.3 Petrophysical joint inversion 
 

A petrophysical joint inversion (PJI) approach (Mollaret et al., 2020; Wagner et al., 2019) was 
applied to jointly invert the measured apparent resistivities and seismic travel-times to quantify 
the volumetric fraction of ice, water, air, and rock contents. Following Hauck et al. (2011), the PJI 
approach is based on petrophysical equations that relate bulk electrical resistivities and seismic 
velocities to the fractions of the four phases in the subsurface, based on the resistivities and P-
wave velocities of ice, water, air and the rock matrix. The sum of all fractions has hereby to adhere 
to (Eq. 3.3): 

 

𝑓𝑓𝑟𝑟 + 𝑓𝑓𝑤𝑤 + 𝑓𝑓𝑎𝑎 + 𝑓𝑓𝑖𝑖 = 1 (Eq. 3.3) 
 

with the indices r, w, a, i indicating rock, water, air and ice, respectively. 

The petrophysical equation for P-wave velocities follows the approach of (Timur, 1968) and its 
extension to four phases by (Hauck et al., 2011) linking the slowness and volumetric content of 
the four fractions to the measured bulk slowness as follows (Eq. 3.4): 

 

1
𝑣𝑣𝑝𝑝

=  
𝑓𝑓𝑟𝑟
𝑣𝑣𝑟𝑟

+  
𝑓𝑓𝑤𝑤
𝑣𝑣𝑤𝑤

+  
𝑓𝑓𝑎𝑎
𝑣𝑣𝑎𝑎

+  
𝑓𝑓𝑖𝑖
𝑣𝑣𝑖𝑖

 (Eq. 3.4) 

 

with the velocities vr, vw, va and vi for rock, water, air and ice, respectively.  

In the 4PM as well as in the original PJI formulation of Wagner et al. (2019) and in many ERT 
applications on permafrost, Archie’s Law (Archie, 1942) is used to link measured resistivity to 
material properties such as saturation and porosity (cf. (Herring et al., 2023)), which can then be 
related to fw and fr. Archie's law is generally recognized as valid when electrolytic conduction is 
the dominant conduction process. However, this is unlikely to be the case for coarse, blocky 
materials and supersaturated permafrost conditions, limiting its applicability in the context of this 
study. Thereby, following Mollaret et al. (2020), the geometric mean model (Eq. 3.5; Glover, 2010) 
was applied here instead, as it has the advantage to include all fractions of the four phases (and 
not only rock and water as in Archie’s Law), and consequently yield realistic and well-constrained 
ice content estimations also in cases where the water content is potentially low (as in rock 
glaciers, Mollaret et al., 2020):  

 

𝜌𝜌 = 𝜌𝜌𝑟𝑟
𝑓𝑓𝑟𝑟 ∙ 𝜌𝜌𝑤𝑤

𝑓𝑓𝑤𝑤 ∙ 𝜌𝜌𝑎𝑎
𝑓𝑓𝑎𝑎 ∙ 𝜌𝜌𝑖𝑖

𝑓𝑓𝑖𝑖  (Eq. 3.5) 
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where 𝜌𝜌𝑟𝑟, 𝜌𝜌𝑖𝑖, 𝜌𝜌𝑤𝑤  and 𝜌𝜌𝑎𝑎 are the resistivities for rock, water, air and ice, respectively.  

The results of the PJI depend on different sets of parameters in addition to the measured apparent 
resistivities and seismic travel-times. A range of resistivity [Ωm] and P-wave velocity [m/s] values 
was attributed to each of the four phases (ρw, ρi, ρa, ρr, 𝑣𝑣𝑟𝑟, 𝑣𝑣𝑖𝑖, 𝑣𝑣𝑤𝑤, 𝑣𝑣𝑎𝑎) in Eq. 3.4. These were based 
on estimated resistivities and velocities obtained from the ERT and RST datasets as well as on 
standard ranges found in the literature (Hauck and Kneisel, 2008). A physically plausible range 
(i.e. 0.2-0.8) of initial porosity (=1-𝑓𝑓𝑟𝑟) values was prescribed through an iterative process to define 
the most adequate initial porosity value of each profile, which influences the distribution of the 
four phases. Regularisation parameters for the inversion were attributed according to the 
suggested values by Mollaret et al. (2020). Because of the varying sensitivity of the model to 
prescribed resistivities of the four phases and initial porosity, a looping process was used to 
systematically test different combinations of parameters (ρw, ρi, ρa, ρr and initial porosity) with 
different sets of prescribed values. The goal was to identify the optimal combination that most 
closely matched the model's χ2 (where χ2 = 1 indicates a perfect fit to the data, given the data error, 
following the method outlined by Günther and Rücker (2023) and prior site knowledge.  

 

3.2.4 Ground penetrating radar 
 

Ground penetrating radar (GPR) is based on the propagation of high-frequency electromagnetic 
waves into the ground and their reflection at interfaces between materials with different dielectric 
permittivity and electrical conductivity. The propagation velocity is determined by the permittivity 
of the subsurface material, whose values range between 1 (air) and 80 (water). Due to contrasting 
properties between air, ice, and rock, this method enables the delineation of subsurface layers 
with velocity contrasts. A GPR campaign was held at the Ritord study site in mid-April 2021. A 
longitudinal profile (Ri-R08), co-located to the VES and ERT profiles, and two transversal profiles 
(Ri-R08a and Ri-R08b) were carried out on the debris-covered tongue of the Epée glacier. A profile 
(Ri-R04) co-located to the VES and ERT profile Ri-S04 was performed on the Challand push-
moraine. Being complementary to the other applied geophysical techniques (Kunz and Kneisel, 
2020), this allowed to image the internal structure of the debris-covered glacier tongue and the 
Challand push-moraine. Further details on this method can be found in the respective 
methodological sections of Publication III. 

 

3.3 Ground surface temperature 
 

The thermal state of the ground surface is commonly assessed through the monitoring of ground 
surface temperature (GST), which result from the energy balance at the ground surface, which is 
predominantly influenced by solar radiation and air temperature during snow-free periods, but 
also by the snow cover timing and duration (Hoelzle et al., 2022). Temperature loggers are buried 
a few decimetres under the ground surface to avoid the GST signal to be disturbed by solar 
radiation, thereby slightly damping its diurnal temperature amplitude. This allows to analyse the 
state and changes of the ground thermal regime and the snow cover with relatively little noise in 
the data. Spatially distributed continuous GST measurements allow to assess the spatial and 
temporal variability related to varying topographic settings or ground surface characteristics 
throughout the monitoring period. To maintain consistency in the long-term monitoring of the 
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ground surface thermal regime, of the positions of the temperature loggers must be kept identical, 
since the terrain-specific micro-climatic conditions have to be maintained over the monitoring 
period.  

The GST data is used to assess the influence of the ground thermal regime on surface changes in 
glacier forefields. At Ritord, 20 GST loggers have logged ground surface temperatures in the glacier 
forefield and on the adjacent debris-covered glacier since 1997. At Aget, 7 GST loggers were 
installed within the glacier forefield in 1998. At Gruben, 5 loggers were installed in 2012. Since 
their installation, all temperature loggers have recorded ground surface temperatures at a two-
hour frequency. Until 2016, GST data were collected using UTL-1 data loggers (accuracy of ± 
0.2°C) and from 2016 onwards UTL-3 data loggers have been used (accuracy of ± 0.02°C). In case 
of drift, time series are adjusted to match with the zero-curtain temperature during autumn 
freezing and spring melt periods.  
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4 Key findings and discussion 
 

The response of systems where glacier-permafrost occurred over varying temporal scales – from 
intra-seasonal to decadal – has been investigated and evaluated in relation to the corresponding 
climatic context, using a multi-method and interdisciplinary approach. The joint analysis of 
different datasets provided insights into the driving processes contributing to the 
morphodynamical evolution of such systems. The interactions between glaciers and permafrost 
have resulted in the formation of complex landforms and combinations of landforms. The 
characterization of these landforms is not straightforward as they are characterized by complex, 
interacting morphodynamical processes. The complexity of the processes occurring in glacier-
affected perennially frozen landforms is inherited from the interaction phase between glacier ice 
and permafrost. This results in highly variable spatial and temporal variations of their post-glacial 
dynamic regime, which are closely influenced by the extent of the glacial load exerted during the 
contact phase, the ground ice content and origin, and the active layer or debris-cover thickness. 
Furthermore, their dynamical behaviour is primarily driven by key factors, including air and ground 
temperature, the input of surface liquid water (snowmelt or precipitation), and debris input, which 
may fluctuate according to the temporal scale and relative climatic conditions under 
consideration.  

The following section presents the principal findings of each of the three case studies, preceded 
by a brief introduction and summary of their main achievements in the context of the research 
questions. 

 

4.1 Evolution of ground ice and its influence on long-term permafrost creep 
dynamics – case study of Aget (Publication I) 

 

The dynamics behind the viscous creep-deformation and displacement rate of perennially frozen 
landforms is mainly driven by complex thermo-hydro-mechanical processes (Arenson et al., 
2002; Buchli et al., 2018; Cicoira et al., 2019; Haeberli et al., 1988; Ikeda et al., 2008), whose 
variations appear to reflect climate-related fluctuations (Kellerer-Pirklbauer et al., 2024). 
Nevertheless, local environmental factors such as the topography, geometry, hydrology, and ice 
content can exert a significant influence on permafrost creep dynamics, to the extent that creep 
behaviour patterns may be considered to diverge from regional environmental signals. To better 
understand the driving processes contributing to the kinematic behaviour of perennially frozen 
landforms, and consequently to answer the Research Question I, we investigate the post-glacial 
dynamics of a glacitectonized perennially frozen landform (hereby referred as GFL) at Aget. To this 
aim, the evolution of the extent and properties of ground ice over a twenty-year period is assessed 
through the analysis of repeated historical geoelectrical measurements (see Figure 4.1 for the 
location of the geoelectrical profiles). Thereafter, the kinematic behaviour of a mass-wasting GFL 
is investigated, with an emphasis on the contribution of ice melt-induced subsidence to surface 
elevation changes, through the combination of the analysis of 20-year of in-situ geodetic and 
ground surface temperature monitoring surveys. Our observations underline the importance of 
decadal-scale and multi-method approach in understanding the driving processes contributing 
to changes in the kinematic behaviour of glacier-affected perennially frozen landforms in the 
alpine context. The detailed analysis of the results are presented in Publication I. 
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Figure 4.1: Overview of distribution of the GST sensors throughout the site and the location of the geoelectrical profiles. 
The location of the GST sites is marked by white dots. The geoelectrical profiles at the site are marked by a continuous 
segment (VES) and by a dashed line (ERT). Profiles marked in white represent permafrost-prone areas, and in grey 
permafrost-deprived areas (orthorectified aerial image: Flotron AG 2019). 

 

4.1.1 Ground ice content distribution and evolution 
 

The geoelectrical surveys at Aget allowed to characterize a heterogenous distribution of ground 
ice within the investigated glacitectonized frozen landform (push-moraine) (Figure 4.2). Low 
electrical resistivity values suggests that the kinematically inactive downstream section of the 
landform is either experiencing an advanced state of permafrost degradation or is partly unfrozen, 
which corroborates with the positive ground surface temperature measurements and our 
geomorphological interpretation. In the still active, yet decelerating section of the landform, 
permafrost conditions are widespread and local patches of high electrical resistivity values are 
discernible. From the measured electrical resistivity values, we cannot fully exclude the presence 
of remnants of buried glacier ice, which could have been embedded during the glacier-permafrost 
interaction phase.  

 



41 
 

 

Figure 4.2: ERT profiles Ag-WS06 (a), Ag-WS08 (b), and Ag-WS07 (c). The whited-out sections represent low-sensitivity 
data at the edges of the tomograms. The dashed line represents the threshold for permafrost occurrence (5 kΩm).  

 

Through the repetition in 2017 of the 1998 historical geoelectrical surveys, we quantified the 
changes in resistivity values. Because of the heterogeneous spatial distribution of ground ice and 
the varying ground ice properties, the amplitude of the observed changes are not uniform. As the 
warming of ground ice induces an increase in the liquid water-to-ice content ratio, a notable 
decrease in resistivity is expected in interstitial frozen layers as the melt water can fill the pores or 
build up a thin layer at the contact of ice and rock particles Smaller changes in resistivity within 
layers of more massive ice can be attributed to their limited ability to retain additional liquid water, 
as the structure of massive ice lacks the pore spaces or interfaces present in interstitial frozen 
ground that facilitate water storage. 

In the back-creeping part, where interstitial ice is present, the degradation (here, expressed by 
change in resistivity) is the strongest (Ag-S06 BC, −44% change in ρa; Figure 4.3). Conversely, in 
the highly resistive patches observed in the tomograms Ag-W06 and Ag-W08, where a 
supersaturated ice content is likely to occur, the change in resistivity between 1998 and 2017 is 
relatively low (Ag-S08 AC, −14% change in ρa). Despite the heterogeneity in resistivity changes in 
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layers containing ground ice, our observations lie within the trend of resistivity decrease due to 
warming permafrost observed in the Alps (Mollaret et al., 2019; Buckel et al., 2023).  

 

Figure 4.3: Change in resistivity from 1998 to 2017 of VES Ag-S06 and Ag-S08. Both branches AC and BC (Hummel array) 
of each profile are presented. The data points (measured ρa between 20 and 40 m, distance AB/2 [m]) used to calculate 
the relative change in apparent resistivity are highlighted by the hatched lines. 

 

4.1.2 Contribution of ground ice content evolution on the kinematic behaviour of the 
Aget GFL A 

 

Along with a decrease in electrical resistivity, permafrost degradation is also expressed by 
geometrical adjustments such as ice melt-induced subsidence, i.e. the subsidence observed at 
the surface caused by the gradual melting of ice and corresponding volume change. To address 
the extent to which ice melt-induced subsidence contributes to surface changes, we first 
calculated the estimated thickness changes of the GFL related to compressing and extending flow 
patterns. As the related change in elevation is dependent on the thickness of the moving mass, 
we prescribed it according to geomorphological observations and the results of the geoelectrical 
surveys. The measured horizontal displacement, vertical displacement, and topographical slope 
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angle are considered in the estimation of ground ice melt. A complete overview of this approach 
is available in Publication I.  

In the central zone of GFL A, average surface displacements ranging from 0.15 to 0.30 m/year have 
been measured from 2001 to 2020 (Figure 4.4). In contrast, only small surface movements (mainly 
between 0.05 and 0.10 m/year) have been observed on the southeastern terminal lobe. The 
direction of the surface movement follows the slope aspect towards the southeast. The mean 
slope angle of GFL A is approximately 15°. The slope angle decreases towards the frontal zone 
(between 5° and 10°), contributing to a reduction in velocity. In the vicinity of the uppermost 
topographical rupture of the back-creeping GFL section, the slope angle gradually changes from 
15° to 30°, resulting in velocities exceeding 0.20 m/year in the area. Throughout the investigated 
GFL, an extending flow pattern is observed, especially in the uppermost part near the 
topographical rupture, where values up to +13% are found over the 19-year observation period. 
For the rest of the surface, the extension rate remains relatively low with values ranging between 
0 and +5% (subsidence of up to 1.0 ± 0.25 m). Compression is restricted to the lowermost frontal 
zone of GFL, where the topography flattens and surface displacements are the slowest, and 
locally at the foot of the topographical rupture in the upper central zone due to some convergence 
of the flow field (Figure 4.4). As a geometric response to compressive flow, a relative gain in 
surface elevation above the initial topography in the order of 0.5 m up to more than 1.0 m on the 
southeastern front can be expected.  

 

 
Figure 4.4: Contribution of extensive and compressive flow patterns and surface displacements to thickness variations 
obtained by an inverse distance weighting (IDW) interpolation. Arrows show the annual horizontal velocity, circles the 
annual vertical velocity, and the different shades of grey indicate the displacement slope angle of each point. The black 
dashed line represents the topographical rupture. The white dotted line represents the outline of the investigated GFL.  
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In areas where topographical changes are the highest, we have observed that surface elevation 
changes are essentially caused by the gravity-driven downslope permafrost creep along the 
topographical slope and enhanced by surface thinning due to an extending flow pattern, which 
could probably favour the deepening of the permafrost table as a thermal response. This is 
particularly evident in the uppermost zone of the GFL and close to the topographical rupture. 
Throughout the rest of the landform, ice melt-induced subsidence contributes more or less 
significantly to surface elevation changes, as expressed by pronounced vertical displacements 
with almost no horizontal movement (Figure 4.5).  

 

 

Figure 4.5: Displacement profiles for the period 2001–2020 of selected points distributed throughout the actively back-
creeping GFL A. 

 

In areas where the flow pattern is not pronounced (i.e. absence of horizontal movement), or a 
compression flow pattern dominates, the contribution of the melt of excess ice to surface 
elevation loss has been the highest, with values ranging between 0.06 and 0.12 m/year, while the 
surface elevation loss of points in the steeper zone of the landform is mainly driven by the 
extension flow pattern (refer to Table 1 in Publication I). To evaluate the influence of ground surface 
summer heating on the vertical displacement rates of the measured points, we compared the 
annual vertical displacements with the annual ground thawing index (GTI) for selected points 
located in different flow pattern zones (Figure 4.6). In the extension flow pattern zone, 
characterized by steeper topography, we observed a strong correlation between the GTI and 
elevation changes. This indicates that ground ice melting, primarily occurring at the permafrost 
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table and driven by summer ground surface heating, contributes to permafrost warming and 
accelerates creep rates. In areas of flatter topography with minimal horizontal displacement, a 
clear but more variable correlation between the GTI and annual vertical displacement suggests 
that ice melt-induced subsidence dominates the process. Conversely, in the compression flow 
pattern zone, the correlation is less distinct, likely due to heave resulting from compression, which 
counterbalances the signal of vertical displacement. 

 

 

Figure 4.6: Contribution of the GTI to annual vertical displacement for selected points located in the different flow 
pattern zones from 2006 to 2018. Points Ag-124 and Ag-139 are located in the zone of extensive flow pattern, points Ag-
023 and Ag-024 are located in the zone of compressive flow pattern and point Ag-149 is located in a zone where an 
absence of horizontal movement is observed.  

 

The ongoing melt of ground ice leads to a progressive decrease in the thickness of the frozen 
column above the shear horizon. This melting increases the liquid water content within the 
permafrost, initially raising intrapermafrost pore pressure, which can temporarily reduce shear 
strength and enhance kinematic activity. However, as the frozen column thins further, pore 
pressure progressively decreases due to drainage and redistribution of meltwater, leading to a 
reduction in driving stress at the shear horizon. In advanced states of permafrost degradation, as 
should probably occur at the lowermost section of GFL A, the shear resistance is expected to 
increase as interlocking between particles becomes more significant, consequently and 
progressively leading the landform to a state of inactivity. The kinematic data also illustrates a loss 
of surface elevation, which is essentially driven by extensive flow patterns. This is explained by a 
topographical step and the divergent flow at the lateral margin of the GFL. The overall thinning of 
landforms in these areas yields a decrease in stresses exerted at the shear horizon. This 
contributes to a progressive reduction in its kinematic activity. It can be anticipated that the 
ongoing deterioration of permafrost and thinning of the GFL will result in its transition from a 
kinematic active to an inactive state. A similar process likely occurred in the lowermost part of the 
glacier forefield.  
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4.2 Ground ice content and origin and its influence on seasonal surface 
dynamics – case study of Gruben (Publication II) 

 

The typology of the ice content and associated processes of the resulting phenomena and 
landforms can be delicate to assess, given that they are the product of complex interconnected 
glacial and periglacial processes (Vivero et al., 2021). In chapter 4.1 we have demonstrated that 
perennially frozen landforms that were subject to interactions with glacier ice can be 
characterized by a heterogeneous spatial distribution of ground ice and varying ground ice 
properties. This led us to investigate the influence of the subsurface properties of the Gruben rock 
glacier and its complex contact zone, a system where glacier-permafrost interactions occurred, 
on their seasonal dynamics, which we addressed through Research Question II. Numerous 
studies have evidenced the variability of permafrost creep dynamics at a seasonal temporal 
scale, which is characterized by an acceleration in early summer with flow velocity maxima 
occurring between summer and early winter, and a deceleration leading to a late-spring minima 
(Cicoira et al., 2019; Delaloye et al., 2010; Kääb et al., 2007; Wirz et al., 2016). This seasonal 
velocity signal typically exhibits a temporal lag of a few months with respect to both air and ground 
surface temperatures (Wirz et al., 2016). This phase lag may be attributed to the time for the 
temperature signal and water to propagate from the surface to the shear horizon, consequently 
affecting permafrost creep. Through the application of geophysical surveys, geodetic 
measurements and ground temperature measurements (Figure 4.7), we aim to understand the 
impact of subsurface properties on the kinematic behaviour of complex systems where glacier-
permafrost interactions occurred, and the driving processes contributing to the 
morphodynamical expression of the latter. The detailed analysis of the results are presented in 
Publication II.   
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Figure 4.7: Overview of the distribution of the geodetic survey points (crosses are the points monitored since 2012 and 
diamonds are the points monitored since 2021) and the location of the four permanent dGNSS stations and the 
reference station. The location of the electrical resistivity tomography (ERT) and refraction seismic tomography (RST) 
profiles is also presented. The continuous black line indicates ERT profiles with a 5m electrode spacing, and the white 
lines indicate ERT profiles with a 2.5m electrode spacing (see Sect. 4.1). The distribution of temperature loggers (UTL-
3) is also presented. Background: UAV-derived hillshade (6 October 2022). 

 
4.2.1 Characterization and estimation of ground ice content 
 

The characterization of frozen ground is quantitatively assessed using the petrophysical joint 
inversion (PJI) approach (Mollaret et al., 2020; Wagner et al., 2019), where the measured apparent 
resistivity and seismic travel-times are jointly inverted to quantify the volumetric fractions of air, 
water, ice, and rock within the subsurface (Figure 4.8). We prescribe a physically plausible range 
of initial porosity to the model, and we attribute a range of resistivity and P-wave velocity values 
to each of the four phases, based on measured values obtained from geoelectrical and refraction 
seismic surveys. Because of the coarse-blocky and expected ice-rich permafrost conditions, we 
used the geometric mean model to relate the measured electrical resistivities to the subsurface 
components (Glover, 2010) as it has the advantage of including all fractions of the four phases, 
and consequently yield realistic and well-constrained ice content estimations also in cases 
where the water content is potentially low, such as rock glaciers or push-moraines (Mollaret et al., 
2020).  



48 
 

The results confirmed the occurrence of a layer of ice-rich permafrost at depth in the frontal zone 
of the Gruben rock glacier (Figure 4.8d) and demonstrate the resilience of debris covered, ice-rich 
permafrost to the increasing air temperatures in the past four decades. The current conditions 
infer that the Gruben rock glacier was already under permafrost conditions before the LIA advance 
of the Gruben glacier. In the upslope section of the rock glacier, geomorphological indicators point 
to a former contact zone between the permafrost of the Gruben rock glacier and the polythermal 
Gruben glacier during its LIA maximal extent (Gärtner-Roer et al., 2022; Haeberli et al., 2024; Kääb 
et al., 1997). During the interaction phase between the polythermal glacier and the rock glacier, 
debris-covered glacier ice was locally embedded within, and primarily on top of the frozen debris, 
as evidenced by the geomorphological imprint of thermokarst in the former contact zone, but also 
by the extremely resistive and widespread ground ice (Figure 4.8b-c), originating from buried cold 
surface ice. However, the uppermost section of the contact zone is characterized by a high water-
to-ice ratio (Figure 4.8a), which can be explained by the presence at the surface of fine-grained 
glaciogenic sediments (till), where more capillary action occurs, but also by ground ice affected 
by the former presence of a thermokarst lake, where the energy exchanges between the lake water 
and the ground surface could have partly contributed to its thermal degradation.  

 

 
Figure 4.8: Volumetric fractions of water (fw), ice (fi) and rock (fr) estimated by the petrophysical joint inversion of profiles 
GRU-S01 (uppermost section of former glacier-permafrost contact zone), GRU-S02, GRU-S03 (complex contact zone) 
and GRU-S04 (rock glacier). 
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4.2.2 Seasonal surface dynamics 
 

The seasonal kinematic regime of the Gruben rock glacier and its complex contact zone, and the 
Gruben debris-covered glacier is assessed through the application of different geodetic 
approaches, allowing to capture both the spatial and temporal extent of morphodynamical 
changes. These include UAV-derived photogrammetry, seasonal terrestrial geodetic surveys, and 
continuous automatic geodetic observations. The information yielded by the latter allowed us to 
grasp the intra-seasonal dynamic variations in relation to seasonal meteorological changes 
(Figure 4.9), thus enabling a better understanding of the thermo-hydro-mechanical processes 
contributing to the morphodynamical changes of the rock glacier and complex contact zone.  

 

 

Figure 4.9: Displacement profiles measured by the four permanent dGNSS stations on the Gruben rock glacier (a–c) 
and the Gruben debris-covered glacier (d). Each marker represents a daily position, with wider markers indicating 
positions measured on October 1st of each year. Blue markers represent positions measured during the freezing period, 
while light green markers correspond to positions measured during the zero-curtain period.  

 

Where ground ice content is widespread within a rock matrix with excess ice, surface lowering is 
mainly interpreted as the expression of ice melt and thaw subsidence. The magnitude of the latter 
is highly dependent of the ground ice properties, the surface debris thickness and coarseness, 
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and the temperature of the ground surface. The results from the geodetic and temperature 
measurements show direct and high-magnitude responses in the form of subsidence to summer 
ground surface heating in the complex contact zone, the highest temperatures are hereby 
associated with the largest subsidence (Figure 4.10a). Surface lowering is thus dominated by ice 
melt, a thermally driven process occurring from the permafrost or ground ice table downwards 
(Staub et al., 2016; Wee and Delaloye, 2022). 

On the rock glacier, elevation loss is primarily driven by internal continuous creep deformation, 
with slight accelerations in the early summer, peak velocities observed in autumn, followed by 
deceleration in the winter (Figure 4.10c). Ice melt-induced subsidence has a minimal effect on 
surface lowering (Gärtner-Roer et al., 2022). However, increased water content from snowmelt 
and permafrost thaw enhances deformation, suggesting that seasonal increases in extensive flow 
patterns also contribute to surface lowering (Cicoira et al., 2019).  

 

 
Figure 4.10: Horizonal velocity time series, vertical velocity time series and daily ground surface temperature, 
respectively from top to bottom plots in the complex contact zone GRU-010 (a) and GRU-023 (b), and in the rock glacier 
zone Gru-036 (c). The time series recorded by the stations GRU-010 and GRU-023 span from July 2022 to early October 
2023, whereas the time series recorded by the station GRU-036 spans from July 2012 to June 2018.  

 

In the area located down-valley of the topographical rupture, the mechanical behaviour of the 
perennially frozen body remained unchanged from its state prior to the advance of the LIA glacier, 
as it is likely that large-scale stress transmission did not occur. This is evidenced by coherent flow 
fields and longitudinal ridges and furrows, which indicate gravity-, hydrologically, and thermally-
driven internal permafrost creep deformation and extending flow. In the area up-valley of the 
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topographical rupture and to the western boundary of the thermokarst depression, it is likely that 
stress from the Gruben glacier during its LIA advances caused internal and surface deformation, 
as evidenced by flow trajectories and compression ridges. It is also possible that an earlier glacier 
advance may have contributed to this mechanical deformation (Figure 4.11). The detailed 
description of the flow field trajectories and general seasonal kinematic observations obtained 
from Structure-from-Motion photogrammetry is available in Publication II.  

In the complex contact zone up-valley, less coherent flow fields converging towards the glacier 
forefield indicate that there have been geometrical adjustments following the interaction between 
the Gruben rock glacier and the debris-covered glacier (Figure 4.11). Lateral back-creeping 
motion dominates this former contact zone. In the vicinity of the thermokarst depression, the flow 
pattern becomes locally much less coherent as the topography is relatively chaotic, favouring the 
stochastic displacement of the blocky surface. 

 

 
Figure 4.11: Interpretation of the influence of the LIA glacier-permafrost interaction on the mechanical behaviour of the 
rock glacier and its adjacent complex contact zone based on the analysis of high-resolution photogrammetry. The 
dashed grey line represents the topographical rupture. The dark blue arrows represent the stress exerted by the glacier 
onto the rock glacier. The white dashed arrows show the reoriented flow trajectories of the rock glacier and complex 
contact zone as a response to the stress exerted by the LIA glacier, while the grey dashed arrows show the unchanged 
flow trajectory of the rock glacier. The blue dashed line shows the probable extent of a prior stage (~1600) of LIA glacier 
advance. The dark red dashed line on the orographic right side of the rock glacier and the dashed ellipse show 
compression ridges likely due to the glacier stress. Background: UAV-derived hillshade (06.10.2022). 
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The kinematic signature of the two morphological zones described in Publication II attests of their 
geomorphological heritage from the Holocene and LIA and highlights the interrelation between 
glacial and periglacial processes occurring in the so-called complex contact zone. This 
underlines the complexity in capturing a complete and thorough understanding of the driving 
processes contributing to the morphodynamical evolution of such systems. This study also 
revealed the resilience of the ground ice to a warming atmosphere, in particular in the ice-rich 
permafrost of the rock glacier. 
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4.3 Post-glacial dynamics of a glacier forefield and its components in the context 
of mountain permafrost across spatial and temporal scales – case study of 
Ritord (Publication III) 

 

In the previous chapters 4.1 and 4.2, corresponding to Publication I and Publication II, 
respectively, we addressed the influence of ground ice content, origin and spatial distribution of 
ground ice on the surface dynamics within the Aget and Gruben glacier forefields, including the 
debris-covered glacier tongue of the Gruben glacier. Here, we extend our previous investigation 
across different spatial and temporal scales, using the study site of Ritord. Very few studies have 
addressed the long-term evolution of such systems (Capt et al., 2016; Cusicanqui et al., 2023; 
Gärtner-Roer et al., 2022). Through the analysis of historical aerial images and recent UAV-
derived images, we investigate the post-glacial morphodynamical evolution from 1964 to 2023 of 
the different landforms within the glacier forefield, which includes the glaciers of Challand and 
Epée. In addition to photogrammetry techniques, we apply geophysical, terrestrial geodetic 
measurements, and long-term ground surface measurements to capture the full understanding 
of the past and current dynamics within the Ritord glacier forefield. The kinematic evolution of the 
landforms within the forefield is investigated with an emphasis on the processes contributing to 
surface lowering. The evolution of the extent and properties of ground ice and debris-covered 
surface ice is assessed by geophysical surveys and ground surface temperature measurements. 
This study, presented in further detail in Publication III, seeks to foster the use and application of 
a multi-method approach to capture the multi-decadal evolution of glacier-permafrost 
interactions in a high-mountain alpine environment.  

 

4.3.1 Characterization of the internal structure of the glacier forefield 
 

Figure 4.12 presents a synthesis of the inverted electrical resistivity tomograms (ERT) and ground-
penetrating radar (GPR) profiles, providing a detailed characterization of the subsurface 
conditions of the study area. The ERT profiles RIT-P04 and RIT-P12 were carried out on the lateral 
push-moraines, while RIT-P08 was taken on the debris-covered glacier tongue in the centre. 
Results from the GPR profiles (Ri-R08, Ri-R08a, and Ri-R08b) are well-aligned with the ERT 
findings, particularly in the case of profile RIT-P08. 

In profile RIT-P04 (Challand push-moraine), the resistivity values at the extremities range from 1 
to 5 kΩm, suggesting a high water-to-ice ratio or permafrost loss. The central section shows a 20 
m thick patch with resistivities between 200 and 350 kΩm, beneath a more conductive 10-15 m 
thick layer (50 kΩm). In profile RIT-P12 (Epée push-moraine), resistivity values range from 300 to 
600 kΩm in the lower section, while the upslope area shows a decrease to between 100 and 300 
kΩm, with the uppermost layer exhibiting a conductive zone of around 10 kΩm, likely reflecting 
finer-grained sediments. 

The ERT profile RIT-P08, which was measured on the Epée debris-covered glacier tongue, reveals 
high resistivity values (~2500 kΩm) in the core, indicating massive cold glacier ice. These values 
gradually decrease downslope to 20-50 kΩm, delineating the glacier tongue terminus. The upper 
conductive layer likely corresponds to the debris cover, while resistivity values (~350 kΩm) near 
the profile's edges could be artefacts due to reduced sensitivity at the tomogram’s margins. 
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The GPR profiles (Ri-R08, Ri-R08a, and Ri-R08b) further support the ERT findings for RIT-P08. In 
the uppermost layer of GPR profile Ri-R08, a continuous surface-parallel reflector was identified, 
interpreted as the boundary between the debris cover and the ice of the partly disconnected 
glacier tongue. A strong linear reflector observed across all GPR profiles indicates the interface 
between the ice and bedrock at around 40 m depth in the central zones, thinning towards the 
extremities. The cross-profiles (Ri-R08a and Ri-R08b) also show reflectors in their eastern and 
northeastern extremities, respectively, which are interpreted as shear planes, possibly linked to 
internal ice deformation or impurities. 

Together, the ERT and GPR results offer a comprehensive understanding of the subsurface, 
identifying ice-rich zones, glacier ice-bedrock interfaces, and areas of internal ice deformation, 
as well as highlighting variations in permafrost conditions and debris cover. 

 

 

Figure 4.12 : ERT profiles carried out on the two push-moraines and the partly disconnected Epée debris-covered 
glacier tongue. Profile RIT-P04 corresponds to the Challand push-moraine (a), profile RIT-P12 corresponds to the Epée 
push-moraine (b), and profile RIT-P12 corresponds to the Epée debris-covered glacier tongue (c). The black dots 
represent the electrodes. The white dashed line represents the approximate location of the vertical electrical sounding. 
GPR profiles carried out on the partly disconnected debris-covered glacier tongue (c1-3) and the Challand push-
moraine (a1). Ri-R08 corresponds to the longitudinal profile performed on the DCG (c1). The cross at around 510 m 
represents the intersection of the cross-profile Ri-R08a (c2), and the cross at around 400 m represents the intersection 
of the cross-profile Ri-08b (c3). Ri-R04 corresponds to the profile carried out on the push-moraine. Dashed lines mark 
the main reflectors.  
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4.3.2 Evolution of ground ice through changes in electrical resistivity 
 

The vertical electrical soundings repeated in 2020 show coherent apparent resistivity curves, 
similar to those observed in 1997, but with a systematic decrease in resistivity values across all 
profiles. This reduction likely indicates the gradual melting of embedded ice and thawing of 
permafrost (Figure 4.13). 

For the profiles measured on the push-moraines (Ri-S04, Ri-S07, and Ri-S12), the resistivity 
curves suggest the presence of ice lenses of varying thicknesses embedded within less resistive 
layers. The resistive cores of the push-moraines are overlain by a 4-6 m thick less resistive layer, 
likely representing the active layer. The observed decrease in resistivity between 1997 and 2020, 
ranging from 43.73% to 59.50%, points to the gradual melting and thinning of ice, as well as 
permafrost thaw. 

On the Epée debris-covered glacier, profile Ri-S08 shows very high resistivity values, indicating 
the presence of cold glacier ice, with a decrease of 28.83%, likely due to ice thinning. In contrast, 
profile Ri-S09, located near the glacier terminus, exhibits lower resistivity values and an 86.55% 
decrease since 1997, suggesting faster melting of thinner ice and increased water saturation as 
the ice-covered surface diminishes. 

In the rock glacier rooting zone, profile Ri-S16 measured in 1997 indicated a resistive layer, likely 
a buried glacier ice lens at a depth of 4-5 m. The significant 96.56% decrease in resistivity suggests 
the complete melt of this layer, leading to an increase in water content at depth. Profile Ri-S10, 
located closer to the glacier's margins, shows thick frozen sediments in 1997, where the presence 
of embedded glacier ice cannot be entirely excluded. 

Overall, the observed changes in resistivity across all profiles reflect ongoing ice melt and 
permafrost thaw, particularly in areas with thinner ice or closer to glacier margins. 
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Figure 4.13: Change in apparent electrical resistivity between 1997 and 2020 of vertical electrical soundings Ri-S04, Ri-
S07, Ri-S12 (on the northern push-moraine, medial push-moraine and southern push-moraine, respectively), Ri-S08, 
Ri-S09 (along and across the debris-covered glacier tongue, respectively), Ri-S10, and Ri-S16 (in the rooting zone of the 
glacier forefield-connected rock glacier). The measured apparent resistivity highlighted in grey (between 20 and 40 m, 
corresponding to an investigation depth of roughly 10-15 m) were used to calculate the change in resistivity as in Wee 
and Delaloye (2022).  

 

4.3.3 Pluri-decadal surface lowering and displacement 
 

Surface elevation changes in the Ritord Glacier forefield between 1964 and 2023 were 
reconstructed using historical aerial photographs, UAV surveys, and existing airborne laser 
scanning (ALS) data (Figure 4.14). The results show strong spatial and temporal variability across 
the study area, shaped by several processes: (i) melt-induced subsidence of buried glacier ice 
within glacier-affected, perennially frozen landforms (such as push moraines, rock glaciers, and 
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the debris-covered glacier tongue), (ii) thawing of ice-rich permafrost, (iii) downslope 
displacement, and (iv) thermokarstic erosion. 

In the debris-covered tongue of the Epée Glacier (zone 1, Figure 4.14a), surface lowering was 
already evident from 1964 to 1982, averaging -0.33 m/year. This rate increased slightly to -
0.37 m/year between 1982 and 1988 and accelerated further to -0.74 m/year from 1988 to 1999. 
Particularly high rates of lowering, up to -0.90 m/year, were observed along the orographic right 
lateral margin, where thermokarstic erosion likely contributed to the development of a lateral 
gully. Surface lowering continued in subsequent periods with varying intensity: -0.51 m/year 
(1999–2005), -0.59 m/year (2005–2016), and -0.69 m/year (2016–2019). A temporary slowdown 
was recorded from 2019 to 2022 (-0.42 m/year), followed by a renewed acceleration to -
0.71 m/year between 2022 and 2023, suggesting intensified ice melt in recent years. 

The Challand push-moraine (zone 2, Figure 4.14a) showed relatively low rates of surface change 
in the earlier decades. Between 1964 and 1982, mean surface lowering was -0.16 m/year, 
dropping to -0.05 m/year between 1982 and 1988. A slight increase was observed between 1988 
and 2005, with rates ranging from -0.17 m/year to -0.22 m/year. These values remained close to 
the detection threshold, indicating limited geomorphic activity. However, more pronounced 
changes occurred after 2016: -0.28 m/year (2016–2019), -0.11 m/year (2019–2022), and -
0.27 m/year (2022–2023). Significant morphological transformations were documented on the 
south-facing inner flank of the northern push moraine, where surface lowering reached -
3.6 m/year (2019–2022) and up to -6 m/year (2022–2023), driven by the melt of outcropping glacier 
ice embedded in the moraine. 

In the rock glacier rooting zone (zone 3, Figure 4.14a), surface elevation changes were negligible 
prior to 1988. From 1988 to 1999, surface lowering became more noticeable, with a mean rate of 
-0.41 m/year. This rate declined in subsequent periods: -0.23 m/year (1999–2005), -0.20 m/year 
(2005–2016), and -0.21 m/year (2016–2019). A significant decrease in lowering occurred from 
2019 to 2022 (-0.09 m/year), but the trend reversed between 2022 and 2023, with rates increasing 
to -0.18 m/year. 

In summary, the analysis highlights long-term surface lowering across all glacier-affected 
landforms, with the strongest changes linked to buried glacier ice melt and permafrost 
degradation. Surface changes intensified significantly after the late 1980s and have fluctuated in 
recent years, with a clear resurgence in the most recent period (2022–2023), pointing to increased 
climatic sensitivity of these high-mountain periglacial systems. 
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Figure 4.14: Surface elevation changes in the Ritord glacier forefield, including the Epée debris-covered glacier and the 
Challand glacier, between 1964 and 2023. The DEMs used to calculate surface elevation changes between 1964 and 
2005 are derived from historical aerial images of Swisstopo (a-d). The DEMs used for the more recent years are derived 
from ALS surveys (2016 and 2019) and UAV-derived datasets (2022-2023). The black dashed polygons in panels g) and 
h) represent the area covered by the UAV surveys. The black boxes correspond to the areas used to calculate the mean 
surface elevation changes for the different zones detailed in panel a (zone 1: debris-covered glacier tongue; zone 2: 
Challand push-moraine; zone 3: rock glacier rooting zone; zone 4: rock glacier; zone 5: Epée push-moraine). 
Background: swissSURFACE3D (Swisstopo, 2021). 
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Horizontal surface velocities in the Ritord Glacier forefield reveal spatially and temporally variable 
dynamics from 1964 to 2023, reflecting the interplay between ice flux, permafrost degradation, 
and geomorphic processes (Figure 4.15). 

On the Epée debris-covered glacier, velocities remained generally low over the entire period, 
indicating dynamic (partial) disconnection from the glacier’s accumulation area. From 1964 to 
1982, average velocities were 0.08 m/year, increasing slightly to 0.14 m/year between 1982 and 
1988, likely due to a positive mass balance (Capt et al., 2016). A decrease to 0.07 m/year occurred 
from 1988 to 1999. However, the orographic right lateral margin showed significantly higher 
movement during this time (0.7 m/year), increasing to 1.4 m/year between 1999 and 2005, likely 
due to lateral thermokarstic erosion. The overall glacier tongue velocity increased slightly to 
0.17 m/year in this period, then stabilized at lower values in recent years (0.08 m/year in 2020–
2021 and 2022–2023), confirming its ongoing dynamic stagnation. 

From 1964 to 1982, velocities averaged 0.15 m/year (Challand) and 0.07 m/year (Epée). Both 
increased from 1982 to 1988, reaching 0.19 m/year and 0.16 m/year, respectively, possibly 
reflecting warmer conditions. The Challand push-moraine continued accelerating through 1999 
(0.31 m/year) and peaked at 0.44 m/year in 2005, whereas the Epée push-moraine showed more 
moderate increases. Recent dGNSS data indicate stable velocities around 0.30 m/year, with a 
clear back-creep displacement pattern concentrated along the inner flanks of both moraines.  

From 1964 to 1982, velocities were 0.19 m/year on the rock glacier and 0.13 m/year in its rooting 
zone, both decreasing by 1988. A strong acceleration occurred between 1988 and 1999, peaking 
at 0.31 m/year on the rock glacier in 1999–2005. Meanwhile, the rooting zone saw a sharp drop to 
0.09 m/year. Between 2020 and 2023, the rock glacier showed moderate activity (0.24–
0.19 m/year), while the rooting zone remained slower (0.12–0.07 m/year), indicating stable yet 
differentiated dynamics. 
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Figure 4.15: Horizontal surface velocities between 1964 and 2023 at the Ritord glacier forefield, comprising the 
Challand and Epée glaciers. The orthoimages used to calculate the horizontal surface displacement between 1964 and 
2005 are from historical aerial image of Swisstopo (a-e). The orthoimages used for the more recent years are derived 
from Flotron aerial images (2016 and 2019) and UAV-derived images (2022-2023). The black dashed polygons in panels 
e) to h) represent the area covered by the surveys. The black boxes correspond to the areas used to calculate the mean 
surface displacements for the different zones (zone 1: debris-covered glacier tongue; zone 2: Challand push-moraine; 
zone 3: rock glacier rooting zone; zone 4: rock glacier; zone 5: Epée push-moraine; Figure 7a).Background: 
swissSURFACE3D (Swisstopo, 2021). 
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Figure 4.16 presents the mean horizontal velocities and surface elevation changes for the 
different zones outlined in Figure 4.14 and Figure 4.15, covering the period from 1964 to 2023. The 
results highlight distinct kinematic signatures among the studied landforms. The dynamically 
disconnected debris-covered glacier tongue is characterized by slow horizontal velocities and 
significant vertical lowering, reflecting ongoing downwasting driven by intensified ice melt. 
Glacier-affected landforms containing embedded glacier ice , such as the lateral push-moraines 
and the rock glacier rooting zone, exhibit more pronounced vertical changes, particularly evident 
in the Epée push-moraine and the rock glacier rooting zone between 1988 and 1999. In contrast, 
the rock glacier tongue, likely unaffected by the Epée LIA glacier, shows less vertical change. 

In recent years (2020–2023), the kinematic contrast between glacier-affected landforms and the 
intact rock glacier has become increasingly marked. While the rock glacier shows a 
morphodynamic signature consistent with permafrost creep, glacier-affected landforms reflect a 
combined influence of permafrost creep and melt-induced subsidence due to the degradation of 
embedded glacier ice, especially in the lateral push-moraines. 

 

 

Figure 4.16: Mean horizontal (a) and vertical (b) surface velocity of the different landforms present in the Ritord glacier 
forefield. Dashed lines represent velocity time series derived from aerial imagery spanning from 1964 to 2022, while 
continuous lines correspond to terrestrial geodetic surveys conducted between July 2020 and October 2023. Velocity 
values for each landform are calculated based on the data from the zones delineated in Figure 4.14 and Figure 4.15. 

4.3.4 Influence of ground thermal regime on sub-seasonal kinematic behaviour 
 

The driving processes contributing to the intra-annual horizontal surface displacements and 
elevation changes were assessed through the comparison of daily position measurements by 
permanent dGNSS stations with the closest daily ground surface temperature measurements 
(Figure 4.17 and Figure 4.18).  
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The station BSP-01 (Figure 4.17) is located on the partly disconnected debris-covered glacier 
tongue, where the surface topography is relatively flat. The horizontal surface velocity tends to 
increase at the end of the spring zero-curtain period. The acceleration phase starts when the 
ground surface temperatures measured a few hundred metres from the station (still on the debris-
covered glacier tongue) gradually increase in late winter – early spring. The inter-annual horizontal 
velocity is variable as in 2021, when the peak velocity was reached in autumn, while in 2022 and 
2023, the peak velocities were reached in early summer. The vertical velocity systematically 
reaches its annual peak in summer when the ground surface temperatures are the highest. The 
maximal summer vertical velocity ranges between -0.80 cm/day to -1.20 cm/day, which 
corresponds to a summer (01.07. – 01.10.) elevation loss of ± 1 meter. Both the winter periods 
2020 – 2021 and 2022 – 2023, when the ground surface temperatures are below 0°C, the horizontal 
displacement stabilizes to ± 0.10 cm/day, while the vertical displacement is close to 0 cm/day. 
The horizontal displacement during winter period 2021 – 2022 is characterized by horizontal 
velocities fluctuating between ± 0.18 – 0.24 cm/day. Similarly to the other winter periods, the 
vertical displacement during winter 2021 – 2022 were almost non-existent. 

 

 

Figure 4.17 : Daily horizontal and vertical surface displacement measured by the permanent dGNSS BSP-01 (a) and (b), 
respectively. Daily ground surface temperature measured by the logger UTL-06 (Ri-06) (c). The light blue shaded area 
represents the period when ground surface temperatures are below 0°C for at least 20 days. The dark blue shaded area 
represents of the zero-curtain period. Discontinuities in the dGNSS data are explained by data gaps caused by the burial 
of the station by snow or other technical issues in data transfer. 

 

The dGNSS station BSP-02 (Figure 4.18) is located on the Challand push-moraine, where glacier 
ice is buried within the frozen landform, and where the kinematic behaviour of the landform is 
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mainly characterized by back-creep. Horizontal velocities tend to reach their peak in autumn and 
are around 0.25 - 0.35 cm/day. A peak of 0.45 cm/day in horizontal velocity was reached in early 
summer 2022, which was followed by a deceleration in horizontal displacement (0.30 cm/day) 
towards the end of the summer. However, the vertical displacement in summer 2022 was more 
important than in the other years. This can be explained by the particularly high ground surface 
temperatures, which probably contributed to enhanced ground ice melt-induced subsidence. In 
winter 2021 – 2022, the horizontal displacement oscillated between 0.15 and 0.35 cm/day, while 
the vertical displacement was mainly around 0 cm/day, aside from an event in December where 
the displacement was -0.35cm/day, likely induced by the tilting of the station’s mast. In winter 
2022 – 2023, as soon as the ground surface cooling was initiated, the horizontal displacement 
began to gradually decelerate from early September to early March. Meanwhile, the vertical 
displacement exhibited a gradual stabilization to 0 cm/day, suggesting a continuous creep 
behaviour, and an absence of ice melt-induced vertical changes.  

 

 

Figure 4.18 : Daily horizontal and vertical surface displacement measured by the permanent dGNSS BSP-02 (a) and (b), 
respectively. Daily ground surface temperature measured by the logger UTL-21 (Ri-21) (c). The light blue shaded area 
represents the period when ground surface temperatures are below 0°C for at least 15 days. The dark blue shaded area 
represents of the zero-curtain period. Discontinuities in the dGNSS data are explained by data gaps caused by the burial 
of the station by snow or other technical issues in data transfer. 
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5 Synthesis 
 

Being at the interface between the fields of glaciology, geomorphology, hydrology, paleo-
climatology and natural hazard assessment, environments and their associated landforms 
subject to glacier-permafrost interactions and interrelations reach beyond clear and linear 
research frontiers. Throughout this thesis, we have underlined the complexity and non-linearity of 
the processes taking place in these complex interconnected systems. This thesis revolved on the 
analysis and interpretation of a rich dataset essentially comprising of geodetic, geophysical, and 
ground surface temperature data, but also direct field observations. This dataset appeared to be 
essential in creating clarity towards a better understanding of the factors and processes involved 
in driving the dynamics of complex geomorphological systems where glacier-permafrost 
interactions occurred or still occur, and to better interpret their climatic, hydrological, and 
geomorphological significance. This chapter proposes a discussion of the approach on which this 
thesis was based, as well as the principal findings that emerged from it in a context of process 
understanding, providing a synoptic overview supported by the current state of knowledge on 
environments and their associated landforms subject to glacier-permafrost interactions and 
interrelations.  

 

5.1 Methodological approach 
 

To overcome the shortcomings in the interpretation of observations and results that arise when 
techniques are applied separately, as each individual method is often ambiguous in determining 
environmental properties and process understanding, this thesis privileges a multi-method and 
interdisciplinary approach. This allows for the most comprehensive and holistic understanding of 
the driving processes contributing to the dynamics of environments and their associated 
landforms, which are subject to glacier-permafrost interactions and interrelations. The combined 
analysis of datasets from different methods can nevertheless be a challenging endeavour as a 
thorough understanding of each individual method, as well as the geomorphological context in 
which these methods are applied is necessary in order to interpret them to their full potential.   

The core results stemming from this thesis are derived from the combined use of geophysical and 
geodetic techniques as well as ground surface temperature data. More importantly, the approach 
chosen provided valuable insights on the processes occurring at different spatial and temporal 
scales within these systems.  

The use of terrestrial geodetic surveys (annual1, seasonal2, and continuous3), UAV surveys3, and 
historical aerial imagery4 enabled an in-depth, of both high-temporal and high-spatial resolution, 
analysis of the general kinematic behaviour of the investigated sites. In general, the large temporal 
and spatial coverage of the sites constituted key information for the understanding of the 
processes involved in the kinematic behaviour of the investigated landforms. Moreover, when 

 
1 Aget, from 2001 to 2020 (continuing annual monitoring) 
2 Ritord, from 2019 to 2023 and Gruben, from 2012 to 2023 (continuing seasonal monitoring) 
3 Ritord, from 2020 to 2023 and Gruben, from 2022 to 2023 
4 Ritord, from 1961 to 2005 
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analysed together, the geodetic datasets were quantitatively comparable, providing confidence 
to their robustness and reliability (Vivero et al., 2022; Wee et al., in prep.). Very high-resolution 
datasets (e.g. UAV-derived orthoimages and DEMs) have the advantage to be resampled to match 
the resolution of the historical aerial images. Despite the large spatial coverage provided by both 
UAV-derived and historical aerial images, the selection of ground control points can be a 
challenging processing step, in particular in high-mountain environments where stable ground 
surfaces are limited. At the higher temporal resolution, but limited spatial coverage, permanent 
GNSS stations provided a continuous (hourly but aggregated to daily) coverage of local 
coordinates (Cicoira et al., 2022; Wirz et al., 2016). The interpretation of such datasets can be 
delicate, as it is important to be able to distinguish kinematic signals from noise in the data, in 
particular at short time scales.   

The application of different geophysical techniques allowed the assessment of the internal 
structure of the investigated landforms, thereby facilitating an improvement of our 
comprehension of the impact of polythermal alpine glaciers on perennially frozen sediment 
accumulations. The repetition of historical geoelectrical surveys at Aget and Ritord enabled to 
capture the evolution of resistivity values along a one-dimensional profile. The comparable shape 
of the resistivity curves between the initial and repeated measurements provided confidence in 
the robustness of the datasets. However, the positioning of the repeated profiles in the context of 
a changing terrain (e.g. modification of the microtopography due to surface displacements) in 
which the measurements were carried out can influence the measured data and thus 
compromise the comparison and interpretation of the datasets over time. Electrode contact 
resistances may vary over time, and thus consistent and reliable estimations of changes in 
geophysical properties may be hampered. Complementary geophysical surveys provided a more 
comprehensive image of the subsurface. The heterogeneity of subsurface characteristics and 
properties facilitated – to a certain extent – the interpretation of the different geophysical 
signatures of ice in relation to their properties and origins. At Ritord and Gruben, electrical 
resistivity tomography measurements were conducted on the debris-covered glaciers as a 
reference for glacier ice resistivity values in order to better constrain the interpretation of the 
tomograms of the landforms subject to glacier-permafrost interactions. In a similar vein, ground 
penetrating radar was deployed at Ritord on a glacitectonized frozen landform and on the debris-
covered glacier tongue. Despite the ability of solving some of the shortcomings of each method 
when analysed alone, the joint analysis of complementary geophysical datasets can still present 
inherent ambiguities as they remain projected modelled distribution of the geophysical properties 
of the subsurface and necessitate an interpretation of the physical properties of interest (such as 
ice content) or the nature of the layer boundary.  

Despite providing valuable insights and addressing knowledge gaps regarding the processes 
involved in the dynamics of environments and their associated landforms subject to glacier-
permafrost interactions, the approach employed in this thesis has limitations in terms of 
capturing and understanding the influence of embedded glacier ice within permafrost on the 
thermal regime of the latter in relation to energy exchanges and thermodynamics. To fulfil this 
knowledge gap, in-situ ground temperature measurements and deformation data from 
inclinometer readings (e.g. both from borehole instrumentation) would not only refine the 
interpretations yielded from geophysical and geodetic datasets, but also provide insights on the 
impact of buried glacier ice on permafrost creep dynamics.   
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5.2 Main system components and their associated dynamics 
 

This thesis provides a detailed analysis of the structure and dynamics of Little Ice Age glacier 
forefields in mountain permafrost environments, focusing on the spatial distribution and post-LIA 
evolution of their component landforms (Figure 5.1). Based on multi-method investigations 
across three case-study sites and literature review, systematic features and processes that 
characterize these complex systems were identified.   

A key finding is the consistent presence of glacitectonized frozen landforms at the margins of LIA 
glacier forefields. These landforms, expressed as push moraines, reflect past interactions 
between polythermal glacier advances and pre-existing perennially frozen ground. This suggests 
that frozen sediment accumulations, possibly rock glaciers, were already present prior to the LIA. 
The stress exerted by polythermal glacier advances allowed the partial displacement of pre-
existing perennially frozen sediment accumulations further towards the margins of their forefields 
(Bosson et al., 2015; Kunz et al., 2022; Monnier et al., 2014; Ribolini et al., 2010; Serrano and 
Martín-Moreno, 2018). The former glacier–permafrost interaction phase not only altered the 
spatial distribution of ground ice and ground surface thermal regime of the investigated landform 
through the direct material contact with its thermal coupling and mass exchange, but also 
induced geometrical deformations (changes in the topographic conditions) with related changes 
in stress transmission and stress fields. Following glacier retreat, back-creeping dynamics tend 
to dominate these former glacier-permafrost contact zones. This behavior reflects a geometric 
readjustment to the release of glacial stress, as the landforms gradually re-equilibrate under the 
combined influence of gravitational and thermal processes. The post-glacial evolution of these 
landforms is strongly seasonal, partly driven by variations in ground surface temperature. During 
the summer, vertical displacement intensifies due to the melt of embedded glacier ice, while in 
winter, surface lowering continues at a slower rate due to sustained viscous permafrost creep. In 
this colder phase, elevation loss is mainly due to downslope creep toward topographical 
thalwegs, illustrating how both thermal and mechanical processes contribute to long-term 
deformation. 

Glaciers are still present at Ritord and Gruben in the form of debris-covered glacier tongues and 
debris-free accumulation areas, the latter occurring only at Gruben. The extensive debris cover 
on these glacier surfaces can be attributed to the limited efficiency of glacial and fluvioglacial 
processes in evacuating sediment in small glacier systems (Maisch et al., 1999). At the termini of 
these debris-covered glaciers, surface displacement rates decrease markedly due to the 
reduction in driving stress, which may also contribute to downstream sediment accumulation. 
Despite clear signs of downwasting, the debris cover plays a critical role in moderating the 
magnitude of melt rates. In particular, the thickness of the debris layer is a key factor: while thin 
debris layers can enhance melt by promoting heat transfer to the underlying ice, a sufficiently 
thick debris cover acts as an insulator and significantly reduces ablation (Reid et al., 2012). This 
thermal buffering effect explains why coarse and thick debris-laden glacier ice generally melts 
more slowly than bare-ice surfaces, as near-surface heat is dissipated into the atmosphere before 
reaching the ice (Nicholson and Benn, 2006; Rounce et al., 2015). 

Glacier forefield-connected intact rock glaciers were observed at the margins of the glacier 
forefields, where surface elevation loss is predominantly governed by internal continuous creep 
deformation. This process is expressed by relatively constant displacement rates throughout the 
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year, with only minor seasonal variations. Slight accelerations occur in early summer and early 
autumn, while modest deceleration is observed during the winter, reflecting seasonal 
fluctuations in unfrozen water content that influence internal deformation processes. With 
ongoing climate warming, increasing ground water content, and enhanced creep rates, important 
structural changes can occur within the rock glacier body. As permafrost degradation progresses 
(Mollaret et al., 2019b; Noetzli et al., 2024), thermal mechanisms become progressively less 
dominant, and hydro-mechanical processes begin to govern short-term dynamic variations 
(Cicoira et al., 2021). Ultimately, these processes may drive the transition of intact active rock 
glaciers toward an inactive state (Wee and Delaloye, 2022), highlighting a critical phase in the 
long-term evolution of rock glaciers under changing climatic conditions. 

 

 

Figure 5.1: Main components of Little Ice Age glacier forefield systems. The schematic diagram illustrates the 
contrasting dynamics of the key landforms across different timescales. The right panel depicts the seasonal behavior 
of the main landforms identified in glacier forefields (debris-covered glaciers, push-moraines, and intact rock glaciers), 
considering ground ice properties and surface morphology. The left panel represents their long-term evolution in 
response to a warming climate, highlighting shifts in activity. 

  



69 
 

5.3 Internal structure and dynamics 
 

The following sub-chapters provide a synthetic description and discussion of the internal 
structure of the investigated landforms and its influence on their respective dynamics in relation 
to different temporal scales.  

 

5.3.1 Glacitectonized perennially frozen landforms (push-moraines) 
 

Early studies have primarily concentrated on examining thermal conditions and permafrost 
occurrences in recently exposed glacier forefields situated within the mountain permafrost zone 
of the Alps (Kneisel, 2003; Reynard et al., 2003). These involved the application of 
geomorphological mapping, ground surface temperature measurements, and geophysical 
soundings. The latter largely contributed to address the characterization of the internal structure 
of the glacitectonized perennially frozen landforms within these systems. Results from the very 
few existing studies revealed the presence of sporadic lenticular highly resistive frozen bodies, 
often found in the proximal side of the investigated landforms (Cusicanqui et al., 2023; Delaloye, 
2004; Kunz et al., 2022; Kunz and Kneisel, 2020; Reynard et al., 2003; Ribolini et al., 2010). The 
geophysical investigations carried out in the scope of this thesis allowed to refine the two-
dimensional characterization of the ground ice content at the study sites, from which similar 
observations were found. Delineated by resistivities often exceeding MΩm ranges, these 
lenticular subsurface structures point to embedded cold ice of glacial origin. Their spatial extent, 
depending on various factors varied from one landform to another. For instance, the size, the 
exerted glacial stress, and consequent extent and imprint of the interacting glacier onto the pre-
existing perennially frozen sediment accumulation can potentially influence the distribution of 
glacier ice masses within the landform. Furthermore, the varying thermal regimes, which are 
specific to each landform configuration and geomorphological characteristics, can induce 
different rates of thermal degradation of ground ice.  

For instance, the geophysical and ground surface thermal signature observed at Aget suggests 
that the contact between the glacial ice and permafrost favoured a modified thermal regime of 
the latter, leading to its advanced thermal degradation. This was also observed in the uppermost 
section of the former glacier-permafrost contact zone at Gruben. It is likely that the thermal 
degradation of permafrost could have been induced by the melting of embedded thinner glacier 
ice lenses due to the thermal energy released by meltwater. Whereas, where glacier ice lenses 
are more massive, more energy is needed to melt the ice, and the thermal properties of the cold 
glacier ice bodies contribute to maintaining ice-rich cold permafrost conditions. While in the 
areas of the landforms that were not directly affected by an interaction with glacier ice, the 
thermal conditions of permafrost are mainly driven by thermal processes occurring between the 
atmosphere and the active layer. In addition, it cannot be excluded that embedded glacier ice 
lenses can impact the thermal regime of intact permafrost through lateral energy exchanges.  

A clear relation between the internal structure of glacitectonized frozen landforms and the 
associated physical processes contributing to surface dynamics was established. It was 
systematically revealed that enhanced vertical changes occurred in zones underlain by what we 
interpreted as glacier ice lenses. The observed kinematic behaviour was attributed to thermally-
driven ice melt-induced subsidence, given the sensitivity of the phenomenon to air and ground 
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surface temperature conditions (Figure 5.2). The thickness of the debris layer can likely be 
considered as a driver of this thermo-mechanical process. In the case of Aget, it was inferred that 
parts of an ice lens were completely melted during the observation period as the absence of 
vertical changes was revealed since 2017 in one zone of the GFL. In areas where no glacier ice 
lenses were detected, surface changes were found to be mainly driven by permafrost creep 
deformation, and surface elevation changes were attributed to surface flow patterns and 
seasonal permafrost thaw. In the zones affected by past glacier-permafrost interactions, a back-
creeping behaviour was systematically observed, which infers a post-glacial mechanical 
adjustment to the geometrical deformations and related changes in stress transmission and 
stress fields induced by the glacier. However, the magnitude of the back-creeping behaviour is 
highly dependent of the landform’s geometry and the extent of the spatial scale at which the 
pressure of the glacier was transmitted onto the frozen sediment accumulation.  

 

 

Figure 5.2 : Displacement profiles at the Gruben field site showing relative daily positions measured by permanent 
dGNSS stations Gru-010 (a) and Gru-023 (b) for the period 19.07.2022 to 22.11.2023. The blue points refer to positions 
measured during negative ground surface temperatures and the green points refer to positions measured during the 
zero-curtain period.  

 

5.3.2 Debris-covered glaciers 
 

The characterization of the internal structure of the debris-covered glaciers adjacent to the 
glacier-affected perennially frozen sediment was investigated with the aim to better constrain our 
understanding of the kinematic and thermal processes within the glacier forefield systems of 
Ritord and Gruben. The results from ground penetrating radar measurements conducted on the 
partly disconnected debris-covered tongue of the Epée glacier (in Ritord) indicated the presence 
of a cold thermal regime. Furthermore, the temperature measurements conducted by Haeberli 
(1976) on the Gruben glacier also demonstrated the glacier’s cold thermal regime. These 
observations corroborate with observations of glacier systems in similar geographical contexts 
(Bosson, 2016; Gilbert et al., 2012). The thermal regime of polythermal glaciers in permafrost 
environments (i.e. cold in their margins and temperate in the centre), likely contributes to their 
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resilience to the current warming climate, despite their continuing drastic down-wasting. 
Moreover, their debris-cover thickness is sufficient to reduce the ablation rate of the stagnant 
terminus part, as near-surface heat transfer is dissipated into the atmosphere before being 
transferred to the underlying ice surface (Nicholson and Benn, 2006; Rounce et al., 2015). The 
geoelectrical measurements conducted on the Gruben glacier allowed to estimate its debris-
cover thickness to roughly 2-3 m, while ground penetrating radar measurements conducted at 
Ritord, as well as field observations infer a debris-cover thickness of 1 m. Moreover, lateral 
outcrops of ice confirm the latter estimation. This difference in debris-cover thickness strongly 
influences the energy exchanges between the atmosphere and the ice, and consequently ice 
melt. Continuous geodetic measurements on both debris-covered glaciers enabled to show their 
varying sensitivity. Similarly to observations made on the Gruben complex contact zone, which is 
underlain by glacier ice lenses, the kinematic response of the Epée debris-covered glacier to 
ground surface temperature changes is highly sensitive and ice melt is interrupted as soon as 
temperatures are negative. Whereas the kinematic signal observed on the Gruben debris-covered 
glacier indicates a thermal lag, which may be partly attributed to the time for the temperature signal 
to propagate from the surface to the ice. Moreover, surface displacement rates decrease 
significantly towards the glacier terminus (Figure 5.3), which can be explained by the reduced 
driving stress in this area (Cuffey and Paterson, 2010). This effect may be enhanced by the 
downstream accumulation of sediments. 
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Figure 5.3 : Displacement profiles show relative bi-monthly (15-day interval) positions recorded by permanent dGNSS 
stations on the debris-covered glaciers of Ritord (20.07.2020–15.06.2023) and Gruben (15.07.2022–01.11.2023). Larger 
dots indicate the start of each hydrological year (01.10.). 
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6 Conclusions and outlook 
 

This chapter provides a comprehensive overview of the main research findings of this thesis. It 
also offers insights into potential avenues for future research on glacier-permafrost interactions, 
thereby concluding the first part of this thesis, stemming from the work presented in the second 
part.  

 

6.1 Conclusions 
 

This thesis stemmed from the motivation to foster a better understanding of the 
morphodynamical response of environments and their associated landforms subject to glacier-
permafrost interactions under a transitioning climate and their evolution across different 
timescales and spatial extents. To this overarching aim, three research questions were addressed 
within this thesis that allowed the continuation and further development of research on glacier-
permafrost interactions in the Alps. A first objective of this thesis was to have a general 
understanding of the spatial configuration and context in which these systems were found. This 
was reached with (i) the establishment of non-exhaustive inventory of LIA glacier forefields where 
kinematically active viscous-creep landforms subject to glacier-permafrost interactions were 
found, (ii) the characterization of the subsurface geophysical properties at three sites, and (iii) the 
quantification of ground ice content at one site. A second objective was to gain insights on the 
influence of subsurface properties on surface changes at different temporal and spatial scales. 
This was reached with the integrative analysis of a rich and unique long-term time series of 
geodetic, temperature and geophysical datasets at three different sites in order to estimate the 
driving processes contributing to surface changes.  

The main findings of this thesis can be briefly summarised as follows: 

• In this thesis, we gathered and analysed over twenty years of data collected on the Aget 
glacier forefield, particularly focussing on its actively back-creeping glacitectonized 
frozen landform (GFL) to understand its recent morphodynamical evolution. Together with 
geodetic measurements performed on a yearly basis, the geoelectrical surveys carried 
out in 1998 and repeated in 2017 allowed us to assess the evolution of ground ice within 
the GFL and its kinematic evolution. Publication I highlights the heterogeneous 
distribution of the ground ice content throughout the GFL as well as the nonuniform 
geometrical behaviour of the landform. Climatic signals are highlighted in both the long-
term kinematic changes and resistivity changes. The comparison between the historic 
and repeated geoelectrical surveys revealed a systematic yet varying decrease of 
measured apparent resistivity of the frozen ground over a nearly twenty-year period, 
indicating a heterogeneous degradation of permafrost and melt of ground ice in response 
to increasing ground surface temperatures. Subsidence induced by the melt of excessive 
ice at the permafrost table was found. In the central zone of the GLF, surface elevation 
loss appeared to have been mainly the result of a decrease in the thickness of the moving 
mass due to its extensive flow pattern. Together, these processes contribute to a decrease 
of the stresses at the shear horizon, progressively driving the landform towards a less 
dynamic, transitional state of kinematic activity. 
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• The main findings of this thesis revolve around the application of a multi-method 
approach which provided new insights on ongoing intra-annual dynamics of the complex 
ice-rich landforms systems in the Gruben glacier forefield. Publication II highlights the 
relation between the internal structure of the investigated landforms with their physical 
processes and associated surface dynamics. The magnitude of ice melt-induced 
subsidence was the greatest where glacier-permafrost interactions occurred, a zone in 
which isolated remnants of buried surface ice were identified by geophysical 
investigations. The thickness of the coarse debris layer and the properties of ground ice 
were found to exert a significant influence on the kinematic response to air and ground 
temperature changes, with an instant response time. While towards the frontal zone of 
this glacier forefield-connected rock glacier, where the active layer thickness is greater, 
permafrost creep deformation, accompanied with seasonal thermal-lag signals was 
observed. The kinematic signature of these two distinct morphological zones is proof of 
their geomorphological heritage from the Holocene and LIA and highlights the 
interrelation between glacial and periglacial processes occurring in the so-called 
complex contact zone. This underlines the complexity of capturing a complete and 
thorough understanding of the driving processes contributing to the morphodynamical 
evolution of such systems. This study also revealed the resilience of the ground ice to a 
warming atmosphere, in particular in the permafrost of the rock glacier. This was also 
found for the glacier ice beneath the thickening debris-cover of the Gruben glacier 
terminus, which is in complete disequilibrium with the current climate. 
 

• The combination of historical and recent high-resolution datasets allowed the analysis of 
the multi-decadal evolution of the Ritord glacier forefield and of its components across 
varying temporal and spatial scales in relation to corresponding climatic context. 
Publication III highlights the complexity and heterogeneity of ground ice content and origin 
within this system, and its varying degrees of sensitivity to the current warming trend.  

 

6.2 Outlook 
 

The research conducted in the scope of this thesis allowed to answer the three main research 
questions, but also allowed further questions to be raised on the interactions between glaciers 
and permafrost, and their dynamics. To overcome the remaining open questions and challenges 
on our understanding of glacier-permafrost interactions and their derived landforms, future 
studies could address the following research paths:  

• Apply and further develop finite-element modelling (FEM) of rock glacier deformation 
approach by Frehner et al. (2015) to the context of glaciotectonics to better understand 
the influence of glacier-induced stresses on frozen materials. 
 

• Extend the analysis at the regional scale, but also to other regions worldwide through the 
use of remote sensing approaches. 
 

• Collect and analyse in-situ information on sites with a similar context to better 
characterize and develop a detailed typology of the various existing spatial configurations 
of systems where glacier-permafrost interactions occurred (or still occur).  
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• Develop a model simulating the thermo-hydro-mechanical evolution of these systems (or 

perennially frozen creeping landforms in general) in relation to their dynamic response to 
climate forcing.  
 

• Address the role of ice melt-induced subsidence (input of meltwater and deepening of the 
active layer) on the energy exchanges within ice-rich permafrost conditions and its 
influence on the evolution of the thermodynamic regime. 
 

• Pursue the inventorying efforts to better characterize glacitectonized perennially frozen 
landforms.  
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Short summary  

The morphodynamical evolution of a back-creeping glacitectonized frozen landform in the Aget 
glacier forefield is investigated. Despite the general increase in ground temperatures responsible 
for the general increase in permafrost creep velocities, some landforms experience behaviours of 
permafrost creep deceleration.  On the basis of long-term time series of ground surface 
temperature, and in-situ geodetic and geoelectrical measurements, this contribution aims to 
identify the underlying driving processes responsible for such kinematic behaviour in permafrost 
creep.   

 

Main findings 

- A systematic yet varying decrease of measured apparent resistivity of the frozen ground 
was unveiled.  

- Subsidence induced by the melt of excessive ice at the permafrost table was observed.  

- Surface elevation loss appeared to have been mainly the result of a decrease in the 
thickness of the moving mass due to its extensive flow pattern. 

- A probable liquid water-to-ice content ratio increase within the permafrost body and the 
latter a ground ice melt at the permafrost table, both processes having taken place 
heterogeneously at the scale of the landform. 

- The absence of acceleration of landform motion may indicate that the ongoing 
degradation is reaching a tipping point at which the driving processes contribute to a 
decrease of the stresses at the shear horizon contribute to progressively driving the 
landform towards a transitional state of kinematic activity. 

 

Contribution of the PhD candidate 

Design of the study with the contribution of R. Delaloye. Field measurements until 2016 were 
conducted by the co-author. From 2016 onwards, field investigations were led and conducted by 
the PhD candidate J. Wee. Preparation, analysis, and interpretation of the data. Preparation of the 
manuscript and the figures. The co-author contributed to the improvement of the manuscript.  

 

Data availability 

Data on rock glacier kinematics and ground surface temperature are on the PERMOS data portal 
(https://www.permos.ch/data-portal). Data from the geophysical measurements are available 
upon request.  
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Short summary 

The processes governing the seasonal surface dynamics of the Gruben rock glacier, its complex 
contact zone, and its adjacent debris-covered glacier were investigated. An attempt to 
discriminate glacial from periglacial processes where glacier-permafrost occurred was initiated 
as it is assumed that their spatio-temporal patterns of surface change and geophysical signatures 
are (mostly) different. A multi-method and interdisciplinary approach were applied to grasp a 
detailed representation of the distribution of ground ice content and origin as well as the seasonal 
kinematic signal of the investigated landforms.  

 

Main findings 

- The magnitude of ice melt-induced subsidence was the highest in the complex contact 
zone where still existing, isolated remnants of buried surface ice were detected by the 
geophysical investigations. 
 

- Pronounced surface elevation loss due to extending flow and downslope movement was 
observed on the glacier forefield-connected rock glacier, which reflects the dominance of 
permafrost creep deformation. 
 

- The kinematic signature of these two distinct morphological zones attests of their 
geomorphological heritage from the Holocene and LIA and highlights the interrelationship 
between glacial and periglacial processes occurring in the so-called complex contact 
zone. 
 

- The resilience of the ground ice to a warming atmosphere, in particular in the permafrost 
of the rock glacier was revealed.  
 

- This was also found for the glacier ice beneath the thickening debris-cover of the Gruben 
glacier terminus, which is in complete disequilibrium with the current climate. 
 
 

Contribution of the PhD candidate 

Designed the research, collected the GST and GNSS data since 2016, planned, coordinated, and 
participated in the geophysical campaigns, processed and analysed the GST, GNSS data, and the 
geophysical data. S. Vivero conducted the UAV campaigns and processed the UAV-derived data 
with the PhD candidate. T. Mathys and C. Mollaret contributed to the development of the PJI code. 
J. Beutel provided data of one of the permanent GNSS station. C. Hauck and C. Lambiel 
supervised the study design. W. Haeberli provided his knowledge from earlier studies. Preparation 
of the manuscript and the figures. All co-authors were involved in the discussion and in the 
improvement of the manuscript. 

 

Data availability 

GST and TGS data are partly available on the PERMOS data portal (https://www.permos.ch/data-
portal). All other data are available upon request. 
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Short summary 

The processes driving surface dynamics in the Ritord Glacier forefield were investigated across 
multi-decadal to sub-seasonal timescales. To this end, we applied a multi-method approach to 
capture the evolution of glacier–permafrost interactions in this high-mountain alpine 
environment. This framework allowed us to assess the system's sensitivity and response to 
varying climatic conditions over time. 

 

Main findings 

- A systematic decrease in apparent resistivity is observed between 1997 and 2020 
throughout the glacier forefield, inferring the thermal degradation of ground ice. However, 
the magnitude of change differs from a landform to another, according to their respective 
ground ice properties.  
 

- The influence of climatic variation on the dynamics of the landforms within the glacier 
forefield was highlighted.  
 

- The magnitude of surface changes is significantly influenced by the debris mantle 
thickness overlaying ground ice (permafrost or glacier ice).  
 

- The different methods provide multiple lines of evidence for different response of the 
study areas to climate change. 
 
 

Contribution of the PhD candidate 

Designed the research, collected the GST data since 2016. Planned, coordinated, and 
participated in the geophysical campaigns from 2020 onwards. Initiated the seasonal and 
continuous TGS monitoring. Collected, processed and analysed the GST, GNSS, and the 
geophysical data. Prepared the manuscript and the figures. S. Vivero conducted the UAV 
campaigns and processed the UAV-derived data. H. Hendrickx processed the historical aerial 
images. All co-authors were involved in the discussion and in the improvement of the manuscript. 

 

Data availability 

Datasets are available upon request. 
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