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Abstract  
 
Belvedere Glacier is supplied via mass movement from the eastern slopes of Monte Rosa.  

¢Ƙƛǎ ǎǘǳŘȅ ŀƛƳǎ ǘƻ ŀǎǎŜǎǎ ǿƘŜǘƘŜǊ ŘŜōǊƛǎ ǘǊŀƴǎǇƻǊǘ ƛǎ ΨǇŀǎǎƛǾŜΩ ƛƴ ǘƘŜ ǎǳǇǊŀƎƭŀŎƛŀƭ ȊƻƴŜ ƻǊ 

ǿƘŜǘƘŜǊ ΨŀŎǘƛǾŜΩ ǘǊŀƴǎǇƻǊǘ ƛǎ ǎƛƎƴƛŦƛŎŀƴǘ ŀǘ ŀ ŘŜōǊƛǎ-covered glacier in the Alps.  In 

addition, the effect of different environmental settings on sedimentology (e.g. the 

influence of meltwater streams) is assessed along with the hypothesis of increasing debris 

thickness with distance downglacier. The Belvedere Glacier landsystem is reviewed in 

relation to debris-covered glaciers in other regions.  

 

Clast analysis and sedimentary facies classified debris in supraglacial transport, 

ǎǳǇǊŀƎƭŀŎƛŀƭ ƳŜƭǘǿŀǘŜǊΣ ƳƻǊŀƛƴŜ ŘŜǇƻǎƛǘǎ ŀƴŘ ǇǊƻƎƭŀŎƛŀƭ ƳŜƭǘǿŀǘŜǊΦ w!κ/јє ǾŀƭǳŜǎ ŀƴŘ 

sedimentary analysis demonstrate supraglacial sites and glacigenic deposits include 

rockfall and debris modified by basal traction and fluvial activity.  Sandy boulder gravel 

was the most abundant facies with moraines containing the most actively transported 

clasts. Different environments were associated with unique facies on the glacier.  

 

Debris thickness increased with distance downglacier despite moraine ridges and ablation 

valleys preventing lateral rock reaching the surface.  Englacial and subglacial debris 

entrained to the surface at the glacier forefront may account for this.  Increased rockfall 

and icefall supply along the north east margins in the upper reaches of the glacier is 

reflected by a debris greater thickness on this margin. 

 

An overview of structural glaciology and spatial patterns of depositional morphology is 

provided in a geomorphological map based on satellite imagery and field observations. 

The dominant features are huge lateral moraines parallel to a smaller set of moraine 

ridges closer to the glacier margin deposited in a recent advance.  The depositional 

system closely resembles Himalayan debris-covered glaciers with limited fluvial activity 

but the local topography and surge advances have a major influence on the landsystem. 



1. Introduction 

    Sedimentary deposits result from a series of processes through time from a particles 

release at their source, through to their deposition and provide evidence of glacial activity 

(Benn and Evans, 2004).   Over the past 30 years an increasingly consistent approach in 

the description and analysis of sediments has enabled more comprehensive studies of 

glacial environments than was undertaken previously (Hambrey and Ehrmann, 2004).  

Sedimentological studies of facies characteristics have traditionally focused on palaeo-

glacial sediments and landforms with the aim of reconstructing past glacial episodes (e.g. 

Eyles and McCabe, 1989).  Sedimentological analysis is now increasingly used to study 

contemporary glaciers, whether it be studies on the glacier itself or around its margins 

(e.g. Benn and Ballantyne, 1994; Owen, 1994; Glasser et al., 1999; Hambrey and 

Ehrmann, 2004; Hambrey et al., 2008).  Sediment-landform associations enable the 

determination of landsystems for differing glacial environments (e.g. Ice-marginal 

systems associated with polythermal glaciers or temperate valley glaciers).  The study of 

sediment characteristics is a standard method of determining and understanding modes 

and paths of debris transport through the glacial system while geomorphological mapping 

allows the spatial extent of depositional landforms and glaciological structures to be 

represented.  This study adopts a sedimentological approach to determine debris 

transport and provide a landsystem characterisation at a debris-covered humid-

temperate glacier in the European Alps.  This is conducted over a range of settings in the 

glacial system (e.g. meltwater streams) and also addresses the spatial extent of debris 

thickness. 

1.1 Rationale 

    While studies of European Alpine debris-covered glaciers such as Belvedere and the 

Miage glaciers have been extensive in terms velocity, mass balance and climatological 

variations (e.g. Haeberli et al., 2002; Mondino and Chiabrando, 2008) there has been no 

published literature of a sedimentological and geomorphological nature.  There is an 

overall lack of sedimentary descriptions at the margins of temperate alpine glaciers in 

comparison to Polythermal, lowland and arctic glaciers for example (Hambrey and 

Ehrmann, 2004).  Of those undertaken at temperate glaciers the majority have focused on 

areas such as Iceland, Patagonia and Norway rather than the European Alps (Glasser and 



Hambrey, 2002).  Sedimentological studies of debris-covered glaciers have largely been 

confined to the Himalayas, Karakoram (in recent years due to increased accessibility) and 

the Southern Alps of New Zealand (e.g. Owen, 1994; Kirkbride, 1995; Kirkbride and 

Spedding, 1996; Benn and Owen, 2002; Owen et al., 2003; Hambrey and Ehrmann, 2004; 

Hambrey et al., 2008).  There is therefore, a gap in terms of similar studies for debris-

covered glaciers in the European Alps with a poor understanding of sedimentary facies 

and landforms on the surface and margins.  Although definitive landsystem models for 

debris-covered glaciers are absent, recent studies in the Himalayas, Karakoram and New 

Zealand have provided detailed descriptions of sediment-landform associations while 

Owen (1994) attempted a model based on a glacier in the Karakoram.  These descriptions 

and clast analysis can be used as a basis for comparison with debris-covered glaciers in 

different settings.  

     Himalayan and Karakoram debris-covered glaciers are characterised by huge lateral-

terminal moraine complexes while those in New Zealand signal increased fluvial activity 

lƛƳƛǘƛƴƎ ǘƘŜ ƎƭŀŎƛŀƭ ƛƳǇǊƛƴǘΦ  bƻ ΨƭŀƴŘǎȅǎǘŜƳΩ ŎƘŀǊŀŎǘŜǊƛǎŀǘƛƻƴ ŜȄƛǎǘǎ ŦƻǊ ŘŜōǊƛǎ-covered 

glaciers in the European Alps.  This gap can be addressed by providing detailed 

sedimentary descriptions in addition to clast analysis and geomorphological mapping.   

1.2 Aims and Objectives 

   This project aims to contribute to understanding of the sedimentology and 

geomorphology of debris-covered glaciers in Alpine valley environments.  In specific 

terms, the subject of study is the humid-temperate debris-covered Belvedere Glacier.  A 

characterisation of the sedimentology and geomorphology at Belvedere enables a 

documentation of the debris-covered glacier system with a European Alpine perspective.  

The aims of the study are: 

Determine methods of debris transport  

¶ To determine whether debris transport ƛǎ ƭŀǊƎŜƭȅ ΨǇŀǎǎƛǾŜΩ in the supraglacial zone 

(Boulton, 1978) or whether actively worked debris is present including modified 

debris entrained from the englacial and subglacial zone and actively worked debris 

buried beneath rockfall at the surface (Spedding, 2000). 



¶ To test the hypothesis of Diolaiuti et al., (2003) that the east face of Monte Rosa is 

a major debris source culminating in debris cover composed predominantly of 

rockfall. 

¶ To determine whether the system as a wƘƻƭŜ όƛΦŜΦ ǘƘŜ ƎƭŀŎƛŜǊ ŀƴŘ ƛǘΩǎ ŘŜǇƻǎƛǘǎύ ƛǎ 

dominated by the passive transport of rockfall ( Small., 1987; Kirkbride, 1995; 

Benn and Evans, 1998; Spedding, 2000; Benn et al., 2003) or whether evidence in 

moraines demonstrates debris to be primarily transported in the zone of traction 

(Boulton, 1978).  

A characterisation and interpretation of sediment facies in different environments 

¶ A Comparison of debris: (a) currently in supragacial transport; (b) deposited by the 

glacier; (c) reworked after deposition (proglacial stream); (d) reworked during 

transport (supraglacial stream). 

¶ To determine if unique facies are associated with different environments. 

¶ To determine the significance of fluvial activity within the glacier system. 

Spatial extent of supraglacial debris cover thickness 

¶ To determine if thickness increases with distance from the centreline and 

downglacier (Nakawo et al., 1986; Benn et al., 2003; Owen et al., 2003;   Hambrey 

et al., 2008; Kellerer-Pirklbauer, 2008). 

¶ To determine if the east face source ensures a constant thickness or whether 

localised englacial and subglacial entrainment in addition to supraglacial 

reworking results in variable depths (Benn and Evans, 1998; Kellerer-Pirklbauer, 

2008). 

Characterisation of a debris-covered glacier system in the European Alps 

¶ To produce a geomorphological map representing the distribution of subaerial 

debris sources and depositional landforms associated with the glacier. 

¶ To compare with debris-covered glaciers in other regions to test the hypothesis of 

Mondino and Chiabrando, (2008) that it closely matches the Himalayan debris-

covered glacier system. 



2. Literature review 

 

2.1 Debris transport in the glacial system 

2.1.1 Debris source  

     The two main debris sources in glacial valley systems are rockwalls supplying debris 

from above the surface and the glacier bed supplying debris subglacially (Iverson, 1995; 

Benn and Evans, 1998; Figure 1; Figure 3).  Subglacial material is generated by plucking, 

abraded bedrock and over-ridden sediments (Benn and Evans, 2004).  Debris is supplied 

from above the surface at the glacier headwall or adjacent slopes by means of mass 

movement (rockfall, rockslides, creep, snow and ice avalanches, and debris flow) from 

steep cliffs, scree slopes and valley sides with minor amounts transported by streams 

(Drewry, 1986; Benn and Evans, 1998).  Fine grained material may also be transported by 

aeolian processes (Benn and Evans, 1998).  Mass movements are an important source of 

debris and a regular occurrence at high altitude glaciers (Owen, 1994).  Rockfalls 

supplying debris up to several metres in individual width often occur in sporadic events 

along with avalanches leading to sections of thicker debris (Hambrey and Ehrmann, 2004).  

Other debris supply points occur where gullys meet the glacier surface resulting in 

sections of increased debris or dirt cones (Owen, 1994; Kirkbride, 1995).  In upland valley 

glaciers rockfall (often termed to include avalanche and all material sourced from 

mountain slopes) is the main supply of debris resulting in high amounts of supraglacial 

debris cover either in the form of large medial moraines or a complete surface cover 

when supply is continuous (Small, 1987; Kirkbride, 1995).   The catchment topography of 

gradient, area, and debris source distribution along with the lithology (sedimentary 

lithologies provide a higher yield than crystalline) and tectonic activity determines the 

rate of input to the supraglacial system (Benn et al., 2003; Benn and Evans, 2004). The 

majority of debris is incorporated within the accumulation zone with little supraglacial 

debris accumulating afterwards (Rogerson et al., 1986).  

 

 

 



 

 

 

 

 

 

 

CƛƎǳǊŜ мΦ  ¢ƘŜ Ψ5ŜōǊƛǎ ŎŀǎŎŀŘŜ ǎȅǎǘŜƳΩ ŦƻǊ ƎƭŀŎƛŀƭ ŜƴǾƛǊƻƴƳŜƴǘǎ ό.Ŝƴƴ ŀƴŘ 9ǾŀƴǎΣ мффуύΦ  

2.1.2 Transportation of debris by glaciers      

    .ƻǳƭǘƻƴ όмфтуύ ŦƛǊǎǘ ǘŜǊƳŜŘ ǘƘŜ ǇŀǎǎŀƎŜ ƻŦ ŘŜōǊƛǎ ǘƘǊƻǳƎƘ ƎƭŀŎƛŜǊǎ ǘƻ ōŜ ŜƛǘƘŜǊ ΨǇŀǎǎƛǾŜΩ 

ƻǊ ΨŀŎǘƛǾŜΩΦ  tŀǎǎƛǾŜ ǘǊŀƴǎǇƻǊǘŀǘƛƻƴ ƻŎŎǳǊǎ ƛƴ ǘƘŜ ŜƴƎƭŀŎƛŀƭ ŀƴŘ ǎǳǇǊŀƎƭŀŎƛŀƭ ȊƻƴŜ ŀǎ ŘŜōǊƛǎ 

is unmodified along its transport path.  If the source is above the firn-line, debris is buried 

in snow and transported englacially (Figure 2) until it emerges at the surface downglacier 

with increased melting (Boulton, 1978). Within the glacier clasts remain largely 

unmodified as there is limited contact via attrition and few shear contacts (Reheis, 1975; 

Owen, 1994; Kirkbride, 1995). Debris consigned to the surface below the firnline will 

remain to be transported supraglacially. However, structural glaciology (e.g. crevasses, 

moulins and cavities) is responsible for some supraglacially derived debris reaching the 

subglacial systemΣ ǿƘƛƭŜ ǘƘŜ Ψ5ŜōǊƛǎ ŎŀǎŎŀŘŜ ǎȅǎǘŜƳΩ όCƛƎǳǊŜ мύ ǇǊƻǾƛŘŜǎ ƭƛƴƪǎ ōŜǘǿŜŜƴ 

sources and zones of transport and deposition (Benn and Evans, 1998).  In the Ψōŀǎŀƭ 

ǘǊŀƴǎǇƻǊǘ ȊƻƴŜΩ ƻŦ ŀŎǘƛǾŜ ŘŜōǊƛǎ ǘǊŀƴǎǇƻǊt clasts are eroded in the zone of traction 

between the glacier and the bed with eroded bed material providing a significant source 

of fine grained material (Kamb & LaChappelle, 1964). 

    Temperate and alpine glaciers are dominated by passive transport with scree, 

avalanche and rockfall remaining in its original form after accretion before the 

equilibrium line (Benn et al., 2003).   Although often attributed to be essentially a product 

of rockfall when surrounded by cliffs and scree slope in alpine regions, many debris-

covered glaciers have not been studied extensively enough to quantify this (Spedding, 

2000). 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Transport paths of debris through a valley or cirque glacier after a headwall (Boulton, 1978) 

 

2.1.3 Structural glaciology in debris transport 

    Although often divided simply into either subglacial (active), englacial and supraglacial 

(passive) (e.g. Boulton, 1978) transport routes, in reality debris transport is much more 

complex.  The surface ablation zones of glaciers often contain a mix of subglacial and 

rockfall material (Figure 2) where internal structure enables basal entrainment while 

debris may be reworked by glaciofluvial activity throughout the glacial system (Benn and 

Evans, 1998).   

 

2.1.3.1 Englacial and supgraglacial reworking 

    To characterise supraglacial and englacial debris as passive is an oversimplification 

(Owen et al., 2003). As underlying ice ablates surface debris may be redistributed by 

meltwater with fluvial erosion leading to edge-rounding over prolonged periods (Benn et 

al., 2003).   Where subglacial and englacial conduits emerge at the surface a link is 

provided to the supraglacial system enabling the potential for debris to be fluvially 

reworked.  This is a typical component of the valley glacier landsystem (Benn et al., 2003; 

Hambrey and Ehrmann, 2004). The role of meltwater in shaping surface debris was 

documented on the Tasman and Mueller glaciers, New Zealand with sections of well-

sorted gravel and sand indicating the local importance of supraglacial and englacial 



streams (Kirkbride and Spedding, 1996).  The potential for meltwater reworking at alpine 

glaciers supplied with high precipitation rates cannot be underestimated (Hambrey et al., 

2008). It is likely that rockfall material deposited in the accumulation zone before 

travelling through the englacial system is reworked by fluvial processes before returning 

to the surface (Owen, 1994; Kirkbride and Spedding, 1996).  Englacial shear zones also 

produce enough stress to abrade debris within them (Benn and Evans, 1998).    

    Fine-grained material cannot be exclusively attributed to subglacial activity with 

deposition and production on the glacier surface also transpiring from non-glacial 

processes (Owen et al., 2003). For example, the weathering of bedrock and rockfall 

material produces a range of sediment sizes with the potential for sand and silt resulting 

from salt weathering (McGreevy and Whalley, 1982).  Periglacial and chemical weathering 

processes reduce particle sizes, often accelerated by enhanced meltwater while inter-

particle stress between large supraglacial boulders can be large enough to fracture 

causing edge-rounding  (Benn and Evans, 1998).  High periglacial weathering rates over a 

prolonged period have the potential to reverse the effects of fluvial erosion and basally 

eroded clasts exposed at the surface (Kellerer-Pirklbauer, 2008).  Rock avalanches in the 

Karakoram Mountains have been known to increase silt-sand concentrations by up to 

~30% (Hewitt, 1988).  Owen et al., (2003) ascertain that debris movement in the 

supraglacial zone is often active at high altitude and valley glaciers causing clast-on-clast 

attrition. This is a result of steep ice gradients, the irregular often undulating ice surface, 

and rapid ice velocities.  

 

2.1.3.2 Entrainment of basal debris 

    The elevation of actively transported debris from the bed to englacial and supraglacial 

transport is possible via basal freezing or ice flow patterns (Figure 2) particularly in the 

ablation zone (Boulton, 1978). 

    Valley glaciers in mountain regions often have more sophisticated transport pathways 

than continued supraglacial transport derived from rockfall due to the structural 

dynamics of the glacier (Hambrey et al.,2008).  The transition from a steep icefall to an 

overdeepening enables a thick debris cover to form even with the absence of rockfall 

resulting in a switch from subglacial to englacial drainage and cavity formation elevating 

basal ice into high level transport (Hooke, 1991; Kirkbride, 1995; Spedding, 2000).  



Spedding (2000) asserts it is probable non-rockfall debris derived from this process occurs 

buried in the surface mantles and moraines of many debris-covered glaciers offering a 

scope for further investigation of alpine debris covered-glaciers.  

    The entrainment of basal debris to the surface of glaciers has been well documented at 

numerous polythermal glaciers in Svalbard (e.g.  Kongsvegen, Midre Lovénbreen and 

Storglaciären).  Thrusting and basal crevasses filling are the two main hypotheses (e.g. 

Bennett et al., 1996; Glasser et al., 1998; Hambrey et al., 1999; Woodward et al., 2002). 

The surface expression is generally presented by transverse ridges composed of sand and 

gravel with more variable (and higher proportions of rounder clasts) particle shapes than 

the surrounding supraglacial debris (Glasser et al., 1999).  Thrusting is usually confined to 

within ~300m of the snout which is attributed to the dynamical response of compressive 

flow in the forefront region highlighted by the thermal boundary from warm to cold ice 

and reduced velocities (Glasser et al, 1998; Glasser et al., 2003). The process is common 

in surging glaciers where it may occur further upglacier with the surge front forming 

thrusts as it propagates through the glacier into stagnant ice (Bennett et al., 1996).  This 

elevates debris that was frozen to the bed before increased meltwater at the start of a 

surging phase. The sliding displacements generated by the temperate conditions of 

lubricating meltwater in a surge or warm section of a polythermal glacier are required for 

thrusts to form (Hambrey et al., 1999).  This suggests that thrusting is possible in any 

glacial environment that undergoes surging mechanisms. 

     High basal pore water pressures in soft sediment beds may inject sediment along 

fractures during a surge mechanism with the release of pressurized water transporting 

ŘŜōǊƛǎ ǘƻ ǘƘŜ ǎǳǊŦŀŎŜ Ǿƛŀ Ψōŀǎŀƭ ŎǊŜǾŀǎǎŜ ŦƛƭƭƛƴƎΩ ό9Ǿŀƴǎ ŀƴŘ wŜŀΣ мфффύΦ  ¢ƘŜ ŎǊŜǾasses are 

initially vertical before being tilting in the direction of movement downglacier as the 

glacier velocity increases (Evans and Rea, 1999).  Crevasse filled ridges have only been 

documented in highly fractured surging glaciers with fast flow required to reorientate 

crevasse structures (Evans and Rea, 1999; Woodward et al., 2002).  This hypothesis is 

largely theoretical however and based mainly on a reinterpretation of thrust features due 

to little evidence in comparison to the observation of thrusting occurring at glaciers (e.g. 

at Kongsvegen by Bennett et al., 1996).  Further observations of thrusting mechanisms 

from other glacial (non-polythermal) environments are required to determine whether 

the process is largely indicative of polythermal glaciers (Glasser et al., 1999).   Debris may 



also be entrained in folds and shear zones in a similar fashion to thrusting, related to 

recumbent folding in the basal ice layer (Glasser et al., 2003). 

    Evidence of thrusting activity has been observed at temperate glaciers where high 

amounts of glaciofluvial material inferred to be basally derived is transferred to the 

surface by upward ice flow and along shear planes (Näslund and Hassinen, 1996).  

Fluvially derived gravel and sand related to thrusts were discovered at the snouts of the 

Southern Alpine Tasman and Mueller glaciers, New Zealand (Hambrey and Ehrmann, 

2004).  At debris covered glaciers in the Mount Everest region of Nepal, Hambrey et al., 

(2008) found evidence for basal debris on the surface despite crevasse-free glacier 

tongues.  This was inferred as debris entrainment occurring along fractures in the 

accumulation area associated with active ice.  Thrusting in non-surging and non- 

polythermal conditions such as this may be a result of longitudinal compression 

propagating shear zones or thrusts particularly in valley glaciers (Benn and Evans, 1998; 

Owen et al., 2003; Hambrey et al., 2008) or simply increased compression in the terminal 

area (Figure 2) promoting increased high level transport by the snout (Boulton, 1978).    

    Owen et al., (2003) dismissed a basal origin of widespread fine sediment deposits on 

the Chungphar and Rakhiot glaciers (Nanga Parbat Himalaya, Northern Pakistan) arguing 

they would quickly be drained by the meltwater system and transferred into the 

subglacial system by crevasses and moulins.  Owen et al., (2003) does concede subglacial 

sediments may be deposited on a localised scale, occurring in areas of thrusting and 

deposition without removal by meltwater.   

       

2.2 Sedimentary facies in the glaciated valley system and debris-covered glaciers  

2.2.1 The glaciated valley landsystem  

    5ƛŦŦŜǊƛƴƎ ƎƭŀŎƛƻƭƻƎƛŎŀƭ ǎŜǘǘƛƴƎǎ ŀƴŘ ǊŜƎƛƳŜǎ ƘŜƭǇ ŘŜŦƛƴŜ ǎŜǇŀǊŀǘŜ ƎƭŀŎƛŀƭ ΨƭŀƴŘǎȅǎǘŜƳǎΩ 

(Benn and Evans, 1998).  Debris-covered glaciers are a standard component of the 

glaciated valley landsystem.  Ice traverses valleys through mountainous terrain with high 

quantities of subaerial debris sources available to supply the glacier surface (Figure 3).   

Glaciers with low gradient tongues (Such as Belvedere) generally have a complete surface 

debris cover in comparison to those of high gradient and high velocity (e.g. Franz Josef, 

New Zealand) (Spedding, 2000).  Where supraglacial debris is minimal the subglacial 



landsystem is more important and is often exposed on the depositional surface (Benn et 

al., 2003).  The glaciated valley landsystem is based on valley glaciers in the European 

Alps and Iceland including the supraglacial, subglacial, proglacial, paraglacial and ice-

marginal systems with high volumes of sediment on the valley floor to incorporate a 

whole depositional basin (Eyles, 1979; Benn and Evans, 1998; Benn et al., 2003). The 

depositional basin, glacier morphology and sediment transport path are strongly 

influenced by the topography (Benn et al., 2003). 

 

 

 

Figure 3. Model of debris transport paths through a valley glacier (Benn and Evans, 1998) 

2.2.2 Debris-covered glaciers  

    A glacier with a continuous debris mantle covering of the ablation zone is classed as a 

debris-covered glacier and they are common in high-relief mountain environments such 

as the Southern Alps of New Zealand, and the Himalayas (Benn and Evans, 1998).  The 

inaccessibility of many of the worlds debris-covered glaciers (i.e. in the Himalaya and the 

Cordillera Blanca of Peru) has resulted in little field studies of their sedimentology in 

those regions until recent years (Hambrey et al., 2008).  



    Large amounts of debris are delivered to the surface via mass movement in addition to 

some which may be elevated from the bed (Benn and Evans, 1998).  A distinctive set of 

landforms forming at the margins can vary significantly in scale depending on the rate of 

glacier thickening.  For example, large-scale lateral-terminal moraines up to 100m in 

height (Figure 4) may form if there is a sufficient supply of ice and debris to the terminus 

with little fluvial activity to transport debris away (Small, 1983; Benn et al., 2003).   The 

terminus of debris-covered glaciers tends to remain stable for prolonged periods enabling 

the formation of large moraines at which sedimentological studies regarding the origins 

and transport of the debris can be made although the composition often reflects the 

dominance of passive rockfall transport (Benn et al., 2003).  Downwasting commonly 

represents ablation rather than glacier retreat while large moraines maintain the ice 

within their boundaries preventing advance.  These lateral-terminal dump moraines and 

ice contact fans are typical ice-marginal products of the debris-covered system (Figure 4) 

as debris delivered to the ice margin is concentrated into large landforms (Small, 1983; 

Benn and Evans, 1998; Benn et al., 2003). 

    The dominance of supraglacial debris on the surface may be misleading due to the 

basal zone and its quantity of transport rarely being visible (Benn et al., 2003).  A 

sustained debris cover obscures the view of structures making thrust planes and 

crevasses elevating debris from base to surface virtually impossible to distinguish 

(Hambrey et al., 2008). Therefore thrusting can usually only be inferred at debris-covered 

glaciers by sedimentological analysis on the surface with the determination of exact 

transport modes imprecise (Hambrey and Ehrmann, 2004; Hambrey et al., 2008).  In 

valley glaciers with a high supply of rockfall material, the majority of debris in the 

terminal zone may still be transported in the zone of traction (Boulton, 1978).  As this 

hypothesis is difficult to test at debris-covered glaciers, a sedimentological study of the 

glacigenic deposits will quantify the overall modes of debris transport. A contradiction to 

.ƻǳƭǘƻƴΩǎ ƘȅǇƻǘƘŜǎƛǎ ǿŀǎ ǇǊƻǇƻǎŜŘ ōȅ {Ƴŀƭƭ όмфутύ ǿƘƻΣ ŀƭǘƘƻǳƎƘ ƻōǎŜǊǾƛƴg evidence of 

subglacial erosion in lateral-frontal moraine debris, found it to be volumetrically less 

significant than supraglacial transport.   



 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Model of debris-covered glacier landsystem after the Ghulkin Glacier, the Karakoram (Owen, 1994).

                            Key 

 1. Truncated scree 

 2. Lateral-terminal dump moraine 

 3. Laterally draining outwash channel 

 4. Glaciofluvial outwash fan 

 5. Slide moraine 

 6. Slide-debris flow cones 

 7. Slide modified lateral moraine 

 8. Abandoned lateral outwash fan 

 9. Meltwater channel 

10. Meltwater fan 

11. Abandoned meltwater fan 

12. Bare ice areas 

13. Trunk valley rivers 

14. Debris flow on scree slopes 

15. Supraglacial moraine 

16. Gullied lateral moraine 

17. Lateral moraine 

18. Ablation valley lake 

19. Ablation valley 

20. Supraglacial lake 

21. Poorly developed lateral moraine 

22. Ice thrusts 

23. Roche moutonnées 

24. Glaciofluvial terraces  

25. Fines washed from moraine 

26. Ice cored moraines 

27. Scree 

28. Ice scoured rock 

29. Hummocky moraine 

30. Gullied frontal moraine 

31. Glaciofluvial terrace island  

32. Supraglacial debris 

33. Glaciofluvial outwash plain 

 



2.2.3 Sedimentological and clast characteristics 

    The sediment characteristics and facies associations of debris in transport and debris 

deposited by glaciers reflect the source material and the methods of transport and 

deposition (Owen, 1994).  Transport and deposition will in turn determine the facies 

associations, in addition to the size, shape and distribution of sedimentary structures 

(Owen, 1994).  The transport path of debris through a glacier system is widely recognised 

to be distinguished by the form and particle size distribution of debris entrained by glacial 

transport (e.g. Boulton, 1978; Dowdeswell et al., 1985; Benn and Ballantyne, 1994; Benn 

and Evans, 1998).  The clast form of shape, roundness and texture indicates the 

effectiveness of subglacial transport (Benn and Evans, 1998).  Actively transported clasts 

tend to have a more compact, blocky shape (Benn and Ballantyne, 1994) due to abrasion 

and an equilibrium in roundness as increased edge rounding is nullified by new fracturing 

creating subangular to subrounded shaped clasts.  Surface indentations (striae and facets) 

are textural evidence of active subglacial abrasion which also produces fine-grained 

sediments (Boulton, 1978; Iverson, 1995).  This results from increased stresses of glacier 

velocity as clasts and particle grains continuously abrade each other.  Fluvial activity is 

indicated by higher levels of increased roundness on all sides (Iverson, 1995; Benn and 

Evans, 1998).   

    A sedimentary facies describes a unit of sediment formed under a particular set of 

conditions distinguishable from other facies (Hambrey, 1994).  When considering debris 

transport in the glacial environment the characteristics of each sedimentary facies 

indicate the mode of transport and the processes involved in their formation.  Hambrey 

and Ehrmann (2004) classified debris at high alpine glaciers in the Mount Cook region of 

the Southern Alps, New Zealand as i) inputs of sediment into the glacier (rockfall, scree, 

avalanche, debris fan and catastrophic events), ii) debris currently in transport by the 

glacier (supraglacial debris, stream-reworked supraglacial debris, basal debris), iii) debris 

directly deposited by the ice (lateral and terminal moraine), iv) glacially deposited 

material that has been reworked since deposition (glaciofluvial and braided outwash 

material).  The following is a brief description of the typical sedimentary environments 

located in the debris-covered glacial system: 



¶ Supraglacial debris reflecting its sediment input of rockfall generally consists of 

very little fine material (deficient in fine sands, silt and clay) composing largely of 

scree and gravel in the form of angular (high RA) clasts and boulders due to the 

passive nature of transport and the effects of weathering (e.g. Boulton, 1978; 

Spedding, 2000; Benn and Owen, 2002; Hambrey and Ehrmann, 2004; Hambrey et 

al., 2008).  This largely unmodified sediment consists of boulder gravel facies 

some of which contain small amounts of sand and mud (e.g. sandy boulder 

gravel). 

 

¶ Supraglacial debris reworked by englacial and supraglacial meltwater contain 

rounded clasts (a lower and more variable RA than supraglacial debris) in facies 

such as sandy silt and sandy pebble gravel (Hambrey and Ehrmann, 2004; 

Hambrey et al., 2008).  This generally includes the highest silt content on the 

glacier surface and is a visibly finer grained matrix with lower gravel contents than 

the surrounding debris and has increased crude sorting (Spedding, 2000; Owen et 

al., 2003). 

 

¶ The majority of debris deposited by a glacier is represented in landform by lateral 

and terminal moraines composed of active and passive debris melted out or 

dumped by ice (Owen, 1994; Benn et al., 2003; Hambrey and Ehrmann, 2004; 

Hambrey et al., 2008).   Sandy boulder gravel is common with gravel contents 

(typically 70-90%) higher than glaciofluvially reworked debris but lower than 

supraglacial facies (Hambrey and Ehrmann, 2004; Hambrey et al., 2008).  This is a 

reflection of moraine consisting largely of a mixture of rockfall and debris from the 

basal zone of traction enabling a wide RA range (Benn and Evans, 1998; Hambrey 

et al., 2008). Diamicton is a termed often used to describe large deposits < 50% 

gravel where the facies is composed of a mixture of debris resulting from different 

sources and processes (e.g. Hambrey et al., 2008).  Clear evidence of basal 

transport is provided by striated and faceted clasts.  On lateral-frontal moraines 

RA may decrease down-moraine towards the snout indicating more active 

transport at the glaciers centreline while lateral moraines contain rockfall directly 

deposited from the valley side (Benn and Ballantyne, 1994; Benn and Evans, 



1998).  The sand content in terminal moraine and proglacial regions is generally 

higher than supraglacial and lateral positions at alpine glaciers (Owen et al., 2003).  

 

¶ Post-depositional reworking of glacigenic sediment produces higher levels of 

stratified mud and sand  in facies associations such as sandy boulder gravel (with 

higher sand contents than supraglacial facies) and muddy sandy cobble gravel 

(Hambrey and Ehrmann, 2004).  The grain-size distribution of sand, silt and clay is 

highly variable in matrixes located among some gravel dominant sections of 

pebbles and cobbles with very little angular clasts present (Hambrey and 

Ehrmann, 2004). Glaciofluvial reworking of glacigenic deposits by subglacial and 

proglacial streams is common in the proglacial areas of mountainous and alpine 

glaciers but is not a dominant process in ice-marginal areas of Himalayan glaciers 

where braiding is limited (Hambrey and Ehrmann, 2004; Hambrey et al., 2008).  

    The influence of structural glaciology in raising basal debris to the surface demonstrates 

the formation of glacial facies is not exclusive to one environment or transport zone.  For 

example supraglacial debris may contain basally derived bedrock enabling a separate 

facies to be distinguished.   

 

2.3 Debris thickness 

    The spatial variety in debris source and accumulation is reflected in the supraglacial 

debris cover thickness.  Thickness at debris-covered glaciers generally increases 

downglacier with lateral trends often demonstrating an increase with distance from 

centreline (Nakawo et al., 1986; Benn et al., 2003; Owen et al., 2003; Hambrey et al., 

2008; Kellerer-Pirklbauer, 2008).  While the thickest sections may be located at the snout 

and margins, the accumulation zone may have sections of debris-free ice (Owen, et al., 

2003).  This is a result of more rockfall material being added downglacier (with lateral 

mountain sides providing sources) in addition to rockfall englacially buried rising to the 

surface and the potential upward movement of basally derived debris (Benn and Evans, 

1998; Benn et al., 2003). The lower regions of glaciers may also have the highest standard 

deviation in thickness due to localised influences such as gradient, irregular topography, 



meltwater channels and catastrophic event accumulations ensuring some sections are 

just a few millimetres in depth while some are over 2 metres (Kellerer-Pirklbauer, 2008).  

Highly variable transverse profiles may reflect the relative importance of localised 

englacial and subglacial debris deposited at surface, the levels of fluvial reworking activity 

within and on top of the glacier, and the distribution of debris sources and transport 

paths (Benn and Evans, 1998; Kellerer-Pirklbauer, 2008).  A trend of decreasing debris 

thickness away from the margin with the highest rockfall rates indicates the importance 

of subaerial debris sources while sections of thicker angular debris suggests pulses of 

rockfall (Rogerson et al., 1986; Kirkbride, 1995).   

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                              



3. Study area and regional setting  

3.1 Belvedere Glacier and its regional context 

     This study focuses on Ghiacciaio del Belvedere (Belvedere Glacier) in the upper 

Anzasca valley (45°58N, 7°58E)of the Italian Alps (Figure 5).  The furthest extent of the 

terminus is situated approximately 2km west of the Italian settlement of Macugnaga 

(north-east Piedmont) with icefall feeding a valley glacier draining the eastern slopes of 

Monte Rosa on the Italian-Swiss border.  It is a humid-temperate debris-covered glacier 

surrounded by numerous large peaks including Monte Rosa (altitude 4634m).  The east 

face of Monte Rosa is one of the steepest and largest in the Alps (2200-4500m a.s.l.) 

(Fischer et al., 2006).  The climate of the area is similar to that of the Swiss and Austrian 

Alps but it receives more precipitation and is warmer (giving it the humid-temperate 

classification).  Temperatures at the glacier may reach highs of 20°C in the summer while 

winter often reaches -10°C.  

    The western and northern sides of the Monte Rosa summit are covered by a large 

glacierized extent, including the Gorner Glacier, the second largest glacial system in the 

Alps draining the north-west slopes  for a length of 14km. Belvedere (including the icefalls 

that feed it) is the only recognised glacier on southern and eastern (Italian) side.  Firn-

fields and steep hanging glaciers cover large sections of the Monte Rosa east face (namely 

the Monte Rosa, Northen Locce, and Signal glaciers) with roughly a half to two thirds 

estimated to be under permafrost conditions (Kääb et al., 2004; Fischer et al., 2006). 

These components are linked with adjustments in ice and snow cover leading to changes 

in permafrost distribution and the overall thermal regime of the east face (Kääb et al., 

2004).  

    The east face of Monte Rosa is a major debris source for Belvedere Glacier with large 

zones of rockfall and icefall (Diolaiuti et al., 2003).  Mass-wastage is common in the form 

of debris flows and large-scale rockfall events with the potential for avalanches and the 

hanging glaciers release material frequently in icefalls causing volumetric alterations 

(Kääb et al., 2004). 

 

 



 

 

 

 

 

 

 

Figure 5. Map of study area showing the glacier in relation to Italy and the surrounding Alps region and 
aerial view of the glacier with its two forked snouts (modified from Kääb et al., 2004 and Mondino and 
Chiabrando, 2008).  

 

        Despite being situated in the European Alps it is characterised by dynamics more 

typical of current Himalayan glaciers, largely due to its virtually continuous debris-covered 

tongue and numerous advances in the past 100 years in contrast to the current trend of 

retreating alpine glaciers (Mondino and Chiabrando, 2008).  The debris-mantled ice body 

flows north and then north-east following the curvature of the upper Anzasca valley of 

which it is contained within. The lowest extent of the snout is situated ~1760 m a.s.l. with 

the icefall rising to ~4520m a.s.l.  Belvedere has a length of ~6km, a width no longer than 

500m at its greatest extent and an overall surface area of 5.58km².  The orientation is 

45°N with an average slope of 10° although many sections are flat and the gradient 



increases in proximity to its forked snouts which are a distinctive feature of the forefront 

(Figure 6).  For the purpose of this investigation the larger of the two snouts will be 

referred to as snout A and the smaller snout referred to as snout B.  

    It is believed to be up to 200m thick and resting on bedrock within the first km from the 

foot of the east face after which there is an overdeepening on a sediment bed, possibly 

up to 240m thick (Diolaiuti et al., 2003; Kääb et al., 2004).    The geology of the Monte 

Rosa east face is characterised by the two differing lithologies of the coarse grained 

orthogneiss and paragneiss gneiss (Fischer et al., 2006; Godone, 2008). The former is 

composed of the minerals quartz, kalifieldspar, muscovite, biotite and plagioclase while 

paragneiss is made up mainly of biotite and muscovite.   

  

3.2 The evolution of the glacier and previous work  

  Research on the Belvedere Glacier has been extensive by Italians glaciologists with 

published literature focusing on mass balance, volume and velocity fluctuations and the 

instability of the Monte Rosa east face at the expensive of in depth sedimentological 

studies.  Field studies include velocity measurement and supraglacial lake monitoring 

complimented by remote sensing.  There is no detailed mapping of landforms and 

depositional features in published literature.  Mondino and Chiabrando (2008) cite De 

Saussure (1779-1796) and Amoretti (1817) as providing the first recorded descriptions of 

the glacier with documentation of the glaciers state (i.e. advancing or retreating) dating 

back to 1826.  The Italian glaciological committee first organised glaciological and 

topographical surveys in 1917 (Mondino and Chiabrando, 2008). 

      The glacier is believed to have increased in area until 1826 before a period of 

downwasting until 1842 (Mondino and Chiabrando, 2008).   This was followed by 

numerous size fluctuations with increases in the years 1842-1859, 1878-1893, 1913-1922 

and decreases in the years 1859-1878 and 1893-1913 (Mondino and Chiabrando, 2008).   

The largest known extent of the glacier was in 1922 when a third tongue impeded into 

the Little Ice Age (LIA) moraine but it was heavy rainfall in 1896 followed by a water 

pocket outburst in 1904 that caused a section of moraine to collapse and subsequently be 

breached (Kääb et al., 2004) (Figure 7).  Despite fluctuations the spatial extent of the 

debris mantled tongue still closely resembles the positions of 1850, demonstrating the 



typical minimal retreat observed at debris-covered glaciers (Fischer et al., 2006).  A 

comparison of large-scale maps (and subsequent construction of digital elevation models) 

from 1957 to 1991 however revealed a volume increase of 22.7 million m³ with minimal 

advances in terminal positions (Diolaiuti et al., 2003).  This results from increased winter 

precipitation in the 1970s and 1980s with lower summer temperatures in the 1960s and 

1970s (Diolaiuti et al., 2003).  Despite increased temperatures and decreased in the 1990s 

debris cover shielded the glacier from increased ablation resulting in no thickness 

decrease (Diolaiuti et al., 2003).  Only Diolaiuti et al., (2003) have provided measurements 

of the debris thickness, undertaken in September 2000.  Peak levels of 80 cm were 

observed in depressions with thickness generally lower in the upper third (25 cm being 

the highest value).  

 

 

 

 

 

 

 

 

 

Figure 6. The development of a third tongue in 1921 as the glacier approached its greatest known extent 

(Photo W. Monterin. Courtesy of Società Meteorologica Italiana).  

 

    The hanging glaciers of the Monte Rosa east face have also experienced size 

fluctuations but have retreated slightly since the maximum extent of the Little Ice Age in 

1850 (Fischer et al., 2006).   Recent decades have been characterised by an accelerated 

loss in area and thickness coinciding with a period of increased mass movement activity 

(Haeberli et al., 2002; Fischer et al., 2006).  Avalanche events have been significant with 

~350 m section of hanging glacier disappearing between 1999 and 2001 (Fischer et al., 

Icefall 

Moraine 

Debris mantled tongue 



2006).  It is only since 1990 that debris fans have developed due to increased activity with 

rockfall events observed from different detachment zones almost every day during in 

fieldwork by Fischer et al., in the summer of 2003.  The availability of melting water in 

summer time has enabled raised debris flow rates (Fischer et al., 2006).  

 
Figure 7. View of the lateral moraine breach from the adjacent valley side.  A meltwater channel now runs 
through the breach.  Icefall and rockfall areas of the Monte Rosa east face are visible in the background.  

 It was the surge-type movement of 2000-2001 that renewed increased interest on 

mass balance and velocity fluctuations.  A hazard was associated with a rapidly 

developing supraglacial lake known as Effimero with fears over a lake outburst flood.  

Accelerated flow conditions were first suggested by increased heavy crevassing on the 

lower Monte Rosa icefall glacier while the rapid movement of Belvedere was 

demonstrated by the occurrence of debris-free ice flowing above a section of lateral 

moraine (Haerberli, et al., 2002).  The surface became extremely compressed and 

deformed and in the spring snowmelt of 2001 the large supraglacial lake formed.  It 

began to grow in size with ASTER imagery showing the size to be approximately 2500 m², 

which later rose to ~150,000 m² by June 2002 with a volume of 3 million m³ (Haerberli, et 

al., 2002; Kääb et al., 2004).  Hazards associated with the surge included the potential 

outburst of pressurized water at the end of the surge, outburst floods from the 

supraglacial lake and ice overriding the moraine.  The glacier surface uplifted by 10 to 25 



m enabling it to overtop the height of the moraine in some sections (Figure 8) and occupy 

the gap left by the breach of 1896 (Kääb et al., 2004). Ice velocity reached as high as 200 

m a¯¹ in the fastest phase in comparison to maximum speeds measured in the 1980s and 

1990s of 30 m a¯¹ (Haerberli, et al., 2002).  More recent research on the velocity suggests 

the surge phase has come to an end with velocities reaching no higher than 35 m a¯¹ since 

2001 (Noferini et al., 2009). 

 

 

 

 

 

Figure 8Φ ±ƛŜǿ ƻŦ ǘƘŜ ƭŀǘŜǊ ƳƻǊŀƛƴŜ ōǊŜŀŎƘ ǳƴŘŜǊ ΨƴƻǊƳŀƭΩ Ŧƭƻǿ ŎƻƴŘƛǘƛƻƴǎ όмффсΣ ƭŜŦǘύ ŀƴŘ ŘǳǊƛƴƎ ǘƘŜ 

surge (2001, right). Courtesy of Mortara et al., (2004).  

 

    High water pressure indicated by dirty ice-marginal pools further suggested the flow 

instability had surge-type characteristics and increased meltwater inducing faster basal 

sliding rates is inferred to be responsible for the rapid movement (Haerberli, et al., 2002; 

Strozzi et al., 2007).  The period also coinciding with increased rockfall and icefall activity 

but the exact mechanism of formation still remains unclear (Kääb et al., 2004).  The 

supraglacial lake development was deemed extremely hazardous as it was rising at a rate 

of 1 m a day with only a few metres of freeboard to spare and was thus managed with 

huge volumes of water drained via the installation of pumps (Kääb et al., 2004).    

 

 

 

 

 


