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1. Introduction  
 

1.1 General Introduction 
The world's climate is changing. Normal fluctuations in temperature, which ordinarily take 

centuries or millennia are occurring in decades (Marcott et al., 2013).  The retreat of glaciers globally 

has been a well-documented phenomenon following the end of the Little Ice Age ~150 years ago, 

however this retreat has accelerated in recent decades and has been attributed to anthropogenic climate 

changes (Gellatly, 1985, Chinn, 1996, Marzeion et al., 2014, Baumann et al., 2020). The impacts of this 

recent glacier retreat are not only restricted to the loss of glacier ice; deglaciation has a significant 

impact on the surrounding environment through the increase in erosion, transportation and deposition 

of sediment (Ballantyne, 2002b). While the rapid retreat of glaciers globally acts as a reminder of the 

negative impacts of accelerated climate warming, it also presents an opportunity to study and witness 

substantial glacier retreat and its associated impacts which has not occurred for hundreds or thousands 

of years. 

Glaciers alter landscapes in several ways. During periods of advance, glaciers erode mountains 

and transport sediment, depositing this sediment along their margins as moraines (Hallet et al., 1996). 

During periods of retreat they leave behind steepened rock slopes and large deposits of unconsolidated 

sediment which now lack lateral support and are susceptible to erosion (Augustinus, 1995, Ballantyne, 

2000a, Ballantyne, 2002c). With the right preconditions, these unsupported rock and sediment slopes 

may begin to fail as landslides resulting in the creation and transportation of sediment to the valley 

floor. Landslides have also been a primary producer of sediment during glacial and interglacial cycles, 

however during deglaciation this process is accelerated, as glacial support is removed, leading to 

increased sedimentation rates several times higher than what is measured during glacial or interglacial 

periods (Church and Ryder, 1972). 

Landslides are not only recognised as producers of sediment. Of the many natural hazards, 

landslides are one of the most commonly occurring (Crozier and Glade, 2005a), and highly variable in 

how they occur (Hungr et al., 2014). From small individual sized block falls, to fluidised debris flows 

and deep-seated failures which stretch from hill crest to valley, landslides are responsible for causing 

billions of dollars in damage and hundreds of deaths each year (Schuster, 1996, Petley, 2012, Froude et 

al., 2018). Unlike most landslides, landslides which form following glacier retreat, and are known as 

paraglacial landslides, are poorly understood due to their as yet limited occurrence within human 

history. In fact, most studies on paraglacial landslides have focused on prehistoric events which failed 

thousands of years ago following the last major episode of adjustment between a glacial and interglacial 

period (Ballantyne and Benn, 1994, Shakesby and Matthews, 1996, El Bedoui et al., 2011, Ballantyne 

and Stone, 2013, Mercier et al., 2013, Cossart et al., 2013, Mercier et al., 2017, Curry, 2020). These 

studies found paraglacial landslides developed over long time periods, with failure often occurring 
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several thousand years after glacier retreat. It is this long lag time between glacier retreat and landslide 

failure that makes paraglacial landslides particularly hazardous, especially given fewer studies have so 

far focused on quantifying movement rates to determine how paraglacial landslides evolve. As glacier 

retreat will continue to lead to the destabilization of hillslopes which will continue to deform and act as 

a hazard thousands of years from now. 

There is a lack of empirical data into paraglacial landslide development which has driven recent 

research on the subject, particularly given the identification of many newly developing paraglacial 

landslides in heavily touristed areas around the world (Hugenholtz et al., 2008a, McColl and Davies, 

2013, Grämiger et al., 2017). Understanding how paraglacial landslides affect people and the 

surrounding environment first requires an understanding of paraglacial landslide development and 

failure mechanics. A primary focus of research so far has been to determine how periods of glaciation 

and deglaciation condition hillslopes over long periods of time (McColl and Davies, 2013) to identify 

underlying preconditions in landslide prone areas (Glueer et al., 2019) and to begin monitoring 

movement of paraglacial landslides to determine movement patterns and drivers (Kos et al., 2016, Fey 

et al., 2017).   

A specific emphasis within these studies has been placed on rock slope failures. Sediment or 

debris slopes such as moraine have also been known to deform and fail following glacier retreat with 

this process often occurring over decades rather than centuries (Blair Jr, 1994, Curry et al., 2006, 

Hugenholtz et al., 2008a, Curry et al., 2009b, Draebing and Eichel, 2018, Eichel et al., 2018). Because 

of this relatively fast adjustment rate, many sediment slopes have already adjusted following Little Ice 

Age (LIA) retreat 200 years ago and there is only one study (with the exception of this thesis) which 

has monitored sediment slope failures during the final stages of debuttressing (Emmer et al., 2020). A 

similar problem occurs in early studies on paraglacial rock slope failures where landslide deposits have 

often been reworked in the long time frames since failure occurred. Without this information, it is 

difficult to assess and understand how paraglacial landslides evolve from their formation to eventual 

failure. It is this lack of quantitative evidence on paraglacial landslide development which governs the 

focus of this thesis. By utilising traditional and novel investigative techniques, underlying controls on 

landslide morphology and failure processes are identified and described. By gaining an understanding 

of paraglacial landslide failure mechanisms and development, scientists can better understand how to 

study rock and sediment slope failures through various methodologies, identify underlying geological 

and geotechnical controls which may increase the potential for failure to occur and quantify the 

environmental and socio-economic impacts of paraglacial hillslope failures. 

 

1.2 Aims and Objectives  
The aim of this thesis is to quantify the response of rock and sediment slopes to contemporary 

glacier retreat with a focus on spatiotemporal patterns in movement, paraglacial landslide causes and 

potential impacts. To achieve this, three objectives are proposed: 
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The main findings of this chapter included the identification of an extensive retrogressive 

development zone that has extended underneath a popular tourist hut (Mueller Hut) with morphology 

of the rockslide and the development zone controlled by tectonically derived fold structures. Numerical 

modelling of the rockslide shows anisotropy of the rock mass is required for failure to occur on the 

hillslope and a review of geomechanical and morphological features of the rockslide indicate a potential 

for it to fail catastrophically. This chapter presents findings relevant to Objectives 1 and 2 as geophysical 

monitoring and geotechnical mapping identified structurally controlled conditioning of the rock mass 

is responsible for controlling the size and extent of the rockslide, the rockslide is currently growing and 

causing extensive fracturing and scarp development within the surrounding hillslope and rockslide 

development has now encroached on a tramping hut. 

This chapter also highlighted the successful utilization of multiple monitoring techniques for 

the identification of geological and geotechnical landslide properties controlling landslide failure.  

 

CHAPTER 4: Paraglacial history and development of the Mueller Rockslide, New Zealand. 

(Manuscript in prep). 

Following the investigation of the underlying preconditioning factors controlling Mueller 

Rockslide morphology, this chapter provides a detailed history of the Mueller Rockslide from its 

formation prior to glacier debuttressing, through to current deformation as the Mueller Glacier has 

retreated from the landslide. This chapter combined annual surveying, cosmogenic dating, historic 

aerial imagery and crack meter monitoring to track landslide movement to identify movement drivers 

and quantify landslide evolution. 

Cosmogenic dating of the rockslide revealed it to have formed at least 7600 years ago, 

reaffirming international studies which found progressive failure within paraglacial rockslides to occur 

thousands of years prior to headscarp formation. Movement of the rockslide has resulted in deformation 

of the Mueller Glacier causing it to become elongate and crevassed. Movement of the rockslide has 

increased over its history and current movement can exceed 5 m per year in the lower slope. Movement 

monitoring shows potential seasonal variability in movement within the headscarp and retrogressive 

zone with increased movement over spring. Comparisons between movement and rainfall showed no 

clear link although increased movement in spring, captured within the headscarp crack meter may 

coincide with snowmelt. 

This chapter presents new knowledge on the development, movement drivers and impacts of 

paraglacial rockslides fulfilling objectives 1 and 3. The development of the Mueller Rockslide over the 

last ~8000 years was revealed showing progressive failure and acceleration of the rockslide over time. 

Monitoring of landslide movement identified several potential triggers including debuttressing, 

snowmelt, rainfall and earthquakes. These observations also identified opening of the fractures around 

Mueller Hut and movement of the lower landslide has begun to block the valley and caused deformation 

of the Mueller Glacier. 
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Movement patterns, combined with earlier findings within Chapter 3, also indicate a potential 

relationship between underlying geological controls (discontinuity kinematics) and landslide movement 

rates, including landslide failure potential. Paraglacial rock slope failures governed by sliding failure 

mechanisms may move slower than those governed by toppling failure mechanisms and be at lower risk 

of developing into rapid or catastrophic landslides.  

 

CHAPTER 5: Paraglacial adjustment of sediment slopes during and immediately after glacial 

debuttressing. (Published journal article, Geomorphology, Cody et al. 2020). 

Findings in chapter 5 are presented which involve the monitoring of two large sediment slope 

failures during and after glacier retreat. This research utilised novel pixel tracking of daily timelapse 

images over a four-year period. Pixels were tracked in 3D and 2D space allowing for the quantification 

of daily movement which was then compared to rainfall. Visual monitoring of timelapse imagery also 

allowed for the tracking of spatial and temporal changes in paraglacial sediment slopes which until now 

have only been conducted after glacier retreat. This paper also explores the impact hillslope failure is 

having on the broader environment through a focus on sediment connectivity between paraglacial 

hillslopes and the proglacial zone. 

Pixel tracking of the sediment slope failures unveiled seasonal changes in movement rate which 

coincided with fluctuations in the rate of glacier retreat. Debuttressing was identified as the primary 

trigger of slope failure and resulted in the sediment slopes failing as slides prior to and during the final 

stages of glacier retreat. Heavy rainfall during this time acted as an accelerant of sliding failure. 

Following glacier retreat, the mode of failure transitioned to debris flows which were triggered by 

rainfall. Movement rates also decreased rapidly following glacier retreat. Unlike other studies on 

paraglacial sediment failures which found debris flows to be a main process in paraglacial sediment 

slope adjustment (Ballantyne and Benn, 1994, Blair Jr, 1994, Curry and Ballantyne, 1999), observations 

from Fox Glacier found debris flows are not an initial failure mechanism and in fact, only occur after 

debuttressing is completed. Instead, sliding of a sediment mantle was the first form of adjustment to 

occur, followed by debris flow initiation and gullying. Finally, observations of how sediment is 

transported from hillslope to valley floor showed connectivity between the hillslope and proglacial zone 

to be high. An unusual method of sediment delivery was also uncovered, with one paraglacial landslide 

sliding directly underneath the glacier, rather than on top of the glacier. 

This study highlighted the variability in response of hillslopes and changes in landslide 

mechanics that occur throughout the paraglacial period and provided new research relating to objectives 

2 and 3. The evolution of paraglacial sediment slope failures is more complex than originally thought 

and originates as relatively cohesive sliding before transitioning to debris flows and gullying. 

Movement is primarily controlled by debuttressing and movement rates change seasonally with changes 

in the rate of glacier retreat and downwasting. This is much faster than rock slope failures which are 

thought to respond on a decadal timescale. Sediment slopes also contribute large volumes of sediment 
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to the proglacial environment, should connectivity be high. Remobilisation of this paraglacial sediment 

has already begun and proglacial zone and sandur is now prone to flooding and avulsion. 

 

CHAPTER 6: Synthesis of results and general recommendations. 

The final chapter of this thesis provides a synthesis of Chapters 2-5 with a focus on paraglacial 

landslide development and impacts. This synthesis first discusses how rock and sediment slopes respond 

through the various stages of glacier retreat. Fallowing this, potential implications of paraglacial 

landsliding are discussed with a focus on the localised impacts of landsliding on the surrounding 

hillslopes and proglacial zone. 
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2. Literature Review 
 

2.1 Introduction  
Landslides or mass movements, here defined as the collapse of material (rock or soil) under 

gravity (Cruden, 1991) are a fundamental but often dangerous natural process in landscape evolution 

(Crozier and Glade, 2005a, Petley, 2012). Landslides have the potential to occur in all areas of the globe 

but are particularly common in mountainous areas with steep relief where slopes are susceptible to and 

often impacted by extreme temperatures (Krautblatter et al., 2013, Draebing et al., 2014), earthquakes 

(Keefer, 2002, Malamud et al., 2004, Yin et al., 2009), groundwater fluctuations (Premchitt et al., 1986, 

Brönnimann, 2011) and glacial erosion and oversteepening (Augustinus, 1995, Ballantyne, 2002b, 

Holm et al., 2004, Cossart, 2008). Landslides vary greatly in size, from individual block sized (<50 cm) 

failures to large, deep seated failures exceeding 100 million m3 and have widespread impacts on the 

broader geornorphic environment through the formation of landslide darns (Schuster and Costa, 1986, 

Costa and Schuster, 1988, Korup, 2005c, Fan et al., 2020), delivery of sediment to rivers (Korup et al., 

2004, Korup, 2005b, Meigs et al., 2006, Vehling et al., 2017) and delivery of sediment onto glaciers 

(Gardner and Hewitt, 1990, Deline, 2009, Hewitt, 2009, Reznichenko et al., 2011, Deline et al., 2015b, 

Dunning et al., 2015) which can alter or enhance sediment pathways and sediment entrainment. While 

these effects can be significant, the impacts to people have historically been minimised with most alpine 

landslides occurring in remote, sparsely populated locations. As the world's population increases and 

technology advances, this is no longer the case and more people have begun to live in or visit these once 

remote locations. With recent increases in global temperatures attributed to anthropogenic climate 

warming, the occurrence of large landslides in mountainous regions has begun to increase and have 

been attributed to melting glacier ice or permafrost (Ballantyne and Benn, 1994, Corominas and Moya, 

1999, Evans et al., 2001, Geertsema et al., 2006, Kenner et al., 2011). As these mountainous areas are 

further developed, the likelihood of landslides impacting on people has risen.  Understanding the risks 

and  impacts  of these landslides  involves  gaining an understanding of their development including 

landslide mechanics and movement processes.  

Landslides form due to a number of inherent internal properties and acting external processes. 

Known as preconditioning, preparatory and triggering factors (Crozier, 1986) they work to influence 

landslide morphology, weaken hillslopes and eventually lead to failure. Underlying rock or sediment 

slope characteristics such as bedding, structural discontinuities and material strength precondition 

hillslopes and make them more susceptible to external stressors. These external stressors which can 

include earthquake shaking, rainfall and glacial debuttressing then act on hillslopes, weakening them 

and preparing them for failure. These external stressors can also act as landslide triggers, resulting in 

rapid or catastrophic failure of the hillslope. In alpine environments, which are regularly exposed to 

natural extremes in climate and mountain forming processes like earthquakes, it is often a combination 
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of preparatory and trigger factors which lead to landslide formation and failure (Schulz et al., 2012, 

Oswald et al., 2021). Identifying how glacial debuttressing and ice loss has contributed to an increase 

in alpine landslide activity is therefore a complex process, as there are potentially many influencing 

factors at play. Understanding the specific role debuttressing plays in destabilising hillslopes has been 

an important topic in geomorphology for the last few decades (Ballantyne and Benn, 1994, Ballantyne, 

2002c, Grämiger et al., 2017). 

The response of many hillslopes to glacier retreat has been ongoing throughout the Holocene 

as the worlds climate transitioned from glacial to interglacial conditions. Enhanced climate warming in 

the past century has accelerated this process with glaciers and hillslopes responding through rapid 

retreat and increased movement (Kirkbride et al., 1999, Roe et al., 2017, Chinn, 1996). Glaciers weaken 

hillslopes and potentially trigger landsliding in several ways. During cooler periods when glaciers 

advance, they erode surrounding hillslopes, making them steeper and deposit this eroded material as 

moraines along the front and sides of the glacier (Augustinus, 1995). During periods of warming when 

glaciers begin to retreat and thin, debuttressing of glaciers from hillslopes begins, resulting in a loss of 

lateral support (Fig 2.1) and in some cases, the development of landslides (Ballantyne, 2002a). These 

landslides, which form or fail in response to glacier retreat are known as paraglacial landslides. 

Traditionally, past research into paraglacial landslides and paraglacial slope stability has focused on 

landslides triggered by pre-historic glacier retreat throughout the early Holocene. Many of these 

landslides have already failed (Ballantyne and Benn, 1994, El Bedoui et al., 2011, Mercier et al., 2011, 

Ballantyne et al., 2013, Cossart et al., 2013, Mercier et al., 2013) with a delay identified between glacier 

retreat and eventual failure. Dating of these landslide deposits shows coincidental timing between 

periods of rapid and extensive glacier retreat and catastrophic landsliding. For many paraglacial 

landslides, failure occurred hundreds or thousands of years following glacier retreat, indicating the 

impacts of glaciation are long lasting and can have significant effects on hillslopes long after glaciers 

have gone. This also implies that slope failures caused by current climate warming and glacier retreat 

may continue to deform and remain unstable long into the future, with the final impact not known for 

hundreds to thousands of years. 

 

Figure 2-1: Effects of glacial advance and retreat on valley morphology.  
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As climate warming has accelerated glacier retreat, paraglacial adjustment of hillslopes is also 

accelerating. Studies into recent paraglacial failures in North America show instances of landslides 

occurring in areas with a history of deep-seated slope failure and near LIA trimlines, linked in some 

instances to permafrost degradation (Holm et al., 2004, Higman et al., 2018, Bessette-Kirton and Coe, 

2020, Dai et al., 2020). In Europe, several instances of acceleration have been seen in deep seated slope 

failures within ten years ofrecent retreat (Kos et al., 2016, Fey et al., 2017). Given the extensive retreat 

of glaciers globally, this increase in occurrence of landsliding in mountainous regions is being attributed 

to ice loss and glacier retreat (Crozier, 2010, Huggel et al., 2012). Ongoing glacier retreat and 

debuttressing will only enhance this phenomenon but there is now an opportunity to study how 

hillslopes respond to glacier retreat as it happens, as opposed to retrospectively investigating the cause 

of failure thousands of years after failure and glaciers have retreated. 

Recently, studies have begun to focus on more contemporary paraglacial slope failures i.e. those 

which are forming or continue to deform in response to warming following the Little Ice Age (LIA) 

approximately 250 years ago. These studies have begun to provide an understanding of the spatial and 

temporal patterns of deformation seen within paraglacial slope failures and identify exactly how 

debuttressing prepares and triggers landslides. Observations by Kos et al. (2016) showed acceleration 

of the Moosfluh Rockslide in the Swiss Alps occurring within 10 years of debuttressing. Glueer et al. 

(2019) and (Manconi et al., 2017) also provided historical data on movement of the Moosfluh Rockslide 

and showed movement to be episodic with the highest movement rates seen during periods of rapid 

debuttressing. They further postulate that progressive failure of the Moosfluh Rockslide is controlled 

by joint set failure following repeated glacial cycles, with repeated loading and unloading of ice 

responsible for strength degradation of the rockslide. This is confirmed by Grämiger et al. (2017) 

through analysis of hillslope failures around the Aletsch Glacier including the Moosfluh and Dryas 

rockslides, all of which are in the Swiss Alps. Grämiger et al. (2017) also states that first deglaciation 

causes the most mechanical damage to rock slopes with repeated cycles offering less impact, until a 

state of equilibrium is reached and significant glacier retreat again destabilises rock slopes. These 

findings appear to contradict the original notion that hillslope response to debuttressing occurs over as 

a gradual process that leads to a steady reduction in rock strength. In fact, as indicated by Glueer et al. 

(2019), the response is likely episodic and inconsistent, with periods of rapid acceleration separated by 

periods of relative quiescence. The research by Grämiger et al. (2017) and Grämiger et al. (2020) shows 

not all periods of glacier advance and retreat are created equal; it may be that consequential reductions 

in rock mass strength from debuttressing only occur following major changes in glacier extent (cold 

periods) like following the LGM (23,000 years ago), the Antarctic Cold Reversal (ACR 13,000 years 

ago), Younger Dryas (12,000 years ago) and the LIA (250 years ago). 

Fey et al. (2017) provide the first comprehensive study of rock slope movement during the final 

stages of glacier retreat and showed deceleration in the latter stages of monitoring as the rock slope was 

debuttressed, and the delay between debuttressing and slope response is minimal. This mirrors findings 
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by Kos et al. (2016) and Glueer et al. (2019) who found rock slopes responded within a decade to rapid 

glacier retreat. From these studies it appears rock slopes are most responsive during debuttressing and 

then begin to stabilize and movement rates reduce as debuttressing is completed Kos et al. (2016). No 

studies have yet investigated how this relates to long term stability in slopes. Given many studies of 

historic slope failures show failure can occur thousands of years after retreat, it may indicate the 

potential for failure decreases following debuttressing before alternative preparatory or triggering 

factors act upon the slope.  

While there are still many questions around long term paraglacial rock slope stability, it should 

also be noted that many of these studies have occurred in high alpine environments in Europe. The 

studies on contemporary failures mentioned above have occurred, in some cases, at the same glacier or 

are the same failure i.e. investigation of the Moosfluh failure (Grämiger et al., 2017, Manconi et al., 

2017, Glueer et al., 2019, Storni et al., 2020). Given glaciers are retreating globally, more attempts 

should be made to explore the impacts of debuttressing outside of traditional study sites in the Northern 

Hemisphere. 

Paraglacial hillslope failures are not restricted to rock slopes; sediment slopes also respond to 

glacier retreat with failures occurring in moraine, talus and other unconsolidated materials. When they 

have been described, sediment slope failures were predominantly described as debris flows before 

transitioning to gullying over several decades (Ballantyne and Benn, 1994, Ballantyne, 2002b, Curry et 

al., 2006, Mercier et al., 2009). In particular these studies found debris flow activity and gullying 

"peaked" at around 50 years following deglaciation in alpine settings before the slope begins to stabilise. 

Similar findings have been found by Draebing and Eichel (2018) and Eichel et al. (2018) who have 

stated gullying is the first in a three step process of paraglacial adjustment of lateral moraines, followed 

by solifluction (gradual movement of soil or material downslope during freeze thaw cycles) and final 

stabilisation. Rainfall was considered the primary trigger of debris flows in these studies and in 

paraglacial environments, debuttressing was considered a mere precursor which allowed for rainfall to 

initiate slope failure. Debris flows are not the only way slope failures are facilitated in sediment  slope  

failures  in paraglacial environments. A study in Canada showed the potential for sliding failure within 

lateral moraines at the Athabascar Glacier, Canada, which are still buttressed by their supporting 

glaciers (Hugenholtz et al., 2008a). This study shows sliding to be a primary failure mechanism and 

debris flows to be a minor process. Long term monitoring of the moraines around the Athabasca Glacier 

shows moraine deformation to be similar to that seen within rock slope failures, with movement 

occurring progressively leading to an extensive network of scarps, trenches and fractures. 

The impact of hillslope failures is not only isolated to areas immediately impacted by 

landsliding. Through landsliding and mass movements, sediment is produced, transported and deposited 

to areas of lower elevation and valley floors. In alpine environments, this sediment can then be entrained 

by glaciers and rivers and transported and deposited in the proglacial system. Some studies have 

investigated how sediment systems are responding to increased sediment flux as a result of paraglacial 
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landscape response. Increased sedimentation as a result of glacial adjustment was first noted by Church 

and Ryder (1972) through research into rapid alluvial fan formation following glacier retreat. However, 

a disconnect between sediment sources (hillslopes) and transport pathways (rivers) has been found by 

those expanding on this area of research, with reduced connectivity in many alpine systems, 

predominantly due to large clast size present in many glacial deposits (Church and Slaymaker, 1989, 

Cossart, 2013, Cossart et al., 2008, Lane et al., 2017). In fact, Cossart (2013) notes paraglacial periods 

merely create sediment storage systems which are then transported in subsequent paraglacial periods. 

The study of contemporary paraglacial hillslopes is still relatively new and there is particular 

focus on rock slope failures. This literature review provides a critical evaluation of the understanding 

from previous studies on historic failures preceding the LGM, to current studies which have begun to 

explore hillslope response during active debuttressing. The last significant review on paraglacial rock-

slope stability by McColl (2012a) did not include a review on sediment slope failures. Instead, 

Ballantyne (2002b) was the first and only detailed review of both rock and sediment slope failures. 

Sediment slope failure are included in this review. In addition, this review investigates the impact 

paraglacial hillslope failures have on the broader environment, particularly how paraglacial adjustment 

within the proglacial zone is delayed through reduced connectivity and sediment transport. Finally, this 

review evaluates the concept of paraglacial landslides as a hazard, especially given the extended 

timeframes at which paraglacial adjustment occurs within the broader geomorphic system. 

 

2.2 Nomenclature  
2.2.1 Review of the paraglacial concept  

The adjustment of geomorphic systems to glacier retreat and ice loss was first observed in 

alluvial fans which formed from reworked glacial sediment (Ryder, 1971). It's noted that alluvial fan 

construction was reliant on temporary conditions as a result of glaciation and continued until 6000 years 

B .P. In 1972, Church and Ryder formalised this concept and derived the term paraglacial to refer to 

"non-glacial processes that are directly conditioned by glaciation". In 2002, Ballantyne revised the 

paraglacial concept to mean "non-glacial earth surface processes, sediment accumulations, landforms, 

land systems and landscapes that are directly conditioned by glaciation and deglaciation. There are two 

notable outcomes from Ballantyne's review: 1) the term paraglacial does not refer to one specific 

environment but refers instead to the time it takes for these environments to adjust after deglaciation 

and 2) that paraglacial processes vary across environments and therefore adjustment time also varies. 
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Figure 2-2: Paraglacial adjustment rates according to Church and Ryder (1972). 

 

Following the creation of the paraglacial concept, a majority of studies focused on the 

reworking of glaciogenic sediment as a primary process (Long, 1974, Jackson Jr et al., 1982, Jijun et 

al., 1984). Within this initial paraglacial framework, the concept of paraglacial slope stability was 

considered a secondary process as a result of fluvial erosion or weathering. Wyrwoll (1977) was the 

first to identify glacial conditioning as a cause of rock fall through stress redistribution. Additional 

studies followed, noting the timing of rock slope failures in areas that had previously been glaciated 

(Moore and Mathews, 1978, Johnson, 1984, Bovis, 1990, Ballantyne and Benn, 1994, Shakesby and 

Matthews, 1996) although the true relationship between hillslope failure and glacier retreat was yet to 

be explored. 

A review on the paraglacial concept by Ballantyne (2002b) was the first to present a detailed 

analysis of the influence of paraglacial adjustment in geomorphology as well as outline the importance 

of paraglacial slope adjustment as a research subject. Not only do hillslope failures modify landscapes; 

they are the primary source of sediment in sediment cascades and can drastically impact downstream 

sediment transport (Korup, 2005b, Davies et al., 2010, Cossart, 2013). Since Ballantyne's 2002 review, 

the investigation of paraglacial slope failures has increased considerably. Studies by Mercier et al. 

(2009), Cossart et al. (2008) and Vehling et al. (2017) have investigated the occurrence of paraglacial 

rock slope failures following prehistoric glacier retreat, predominantly following the Younger Dryas 

12,000 years BP and show it can take thousands of years for some rock slopes to fail following 

debuttressing. In contrast, sediment slopes like those studied by Ballantyne and Benn (1994), Blair Jr 

(1994), Hugenholtz et al. (2008a) and Shulmeister et al. (2009) respond rapidly, within decades, with 

paraglacial adjustment of sediment hillslopes concluding within one to two centuries of glacier retreat. 

Although the paraglacial concept is well known and now well utilised in the literature, there is 

concern from some (Slaymaker, 2009, Slaymaker, 2011) that the term has become overinflated in its 

use and may be applied to processes that occur well after glaciation has ended. Ballantyne (2002b) 

outlines his rationale for extending the paraglacial concept to include long term sediment adjustment 
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seen in river systems or coasts, rather than confining it to rapid adjustment seen immediately following 

glacier retreat. This definition acknowledges the variable temporal scales upon which paraglacial 

adjustment occurs, however there is still a lack of understanding of how these temporal scales are 

defined. 

While this thesis does not attempt to resolve issues around nomenclature and defining a 

hillslope as paraglacial, it does present findings on hillslope failures that fall under the current definition 

of paraglacial  provided  by  Ballantyne (2002b). The case studies in this thesis are also referred to as 

contemporary due to their formation or movement occurring following LIA retreat. 

 

2.3 Landslide classifications and area of study 
Due to the often harsh environments in which they occur, paraglacial landslides primarily occur 

in rock and debris slopes (Hungr et al., 2014) rather than in soils. Rock slope failures can occur in intact 

or fractured bedrock in all  rock types like sandstone, schist or volcanic material. Debris slope failures 

in paraglacial environments commonly include failure of talus, scree and moraine. Within this thesis, 

paraglacial failures in debris slopes are more commonly classified as sediment slope failures i.e. 

landslides occurring in superficial material which do not involve failure of bedrock.  Hillslope failures 

in both materials can occur in variety of styles including slides, topples and avalanches. A variety of 

landslide types that are discussed within this thesis are described below (Fig. 2.2). 

 
Figure 2-3: Landslide classifications included in this thesis. 

 

Slides 

Rock or sediment slides occur along a recognised rupture surface such as bedding. Rupture 

surfaces can vary from well-defined to poorly defined, with the shape (e.g. roughness) of the rupture 
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and Francis, 1987), debris flows are a significant natural hazard, particularly in paraglacial zones due 

to an abundance of unconsolidated sediment ready for mobilisation, typically high precipitation levels 

including water sourced through snow melt and steepened topography.  

 

Debris Avalanches and rock avalanches 

Debris and rock avalanches involve the extremely rapid failure of material downslope. 

Specifically, debris avalanches occur in partially or fully saturated sediment, anywhere on a slope 

outside of confined channels, differentiating them from debris flows. Rock avalanches occur when 

rockslides or DSGSDs fail catastrophically and become fragmented, accelerating downslope as a 

disaggregated mass (Hungr et al., 2014). A defining factor of many rock avalanches is their extreme 

velocities, particularly for larger events (Evans et al., 2001, Stock et al., 2010) with some events 

exceeding velocities of 80 m/s (Yin et al., 2012).  

 
Rock topples and falls 

Rock falls and topples involve the sudden collapse of individual rock blocks or sections of 

fractured rock downhill. Rock falls often involve individual blocks or small clusters episodically 

interacting with the slope as they travel downhill (aka bouncing) combined with periods of free fall. 

Although rock falls usually involve singular or small groupings of rock bodies, the bodies can be large 

and exceed several meters in  diameter (Haas et al., 2012, Corominas et al., 2018).  

Rock topples occur as a result of forward toppling and overturning along steeply dipping 

discontinuities in rock. Like rock falls, topples can occur at a variety of scales with their size controlled 

by joint spacing and rock strength although some rock topples can exceed 100,000 m3 (Couture and 

Evans, 2002). 

 

2.4 Landslide causes: preconditioning, preparatory and triggering factors 
There are a number of internal and external factors which control how and why landslides form 

and fail. Determining the exact factors impacting on the slope can be difficult, particularly when 

studying prehistoric events, as its difficult to determine what processes or mechanics led to failure. Even 

when landslides are observed, it is hard to discern a cause with 50% of landslides occurring with no 

apparent trigger (McColl, 2012a). Instead landslides are caused by a variety of factors, termed 

preconditioning (Crozier, 1986). While many preconditioning, preparatory and triggering factors are 

common in all environments, some like debuttressing - are specific to paraglacial environments. 

 

2.4.1 Preconditioning factors 

Preconditioning factors are the intrinsic properties of a slope which make it susceptible to 

movement without initiating movement (Crozier and Glade, 2005a). Preconditioning factors which 

affect rock slopes include rock type, structure (degree of faulting and folding), bedding and 
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discontinuities. Preconditioning factors in sediment slopes include bedding and contacts between the 

sediment mantle and underlying slope, slope angle, sediment type and sediment roundness. While 

preconditioning factors are predetermined and inherent within the hillslope they do not actively weaken 

hillslopes. Instead it is preparatory factors which act to weaken hillslopes. Preconditioning factors have 

ultimate control over a slope's potential for failure as well as failure mechanics and landslide geometry. 

When investigating how and why paraglacial hillslopes fail, a first step should be to gain a better 

understanding of a site's key characteristics through the determination of preconditioning factors, as 

these have a direct influence on slope strength. 

 

Rock Type: lithology, mineralogy 

Rock type is arguably one of the most important preconditioning factors in determining a 

hillslopes potential for failure due to rock type having a direct correlation with rock strength and rock 

structure (Gerrard, 1994). When investigating the influence of rock type as a preconditioning factor, 

several patterns can be found based on rock type formation. Sedimentary rocks like sandstones, 

mudstones and limestones are often laminated or interbedded which can act as planes of weakness 

within a rock slope (Bromhead and Ibsen, 2004, Margielewski, 2006). Depending on burial history and 

mineralogy, sedimentary rocks can be soft and able to be scratched by hand or can be highly indurated 

and require effort to break which significantly impacts on rock strength. Unlike other sedimentary rocks 

which are primarily siliclastic, limestones can be highly porous and permeable and are susceptible to 

chemical and mechanical weathering  and changes in groundwater (Zêzere et al., 1999, Gattinoni et al., 

2012). 

Volcanic rocks can be placed within two groups: extrusive volcanic rocks which have been 

erupted, or intrusive volcanic rocks which never reach the surface and cool underground. Extrusive 

volcanic rocks like basalt, andesite and rhyolite can be soft and highly porous, and prone to chemical 

and mechanical weathering (Crandell et al., 1984, Naranjo and Francis, 1987, Barbano et al., 2014). 

Like sedimentary rocks, the deposition of extrusive rocks means they build in layers which can act as 

sliding planes or areas of weakness within a slope. Intrusive volcanic rocks like granite and diorite have 

cooled underground and are usually massive, without discernible bedding. As a result, they often lack 

discontinuities, are general indurated and can withstand many external environmental processes which 

can act as landslide triggers in other rock types. Several examples of landslides within intrusive volcanic 

rocks have occurred following extensive weathering prior to failure (Durgin, 1977, Chigira et al., 2011).  

Metamorphic rocks like schist and gneiss have been altered through tectonic and thermal 

processes. Metamorphic rocks are usually laminated or foliated and these contacts can act as sliding 

planes for hillslope failures (Macfarlane, 2009, Brideau et al., 2012).  

The degree of metamorphism can increase or decrease rock strength. For example, gneiss is 

highly altered and its crystalline structure interlocks, increasing stability and strength. In contrast to 

this, argillite or metamorphosed mudstone is fine-grained and the planar structure can often act as a 
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commonly formed through faulting and folding. Stead and Wolter (2015) take this further by using 

numerical modelling to emphasise the importance of considering structural geology in modelling to 

assist with predicting failure potential of susceptible slopes, or to back analyse past failures to better 

understand how they formed.  

 

Discontinuities: fractures, joints and foliation 

While both rock type and faulting and folding control rock mass strength which in turn 

influences the susceptibility of hillslopes to landsliding, the primary role they play is in controlling the 

formation and occurrence of discontinuities. Discontinuities within a rock mass influence rock mass 

strength as well as how landslides fail. Discontinuities such as fractures and joints commonly form 

through tectonic conditioning (folding and faulting) and can further be enhanced by other preparatory 

factors such as frost weathering, earthquake shaking and rainfall. Bedding can act as a point of weakness 

within a rock mass, which in turn makes many sedimentary rocks prone to failure, especially if the 

sedimentary rock has been tilted (Guzzetti et al., 1996). Although discontinuities reduce rock mass 

quality, orientation is essential for inducing and controlling failure. For large landslides like those 

considered within this review, discontinuity sets need to be dipping, to facilitate sliding vertically to 

allow for failure like that seen within rockslides (Humair et al., 2013). However, this does not 

necessarily equate to bedding dipping down slope. Wedge and toppling failures are also controlled 

through discontinuity orientation with wedge failure occurring along intersecting joints sets, and 

toppling occurring along joint sets which dip perpendicular to slope direction. The Moosfluh Landslide 

adjacent to the Aletsch Glacier, is a large (75 M m3) landslide involving a toppling failure mechanism. 

Discontinuity sets oriented parallel to the rockslope surface can act as potential sliding planes for planar 

failure while sets oriented perpendicular to the surface act as lateral and rear release structures (Brideau 

et al., 2009). 

Discontinuities can also be caused or enhanced through stresses associated with glacier advance 

and retreat, however these discontinuities have often been classed as preparatory or triggering factors. 

It may be argued that pre-historic glacier retreat following previous glacial cycles occurred long enough 

ago to be classed as a preconditioning factor through the creating of discontinuities, rather than a 

preparatory factor which weakens hillslopes. The act of incision of rock slopes caused by glacial 

advance leads to increased gravitational stresses acting on the slope (Molnar, 2004). This static fatigue 

i.e. gravitational stress as a result of steepening during glacier advance and unloading during glacier 

retreat is thought to be a cause of sheeting joints in rock masses (McColl, 2012a). As McColl (2012a) 

summarised in their review, these sheeting joints form parallel to sub-parallel to a slope. More recently, 

Grämiger et al. (2017) showed mechanical loading and unloading of stresses caused by glacial ice does 

little to produce new damage with rock slopes but does act upon existing fractures which may in turn 

weaken slopes.  
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Clast size and roughness 

Sediment slopes which consist of poorly sorted, unstratified rock debris like the tills found in 

moraines are not impacted by structural deformation or discontinuity formation. Instead, sediment slope 

strength can be directly related to sediment size, clast lithology (strength, friction coefficient) and 

compaction which reduce or enhance friction within the slope. Sediment slopes are also susceptible to 

groundwater fluctuations. For example, analysis of the geotechnical properties of moraines in 

Switzerland (Curry et al., 2009b) showed high slope angles which exceed angles of friction due to clast 

type being angular mica schists. Commonly, regardless of rock type, moraine and talus slopes are very 

heterogenous in clast shape, and size, allowing for increased cohesion within the sediment slope mass 

with positive correlations between clast roughness, clast shape and internal angle of friction (Lebourg 

et al., 2004).  

 

Slope angle 

Changes in slope angle can affect the stability of slopes by changing the ratio of shear stress to 

shear strength within the slope. Increases in slope angle lead to increases in shear stress and a reduction 

in shear strength through; should the resisting force within the slope be less than the opposing force i.e. 

gravity, slope failure will occur. In paraglacial environments, hillslopes are often steepened by previous 

episodes of glaciation, resulting in a reduction in shear strength and an increase in shear stress. This is 

particularly important in sediment mantled slopes where stability can be highly influenced by slope 

angle as their inherent strength is derived predominantly from internal friction between particles. As a 

result of this, many sediment slopes like moraine are stable at lower angles than rock slopes typically 

between 30-38° (Blair Jr, 1994, Springman et al., 2003, Hugenholtz et al., 2008a). It is common in 

sediment mantled slopes to see slope failures occurring in slopes which are only several degrees steeper 

before stabilising at around 30°. This has been well documented in areas of debris flow activity where 

debris flows occur in slopes from ~30-40° but slopes below this are stable and do not exhibit landsliding 

(Wang et al., 2013). In paraglacial environments, oversteepening as a result of glacial erosion and retreat 

can produce sediment slopes exceeding 70° (Curry et al., 2009b) which, following debuttressing and a 

loss of lateral support begin to deform before stabilising at ~30°. Similarly, glaciated rock slopes can 

becomes sufficiently steepened for shear stress to overcome shear strength and the slope to become 

unstable (Augustinus, 1995, Augustinus, 1996).  

 

2.4.2 Preparatory factors and triggering factors 

Preparatory and triggering factors are external processes which act upon slopes to gradually 

weaken them over time and trigger failure (Crozier, 1986). Specifically, preparatory factors weaken 

slopes over time without initiating movement of the slope while triggering factors do initiate failure of 

the slope. Both preparatory factors and triggering factors can be the same process (like earthquake 
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shaking) however movement of the slope is not seen following a preparatory factor acting on the 

hillslope. For paraglacial hillslopes, common preparatory and triggering factors can include 

debuttressing and glacial erosion, earthquakes, rainfall or groundwater fluctuations and chemical and 

mechanical weathering. 

 

Glacial Erosion 

The relationship between stress and strength in hillslopes is strongly defined by slope angle. 

Through the movement of glacier ice, valley sides erode which steepens and lengthens valley walls, 

changing the ratio between shear stress and strength in hillslopes (Augustinus, 1995, Augustinus, 1996). 

When glacier ice fills valleys, it provides lateral support for hillslopes and the impacts of oversteepening 

due to glacier erosion may not become apparent until glacier ice retreats or thins. 

Many glacial valleys have experienced multiple periods of glacier advance and retreat, but the 

effects of glacial cycling on hillslopes are variable. Grämiger et al. (2017) demonstrated that merely 

adding or removing glacier ice through loading and unloading does little to create new damage in rock 

slopes as the forces are insufficient to cause new damage. Erosion of hillslopes is required to weaken 

slopes and this in itself is also variable; Grämiger et al. (2017) found failure of paraglacial hillslopes is 

most likely to occur following glacier advancement that produced a significant erosive impact, i.e. 

during global cold periods like the LGM. Minor cycles of glacier advance and retreat did not produce 

such an effect. It may be that glacier erosion sufficient to act as a preparatory or triggering factor for 

hillslope failures only occurs during cold periods like the LGM, Younger Dryas or LIA.  

It is proposed that glacial erosion prepares or triggers slope failure in three ways (McColl, 

2012a). First, glacial erosion can weaken hillslopes through the growth and alteration of fractures (Leith 

et al., 2014a, Leith et al., 2014b), that they can then be acted on by other factors like earthquake shaking 

or rainfall. Second, glacial erosion can weaken hillslopes to a critical level but buttressing of glacier ice 

is still sufficient to support the slope. Finally, glacial erosion can act as a trigger for hillslope failure by 

reducing strength of a hillslope to a critical level and glacial ice does not provide sufficient support to 

the hillslope, resulting in slope deformation under low applied stress (McColl and Davies, 2013). While 

theoretically, glacial erosion can act as a trigger of slope failure, there are no published studies of this 

occurring without debuttressing also occurring, i.e. there are no examples of slope failures occurring 

when they are substantially buttressed by glacier ice. Debuttressing in all cases has occurred to some 

extent, with failure either occurring into the proglacial zone, or onto the underlying glacier (Deline, 

2009, Hewitt, 2009, Reznichenko et al., 2011, Deline et al., 2015b, Dunning et al., 2015).  

 

Glacial debuttressing 

The retreat of glacier ice from hillslopes, otherwise known as glacial debuttressing, can be a 

preparatory factor or triggering factor for hillslope failure through the removal of support. To 

understand the impact debuttressing has on hillslopes first requires an understanding on how glacial ice 



21 
 

impacts hillslopes. As outlined above, glaciers were thought to impact hillslopes in two ways.  First, 

they erode hillslopes, potentially reducing stability through steepening, and secondly, glacier ice loads 

and unloads upon the slope as well as adds static load, which also creates stresses within hillslopes. 

Grämiger et al. (2017) has shown that the mere loading and unloading of ice is insufficient to act as a 

trigger of landslide and has a minor impact as a preparatory factor. However, the process of 

debuttressing and removal of support does prepare and trigger slopes for failure. 

Debuttressing then affects slopes in the following ways. Following glacier advance where 

valley sides are eroded, undercut and potentially oversteepened, glacier retreat then alters the 

relationship between shear stress and shear strength in the hillslope (Ballantyne, 2000a, Ballantyne, 

2002b). The impacts of debuttressing on hillslopes can be near instantaneous and synchronous with 

retreat rates, particularly in sediment slopes (Blair Jr, 1994, Curry et al., 2006, Mercier et al., 2009). In 

rock slopes, movement rates can be slower with one such example of a large rock slope failure 

beginning to respond within 10 years of debuttressing (Kos et al., 2016). In many recent cases, complete 

retreat of the buttressing glacier has not been required to trigger slope failure (Hugenholtz et al., 2008, 

Kos et al., 2016, Grämiger et al., 2017, Glueer et al., 2019). 

 

Seismicity 

Earthquakes are one of the primary preparatory and triggering factors for many slope failures 

(Keefer, 2002). As a preparatory factor, long term seismicity (thousands to millions of years) in many 

alpine areas gradually reduces  rock mass  strength  through  degradation,  fracture  propagation  and 

progressive failure (Gischig et al., 2016). Secondly, should the hillslope be sufficiently susceptible, 

earthquakes can trigger unstable hillslopes to fail catastrophically. While seismic shaking is a proven 

preparatory factor of landslide in all environments, it is unclear what impact debuttressing has on 

increasing slope sensitivity to seismic shaking. (McColl et al., 2012) found glacier ice acts as a 

dampener from seismic shaking by 50 -80% however this effect is reduced to 5 - 20% if the height of 

the glacier is less than half the height of the valley. Not only does debuttressing increase seismic shaking 

experienced by hillslopes, but the loss of lateral support provided by glacier ice may also increases the 

slopes susceptibility to failure or weakening following earthquakes. 

 

Rainfall and groundwater fluctuations 

Fluctuations in groundwater, whether it is caused by rainfall, snow melt or groundwater along 

glacial margins has been recognised as a preparatory factor and trigger of slope failures for decades 

(Premchitt et al., 1986, Iverson, 2000). Changes in groundwater impact upon hillslopes by reducing 

cohesion and reducing frictional strength within the slope. The impact of groundwater changes varies 

greatly within different landslide types, with some being more susceptible to groundwater fluctuations. 

Slope failures which lack cohesion like sediment slides or shallow soil slides can be more susceptible 

to groundwater changes due to increased porosity and permeability allowing for groundwater to 
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permeate through the subsurface. In these types of slope failures, movement can be triggered by 

individual rainfall events or during abrupt changes to ground water. Slope failures which are more 

cohesive like large rockslope failures can still be triggered by rainfall or groundwater changes but their 

response is not as rapid due to lower permeability and size. Failure may be delayed, or rainfall may 

merely act as a preparatory factor rather than a trigger. 

In paraglacial environments, groundwater changes can occur suddenly and can be significant 

due to climatic conditions and spring snow melt. Many alpine environments have high precipitation 

rates and are also prone to experiencing intense rainfall during storm events (Sturman et al., 2001). 

Several examples of alpine landslides triggered by snow melt (Cardinali et al., 2000, Naudet et al., 

2008) show failure can be rapid and relatively difficult to predict. In sediment slopes common in 

paraglacial environments, i.e. moraine, rainfall is known to trigger debris flows and is identified as the 

primary cause of slope failure in paraglacial sediment slopes following debuttressing (Curry and 

Ballantyne, 1999, Curry et al., 2006, Mercier et al., 2009). When assessing the influence of glacial 

cycling on inducing rock slope failure, both Riva et al. (2018) and Grämiger et al. (2020) found 

groundwater fluctuations were required to weaken rock slopes to a sufficient level for failure to occur. 

Both noted glacier retreat and debuttressing acted as an insufficient trigger of failure without the 

presence of groundwater. 

 

Periglacial processes 

Alpine environments  are highly  susceptible  to significant  climatic  events  and fluctuations 

in temperature. Mechanical weathering of hillslopes occurs due to changes in temperature and the 

freezing of groundwater which both lead to expansion and contraction of rock masses. Both are common 

superficial processes but permanently frozen groundwater within hillslopes, known as permafrost, is 

found deep within mountains above certain elevations. In the New Zealand Southern Alps, current 

permafrost levels are thought to be at -2500 meters above sea level (masl), 600 m above the Mueller 

Rockslide (Allen et al., 2009). More recently, modelling by Sattler et al. (2016) found permafrost in 

rock glaciers may be lower (-2100) m based on current climatic conditions. Not only does permafrost 

cause the expansion of the rock mass which leads to fracturing and rock mass degradation, but 

permafrost acts as an essential glue binding fractures together. The thawing of permafrost -which is 

occurring in alpine environments due to warming temperatures destabilises hillslopes through a 

reduction in cohesion (Krautblatter et al., 2013). In some instances, glacier retreat has actually increased 

permafrost within a rock mass, as the site is now exposed to climatic conditions and lower temperatures 

(Wegmann et al., 1998).  

There are numerous examples of periglacial rock slope failures in the literature. Permafrost 

degradation has been a trigger of many deep seated slope failures (Allen et al., 2009, Krautblatter et al., 

2013, Haeberli et al., 2017, Baldis and Liaudat, 2019, Patton et al., 2019, Hilger et al., 2020) and is 

often identified as a trigger of rock fall in alpine areas (Noetzli et al., 2003, Gruber et al., 2004, 
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Krautblatter et al., 2010, Ravanel et al., 2017). The degradation of permafrost is another primary driver 

of slope failure in paraglacial environments which presents an issue in that it can be hard to distinguish 

between the effects of permafrost versus debuttressing. This is particularly true for many of the 

contemporary paraglacial slope failures in Europe (Wegmann et al., 1998, Kääb et al., 2009, Kos et al., 

2016, Grämiger et al., 2017, Glueer et al., 2019) which are located within or near the periglacial zone 

and may be experiencing or  have  been  influenced  by  permafrost  degradation.  This  may  obscure 

information on how contemporary paraglacial hillslope failures respond to debuttressing. To accurately 

study the drivers and mechanisms involving hillslope debuttressing, further case studies need to be 

identified in areas which are not also exposed to permafrost degradation. 

 

Damage accumulation 

While the above preconditioning, preparatory factors and triggering factors act upon hillslopes 

in a variety of ways, the process of damage accumulation in hillslopes is similar, particularly within 

rock slopes. External processes like earthquakes, permafrost and glacial erosion apply stresses to rock 

slopes resulting in the formation of microscopic fractures (Amitrano, 2006). The accumulation of 

fractures eventual weakens the slope and continued accumulation of fractures can lead to step-path 

failure wherein discrete fractures in specific orientations eventually join, creating discrete, highly 

fractured surfaces upon which failure can facilitate (Brideau et al., 2009). In paraglacial environments, 

damage is accumulated from continuous cycles of glacier advance and retreat, earthquake shaking and 

groundwater freeze thaw cycles to name a few. Progressive failure of the rock slope occurs over 

potentially thousands of years (Riva et al., 2018) until rock strength is reduced to the point failure can 

occur.  

 

2.5 Paraglacial landslide impacts 
The study of paraglacial hillslope response is not limited to hillslope failures; landslides can 

greatly impact their surrounding environment both as a hazard, and through the generation and delivery 

of sediment. A focus within the broader geomorphic community has been on establishing the effect 

accelerated paraglacial hillslope adjustment has on sediment supply and sediment connectivity, as well 

as how these increased or cyclic rates of sediment supply impact downstream sediment entrainment and 

deposition (Cossart et al., 2008) (Cossart, 2008, Lane et al., 2017). Both rock and sediment slopes are 

capable of delivering large volumes of sediment into proglacial systems, although at different time 

scales. If paraglacial rock slope failures develop into catastrophic failures, they tend to fail as a single 

rapid event with sediment delivery occurring almost instantaneously (Coe et al., 2017). In comparison, 

sediment slopes failures tend to fail progressively as smaller debris flows for decades after glacier retreat 

(Curry et al., 2006). Both rock and sediment slopes can greatly impact upon sediment connectivity with 

sediment slopes having a more immediate impact, which will be seen over the next few decades as 

hillslopes begin to respond from contemporary retreat. 
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2.5.1 Hillslope failures and sediment connectivity 

Effective delivery and transport of sediment throughout catchments is dependent on several 

factors, namely the connectivity between geomorphic systems which allows for sediment to be 

effectively transferred between systems (Wohl et al., 2019).  Sediment connectivity has been well 

studied in the field of geomorphology as quantifying the volume of sediment that exists within a system 

is vital for accurately assessing sediment budgets, catchment management and fluvial hazards (Cavalli 

et al., 2013, Heckmann and Schwanghart, 2013, Bracken et al., 2015, Heckmann et al., 2018, Schopper 

et al., 2019). With an emphasis on understanding the impacts of paraglacial processes have on alpine 

processes, several researchers have begun to investigate how paraglacial hillslope adjustment impacts 

sediment connectivity in proglacial systems once glacier retreat has occurred (Cossart et al., 2008, Lane 

et al., 2017, Mancini and Lane, 2020). While paraglacial hillslope adjustment produces greater 

quantities of sediment, at an accelerated rate, sediment connectivity  is not necessarily increased. In 

fact, findings from Lane et al. (2017) and Mancini and Lane (2020) found that although sediment 

transport was high from hillslopes, connectivity was reduced as sediment was stored in alluvial fans 

(Fig. 2.3). 

Increased sediment yield to proglacial environments has been well documented in the past. 

Church and Ryder (1972) were the first to document increased denudation rates in paraglacial sediments 

compared to areas not affected by glacier retreat. It was this research and documentation of increased 

sedimentation rates following deglaciation which inspired the development of the paraglacial concept. 

Sediment exhaustion models since then have favoured increased sedimentation rates during paraglacial 

periods, due to the high volumes of sediment which are being produced from hillslopes and other 

sources (Church and Slaymaker, 1989, Müller, 1999, Ballantyne, 2002a). However, patterns of 

paraglacial landsliding vary in various environments and an increase in sediment yield is not always 

associated with an increase in connectivity (Cossart, 2008, Kirkbride et al., 2018). The large sediment 

size of many paraglacial sediments (i.e. moraine) limits the potential for entrainment or transport and 

reduces connectivity (Cossart, 2008, Lane et al., 2017). Although sediment is transported and deposited 

in proglacial valley floors, fluvial processes are insufficiently able to entrain this material. This concept 

was investigated by Cook et al. (2013) through observations of rock avalanche deposit which had been 

overridden during a period of glacier advancement. They found armouring of the surface of the rock 

avalanche (which consisted of large, widely space blocks) resisted entrainment by the glacier and initial 

advancement was not able to rework the sediment. Lane et al. (2017) also noted connectivity can be 

reduced due to sediment storage occurring, particularly within alluvial fans along the base of many 

paraglacial hillslopes inhibiting the ability for sediment to be transported further into the proglacial 

system. 
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Figure 2-4: Sediment connectivity in alpine environments. Connectivity is high when connection between 
hillslope and river is immediate or restricted when sediment deposits in alluvial fans or when valley 
confinement is low (Wohl et al., 2019). 

 

The study of proglacial catchment variability in New Zealand has shown sediment connectivity 

may be more varied and dependant on catchment morphology (Carrivick et al., 2009). Both Franz Josef 

and Fox Glacier valleys in New Zealand are located in adjacent glacial valleys with similar climates, 

geology and glacial extents. However, Carrivick et al. (2009) show Franz Josef Glacier valley, which 

is defined by narrower and steeper slopes, is supply limited and entrainment of material occurs through 

irregular outburst flows. In contrast, Fox Glacier valley is wider and is defined by the presence of 

numerous alluvial fans and an aggrading braided river. While Fox Glacier has alluvial fans which appear 

to be a defining characteristic of disconnected paraglacial systems, the valley shows no clear evidence 

of major outburst floods. Instead sediment is finer grained and indicative of regular fluvial transport, 

indicating a connection between the paraglacial hillslopes and downstream proglacial system. 

Ultimately, it appears connectivity is variable within proglacial geomorphic systems  following  glacier  

retreat.  Further  work  is needed,  conducted  in a variety  of environments, to understand what controls 

sediment connectivity except for sediment volume and transport rates. 

 

2.5.2 Paraglacial landslides as natural hazards 

Landslides have long been recognised as a significant natural hazard which can occur and 

impact people in every country around the world (Crozier and Glade, 2005a). Paraglacial landslides are 

no different, however due to how they are prepared or triggered (through glacier retreat) and due to the 

remote and often high alpine locations in which they occur, the impacts of paraglacial landslides 

throughout the last few decades has been minimal in comparison to other landslides outside  of 
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structural controls impact formation and failure potential of paraglacial rock slopes. For instance, the 

Moosfluh Rockslide, which is dominated by a toppling failure mechanism (Glueer et al., 2019) moves 

rapidly in comparison to the Marzell Rockslide which is dominated by a sliding failure mechanism (Fey 

et al., 2017). While there are numerous factors controlling the formation of landslides, collating the 

results from these initial studies indicates there could be a correlation between movement rate and 

underlying mechanical properties of paraglacial landslides. Identifying this link could assist with 

assessing the risks posed by paraglacial rockslides as to whether they fail rapidly (catastrophically) or 

slowly and self stabilise following glacier retreat.  

As outlined earlier within this literature review, most studies into paraglacial slope failures have 

been conducted on rock slope failures. Sediment slope failures, while generally smaller, are a common 

occurrence in paraglacial environments due to large volumes of glacial till and moraine which is 

produced and deposited during glacier advance and retreat. Hugenholtz et al. (2008a), Curry et al. 

(2009b), Draebing and Eichel (2018) and Eichel et al. (2018) have presented studies on recent sediment 

slope failures and found gullying to be a primary agent in erosion control, mirroring earlier studies by 

Blair Jr (1994), Curry and Ballantyne (1999) and Ballantyne (2002b). While these studies contribute to 

the knowledge on sediment slope failures, they fail to analysis sediment slopes in the initial stages of 

glacier retreat when they are still buttressed by glacier ice. Hugenholtz et al. (2008) identified other 

slope failure mechanisms including sliding in moraines at the Athabascar Glacier in British Columbia. 

Further analysis of other paraglacial sediment slopes is required to determine if failure can occur in 

other ways, as indicated in the study by Hugenholtz et al. (2008).  

Finally, landslides are a common natural hazard that directly impact the lives of people around 

the world. While this thesis will focus specifically on the study of paraglacial landslides, the research 

techniques used can be applicable to all landslide studies around the world. In particular, what 

commonly available and relatively inexpensive monitoring techniques can be used to track movement 

and infer underlying controls on landslide development? How do these monitoring techniques help 

inform our understanding of rockslide development?  

 

2.7 Conclusions 
This review presents an overview of how the paraglacial concept has evolved through time and 

now encompasses  contemporary  slope failures in alpine areas. Paraglacial landslides are now 

recognised as occurring in a number or ways, whether that be as block sized rockfall failures or as slow, 

creeping deep seated landslides. Current glacier retreat has also allowed for the identification  and study 

of paraglacial  sediment slope failures,  which due to their transient nature are often obscured within 

the sedimentary record. Regardless of whether paraglacial  landslides occur in rock or sediment slopes, 

their development  is controlled by a similar grouping of factors including slope angle, rainfall and 

debuttressing. 

This  review  has  identified  a number  of research  gaps  in the  field  of paraglacial landsliding.  

Studies  on the  evolution  of contemporary  failures  is limited  but provides  an opportunity  to identify  
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and monitor how paraglacial  landslides evolve through  the various stages of glacier retreat. This is 

achieved  in Chapter  3, 4 and 5  within  this thesis, fulfilling objectives 1 and 2. This is particularly  

true for paraglacial sediment  slopes, which have been the subject of limited investigations, particularly 

during debuttressing.  Monitoring of paraglacial landslides will  also  provide valuable  insight  on  

movement  drivers  and  potential  triggers  for  catastrophic  failure.  The linkage between debuttressing  

and landsliding is becoming more defined and both slope failures studied in this thesis show a clear but 

delayed movement  response  to debuttressing.  But debuttressing  is not the only driver of movement; 

preconditioning, preparatory  and triggering  factors  of paraglacial hillslope failures are highly varied 

and tracking changes in slope movement may allow for the better identification of these movement 

drivers. Chapters 4 and 5 present monitoring results for both rock and sediment slopes over 10 year and 

4 year periods respectively. 

In particular, key research gaps identified within this literature review, and which define the 

scope and objectives of this thesis include: a) a lack of data on how contemporary paraglacial rock and 

sediment slope failures develop, particularly in environments outside of Europe; b) the influence 

underlying preconditioning factors have on paraglacial landslide development; and c) the impacts 

paraglacial landslides can have on the surrounding environment.  

The purpose  of monitoring   landslide  movement  and  determining  how  paraglacial landslides  

develop  is not confined  to gaining  a better understanding  of landslide  movement drivers. Ultimately, 

these  findings  can assist with the quantification  of paraglacial  landslide impacts on people and the 

surrounding  environment.  These impacts are discussed in Chapter 6.  It has already been shown that 

landsliding may deform glacier ice and the contribution of increased  sediment  leads  to  large  

accumulations  of stored  sediment.  But  there  is mixed evidence to show some systems may have 

connectivity between sediment sources (paraglacial hillslopes) and sediment transport pathways like 

rivers, whereas many others are disconnected with sediment accumulating  in alluvial fans.  Movement  

of the stored sediment can also be varied with some systems allowing for gradual movement  of 

sediment by rivers leading to aggradation, whereas others are transported through sudden and 

potentially hazardous outburst floods. Flooding within proglacial  zones is not the only hazard 

associated with paraglacial landsliding; the landslides themselves  can be fatal, or at minimum cause 

significant damage should failure occur. Within an increase  in paraglacial  landsliding  seen globally,  

combined with the often significant lag times between formation and catastrophic failure, studying these 

events  while  allow  for the  management  of a hazard  which  may  be  impacting  people  and 

communities for hundreds or thousands of years. 
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3. Geomorphology and geological controls of an active paraglacial 
rockslide in the New Zealand Southern Alps.  

 

 

Summary of chapter 3 for thesis.  

Chapter 3 presents findings from a combination of geophysical, geotechnical and field mapping 

which were used to identify underlying preconditioning factors affecting the development and 

morphology of a developing paraglacial rockslide and contributes to objectives 2, 3 and 4. While 

preconditioning factors are unique to every individual landslide, this chapter presents a review of 

techniques and highlights the uses of combining subsurface imaging techniques to identify structural 

controls and discontinuities. Using these techniques, a large retrogressive zone was identified above the 

rockslide. By identifying controls on landslide evolution, an assessment can also be made on the failure 

potential of the rockslide. Identification of key structural parameters like discontinuity orientations has 

led to an assessment that the rockslide could develop in a rapid failure which would adversely affect 

the valley, the tramping hut and the surrounding area.  
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deformation, it is likely strength degradation has been ongoing through several repeated cycles of 

glacier advance and retreat. Further, as glaciated slopes begin to develop instability, their movement 

might involve deformation of its buttressing glacier (McColl and Davies, 2013), creating a complex 

interaction between the glacier and the mass movement. Such interactions are likely to affect whether 

a slope catastrophically collapses, the timing of collapse, and how the mass movement affects glacier 

and sediment transport dynamics.  

In this study, we investigate the geomorphology and structural features of an active deep-

seated slope failure, The Mueller Rockslide, whose development coincides with thinning of an 

adjacent glacier. The Mueller Rockslide was described by McColl and Davies (2013) as an example 

of a large (~150 M m³) deep-seated gravitational slope deformation, undergoing gradual deformation 

adjacent to a retreating glacier.  The study combines geomorphological mapping with geotechnical, 

geophysical and remote sensing techniques to identify discontinuity sets and other structures in and 

around the rockslide. The structures are interpreted within the context of the geomorphological and 

geological setting of the rockslide. We explore how these structures have preconditioned failure of 

this slope and identify the potential for retrogressive enlargement and catastrophic development of the 

rockslide. Our research contributes to the understanding of how geological structures precondition 

paraglacial rock slope failures and influence their response to contemporary glacier retreat. 

 

3.2.1 Study Area  

Mueller Rockslide is in Aoraki/ Mount Cook National Park, New Zealand (Fig. 3.1), situated 

on the western flank of the Sealy Range. The rockslide was first identified by (Hancox, 1998) as part 

of a study on the stability of an alpine mountain hut. At that time, the hut (referenced as Old Hut herein) 

was located on the eastern edge of the Sealy Range, which was experiencing localised subsidence in a 

large slump block. Due to safety concerns, the hut was removed and rebuilt 500 m south-west along the 

range in 2003. During the investigation, Hancox (1998) identified and described a much large slope 

failure (herein the Mueller Rockslide), affecting the western side of the Sealy Range, which Hancox 

described as a large block slide with an extensive headscarp area and a large rift-zone / graben. The hut 

is now about 200 m east of a series of large (10-20 m high, 30-50 m long) scarps that appear to define 

the headscarp of the rockslide. Above the rockslide, in the vicinity of the newly located Mueller Hut, 

several large fractures have been monitored since 1994 with opening detected of between 6 and 66 mm 

(Archibald, 2016). Annual GPS measurements of survey pins about 700 m west of Mueller Hut within 

the rockslide indicate movement rates of 1 m per year between 2010 and 2012 (McColl et al., 2012).  
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Figure 3-1. Location map of Mount Cook and surrounding area. B) Mount Cook Village and surrounding area. 
Mueller Rockslide estimated boundary is represented by the dashed white line with Mueller Hut sitting to the east. 

 

The shape and stability of the Sealy Range reflects its history of tectonic and glacial processes. 

The range is about 25 km east of the boundary between the Pacific and Australian tectonic plates, which 

for the past 5 million years has been expressed by the Alpine Fault. Regional shortening and 

compression has resulted in faulting, folding and fracturing of the Torlesse Group greywacke 

sandstones and argillite, and semischist (low-grade schist of textural zone IA, IIB) which make up the 

Sealy Range (Cox, 2007). The Mueller Rockslide is located on the western side of the Sealy Range, on 

the western limb of the tightly folded north-plunging Kitchener anticline (Lillie et al., 1964) which 

formed initially from east-west compression (Fig. 3.2). Within and near the rockslide body, bedding 



34 
 

dips westward at roughly 30-60 degrees, with the Mueller Rockslide forming within the dip slope of 

the interbedded greywacke (Lillie et al., 1964, McColl and Davies, 2013) although most of this is 

heavily mantled with debris material. Currently, the Mueller Rockslide abuts onto the margin of the  

Mueller Glacier, which is undergoing rapid thinning and terminus retreat. The Mueller Glacier 

has retreated by over 1 km (Gellatly, 1985, Kirkbride et al., 1999) since the Little Ice Age (LIA) ~200-

250 years ago (Fig. 3.1), but it is still approximately 3.5 km down-valley from the Mueller Rockslide 

(Winkler, 2000). Glacier debuttressing has occurred through thinning of the glacier and has been in the 

order of some 100 metres since the LIA, as inferred here from abandoned lateral moraine ridges on the 

slopes near the rockslide as well as documented at the terminus (Gellatly, 1985, Kirkbride et al., 1999).  

The remaining thickness of the glacier at the toe of the Mueller Rockslide is unknown, but based on 

valley cross-section extrapolation, is estimated to be < 100 metres thick at the southern (upper valley) 

end of the rockslide. The glacier at the northern end may have melted completely, becoming 

disconnected from the down valley end of the glacier (Fig. 3.2).  

 

Figure 3-2. Geological map of Sealy Range and cross-sectional profile of the Kitchener Anticline (informed by 
mapping by Lillie et al. (1964) and (McColl, 2012b)). Glacier extent and Mueller Rockslide outline are as mapped 
in this study, based on aerial imagery from 2010 �± 2017. GRF and GGF represent the Green Rock Fault and the 
Great Groove Fault respectively.  
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3.3 Methods 
3.3.1 Topographic data and aerial photography 

High-resolution topographic data and an orthophoto mosaic were obtained using Structure-

from-Motion (SfM) photogrammetry for mapping the rockslide and surrounding slopes (Westoby et al., 

2012). Photos were collected in February 2017 from a DJI Phantom 3 Professional unmanned aerial 

vehicle (UAV). Photos were captured from an above ground altitude of 60-120 m, in both oblique (30° 

from nadir) and nadir camera orientations to achieve a minimum of 75% forward and 60% side photo 

overlap. The SfM software Agisoft Photoscan was used to produce a dense point cloud that was 

decimated to a 0.25 m resolution DEM, and a 5 cm pixel-resolution orthomosaic image (Fig. 3.3).   

Figure 3-3. Approximate rockslide outline, extent of the UAV flights for photogrammetry and ground control 
points (GCPs), spot height survey marks used in Table 1, and the geophysics transects. Imagery is 0.75 m LINZ 
aerial photo (~ 2004-2010). 

 

The georeferencing of the SfM model was provided by 22 ground control point (GCP) targets 

surveyed with a Trimble R10 GPS, with a 5-km RTK baseline correction, and referenced against the 

national survey network (using B8Y2 UNWIN geodetic benchmark, and the New Zealand Geodetic 

Datum 2000 and New Zealand Vertical Datum 2016). The GCPs were distributed asymmetrically, due 

to difficulty deploying them in steep, fractured terrain along the glacier and lower and southern slopes 

of the rockslide. The Photoscan estimate of GCP vertical uncertainty was an RMSE 0.156 m.  We 

provided an independent assessment of this modelled error by comparing the modelled DEM elevations 

with our own 10 independent spot height elevations measured with RTK GPS. The mean difference and 
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to identify orientation patterns and major fracture sets within the fracture network. Discontinuities were 

grouped into two structural domains; Domain 1 within the rockslide including the rockslide body and 

headscarp; and Domain 2 outside the rockslide and along the ridgeline. Kinematic analysis was 

conducted for both structural domains for plane, wedge and flexural toppling failure, with the aim of 

evaluating the feasibility of simple structurally-controlled failure mechanisms (Kliche, 1999). Average 

slope dip and dip direction obtained from the SfM derived digital surface model were used in the 

kinematic analysis. A friction angle of 33 degrees was taken from previous tilt test results (McColl et 

al., 2012) assuming failure along an argillite bedding surface. Argillite and siltstone beds are a common 

feature of the greywacke within the study area with the argillites described by Lillie et al. (1964) as 

sometimes being highly contorted and crushed. The lower strength of these argillites compared to 

sandstone makes them the most likely structural weakness along which bedding failure may be 

facilitated. This friction angle may be greater than that of a fully formed sliding surface (i.e. at residual 

strength) in argillite, so is treated as an upper estimate for the frictional strength of the argillite beds. 

 

3.3.3 Geophysical surveying 

Seismic Refraction Tomography (SRT) and Ground Penetrating Radar (GPR) were used to 

image the subsurface rock mass around the rockslide headscarp, Sealy Range Ridgeline and Mueller 

Hut. The steep and highly unstable topography of the landslide body made it impossible to conduct 

geophysical surveys along the rockslide. The geophysical surveys were used to identify rock mass 

discontinuities and better characterize the subsurface extent and nature of fractures, either identified or 

obscured by scree at the surface. In particular, the subsurface mapping was to help evaluate the potential 

for rockslide retrogression through identification of incipient shear surfaces east of the Mueller 

Rockslide crown. SRT has been previously used to investigate the internal structure of rock slope 

instabilities, such as the Åknes Rockslide in western Norway (Ganerød et al., 2008, Heincke et al., 

2010), the slope instability at Randa in the Swiss Alps (Heincke et al., 2006), the La Séchilienne 

Rockslide in the French Pre-Alps (Meric et al., 2005) and several rockslides in Tien Shan, Kyrgyzstan 

(Havenith et al., 2000, Havenith et al., 2002). GPR has been used in previous rockslide and rock fall 

studies to investigate individual fractures and discontinuities (Toshioka et al., 1995, Theune et al., 2006) 

as well as stratigraphic analysis (Davis and Annan, 1989). Here we combine both methods to maximize 

potential information regarding shallow (<20 m) subsurface rock mass conditions.  

Three combined geophysics transects using SRT and GPR were deployed along Sealy 

Ridgeline in a roughly east-west direction (T1-T3 in Fig. 3.3), targeting major fractures visible at the 

surface, and where possible, following accessible bedrock outcrop. In addition, 3 GPR transects were 

completed in the immediate area of Mueller Hut. Transect 1 (Mueller Hut transect) extends from the 

eastern Sealy Range ridgeline, past the present-day Mueller Hut to the main rockslide headscarp. 

Transect 2 (Mount Ollivier transect) is located farthest to the south, stretched east-west along the 

northern slope of Mount Ollivier. Transect 3 (Old Hut transect) is nearer to the northern end of the 
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by shallower mass movement processes, with an apron of debris having built up at the base of the slope. 

At the southern end of the rockslide toe, and beyond the rockslide extent, shallow mass movement 

processes have removed parts of the LIA trimline and moraine altogether. 

Figure 3-4. Geomorphic map of the Mueller Rockslide. Mapped bedrock (light green) can be seen throughout 
most of the ridgetop and headscarp but is limited to a central zone with the rockslide. The majority of the 
rockslide is debris-mantled (darker green). GPR and SRT transects are located near Mueller Hut extend E-
W/NE-�6�:�����$���W�R���$�¶���P�D�U�N�V���W�K�H���O�R�F�D�W�L�R�Q���R�I���W�K�H���F�U�R�V�V���V�H�F�W�L�R�Q���L�Q���)�L�J�X�U�H������������ 
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Headscarp and toppling zone 

The crown of the rockslide is defined by a network of stepped, discontinuous and en-echelon 

scarps that form a wide (200-300 m) headscarp zone extending from 1830 to 1700 masl. Slope angle 

varies from <30° in areas of intact bedrock to 90° along fractures. Individual scarps have vertical offsets 

of up to 20-30 m (Fig. 3.4). The visible cumulative vertical displacement across these scarps is 55-70 

m in the northern/upper section of the headscarp and decreases to 30-40 m in the southern part where 

the scarp transitions into a single arcuate scarp and becomes the southern lateral boundary of the 

rockslide. Towards the north, the headscarp is less defined but appears to transition into a lateral scarp 

that defines the northern extent of the rockslide. The lateral scarp is 50-100 m high, and of varying 

strike, appearing to follow planar pre-existing structures. The stepped scarps forming the headscarp are 

facilitating forward-toppling of large (up to 140 m long, ~0.2 M m3 in volume) blocks of rock (Fig. 3.4). 

Several incipient block topples/failures are evident from the presence of open cracks. It appears that 

rock blocks have been breaking up and delivering blocky debris to the main rockslide body. 

 

Retrogressive  zone 

Above the crown (>1830 masl.) the slope gradient decreases to <10° and is represented by an 

almost flat-topped ridge heavily mantled with blocky scree, with patches of exposed fractured bedrock. 

Fractures vary in aperture from tight to the largest open fracture being over 3 m wide to a depth of at 

least 7 m. Fracture length varies from several metres long to some fractures that extend for over 100 m 

along the ridgeline. Several large tension cracks (without evidence of vertical displacement) are present. 

These vary in width from 0.2 m wide to 3m and extend for over 20 m. Smaller tension cracks measured 

0.02 to 0.2 m wide and up to 10 m long. While most fractures have no evidence of shearing, some have 

evidence of vertical displacement represented by low scarps (Fig. 3.4). This vertical displacement varies 

from 0.5 m to 2 m, extending for tens to hundreds of meters with down-throw towards the SW and 

SSW. They are often subtly visible in the field where mantled by debris but are more readily recognised 

and traceable in the DEM hillshade and aerial photography. Where the scarp travels through bedrock, 

extensive dilated fracturing occurs with some fractures exceeding 2 m in aperture. The scarps are at a 

similar orientation to the major scarps making up the headscarp zone below the rockslide crown; for 

example, the southern-most scarp trends northwest and dips southwest through the northern face of 

Mount Ollivier before intersecting the headscarp zone (Fig. 3.4). To the north, two scarps at similar 

orientation to the southern-most scarp are located on each side of Mueller Hut and converge 100 m 

north-west of the hut. Both have subtle surface expression but at their point of intersection there is an 

area of intense fracturing approximately 30 m long, 1-3 m wide and 1-3 m deep before becoming scree 

filled.   
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feasibility by planar failure. However, slope angles of up to 39° were measured at the toe, and we 

evaluate the kinematic feasibility at a slope angle of 40° to provide a conservative estimate that allows 

some freedom for a potentially lower friction angle.  

 

 
Figure 3-5. A) Joint sets (R1-R7) and corresponding planes for discontinuities within the retrogressive 
development zone of the rockslide. Kinematic analysis was completed for planar sliding, wedge and flexural 
toppling respectively (B, C, D). 

 

For the retrogressive zone (Domain 1), the kinematic analysis shows that potential for planar 

failure is minor (Fig. 3.5b) with only one bedding point (3.8% of total bedding measurements) falling 

within the failure envelope. Wedge failure analysis shows the potential for failure along the intersection 

of R3-R6 and R4-R6 joint sets (Fig. 3.5c), however, the failure envelope falls just outside the definitive 

intersection of these joint sets. Flexural toppling analysis shows potential toppling along the R4 

eastward dipping discontinuities (Fig. 3.5d).  

For Domain 2, the kinematic analysis showed marginal potential for planar sliding although no 

discontinuities fall in the failure window; several L1 discontinuities are at the margin or just outside of 

the failure window. Wedge failure analysis shows potential for L1-L3 and L1-L5 intersections within 

or just outside the failure envelope (Fig. 3.6c) (2.2% within failure window). Flexural toppling analysis 

shows L4 discontinuities falling within the failure envelope when the slope angle is 40° (Fig. 3.6d) 

(1.3% total discontinuities and 16.7% of L4 discontinuities). 
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Figure 3-6. A) Joint sets (L1-L5) and corresponding planes for discontinuities within the landslide and 
headscarp zone of the Mueller Rockslide. B-D) Planar, wedge and flexural toppling kinematic analysis 
respectively. 

 

3.4.4 Subsurface data: SRT and GPR 

Mueller Hut Transect (T1) 

The Mueller Hut transect (T1) extends from 100 m east of Mueller Hut in the upper ridge to 

the rockslide crown for a total length of 500 m (Fig. 3.4). There are three distinct velocity layers 

recognizable along the seismic transect (Fig 3.7.). The near-surface p-wave velocity layer (0.5-

0.95 km s-1) is predominantly located within the first 100 m of the transect to a depth of 5 to 7 m below 

ground level and from 140 m to 380 m to a depth of 3-5 m. A second, faster, velocity band (0.95 to 

1.7 km s-1) is observed predominantly from 140 to 380 m, through localized areas of bedrock outcrop 

and in the final 150 m of the transect towards the rockslide crown. The third and fastest velocity band 

(>1.7 km s-1) is found between 400 and 480 m along the transect.  

Fracture density results show high values in the first 100 m of the transect as well as between 

140 and 280 m, coinciding with the low p-wave velocities outlined above and areas of blocky debris 

seen on the surface. Fracture density decreases rapidly with depth under areas of scree and in areas of 

bedrock from 30-50% in scree zones to 10-30% in bedrock and the underlying rock mass. The last 150 

m of the transect shows lower fracture densities particularly in relation to the debris-mantled ridgeline.   
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Figure 3-7. Mueller Hut seismic transect (T1). A) Geomorphic map of the transect. B) SRT transect consisting 
of P-wave velocity, fracture percentage and ray density. High ray density indicates clustering of linear features 
(black arrows) indicating potential scarp or fracture development. C) GPR transect for 0-400 m. D) Beginning 
of the block toppling and headscarp zone. E) GPR directly adjacent to Mueller Hut (105 m).  
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Ray density analysis shows the percentage of rays per 1.5 x 1.5 m grid spacing with high ray 

density indicating the presence of linear features or discontinuities. In the first 100 m, of the transect, 

ray density appears to be related to scree, and suggests an absence of large, persistent fractures within 

the bedrock. Farther down the transect, high ray densities are detected from 140 to 280 m with increased 

ray density at the surface and moderate density at depth to ~30 m indicating the presence of large, 

persistent structures (black arrows in Fig. 3.7b). High ray density also indicates a large persistent 

fracture at 430 m is also indicated by high ray density. 

The corresponding GPR profile for Transect 1 is 400 m long, near the rockslide crown. 

Evidence of bright reflectors which coincide with areas of bedrock at 100-200 m are interpreted as 

bedding planes. Reflectors with a similar signature can be seen at depth at 175 m along transect and at 

380 m (Fig. 3.7c, d). The first 210 m of the transect which bypasses Mueller Hut also shows extensive 

orthogonal fracturing with apparent dips to the east and west. A highly fractured zone from 140 m to 

210 m along the transect is marked by significant fractures which extend for ~8 m through the GPR 

profile. A scarp identified in the geomorphic mapping and in the field at 140 m is hard to identify within 

the GPR transect due to both being oriented in a north-west direction however there is evidence of shear 

planes and displaced bedding around 140 m. From 210 m to 310 m, fractures appear to dip 

predominantly westward as the transect moves towards the crown of the Mueller Rockslide. A highly 

fractured zone can be seen between 220 m and 245 m (Fig. 3.7c) which coincides with where the two 

minor scarps either side of Mueller Hut intersect and with several large fractures identified on the 

geomorphic map. Bright linear reflectors identified between 290 m and 320 m are interpreted as 

bedding. From 310 m, fractures have an apparent dip to the east, coinciding with the transition to block 

toppling as the transect nears the headscarp. 

 

Mount Ollivier Transect (T2) 

The Mount Ollivier transect (T2), located south of Mueller Hut, is 200 m long extending from 

below Mount Ollivier to the rockslide headscarp (Fig.3.4). Two p-wave velocity layers have been 

identified within the Mount Ollivier Transect (Fig. 3.8). The first (0.5 to 0.95 km s-1) is located mainly 

in the top 10 m through the entire transect extending to 15 m depth from 120-160 m (Fig. 3.8b). The 

second, and faster, velocity band (0.95 to 1.7 km s-1) is found from 40 to 160 m. A third velocity layer 

(>1.7 kms-¹) can be seen in isolation from 25 to 40 m. Fracture density analysis shows the majority of 

the top 7 m of the transect shows fracture densities greater than 40% with this decreasing to 15-30% 

underneath the upper scree areas. At 30 m low fracture densities of less than 10% are seen, 

corresponding with mapped bedrock along the surface of the transect. Ray density analysis shows an 

area with extensive and persistent fractures at 110 to 190 m (black triangle, Fig.3.8b).  
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Figure 3-8. SRT and GPR for the Mount Ollivier Transect. A) Geomorphic map of the Mount Ollivier transect. 
B) SRT showing in order P-Wave velocity, fracture percentage and ray density. C) GPR with identified bedding, 
fractures, shear planes and tension cracks. D)Scarp associated with the mapped shear surface within the 
transect dipping to the southwest (left in the image). E) Large dilated tension crack within the transect.  
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The Mount Ollivier GPR transect shows an apparent dip to the west of several strong reflectors 

(Fig. 3.8c). At 55 m and 150 m are east-dipping reflectors which extend for over 10 m depth in the GPR 

profile. A similar albeit small feature is identified at the end of the transect between 160 and 180 m 

within 20 m of the previously identified rockslide headscarp. Four strong sub-horizontal reflectors are 

identified in the eastern most extensive feature from 22 m to 55 m, interpreted as (argillite) bedding, 

consistent with outcrop observations; similar but more steeply dipping reflectors are identified between 

120 and 160 m. A large tension crack (Fig. 3.8c, e) extends throughout the transect as well as extending 

for a total of 40 m to the north (Fig. 3.8a). An extensive shear plane can be seen from 110 m which 

extends throughout the GPR transect and is represented at the surface by a continuous 1-2 m southwest 

dipping scarp (Fig. 8c, 8d). 

 

Old Hut Transect (T3) 

The Old Hut transect (T3) is located to the north of Mueller Hut extending for 200 m from the 

eastern headscarp through the ridgeline (Fig. 3.9). P-wave velocity analysis has identified 3 dominant 

velocity bands. The first, and slowest, velocity band (0.5 to 0.95 kms-1) is found through the upper 1-4 

m depth of the majority of the transect particularly in areas mapped as debris or scree. The second band 

(0.95 to 1.7 kms-1) is at 30 m from 0 to 12 m deep, at 70 m from 2 to 15 m deep and 160 m distance 

from 5 to 17 m deep (Fig. 9b). The third and fastest p-wave velocity band (>1.7 kms-1) can be found 

from 0 to 10 m, 40 to 60 m and 80 to 150 m.  

Fracture density patterns show fracture zones at 30, 70 and 160 m distance display very high 

fracture densities of greater than 30% with the fracture zone at 70 m exceeding 50% fracture density 

(Fig. 3.9b). This fracture zone is characterized by fracture widths at the surface of greater than 0.5 m. 

At 150 m, both methodologies identified a large fracture zone which also corresponds to high ray 

densities that the existence of persistent fractures.  

GPR results again have highlighted an extensive network of fracturing. Due to the blocky 

surface in this area and lack of outcrop, identified fractures are mainly isolated to the first 100 m of the 

transect near the main eastern scarp, and to an isolated but highly fractured bedrock zone from 130 to 

170 m (Fig. 3.9e). The most extensive zone of fracturing is located from 25 m to 70 m marked by several 

crossed eastward and westward dipping fractures and one major failure zone (Fig. 3.9e; red lines) which 

extends through the GPR profile, marking the headscarp of the eastern rift/graben. Although graben is 

block filled, vertical displacement of ~5 m is estimated from the GPR profile, consistent with the height 

of the graben scarp. Minor fracturing from 90 to 130 m in the GPR profile is hidden in the field, the 

area covered with blocky debris. Strong gently-west-dipping, reflectors through this zone are interpreted 

as bedding which extends from 85 m to 135 m along the transect.  
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Figure 3-9. Old Hut seismic transect. A) Geomorphic map of the transect and surrounding area. B) SRT 
showing P-wave velocity, fracture percentage and ray density.  C) GPR. D) Large tension crack 150 m along 
the transect. E) Headscarp for the eastern slope failure which is partly obscured by block fill.  

 

Bedrock outcrop from 130 m to 170 m largely consists of minor superficial fracturing with 

fractures appearing to only extend for several meters. However, from 155 m to 165 m there two very 

large parallel vertical dislocations extending through the radargram and marked at the surface by two 
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large (~30 m long and 0.5 m to 3 m wide) open fractures with a bedrock wedge in between. The wedge 

sits 2 m lower than the surrounding bedrock and the surfaces corresponding to the dislocations extend 

for at least 10 m deep in the radargram.  There is no obvious vertical displacement between each side 

of the wedge (i.e. no scarp).  

 

Additional GPR Transects 

Radargrams from the three additional GPR transects, in proximity to Mueller Hut, are presented 

in Fig. 3.10.  Transect 1 reveals the scarp identified at the surface is associated with two near vertical 

shear surfaces that extend through depth of the transect (Fig. 3.10a). Several near vertical fractures can 

be identified within the graben between the two shears while fractures outside the graben appear to have 

a shallower dip.  

Transect 2 crosses a large north-south trending scarp as well as the large tension crack identified 

in the Mount Ollivier seismic transect. The tension crack appears to split into at least two large fractures 

at depth (Fig. 3.10b). Distinct bedding can be seen dipping to the right (west) before being displaced by 

an obvious shear surface which corresponds with the scarp at 45 m.  

Transect 3 shows mapped scarps in the area south of Mueller Hut correspond with shear 

surfaces at depth.  In total, 4 scarps were identified with all scarps corresponding with shear surfaces 

at. An additional 3 shear surfaces were identified which do not correspond to scarps at the surface (Fig. 

3.10c). Determining the depth of these shear surfaces was difficult due to the poor quality of the GPR 

in the final 50 m of the transect however all extend to at least 10 m depth. 
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Figure 3-10. GPR transects from the Mueller Hut area. A-�$�¶�����7�U�D�Q�V�H�F�W�������J�R�L�Q�J���1�(-SW approximately 20 m 
from Mueller Hut. The two shear features identified in the left of the image mark the eastern most scarps for the 
rockslide retrogressive zone. B-�%�¶�����7�U�D�Q�V�H�F�W�������J�Ring NW-SE through the northern limit of a large tension crack. 
C-�&�¶�����7�U�D�Q�V�H�F�W�������J�R�L�Q�J���1�(-SW through several large shear fractures directly south of Mueller Hut.  

 

3.4.5 Slope stability modelling  

The calculated critical SRF for the isotropic model was greater than the one obtained for the 

anisotropic model. More importantly, the displacement pattern at the critical SRF model is on the east 

side of Mueller Ridge for the isotropic model whereas it shifts to the western (i.e. Mueller Rockslide) 

side when the bedding anisotropy is considered (Fig. 3.11). This numerical modelling assessment 

provides simple but useful support for the idea that the Mueller Rockslide is structurally influenced by 

the bedding. However, neither model produced a SRF approaching a critical value of 1, suggesting that 

the rock strength parameters used or the bedding orientation were inappropriate (i.e. too strong), or 

groundwater or other processes not included are important for bringing the slope to a critically-stable 
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state.  Additional models considering a wider range of strength parameters, the influence of more subtle 

structural weaknesses (e.g. discontinuity sets) and potential triggers should be considered. 

Figure 3-11. Total displacement magnitude across Mueller Ridge at the critical strength reduction factor for an 
A) isotropic and B) anisotropic models. Location of the cross-section is equivalent to the one shown in Figure 
3.2. 

 

3.5 Discussion 
3.5.1 Comparisons between SRT, GPR and geomorphic mapping 

Geophysical surveys including SRT and GPR, have become common place in recent decades 

for quantifying rock mass qualities and discontinuities of rock slope failures (Heincke et al., 2010, Meric 

et al., 2005). SRT and GPR have been previously combined in rock cavity identification or in the study 

of smaller fracture zones (De Giorgi and Leucci, 2014, Heincke et al., 2006). Herein, we further 

demonstrate the utility of these two techniques for confirming the presence and subsurface continuity 
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of deformation indicated at the surface by scarps, and for supporting geotechnical mapping of fractures 

into the subsurface, especially where bedrock is obscured by debris. In addition, we show how SRT can 

be used to reveal changes in fracture density at depth, as well as revealing the thickness of surficial 

materials overlying bedrock.    

This study has shown a strong relationship between areas of increased fracturing (high fracture 

percentage) in the SRT with fractures identified within the GPR. Areas of low P-wave velocity (<2.0 

kms-1) and high fracture percentage (>30%) often found in areas with numerous fractures. Several shear 

surfaces were distinguishable within the SRT in the Old Hut and Mueller Hut transects, consistent with 

field mapping (scarp identification) and GPR. For the Mueller Hut transect, ray density analysis showed 

this particularly well as the transect passed through a more intact bedrock zone, allowing for the 

differentiation between intact and highly fractured bedrock.  

Inclusion of the GPR also allowed for the identification of bedding planes which were not 

readily apparent from the SRT data; this information was useful for identifying shear surfaces at depth 

and linking them to mapped scarps at the surface. While the GPR was also useful for detecting 

discontinuities, GPR is not effective at imaging features parallel to the radar transect (i.e. vertical 

features along the transect). We believe tension cracks and other vertical discontinuities within the GPR 

data are underrepresented. Combining the two methods (SRT and GPR) helps to minimise some of the 

shortcomings of the individual techniques and provided richer results. This enabled a more 

comprehensive assessment of all structural features throughout the surveyed area and the methods 

complimented each other to provide a view of broader rock mass quality and the relationship to bedding, 

fractures and shear planes. Overall, the three techniques (GPR, SRT and field mapping) were consistent 

and complimented each other and here they have confirmed the presence of major open fractures, and 

vertical deformation along features consistent at the top of the rock slope. The kinematic analysis 

suggests that planar failure along bedding is unlikely here, and instead the geophysics indicates that this 

deformation is being accommodated by sub-vertical joints, likely the same ones controlling morphology 

of the headscarp fractures.  This suggests that the rock mass of the upper part of the rock slope is 

facilitating retrogressive enlargement of the rockslide.  

Access and safety made it unfeasible to extend the geophysical surveys across the entire 

rockslide, and the depth of penetration by SRT was limited by use of mechanical means of seismic 

signal generation (i.e. sledge hammer).  Nonetheless, this study demonstrates the utility of these 

techniques not only on rock slopes, but in any area in which shallow subsurface mapping of fractures 

and superficial features is required. The technique is relatively economical and accessible should the 

gear be available and even short transects (<100 m) have produced favourable results for identifying 

fractures within the top 10 to 15 m of the surface.   
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that step across bedding is a more likely scenario as a step path failure mechanism (Camones et al., 

2013). We observe fractures stepping and shearing across bedding at the top of the slope.  GPR and 

SRT (Mueller Hut transect) show shearing across bedding, facilitated by the joint sets in the 

retrogressive zone, and at the top of the headscarp where the identified scarp dips near vertically through 

bedding. Stepping across bedding may in fact be a characteristic feature of the whole failure surface, 

creating a stepped failure surface connecting planes of weakness (i.e. bedding). Stepped sliding planes 

have been identified in other large rock slope failures (Oppikofer et al., 2011, Sturzenegger and Stead, 

2012, Tannant et al., 2017). Ultimately, failure of the rock slope may be accommodated by 

acombination of geological structure (bedding) and rock mass conditions (joints), both of which are 

influenced by the Kitchener Anticline.  

While the Mueller Rockslide has previously been described as a DSGSD (McColl and Davies, 

2013), observations from field work and geophysical surveys indicate the slope failure does not display 

many of the normal attributes seen in DSGSDs. Only a single uphill facing scarp (on the landslide body) 

was identified, which are normally typical of DSGSDs. Instead, we see a discontinuous but clear set of 

normal scarps defining the crown. While a bedding failure surface has not been confirmed, movement 

direction down-dip indicates failure along bedding is feasible. Therefore, it is proposed that the Mueller 

Rockslide can be better described as a rock compound slide. As defined by Hungr et al. (2014) rock 

compound slides are those which form along several planes or a disconnected sliding surface and must 

undergo some internal deformation to allow movement. Continued internal deformation and progressive 

weakening of the rock mass may eventually lead to rapid failure.  

 

3.5.3 Rockslide development towards rapid failure 

Slow moving rock slope instabilities can transition to rapid and catastrophic failures (Kilburn 

and Petley, 2003, Geertsema et al., 2006, Pánek et al., 2011). While assessing the temporal evolution 

of the Mueller Rockslide has not been the focus of this chapter, the data collected here can allow a 

qualitative assessment of whether the Mueller Rockslide could accelerate and fail rapidly, either 

overtime as a progressive failure or through an external trigger like strong earthquake shaking.  
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Figure 3-13. Cross section and theoretical of Mueller Rockslide development. A) Sliding failure along downdip 
bedding. B) Failure occurring due to internal deformation. C) Stepped failure along downdip bedding with 
internal deformation at toe. 

 

The evolution of large rockslides towards rapid failure is an important avenue of landslide 

hazard research (Hungr, 2007). Several studies (Crosta and Agliardi, 2003, Eberhardt et al., 2004, 

Glastonbury and Fell, 2008a, Glastonbury and Fell, 2010) have attempted to identify key structural and 

geomechanical properties commonly found in rockslides which transition to catastrophic failure and 

found several common factors, which can indicate potential for catastrophic failure. Common 

characteristics include a high strength rock mass that facilitates failure en-masse rather than through 

smaller slope failures from highly disaggregated rock masses, loss of toe buttressing support, and 

strongly defined lateral margins (particularly important for deep rockslides) which lie normal to 

anisotropy (Glastonbury and Fell, 2008b, Glastonbury and Fell, 2010). As well, first time failure as 

opposed to those experiencing reactivation are more likely to progress to rapid failure. In contrast, slow 
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moving landslides, which do not progress to rapid failure more often occur in weak, disaggregated rock 

masses and in slopes where the basal rupture surface angle is less than the residual friction angle 

(Glastonbury and Fell, 2008a). 

Our observations show that the Mueller Rockslide has some characteristics in favour of 

catastrophic failure and others against. GSI values from rock mass characterisation of 50-60 for 

sandstone and 30-40 for argillite are low to fair, possibly suggesting disintegration rather than failure 

en-masse, however rock mass strength at depth is likely higher which may facilitate failure en-masse. 

However, while the rockslide is clearly fractured, it occupies the entire slope from toe to ridge crest and 

extends for about 1 km along the ridge, further suggesting it is failing as a large mass. The slope has 

clearly been debuttressed, as a result of thinning of the Mueller Glacier, but has likely undergone erosion 

by the glacier too, explaining the steepened section of hillslope below the break in slope of the LIA 

moraine limit (Fig. 3.13). Lateral restraints are identified within the kinematic analysis (R3 and R4 

discontinuity sets) and lie normal to anisotropy (perpendicular to bedding) which is characteristic of 

potential rapid failure. While the Mueller Rockslide is currently unstable (indicated by movement data; 

(McColl et al., 2012) it is probably not a first time failure i.e. the sliding surface is at residual strength 

as the rockslide may have been moving for decades to centuries. Displaced lateral moraines shows 

movement has been ongoing for a significant period of time without yet accelerating to catastrophic 

failure. This magnitude of displacement, however, suggests that the friction angle of the rupture surface 

is likely to be at residual values (<33°), and this is considerably less than the dip of the bedding assumed 

to be the sliding surface (which is a characteristic of rapid failure). Putting some of these conditions 

together and following the decision tree of Glastonbury and Fell (2008a) for an internally sheared, 

compound slide, the probability of very rapid to extremely rapid failure for the Mueller Rockslide is 

between 55-65%. The upper value represents the case of rapid external loading inducing failure (e.g. a 

strong earthquake). Under this decision tree scenario, we assume that the failure surface is at residual 

strength (i.e. a through-going, well-developed failure surface extending to the toe); if not at residual 

strength yet, the probabilities increase to 80-90%. The gradual development of a through-going failure 

surface at the toe, by connection of fractures and breakage of rock bridges (step-path failure 

mechanism), may represent progressive failure of this slope and could allow the transition to 

catastrophic acceleration.  

These results appear to contradict the simplified modelling results presented in Figure 3.11 

which indicates failure to be unlikely. However, this model does not account for the influence of glacier 

debuttressing, seismicity and ground water fluctuations. While failure along bedding is feasible, our 

results indicate it will not occur without external forcing, or without progressive loss of strength. Similar 

results have been seen within the Moosfluh Landslide and other rock slope instabilities surrounding the 

Aletsch Glacier. Grämiger et al. (2017) and Glueer et al. (2019)show incremental damage associated 

with repeat glacier cycles play a significant role in gradually weakening rock masses. Riva et al. (2018) 

has shown incremental damage can take thousands of years to accumulate to the point of physically 
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manifesting at the surface through headscarp formation. In addition, while glacier debuttressing has 

been identified as a preparatory factor for many alpine rock slope failures, in the latter stages of retreat 

glacier ice can induce viscous flow in unstable rock slopes through deformation (McColl and Davies, 

2013), allowing for controlled failure of rockslides. Paraglacial stress release (Ballantyne, 2000b) may 

also be a cause of failure within the Mueller Rockslide, as the hillslope gradually adjusts to the 

unloading of the Mueller Glacier.  

Future investigations on kinematics and movement history may provide insights on the 

relationship between movement and environmental drivers (e.g. pore-water pressure) and external 

forcings (e.g. seismic shaking). Additional modelling is required to assist in the determination of 

rockslide failure potential.  

 

3.6 Conclusions 
This paper summarises a combination of field mapping, fracture mapping, kinematic analysis 

and geophysical methods to present the structural controls and preconditioning factors of Mueller 

Rockslide. An extensive fracture network throughout the Sealy Range in proximity to the rockslide as 

well as several scarps above the main rockslide headscarp were newly identified. SRT and GPR have 

been successfully combined and show extensive fracturing to at least 10 m depth as well as the presence 

of several shear planes that coincide with mapped scarps at the surface. Several large tension cracks 

have also been identified above the main rockslide headscarp. The identification of several scarps and 

tension cracks indicates retrogressive development of the rockslide into the ridgetop. The novel 

combination of techniques in this chapter have proven useful in identifying shallow rock mass 

properties and could be utilised in many other areas of study on rock slope failures.  

Kinematic analysis was performed for discontinuities within the rockslide and ridgeline areas. 

There is a low feasibility for planar sliding and an increased feasibility for wedge and toppling failure 

was identified through the headscarp and ridgetop. Although there is a limited feasibility for planar 

sliding, the movement direction of the rockslide is down-dip (285°) as opposed to down-slope (270°), 

suggesting an influence of bedding, further supported by our stability modelling. We therefore estimate 

the rockslide is moving along a stepped, discontinuous sliding surface along and through the 

interbedded argillite and sandstone. This geomechanical properties make the Mueller Rockslide 

susceptible to rapid failure, particularly after external loading via debuttressing, earthquakes or 

rainfall/snowmelt.  

This research shows the formation of the Mueller Rockslide has been strongly influenced by 

the folding of Kitchener Anticline with failure controlled by bedding angle and orientation and the 

presence of joint sets commonly associated with anticline formation. While slow moving, the Mueller 

Rockslide exhibits some features commonly identified within rock slopes that transition to rapid, 

catastrophic landslides. A strong and predominantly intact rock mass as well as the presence of strongly 

defined lateral release structures increases the potential for rapid failure.  
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4. Paraglacial development of the Mueller Rockslide 
 

Introduction of Chapter  4 to Thesis 

This chapter builds on original findings in Chapter 3  to present a nearly  8000 year history  

of paraglacial  rockslide  development,  fulfilling  objectives  1    and 3.  By combining movement 

monitoring, historic aerial imagery, cosmogenic dating and rainfall  data, a detailed movement  history  

of the  rockslide  is presented  which  shows  movement  to be  episodic, accelerating  and  controlled  

primarily  through  glacier  retreat  and  potential  groundwater changes. Cosmogenic nuclide exposure 

age dating of the main rockslide headscarp has shown landslide  movement  began  at least -8000  years  

ago,  likely  as a result  of glacier  retreat following  the  Antarctic  Cold  Reversal  ~ 13,000 years  

ago (Putnam et al., 2010).  Findings  within  this  chapter highlight  the  variability  in  paraglacial   

landslide  movement  rates  and  show  paraglacial landslides can be long-lived,  forming thousands of 

years before complete debuttressing.  This makes the prediction  of failure based on accelerations  in 

movement  diff icult but may help refine future models of landslide development. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is in preparation for publication within Earth Surface Processes and Landforms 

(ESPL). 
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4.1 Introduction  
Glacier retreat and debuttressing as a result of climate warming have been recognised as  drivers  

of hillslope  failure  in  many  alpine  environments.  Numerous  large  landslides occurring  in  the  last  

12,000  years  are thought  to  have  been  triggered  or  influenced  by debuttressing (Shakesby and 

Matthews, 1996, Kellerer-Pirklbauer et al., 2010, Mercier et al., 2011, Ballantyne and Stone, 2013, 

Mercier et al., 2017) associated  with  gradual  climate warming throughout the Holocene (Schaefer et 

al., 2009). Following the end of the Little Ice Age (LIA) approximately 200 years ago, glacier retreat 

in alpine areas has increased rapidly, leading to the activation or acceleration of many large hillslope 

failures (Fey et al., 2017, Riva et al., 2018, Glueer et al., 2019). While the current rapid loss of glaciers 

is devastating, it also provides an opportunity to study the development and progressive  failure of these 

large and potentially  hazardous  landslides  as  they  undergo  debuttressing.  These  findings  can  then 

provide useful context for understanding  the causes of prehistoric  landslides that developed during the 

major deglaciations in the past. 

Although understanding around paraglacial slope failures is increasing within the scientific 

community, there are still relatively few studies focusing on more recent, contemporary failures. 

Primarily, these studies have focused on identifying how glacier retreat and debuttressing condition and 

weaken hillslopes (Grämiger et al., 2017, Riva et al., 2018), investigating underlying landslide structure 

and morphology (Glueer et al., 2019), (Chapter  3) and using remote sensing and historic imagery to 

identify movement patterns and deformation history  since the LIA (Fey et al., 2017, Manconi et al., 

2017, Glueer et al., 2019). From numerical models, we now understand that repeat cycles of glacier 

advance and retreat work to  gradually  weaken  hillslopes (Grämiger et al., 2017), with  this  effect  

occurring  over thousands  of years prior to obvious deformation  or movement  of the hillslope   

expressed through   the  surface  morphology (Riva et al., 2018). Through   recent   monitoring   of 

contemporary  paraglacial  failures in Europe, it is now understood  movement  rates are highly variable  

and  can  sometimes  exceed  1    m/day  (Oppikofer et al., 2011, Manconi  et  al.,  2017,  Glueer  et  al.,  

2019), whereas others have maximum movement rates approaching  1  m/ year (Fey et al., 2017).  

Triggers for these periods of accelerated movement have in some situations been tied to glacier retreat, 

for example with Fey et al. (2017) finding the Marzell Rockslide in Austria showed the greatest 

movement rates occurred during partial debuttressing with a deceleration  of movement  occurring  after 

debuttressing. The Barry Arm  landslide  in Alaska has also shown enhanced movement following rapid 

glacier thinning with 120 m of horizontal displacement  seen between 2010  and 2017 (Dai et al., 2020). 

Given paraglacial  landslides are the result of thousands  of years of preconditioning,  current and future 

glacier retreat may act as  a  catalyst  to  further  prepare  or  trigger  the  final  failure  of already  

weakened   slopes. Alternatively,  the  gradual  thinning  of glaciers  may  permit  the  continued  slow,  

and  non catastrophic,  movement   and  stabilisation   of rock   slope  failures.   Investigation   of  active 

paraglacial landslides, through analysis of their movement patterns and historical development, may 

help to shed light on their future development, which in tum could help to mitigate them as a hazard.  
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The investigation of active failures can also provide insight into the behaviour of historic paraglacial 

failures, therefore helping us to interpret the causes of past events. 

While the studies above show paraglacial  landslides to be variable  in their movement patterns, 

sensitive to environmental changes regardless of size and indicate that long timescales are  required  to  

induce  progressive  failure,  there  is  still  little  known  about  spatio-temporal patterns  of paraglacial  

landslide  evolution.  Accelerations in  movement  have  been  tied  to debuttressing but greater 

accelerations  as noted by Oppikofer et al. (2011)  and Manconi et al. (2017) are  also  known  to  occur  

without  a  clearly  discernible  trigger.  Few  studies  have integrated  monitoring  methods  which  

cover  a  range  of timescale,  although  the  extended timefrarnes over which paraglacial  landslides 

develop makes this difficult. As noted by (Coe, 2020), there are few long-term  monitoring  projects  

currently  in place providing  insight into how paraglacial slope failures develop during final 

debuttressing. 

In situ monitoring of large paraglacial rockslope failures can be difficult due to their 

inaccessibility, hazardous terrain and extreme environmental  conditions. Many are located in remote 

alpine areas which experience extremes in weather and temperature. The Mueller Rockslide in New 

Zealand is no exception, located in steep alpine terrain which is prone to these climatic extremes (Figure 

4.1). However, the rockslide  lies adjacent to a popular tramping hut,  1000 vertical meters above a 

small alpine village, making it relatively easy to access.  The proximity to infrastructure  also makes its 

study relevant due to its potential threat to the nearby village and the people living in or visiting the 

area. The landslide lies adjacent to the Mueller Glacier which has thinned by many tens of metres and 

retreated by several hundred meters over the last half century, the latter resulting in the formation of a 

pro glacial lake north of the rockslide. Current  thinning  of the  glacier  has  likely  contributed  to  

further  instability  of the  Mueller Rockslide,  adding urgency to the need to understand  the future fate 

of the rockslide.  In situ monitoring   of landslide  movement   was  begun  in  2010  using  annual  GPS  

surveys  and monitoring   deformation   of  individual   fractures   using   crack-meters,   with   a   sub-

daily measurement  frequency,  since 2017.  In addition, historical  aerial photo  interpretation  and a 

rockslide scarp exposure history have allowed longer-term  development of the landslide to be 

evaluated.  Using these different  methods this chapter aims to combine daily,  annual,  decadal and 

millennial movement data to analyse current movement patterns and provide an account of paraglacial 

rockslide evolution over the last -10,000  years.  This data combined with other environmental 

information (e.g. rainfall and glacier changes) then allows some inference of the underlying causes of 

landslide movement and longer-term development. 
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conditioning  the slope for failure over the preceding  years.  The rockslide  lies on  the  western  side  

of the  Sealy  Range  on  the  western  limb  of the  overturned  Kitchener Anticline  (Lillie et al., 1964) 

which  is composed  of argillite  and  sandstone.  Failure  of the rockslide   is  mainly   facilitated   along   

down-dip   planar   bedding   consisting   of alternating sandstone/  argillite beds.  Discontinuity  sets 

associated  with folding of the Kitchener  anticline act as lateral  and rear release  structures  controlling  

landslide  failure,  as well  as controlling fracture  orientation   and  propagation   (Chapter   3).  

Geophysical   analysis   and  geotechnical mapping show an extensive retrogressive  zone underneath  

the tramping hut to the east (Chapter 3).  

The  study  site  is  at  maximum   elevation   of  1800  meters  above  sea  level  (masl), 

extending  to approximately   1200  masl at the toe of the landslide.  Due to the site's  relatively low 

elevation,  it is unlikely to be affected by permafrost  which is thought to begin above 2400 masl in the 

central Southern Alps (Allen et al., 2009). The Mueller Rockslide  and Sealy Range lie on the western  

edge of the Southern  Alps  and are influenced  by orographic  rainfall  with very high rainfall 

experienced along the Main Divide. As a result, Mueller Rockslide is exposed to high magnitude rainfall 

events which can exceed 400 mm per day. Total annual precipitation near the Mueller  Rockslide   can  

exceed   10  m  per  year  (Fitzharris and Garr, 1995) with  high snowfall through May- October and 

high spring melt in November  and December.  During the Holocene, New Zealand has experienced  

steadily warming average temperatures  since the end of the Antarctic Cold Reversal (ACR) 12,700 

years ago (Putnam et al., 2010). During the ACR, glaciers  throughout   the  Southern  Alps  experienced   

a  resurgence   after  a  period   of more widespread  retreat that had followed the end of the LGM,  with 

average temperatures  2°C to 3°C lower than current temperatures (Vandergoes et al., 2008). It wasn't 

until ~6900 years BP where Holocene temperatures  approached current temperatures, before remaining  

steady for several thousand years (Putnam et al., 2012).  The Mueller Glacier reached its last maximum 

extent approximately 500 years BP before a general pattern of retreat began (Schaefer et al., 2009), 

punctuated by another period of glacial advance during the Little Ice Age (LIA) ~250 years ago 

(Winkler, 2000). In total, the Mueller Glacier is estimated to have a total volume loss in the last 250 

years of 2.27 km3, equating to total surface lowering of up to 300 m (Carrivick et al., 2020).  

 

4.2 Methods 
4.2.1 Cosmogenic 10Be exposure dating of the Mueller Rockslide headscarp 

To determine the age of the rockslide, cosmogenic 10Be exposure age dating was completed 

using three samples obtained from the main (largest) headscarp which lies ~200 m west of Mueller Hut. 

The scarp selected is near vertical greywacke bedrock with samples taken at differing heights down the 

headscarp. M1 was taken at 7 m down from the top of the scarp, M2 taken at 10 m and M3 taken from 

15 m (Fig. 4.2). The first sample was taken from down the scarp to reduce the occurrence of inherited 
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10Be from the top of the scarp. Thickness and density for all samples was ~4 cm and 2.76 cm3 

respectively. Calculation inputs are presented in Table 4.1.  

Quartz was isolated from the samples using standard procedures at Victoria University of 

Wellington (Gosse and Phillips, 2001). Beryllium concentrations in the samples and blanks were 

measured with the GNS Science Accelerator Mass Spectrometer. Exposure ages were then calculated 

using the online exposure age calculator Chronus, using the Macaulay valley production rate (Putnam 

et al., 2010), and the time-dependant LSDn scaling method (Lifton et al., 2014). A topographic shielding 

correction factor was applied (Table 4.1), as measured from each sample location, but no erosion or 

snow shielding corrections were made. To avoid sampling areas of higher than average erosion, samples 

were selected from areas with apparent uniform weathering discoloration (i.e. no fresh surfaces) and a 

lack of veining. Snow shielding is likely to have had some bearing on 10Be accumulation due to snow 

accumulation at the base of the scarp, leading to slightly lower concentrations and therefore younger 

than real ages.  

Table 4-1:Summary of calculation parameter inputs and estimated ages.  

Temperature Correction Factor (K) 

 
Thickness 

scaling 
factor   

Shielding 
factor  

Production 
rate 

(atoms/g/yr) 

Internal 
uncertainty 

(yr)  

Exposure 
age (yr) 

External 
uncertainty 

(yr)  

Production 
rate 

(atoms/g/yr) 

M1 0.9663 0.8233 0.321 200 7882 264 12.52 

M2 0.9663 0.8050 0.321 153 2450 162 12.23 

M3 0.9663 0.7813 0.321 159 1658 163 11.82 

 

An assessment was made of the site to determine where the scarp was formed as a result of 

landslide development of glacial erosion. There was no evidence of glacial erosion (striations) along 

the scarp where sampling was undertaken.   
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Figure 4-2: A) Sampling locations for 10Be dating. B) Sampling in process. C) Position of scarp relative to the 
main headscarp zone. 

 

4.2.2 Morphological mapping from historic aerial imagery 

To track changes in landslide morphology three orthomosaic models were produced from aerial 

photography. Historic aerial imagery from 1960 and 1986 from RetroLENs (www.retrolens.nz) were 

utilised to create a Digital Elevation Model (DEM) and orthoimagery for mapping changes within the 

landslide. The 2017 structure from motion (SfM) derived orthoimagery was the same used in Chapter 

3 and the methodology for its production is described there.  

The 1960 imagery was recorded on the 25/02/1960 using a light aircraft at an elevation of 16500 

feet, with images were captured using a Wild RC5 camera. In total, 12 images were captured which 

encompassed the study area within the 1960 survey. The 1986 imagery was obtained on the 02/01/1986 

using a Zeiss RMK camera at an elevation of 30000 feet. Ten images were captured within the 1986 

survey period which covered the study site and surrounding area. Photo alignment and orthoimage 






































































































































































