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ABSTRACT 
Rock glaciers are landforms that present downslope movement of debris under the influence 

of ice and gravity. These landforms can be used as paleo-climate indicators as well as 

proxies for climate change. Rock glaciers have been investigated in a variety of climates and 

landscapes, however continental Antarctica, Dronning Maud Land specifically, remains 

understudied. This thesis aimed to investigate and classify five rock glaciers observed in the 

Jutulsessen, Dronning Maud Land. The surface characteristics and geomorphology were 

assessed and used as generic classifiers. Size, shape and landscape association was 

established by field surveying and GIS, whilst sediment and clast characteristics were 

determined from sampling. A surface temperature profile was created from short-term high 

frequency temperature measurements. All of the rock glaciers exhibit either undulating 

surfaces or patterned ground, or both, which suggests active-layer related processes. 

Sediment particle size analysis is inconclusive. The 137Cs-content and fabric analysis suggest 

movement regimes similar to other rock glaciers with higher activity at the head, and variable 

movement directions at the toe. Relative “activeness” is inferred from morphology: Grjotlia, 

Grjotøyra and Vassdalen were classified as lobate, spatulate and tongue-shaped 

respectively with Grjotlia the most stable. A new morphological classification of ‘crown-

shaped’ is suggested for Brugdedalen and Jutuldalen, and they also appear most active. The 

control of local climate on rock glacier mechanics is emphasised by the findings, and thus 

climatic interpolation from a single weather stations is not useful. Increased spatial and 

temporal coverage of sediment profiles, surface topography and active-layer characteristics 

could be used to elucidate the processes and controls of these landforms in the Antarctic.  

Keywords: rock glaciers, active-layer, Antarctica, Jutulsessen, Dronning Maud Land  
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INTRODUCTION 

Background 

Frozen landforms in cold mountain environments have taken on increasing importance to 

geomorphologists over the last century. Kinematics of non-catastrophic mass movements 

are dependent on ground thermal response to atmospheric change. In the light of a changing 

climate, an improved understanding of landscape response to environmental change is 

needed and rock glaciers provide the ideal opportunity. 

The term “rock glacier” was first used by Capps (1910) to describe landforms which were 

previously referred to as “a peculiar form of talus” (Spencer, 1900) or a “rock-stream” (Cross 

& Howe, 1905). These landforms were assumed to be products of the effect of gravity on 

interstitial ice and talus, or to be the result of glacial activity and associated mass movement 

(Spencer, 1900; Cross & Howe, 1905; Capps, 1910; Brown, 1925). Since the first 

observation of these features, there has been much controversy over the terminology and 

origin of the landform (Brown, 1925; Wahrhaftig & Cox, 1959; White, 1981; Johnson, 1983; 

Haeberli, 1985; Martin & Whalley, 1987; Barsch, 1988; Hamilton & Whalley, 1995; Potter et 
al., 1998), yet, the term ‘rock glacier’ has remained in use (Haeberli et al., 2006; Kääb, 2007; 

Wilson, 2011; Janke et al., 2013). Some authors maintain that rock glaciers are solely a 

permafrost driven phenomenon (Johnson, 1983; Barsch, 1988; Humlum, 2000; Kääb, 2007), 

while others are of the opinion that the influence of glacial processes and the presence of an 

ice core cannot be ignored (White, 1981; Whalley & Martin, 1986; Potter et al., 1998; 

Haeberli et al., 2006; Janke et al., 2013).  

Rock glaciers are just as sensitive to changes in climate as normal glaciers (Barsch, 1988), 

however, their response to climate is more localised (Hassinger & Mayewski, 1983). 

Temperature and moisture conditions are, therefore, considered controlling factors in their 

development. Knowledge of the ground thermal characteristics and climatic controls will 

improve our understanding of the origin, distribution and mechanics of rock glaciers 

(Mayewski & Hassinger, 1980; Hassinger & Mayewski, 1983; Barsch, 1987; Humlum, 2000; 

Serrano & López-Martínez, 2000; Frauenfelder, 2005; Haeberli et al., 2006; Kääb, 2007; 

Janke et al., 2013). It is for this reason that rock glaciers act as an indicator of paleo-climate 

conditions (Wahrhaftig & Cox, 1959; Haeberli et al., 1998; Humlum, 1998; Frauenfelder & 

Kääb, 2000; Rignot et al., 2002). Similarly, understanding the climatic controls that produce 

this phenomena facilitates their use as a proxy for a changing climate (Mayewski & 

Hassinger, 1980; Hassinger & Mayewski, 1983). 

Efforts have been made to standardise classification, but no consensus has yet been 

reached (Janke et al., 2013) and it is recommended that the term ‘rock glacier’ is used in a 
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“generic, rather than genetic” sense (Vitek & Giardino, 1987). Classification parameters 

suggested refer to the landform’s shape and surface morphology, movement dynamics and 

geographic situation (Wahrhaftig & Cox, 1959; White, 1981; Barsch, 1987; Corte, 1987; 

Humlum, 1998; Whalley & Azizi, 2003; Janke et al., 2013). Despite the less than rigorous 

classification system, several rock glaciers have been documented and described globally, 

both active and inactive, in a range of climates and geological settings: the Swiss Alps 

(Barsch, 1978; Haeberli, 1985; Frauenfelder & Kääb, 2000; Ikeda & Matsuoka, 2002; 

Matsuoka et al., 2005), Greenland (Humlum, 1982), the Andes (Brenning, 2005), Italian Alps 

(Dramis, 1992), Alaska (Capps, 1910; Wahrhaftig & Cox, 1959) and Nepal (Jakob, 1992; 

Ishikawa et al., 2001). Although Antarctica has a well-documented variety of periglacial 

landforms, both active and inactive (Hall, 2013), the inventory of rock glaciers remains 

geographically constrained (Humlum, 1998). The maritime Antarctic holds the largest record 

of documented rock glaciers (Hassinger & Mayewski, 1983; Serrano & López-Martínez, 

2000; McLeod et al., 2008; Bockheim et al., 2013). Apart from surveys documenting rock 

glaciers in Victoria Land, e.g. McMurdo Dry Valleys (Bockheim, 2002; Rignot et al., 2002; 

Levy et al., 2006), continental Antarctica remains largely unexplored.  

Rationale 

Antarctica, the highest, driest, coldest, windiest and most remote continent on Earth, has 

been increasingly recognised as being of importance to scientific research (Bargagli, 2005). 

Valuable information about the climatological, geological and biological history of our planet 

lies within and underneath the Antarctic ice-sheet (Turner et al., 2009). The continent is 

fundamental to global atmospheric and oceanic cycles and is highly sensitive to changes 

therein (Turner et al., 2009; Kennicutt et al., 2015). Furthermore, its physical setting has kept 

Antarctica from extensive anthropogenic and biological impacts, making it an ideal laboratory 

for monitoring feedback mechanisms and understanding climate change responses 

(Bargagli, 2005; Turner et al., 2009). However, available knowledge is geographically 

constrained and a better insight of terrestrial environments and linkages are needed. This 

need was addressed during the International Polar Year (IPY) by emphasising a research 

focus on permafrost and active-layer dynamics (Allison et al., 2007). Permafrost is believed 

to be the main controlling factor of Antarctic terrestrial ecosystems (Vieira et al., 2010; Hall, 

2013; Guglielmin & Vieira, 2014). Projects such as “Antarctic and sub-Antarctic Permafrost, 

Periglacial and Soil Environments” (ANTPAS) were designed to fill gaps identified during the 

IPY. Recent studies found that the active-layer in continental Antarctica is thickening, despite 

the lack of warming air temperatures (Guglielmin & Vieira, 2014). This will have major 

influences on global climatic models and predicted trends in permafrost response.  
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The shallow permafrost in rock glaciers, along with their situation on slopes, often provide the 

ideal foundation for infrastructure such as: communication towers, ski slopes, tunnel portals 

etc. (Burger et al., 1999; Janke et al., 2013). In addition, rock glaciers are considered 

significant water sources in arid areas and are increasingly investigated for their hydrological 

importance (Burger et al., 1999; Brenning, 2005; Arenson & Jakob, 2010; Azócar & 

Brenning, 2010; Duguay et al., 2015; Janke et al., 2015). Water is usually released 

seasonally through the deepening of the active-layer and thawing of permafrost (Krainer & 

Mostler, 2002; Janke et al., 2015). Also, the presence and state of water have an important 

influence on the composition and shear stress within the rock glacier, affecting its stability 

(Arenson et al., 2002). In the light of new insights into permafrost response to a changing 

climate, the risk of mass movements such as landslides, rock falls, slumping, and increased 

water release from rock glaciers, become hazardous (Burger et al., 1999; Frauenfelder, 

2005; Arenson & Jakob, 2010). We also stand at risk of losing the paleo-climatic records in 

the features if we do not expand the inventory of rock glaciers (Guglielmin & Vieira, 2014).  

Recently Kennicutt et al. (2015) identified key focus areas for the future of Antarctic research. 

Questions were identified to create a framework within which global collaboration can take 

place. Two questions are relevant to this study:  

Q 39: “What are and have been the rates of geomorphic change in different Antarctic 
regions, and what are the ages of preserved landscapes?” 

Q 42: “How will permafrost, the active layer and water availability in Antarctic soils and 
marine sediments change in a warming climate, and what are the effects on ecosystems and 
biogeochemical cycles?” 

Given the nature of rock glaciers, an understanding of their origin, history and susceptibility 

to future change will answer both these questions. Dronning Maud Land is in desperate need 

of investigation in order to expand the existing record of rock glaciers. 
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Aims and Objectives 

The aim of the project was to investigate and record the geomorphic characteristics of rock 

glaciers in the Jutulsessen, Dronning Maud Land, Antarctica. The project is divided into four 

objectives set out below. 

1. Survey and describe the geomorphology of the landforms. 

2. Map the spatial extent and topography of the landforms: 

a. create a digital elevation model  

b. create a geomorphic map 

c. create a model to suggest internal structure 

3. Assess the physical surface characteristics of the landforms: 

a. sediment sorting 

b. fabric analysis and clast hardness 

c. ground surface temperature 

d. active-layer driven landforms. 

4. Classify the landforms within the context of current literature. 

Objectives 1, 2 and 4 were carried out for all five study sites. Objective 3 only applied to 

Grjotøyra and Vassdalen, due to time and logistical limitations. 

Thesis Structure 

The thesis starts by providing the background for research approach and methodology 

(Literature Review), after which the study area is briefly described (Study Area). A detailed 

explanation of data collection and analysis methods are discussed (Methods). The findings 

are separated according to study sites and the results will be discussed in the same chapter 

(Results and Discussion). The Conclusion captures the outcomes and highlights the 

limitations of the current study and recommends approaches for the future. Relevant figures 

and tables appear in-text for ease of referencing, with supplementary material and data 

tables provided at the end of the document (Appendix). 
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LITERATURE REVIEW 

Definition 

Rock glaciers are defined as “bodies of frozen debris with interstitial ice and ice lenses, 

which move downslope” (Barsch, 1988); or “steadily creeping perennially frozen and ice-rich 
debris on non-glaciated mountain slopes” (Haeberli et al., 2006). These can be reduced to 

three descriptive terms: mass, moisture (ice) and movement. It is around these concepts that 

geomorphologists have come to investigate rock glaciers and attempt to establish the limits 

of the definition: the ‘mass’ (i.e. material, can include talus or debris of glacial origin); the 

‘moisture’ (i.e. ice, can refer to permafrost, interstitial ice matrix or core, or a subsurface 

glacier); and ‘movement’ which can be observed in present, or be inferred as a product of the 

past, presumably driven by gravity. Identifying a rock glacier based on these definitions lends 

itself to misuse and misconception (Hamilton & Whalley, 1995; Haeberli et al., 2006). They 

can misleadingly include (intentionally or unintentionally) a broad range of geomorphological 

landforms e.g. block streams, block runs, protalus ramparts, landslides etc. if used too 

loosely (White, 1981; Johnson, 1983; Martin & Whalley, 1987).  

Yet, it is a widely accepted practice to classify a landform as a ‘rock glacier’ based on 

superficial observation. The classification relies heavily on the observer’s understanding of 

the characteristics that distinguishes rock glaciers from their abovementioned counterparts. A 

greater emphasis has been placed on understanding the structure and origin of ‘rock 

glaciers’ to avoid past misuse of the term (Vitek & Giardino, 1987). Structural differences 

could be narrowed down to a series of descriptions referring to shape, location of 

occurrence, proportion of moisture vs. mass input etc. resulting in conjunctions like: 

bouldery-rock glacier, talus glacier, tongue-shaped rock glacier, transitional rock glacier 

(Wahrhaftig & Cox, 1959; Johnson, 1974; Parson, 1987; Hamilton & Whalley, 1995; Ikeda & 

Matsuoka, 2006). Origin is still largely in dispute, influencing nomenclature further, e.g. 

Barsch (1988) expressed the need to refer to the landforms as a ‘rockglacier’ (one word), 

because he viewed it more as a permafrost entity, separate from glacial processes.  

Unlike glaciers, rock glaciers do not disappear upon ‘retreat’. Glaciers leave behind a trail of 

moraine, but the material of rock glaciers remain as a direct indication of where the landform 

was once active (Kääb, 2007). However, the remains of glacial retreat have been linked to 

rock glacier formation, and there is much controversy on the relation between the two very 

distinct landforms. Some authors explain the link as a degree of succession in the 

development stages of rock glaciers (Humlum, 1998; Kääb, 2007). For example, with 

decrease in altitude and increase in temperatures (air and ground), the conditions can favour 

the transition of a glacier into a glacier-derived rock glacier (with medium snow vs. talus 
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input) and then a talus-derived rock glacier (low snow vs. talus input) (Humlum, 1998). The 

number of documented rock glaciers also exceed those of normal glaciers, but they are 

smaller and occur in a larger variety of climates (Kääb, 2007). Glaciers are often found in 

cold and wet mountainous regions, with high precipitation. On the other hand, although rock 

glaciers are documented in similar ‘wet’ conditions (Serrano & López-Martínez, 2000; Krainer 

& Mostler, 2002), they have also been found in dry climates (Haeberli, 1985; Humlum, 1998; 

Frauenfelder, 2005; Kääb, 2007; Janke et al., 2013). Rock glaciers are thus believed to need 

less precipitation input where thermal conditions are preferable to maintain a balance 

between talus input and preservation of frozen subsurface (Rignot et al., 2002). 

Neither nomenclature nor classification has been agreed upon, but there is consistency in 

characteristics that have been investigated and described. Literature mostly focuses on 

obtaining data on the following: shape, surface morphology, internal composition, thermal 

state, fabric analysis, hydrology, rate and process of movement, and ultimately age and 

origin (Johnson, 1983; Corte, 1987; Martin & Whalley, 1987; Giardino & Vitek, 1988; Whalley 

& Martin, 1992; Burger et al., 1999; Janke et al., 2013). The following section provides the 

background for this study’s approach and methodology. 

Characterisation 

Various methods have been utilized to obtain meaningful data of rock glaciers, ranging both 

in time and spatial scales. Long term studies have stretched from 10 years (Francou & 

Reynaud, 1992) to over 30 years (Potter et al., 1998) using both field observations and 

remote sensing methods. The aims of assessing these characteristics are to gain an insight 

into rock glacier development and movement mechanics (Whalley & Martin, 1992). These 

characteristics should not be seen in isolation, but rather as parts of a larger system of the 

landscape development (Burger et al., 1999; Janke et al., 2013).  

Morphology 

Rock glacier morphology, specifically shape and surface topography, is determined both 

qualitatively and quantitatively with the aim of inferring movement, origin, age etc. Shape is 

determined by measuring the size and dimensions of the landform from head to toe and 

across, during field survey or from aerial photographs. This is where terms like lobate, 

spatulate and tongue-shaped are used as descriptors (see Classification section) 

(Wahrhaftig & Cox, 1959). Surface topography refers to features such as furrows, ridges, 

thermokarst, or a steep front toe, that can give a strong indication of an active-layer or 

permafrost (White, 1976; White, 1981; Haeberli et al., 2006; Kääb, 2007). The general shape 

and distribution of features across the profile of the rock glacier also gives the impression of 

movement (Hassinger & Mayewski, 1983). For example, an active, moving rock glacier will 
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typically have a narrow steep upper gradient with loose debris, due to the high rate of mass 

input. The body will broaden and flatten out downwards towards a steep front toe. The 

movement at the head is mostly linear downslope and then fans out closer to the toe 

(Whalley & Martin, 1992; Haeberli et al., 2006; Kääb, 2007). Transverse ridges and furrows 

form due to compression from downwards movement and are often filled with liquid water or 

snow (Brown, 1925; Wahrhaftig & Cox, 1959; Arenson et al., 2002). The surface is usually 

composed of debris of mixed sizes, dependant on geology and weathering rates (Humlum, 

2000; Ikeda & Matsuoka, 2006; Kääb, 2007). Descriptions based on the size of the material 

have resulted in the terms ‘bouldery’ and ‘pebbly’ rock glaciers. The former is used if it 

produces larger boulders and blocks lacks finer material. While the latter refers to a surface 

consisting of clasts supported by a finer matrix (Matsuoka et al., 2005; Haeberli et al., 2006; 

Ikeda & Matsuoka, 2006). Morphology presented for active rock glaciers results in a concave 

upper section leading from the head to a steep convex shaped toe (Janke et al., 2013). 

Conversely, stagnant rock glaciers typically have concave lower profiles, with thermokarst 

and drainage pathways as evidence of melt-out (Kääb, 2007). Observations such as these 

have been used as critical classifiers to identify a rock glacier from stable talus for 

engineering purposes (Burger et al., 1999). 

Internal Composition 

Rock glaciers are commonly described as containing an active-layer and permafrost (Barsch, 

1988; Humlum, 2000; Haeberli et al., 2006; Kääb, 2007), and have been reported to also 

contain a clean ice core (Brown, 1925; Potter, 1972; Potter et al., 1998). Geophysical 

surveys e.g. seismic refraction, electrical resistivity and ground penetrating radar have been 

used to gather information on the structure and depth of sediment and ice layers within a 

rock glacier (Hassinger & Mayewski, 1983; Francou & Reynaud, 1992; Potter et al., 1998; 

Berthling et al., 2000; Monnier & Kinnard, 2013). However, in using seismic refraction and 

electrical resistivity sounding, the return of P-wave velocities and resistivity readings are 

open to interpretation, and are therefore not always conclusive (Whalley & Martin, 1992). On 

the other hand, methods like excavating trenches and coring boreholes produce exact results 

on these interpretations. Boreholes allow for closer scrutiny and provide opportunity for 

additional measurements, such as: particle size analysis of sediments, fabric analysis of 

imbedded clasts and assessment of temperature profiles (Barsch et al., 1979; Haeberli et al., 
1998; Arenson et al., 2002; Haeberli et al., 2006). Still, boreholes and excavations have their 

own limitations: they are expensive, labour intensive, destructive and the extent and spatial 

distribution of the drill holes cannot be used as representative of the entire rock glacier 

(Whalley & Martin, 1992). Results from excavations and geophysical soundings may support 

the reliability of each other. Nevertheless, a combination of these techniques should be used 
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to improve understanding of the internal structure due to their respective limitations (Janke et 
al., 2013).  

Despite the absence of a singular accepted model describing the structure of rock glaciers, it 

has been agreed on that they have complex profiles (Haeberli, 1985; Giardino & Vitek, 

1988). Rock glaciers usually consist of mixed layers of debris, mixed debris with an ice 

matrix, coarse and fine material and they may* contain a clean ice core. Several authors 

reported on the results of past drillings and geophysical surveys (Whalley & Martin, 1992; 

Haeberli et al., 2006) and the results from drilling correspond, to an extent, with findings from 

geophysical surveys (Kääb, 2007). The structure can be generalized as follows (Table 1): the 

first few metres is an active-layer of ice-free rock followed by; a layer of mixed ice and rock in 

the order of tens of metres thick; where deep core drillings have revealed a metre thick ice-
rich fine sediment (sand); overlaying a third layer of ice-free coarse debris before reaching 

bedrock (Haeberli et al., 1998; Humlum, 2000; Kääb, 2007). Within the active-layer the grain 

size usually decreases with depth as the fines collect closer to the permafrost table (Haeberli 
et al., 2006). The internal composition, however, is highly influenced by energy transfer 

through the material.  

Table 1: Previous studies done on the internal structure of rock glaciers. 

Location Method Thickness (m) Composition Study 
Surface Deep Surface Deep 

French 
Alps 

Electrical 
Resistivity 4-5 30-40 active layer, 

ice free permafrost Francou & 
Reynaud, 1992 

Antarctica 

Seismic 
Refraction & 

Electrical 
Resistivity 

0.5-1.4 various 

ice-free, 
uncon-

solidated 
sediments 

ice, bedrock, 
interstitial ice 

Hassinger & 
Mayewski, 1983 

USA 
(Wyoming) 

Seismic 
Refraction & 

Electrical 
Resistivity 

1 20-25 mixed 
debris bed rock Potter, 1998 

Swiss Alps Boreholes 5 50-60 active layer, 
blocks 

mixed debris, 
bedrock 

Arenson et al., 
2002 

Thermal State 

Research has shown that it is local climate instead of regional climate that drive rock glacier 

thermal regimes (Hassinger & Mayewski, 1983). Also, these thermal regimes largely control 

the state of ice and water in the body, and as a result the movement dynamics of the rock 

glacier (Hassinger & Mayewski, 1983; Humlum, 1998; Arenson et al., 2002; Haeberli et al., 
                                                
* The presence of an ice-core is debatable and relates to the origin of rock glacier. See Origin and Age section. 
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2006). However, the data available on the thermal profiles of rock glaciers are limited to a 

few borehole drillings (Haeberli et al., 2006). As previously pointed out, data collected from 

boreholes are limited to the depth and spatial distribution of the drilling sites (Whalley & 

Martin, 1992). Furthermore, the invasion of boreholes into the structure of the rock glacier 

rapidly affects the thermal profile which inhibits long term monitoring (Haeberli et al., 2006).  

The thermal state of the surface of rock glaciers is part of a complex system of energy 

transfer between atmosphere, surface and deeper layers of material. The ground surface 

temperatures reflect close relationships to air temperature and radiation which are highly 

dependent on surface topography, aspect and albedo (Turner et al., 2009; Guglielmin & 

Vieira, 2014). The characteristics of the material (size and composition)as well as the 

presence and state of water affect the energy transfer (or balance) from the surface into the 

active-layer (Haeberli et al., 2006). Coarser material can favour heat transfer to the 

atmosphere, cooling the ground surface whereas snow fall events can insulate the active-

layer from heat gain or loss, enabling it to maintain its temperature. (Haeberli et al., 2006; 

Kääb, 2007). If the active-layer remains warm, it allows for snowmelt and percolation 

increasing moisture input despite low observed air temperatures (Haeberli et al., 2006). Heat 

transfer has also been described along the horizontal profile of a rock glacier. Haeberli et al. 
(2006) noted that cold air can enter the active-layer at the higher and colder altitudes of the 

rock glacier, and flow throughout the extent of the body to re-surface at the lower reaches. 

The combined effect of energy transfer, change of state of water, transport of fines and force 

of gravity creates shearing, compression and tensional stresses occurring within the rock 

glacier, providing a mechanism for movement (Arenson et al., 2002; Haeberli et al., 2006).  

Movement: Rate and Process 

Movement rates can be inferred from climatic parameters or morphology, or more accurately 

measured in rates of cm/yr. Understanding the movement dynamics of rock glaciers can give 

us a good indication of past and present climatic conditions, moreover fossil rock glaciers are 

believed to hold valuable information for paleo-environmental reconstruction (Humlum, 

1998). Methods of measuring rock glacier movements vary on temporal and spatial scales 

(Table 2). Francou and Reynaud (1992) painted rocks along the transverse and longitudinal 

profile of the rock glacier, and measured their displacement over a 12 year period. The rocks 

were imbedded in sediment (to prevent measuring individual displacement) and the position 

was recorded, up to a 2,5cm accuracy, with a theodolite. Other studies which made use of a 

similar method over different time periods encompasses rock glaciers in various climates: 

Alaska (Wahrhaftig & Cox, 1959); Svalbard (Sollid & Sorbel, 1992); Wyoming, USA (Potter et 
al., 1998). Hassinger and Mayewski (1983) used a series of photographs, taken one year 

apart to measure the change in distance between individual clasts on rock glaciers in Victoria 
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Table 2: Previously recorded movement rates of rock glaciers. 

Location Method Dates 
Movement Rates 

(cm/y) Author 
Upper Lower 

French Alps Painted boulders; 
Theodolite 1983-1991 60 25 Francou & Reynaud, 

1992 

Victoria Land, Ant. Planted markers; 
Photographs 1979 0.3-1 - Hassinger & Mayewski, 

1983 

Svalbard Planted markers; 
Theodolite 

1986-1990 10 3-5 Sollid & Sorbel, 1992 

Beacon Valley, Ant. InSAR 1996-1999 1 - Rignot et al., 2002 

Alaska Painted boulders 1949-1957 54 67 Wahrhaftig & Cox, 
1956 

Antarctic Peninsula Morphostratigraphical 
observation 1991-1999 

various 
2-97 - 

Serrano & López-
Martínez, 2000 

Wyoming, USA Painter boulders; 
Theodolite 1963-1995 80 14 Potter, 1998 

Land, Antarctica. They also followed the movement of 15 wooden stakes planted on a single 

rock glacier over the course of twelve years. Other techniques rely on remote sensing which 

include, for example, the use of aerial photogrammetry (Kääb et al., 1997), synthetic-

aperture radar interferometry (InSAR) (Rignot et al., 2002) and terrestrial laser scanning 

(LiDAR) (Avian et al., 2009). The aforementioned techniques allow for more accurate 

measurements, as well as a quick return on extremely slow movements (of mm/y). Sub-

surface movement has been measured by monitoring basal shear stress and the deformation 

of boreholes (Arenson et al., 2002; Ikeda & Matsuoka, 2002).  

Surface movement does not occur evenly across a rock glacier. Longitudinal movement 

rates are higher in the centre line of the body of the rock glacier, and decrease towards the 

boundaries - much like those of a river (Francou & Reynaud, 1992). Furthermore, the front 

toe is prone to slower movement compared to the upper reaches. (Francou & Reynaud, 

1992; Kääb, 2007). The analysis of surface and imbedded fabric can provide information on 

these movement mechanisms (Giardino & Vitek, 1988; Thompson, 1999). The orientation 

and dip angle of clasts, i.e. fabric, are a result of the post-depositional movement of material 

in rock glaciers (Giardino & Vitek, 1988; Thompson, 1999). Although inconclusive in 

identifying the type of deposit (Millar, 2005), fabric analysis is helpful in determining flow 

characteristics and shear zones after deposition (Nicholas, 1994; Thompson, 1999). Varying 

results have come from fabric interpretation: Wahrhaftig and Cox (1959) found the clasts 

orientated parallel to the slope, whereas Giardino and Vitek (1988) found them transverse to 

the slope. Thompson (1999) pointed out that it is often trends in fabric that distinguishes a 
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talus deposit from a rock glacier when he found a bimodal distribution in fabric: the fabric of 

the upper section was parallel to slope, while that of the lower section was transverse.  

Features such as patterned ground, frost heave and frost wedges could also indicate 

movement in the upper ice-free layer (Hassinger & Mayewski, 1983; Serrano & López-

Martínez, 2000). In addition, sediment analysis can provide evidence of sediment transport. 

Theories suggest a conveyer belt process where the movement of sediments along a 

horizontal and vertical profile can be observed through sediment sorting (Kääb, 2007). 

Particle size analysis show that washout of sediment will give the head of the rock glacier a 

coarser debris surface (White, 1981), while debris fall at the toe will produce sorting with 

fines in the upper layer and coarse debris at the bottom (Kääb, 2007). 

Despite the abovementioned insights, the mechanisms of movement are still to be 

investigated. Arenson et al. (2002) concluded that the presence of ice, liquid water, air voids 

and the character of sediment and thermal regimes, has a direct influence on the depth of 

shear zones. Moreover, a change of internal temperature, as well as air temperature, affects 

the energy transfer and the propagation of material through and along the body of the glacier 

(Arenson et al., 2002; Kääb, 2007). A more simplified version is proposed as an active-layer 

that thaws and moves over a deeper embedded permafrost layer (Kääb, 2007). However, 

each rock glacier is unique due to the profile of bedrock, balance and mass of material input, 

and its internal composition and thermal profile (Whalley, 2009). 

Origin and Age 

The origin of rock glaciers is a highly complex and debated issue. Age can be relative 

because it is not linear, as a rock glacier can cross over between stages of development due 

to a change of climate and weathering rates (Kääb, 2007). Neither origin nor age can 

conclusively be measured, but rather inferred from investigating the characteristics discussed 

in previous sections.  

There are two main schools of thought on the origin of rock glaciers and Janke et al. (2013) 

summarised them as follows: 1) periglacial origin with an ice-cemented structure, or 2) glacial 

origin with an ice-cored structure. The periglacial model explains the formation of rock 

glaciers through the creep of mountain permafrost and active-layer related processes 

(Haeberli, 1985; Barsch, 1987; Barsch, 1992; Kääb, 2007). The glacial model suggests the 

retreat of a debris covered glacier, where the core is preserved by overlying debris (Potter, 

1972; Whalley & Martin, 1986; Potter et al., 1998). Evidence for both theories exist, and it is 

possible that it is a combination of glacial and periglacial activities that give rise to rock 

glaciers (Whalley, 2009).  
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Morphology and structure often point to the origin of ice (i.e. cement or core), for example: a 

spoon-shaped depression at the head, filled with snow, ice or debris, can indicate a buried 

body of ice (Potter, 1972; White, 1976; White, 1981). A depression such as this can suggest 

that rock glacier movement is faster than debris accumulation or headwall retreat (White, 

1981). Other studies have traced the water of rock glacier outflow in order to establish source 

of input (Williams et al., 2006), this should be considered in establishing the origin of ice, 

under paleo-climate conditions (André, 2003). Several models have been suggested to 

explain the balance of ice and rock mass, but none have been agreed upon (Haeberli, 1985; 

Giardino et al., 1992; Potter et al., 1998). 

Age of rock glaciers can be inferred from several characteristics. Though often inconclusive, 

clast characteristics such as surface hardness, roughness and three-dimensional form, have 

been used as indicators of relative exposure of material (Nicholas & Butler, 1996; 

Boelhouwers et al., 1999; Sumner et al., 2002; Haeberli et al., 2003). However, when used 

with other indices such as weathering rind thickness and lichenometry, the aforementioned 

measurements are useful to provide a chronology of relative age between rock glacier study 

sites (Nicholas & Butler, 1996) as well as along the surface of a single rock glacier 

(Birkeland, 1973). Cosmogenic exposure dating of rock can provide absolute values, but 

interpretation is dependent on available knowledge of geological history and the precondition 

of material (Haeberli et al., 2003). On a smaller time scale of half-centuries, radio isotopes 

can also be used to date the exposure of finer material, such as sediments. Recently the 

quantity of radio isotopes in sediments has been used as a tracer, explaining the transport of 

sediments horizontally or vertically through the landscape profile (Godoy et al., 1998; 

Pourchet et al., 2003; Gaspar et al., 2013). During the thermonuclear weapon testing era 

(1950s-1970s), radio isotopes were released into the atmosphere, transported along 

stratosphere and deposited as far south as Antarctica (Pourchet et al., 2003). Radionuclides, 

such as Caesium-137 (137Cs), were absorbed by minerals in exposed surface sediments, 

largely during the peak fallout in 1963. With a half-life of 30.2 years, present day levels of 
137Cs can be compared to a local known rate of deposition and indicate the relative rate of 

geomorphic processes, or surface slope movement of rock glaciers (Godoy et al., 1998). 

The age of ice can be inferred from calculating mass balance of input and loss of the 

aforesaid. Rate of moisture input and loss in Beacon Valley, Antarctica, for example, has 

been calculated by Rignot et al. (2002) as a total ice influx of 100-1000m3.yr-1 and a 

sublimation rate of 0.02-0.2mm.yr-1. These values indicate that rock glaciers in the Beacon 

Valley could contain the oldest ice on earth. However, the influence of climatic parameters 

and paleo-climate should always be kept in mind because the current climate does not 

necessarily reflect the conditions of development (André, 2003). In the same way, the 
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relative age of rock glaciers can be helpful in paleo-climatic re-construction (Frauenfelder & 

Kääb, 2000; Frauenfelder et al., 2005) 

It has become increasingly acceptable to view rock glacier development as a system as well 

as part of a continuum of landscape development, and transition between processes and 

forms (Arenson et al., 2002; Kääb, 2007; Whalley, 2009). Thus, relative age and origin 

should not be concluded lightly. 

Classification  

Extensive literature exists on classification parameters that are used to distinguish between 

different occurrences of rock glaciers (White, 1981; Corte, 1987; Martin & Whalley, 1987; 

Rau et al., 2005; Janke et al., 2015). It is inevitable that overlapping and contradiction exist in 

terminology, due to different approaches to classification, e.g. shape, ice content, location 

etc. (Table 3). 

Simply put, classification is firstly based on observations, and surficial surveys and 

morphology is the first point of departure in generic classification (Figure 1). Based on 

dimension, as discussed earlier, the descriptors most widely used are lobate, tongue-shaped 

and spatulate, as first suggested by Wahrhaftig and Cox (1959). Parson (1987) added 

another, namely ‘transitional’ and replaced spatulate with ‘complex’. ‘Transitional’ attempts to 

classify rock glaciers that are neither lobate nor tongue-shaped, and ‘complex’ refers to 

spatulate landforms with multiple merging sources. Corte (1987) restricted classification to 

lobate and tongue-shaped, but added a differentiation between single unit and multiple unit 

(also ‘complex’) forms. In addition, a distinction is made with regard to the relative position of  

 
Figure 1: A hierarchy of ‘generic’ descriptors used to classify rock glaciers. Adapted from: Wahrhaftig 
and Cox, 1959; Hassinger and Mayewski, 1983 and Barsch, 1987. 
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Table 3: Some of the indices and terminology used during rock glacier classification. 

Term Description Author 
Lobate rock glacier wider than their length; below talus 

Wahrhaftig & Cox, 1959 Tongue-shaped longer than their width; in cirque 

Spatulate rock glacier tongue with broadening at base; in 
valley 

Talus glacier glacier ice 
Johnson, 1974 Talus glacier snow bank ice 

Talus glacier interstitial ice 
Glacier-derived tongue and spatulate Humulum, 1982 Talus Derived lobate 
Talus Type 1a lobate, tongue; multiple; at base of talus 

Hassinger & Mayewski, 1983 
Talus Type 1b tongue; on talus 
Cirque Type 2a tongue; in cirque 
Cirque Type 2b spatulate, multiple; below glacier 

Glacial Type 2c lobate, tongue, multiple; adjacent to 
glacier 

Talus rockglacier* talus from headwall; below glacier 
Barsch, 1987 

Debris rockglacier debris from moraine; below glacier  

Active moving; steep front; core of ice 

Kääb, 2007 Inactive stagnant; thin permafrost 
Relict stable; concave; no permafrost 

Lobate debris is unsorted; furrows and ridges 
White, 1981 

Tongue complex surface profile; furrows; ridges 
and depressions; sorted debris 

Transitional neither lobate nor tongue-shaped;  
Parson, 1987 

Complex several units of convergent lobes; unto 
valley floor 

Glaciogenic glacier related 

Corte, 1987 
Avalanche-debris due to avalanches and cryogenic 

causes 

Gelifluction below gelifluction streams and boulder 
streams 

Various other causes (than above) 

Protalus lobe  Richmond, 1962 

Bouldery surface debris is course; Haeberli et al., 2006 

Bouldery course debris; no matrix 
Ikeda & Matsuoka, 2006 

Pebbly smaller sized debris; matrix of fines 
supports 

the rock glaciers in relation to the surrounding landscape (Hassinger & Mayewski, 1983; 

Barsch, 1988). For example, located at the bottom or on a wall of a valley; or situated below 

a glacier as opposed to below a scree slope. However, morphology is a result of process, 

and different processes could create similar looking landforms (Vitek & Giardino, 1987).  

Rock glaciers are also often classified as active, inactive or relict based on movement rates, 

topography, vegetation and basal shear stress. Active landforms imply an active-layer that 

freezes and thaws seasonally. It consists of a permafrost table on which the active-layer 
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rests and movement rates are measured from centimetres up to metres per year. They have 

a characteristically steep toe due to constant creep, with vertically sorting of sediment. 

Vegetation cover is limited to vascular species, and observed lichen is small in size which is 

ascribed to the lack of fines present in the unstable substrate (Cannone & Gerdol, 2003; 

Kääb, 2007). The local climate is defined by a mean annual air temperature below -6°C 

(Humlum, 1998; Kääb, 2007). 

Inactive rock glaciers have a thick active-layer, thin permafrost and no ice core. Together, 

these factors explain the lack of movement, and flattening of surface topography, producing 

rounded crests and stable fronts on the landform (Janke et al., 2013). Evidence of 

thermokarst and erosion is prevalent and more vegetation occurs due to their establishment 

on a more stable substrate (Kääb, 2007). These rock glaciers usually have a mean annual 

air temperature up to -2°C (Humlum, 1998). Relict rock glaciers have sparsely distributed 

permafrost or are completely ice free (Kääb, 2007). The absence of ice produces concave 

landforms and increases soil development on the deflated toe. The surface exhibits 

substantial vegetation cover, even trees are often supported (Ikeda & Matsuoka, 2002; Janke 
et al., 2013). Despite these distinctions, movement rates have been measured in relict rock 

glaciers, which indicates a continuous transition stage between active and inactive phases, 

mostly attributed to changes in climate (Kääb, 2007). This highlights that age or activity is a 

relative classification parameter, hence, the need for a more informed approach to 

classification, based on rock glacier genetics (Figure 2).  

 
Figure 2: A hierarchy of ‘genetic’ descriptors used to classify rock glaciers. Adapted from: Johnson, 
1974; Humlum, 1982 and Barsch, 1987. 

The assemblage of ‘generic’ classifiers will be used in order to fulfil Objective 4.  
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STUDY AREA 

Geography 

The Gjelsvikfjella Mountain Range lies 230km inland from the Dronning Maud Land coast 

and 100km east of the Jutulstraumen Glacier (Figure 3). Mountain peaks, or nunataks, act as 

a boundary between the coast and the inner Antarctic ice sheet, which rises to approximately 

3000m above sea level (Dallmann et al., 1990). The Jutulsessen (‘giant’s seat’ in Norwegian) 

is a series of nunataks in the Gjelsvikfjella that consists of two ridges. The ridges join in the 

southeast at Brugda and extend north towards Jutulhogget and westward towards Grjotfjellet 

(Dallmann et al., 1990). Jutulsessen is also home to the Norwegian Antarctic Research 

Expedition’s (NARE) Station, Troll (72°01'S, 02°32'E), (Figure 3). The nunataks are 

dominated by glacier cirques of various sizes and stages of development. Slopes are 

covered either in till, moraine field or ice. Some slopes bear close resemblance to what has 

been defined as pronival ramparts, rock glaciers or scattered ablation moraines (Dallmann et 
al., 1990). A number of glaciers occur on the higher altitudes of the mountain range, some 

fed directly from the inner ice sheet. Two ice sheets meet the foot of the nunataks from the 

north, Sӕtet on the east, and Grjotlia on the west. There are often melt-water lakes at the 

foot of the nunataks, ascribed to the melting of the ice-sheet (Dallmann et al., 1990).  

 
Figure 3: The location of the study area, Jutulsessen, Dronning Maud Land. Satellite imagery: 
GeoEye, 2009. 
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The study sites are located within four cirques, namely Grjotlia, Vassdalen, Brugdedalen and 

Jutuldalen (Figure 4). The Grjotlia cirque presents two features: one extending on to the ice-

sheet, the other situated on the eastern valley wall. The former has partly been described by 

the Norwegians as “a feature of indeterminate type”, Grjotøyra, (Stewart, 2011) and will 

therefore maintain this name for further discussion. The latter, along with the other four 

features, will be referred to by name of the valley in which they are situated. Hence, the five 

features investigated in this study are Grjotøyra, Grjotlia, Vassdalen, Brugdedalen and 

Jutuldalen (Figure 4). 

 
Figure 4: The location of the four cirques, and the boundaries of the five features chosen as study 
sites in the Jutulsessen. The star indicates the position of Troll Station. Imagery: GeoEye, 2009. 

Geology 

The Gjelsvikfjella Mountain Range has largely been documented and described in the 1984/5 

and 1989/90 geological surveys of NARE (Dallmann et al., 1990; Ohta et al., 1990). 

Underlying bedrock consists of metamorphic-igneous units with series of dyke intrusions, 

within which the Jutulsessen is composed of metagabbros and metasupracrustals. Rocks 

vary from felsic to migmatitic gneiss, and are medium to coarse grained. Minerals are 

typically feldspar, pyroxene, hornblende, biotite and plagioclase (Otha et al., 1990). The 

rocks are foliated, creating planes for preferred weathering . 
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Climate 

The local weather and active-layer have been monitored since 2007 by a ground thermal 

logger station located 200m northwest of the Troll Station main building at 1290m a.s.l. 

(Scott, 2014). The logger measures air temperature and ground temperatures at specific 

depths. During the last eight year monitoring period, an annual average air temperature of -

17.6°C with a winter minimum of -50°C, and a summer maximum of +9°C was recorded. 

Active-layer depth averaged at 18cm with an average permafrost temperature of -17°C. A 

maximum depth of approximately 38cm was recorded in the summer of 2013. Overall there 

has been no significant trend in air warming during the logging period, however the near 

surface temperature and active-layer depth has increased (Kotzé, 2015). Wind speed and 

direction is recorded at the Troll Air Field and Troll Atmospheric Station, located respectively 

7km north and 2km east from the Troll main building (Hansen et al., 2009). Measurements 

were variable, ranging 8-15m/s hourly mean and is strongly influenced by topography. No 

precipitation data are available, but it falls in the form of dry snow that noticeably sublimates. 
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METHODS 
All fieldwork was conducted over two austral summers during the annual South African 

National Antarctic Expedition Relief Voyages: January 2014 (hereafter referred to as the 

‘first’ or ‘2014’ field season) and January 2015 (hereafter the ‘second’ or ‘2015’ season). 

Researchers were transported from Cape Town harbour to the South African base SANAE 

IV aboard the SA Agulhas II, after which helicopters transported researchers and equipment 

to Troll Station. During the first field season Grjotøyra was intensively investigated and 

sampled, and the other study sites, Vassdalen, Brugdedalen and Jutuldalen, were briefly 

surveyed and sampled. Vassdalen was identified as a suitable sampling area for the second 

field season when Grjotøyra was revisited to complete missing data sets. Sampling 

methodology and analysis were consistent throughout field and lab work, unless otherwise 

stipulated. Data analysis took place during the course of 2014 and 2015 at the Department of 

Geography, Rhodes University. 

Data Collection 

The following sections will make reference to equipment used, but for ease of reading their 

specifications are summarised and presented in the appendix (Table 6, page 63).  

Sampling Design 

Landforms that appeared to be rock glaciers were identified from a high resolution satellite 

image (GeoEye, 2009) and demarcated in a geographical information system (GIS) software 

package, ArcGIS™. Reconnaissance was conducted on all four study sites, after which 

Grjotøyra and Vassdalen were selected for structured sampling.  

For the first season, a stratified random sampling strategy was used to sample Grjotøyra. An 

initial sample boundary was created based on an interpretation of the imagery and an 

understanding of rock glacier structure provided in literature (Martin & Whalley, 1987; 

Whalley & Martin, 1992). This sampling area was then divided into three zones: lower (toe), 

middle (body) and upper (source). Within each of the three zones, two sets of 10 sampling 

points were randomly selected using the GIS’s Data Management Tool. One set was used 

for sediment sampling, another for clast measurement. During the field visit it was decided to 

select an additional 5 sampling points for sediment sampling in the ‘middle’ section because 

the initial zoning was too clustered in the upper zone. In addition, another 17 points were 

randomly selected across the whole of the landform (ignoring zones) for the deployment of 

iButtons. Thus the number of sampling points were: sediment n=35, clast n=30, iButton 

n=17, however, this sampling method gave poor coverage of the sample area due to 

clustering and the overlapping of randomly selected points. In the second season, the 

method was adapted to improve coverage by overlaying a 200mx200m grid over the 
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previously selected points. Grid squares that had no prior sampling point within their 

200x200m were identified for sampling in the second season, adding 11 new sampling 

points. This ensured a sampling distribution of Grjotøyra for at least every 200m (Figure 5).  

On Vassdalen a systematic sampling strategy was used (Figure 5). A 200mx200m grid was 

created with the GIS and the coordinates at the centre of the grid used was used as 

sampling points. Upon arrival on site, a spatial inconsistency was detected between image 

and ground observations. The created sample boundary was adjusted and two additional 

points were selected. In total 36 points were sampled.  

 
Figure 5: The distribution of various sampling points on Grjotøyra and Vassdalen. 

Brugdedalen and Jutuldalen were surveyed only in the first season, during which four 

sediment samples were taken opportunistically. Observations of Grjotlia were made remotely 

from different peaks surrounding the Grjotlia cirque. In addition to the pre-selected sampling 

points at Grjotøyra and Vassdalen, a range of topographical features were measured 

opportunistically. A table summarising the sampling strategy for each site can be seen in the 

appendix (Table 5, page 63). 

Survey 

A reconnaissance survey was conducted across the study sites using a Garmin® handheld 

global positioning system (GPS). The handheld unit determines the position and elevation of 

a point using satellites systems and barometric pressure. This system provided a 3-5m 
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horizontal accuracy, but due to varying weather patterns the vertical accuracy can range 

from 10m to 20m (Garmin(R), 2007). A desired point can be marked on location and re-called 

afterwards for analysis. The unit can also log a track walked, recording the change of 

position and elevation at a specified interval. Both these functions were used to track the 

change in elevation, and mark observations during survey transects across the landform 

(Figure 6).  

 
Figure 6: Tracks logged while surveying Grjotøyra (left) and Vassdalen (right). 

In order to establish long term slope-movement monitoring on Grjotøyra, a Spectra 

Precision® Epoch® differential GPS (DGPS) was used to measure marked rocks, similar to 

the method used by Francou and Reynaud (1992). Rocks were selected along transects: 

three across and one along the length of the landform approximately 5m from each other 

(Figure 5). The rocks were chosen to have an a-axis longer than 1m, and were marked with 

spray paint and a permanent marker after their exact position, height and elevation were 

measured (Figure 7). Due to equipment failure in the second season, this procedure was not 

followed on Vassdalen.  

Sediment Sampling 

Sediment samples were collected for particle size analysis and 137Cs detection was used as 

a way of investigating sediment movement. Though the sampling strategy differed between 

Grjotøyra and Vassdalen (see Figure 5), the sampling procedure in both cases was similar. A 

sample was extracted from the upper 5cm of sediment with a container of known volume. 

The sediment was packaged and sealed in plastic bags and kept frozen until it could be 

analysed in the laboratory.  
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Figure 7: A DGPS recorded the position of marked boulders for movement monitoring of Grjotøyra. 

 
Figure 8: Clasts were measured for fabric analysis and form classification (1) and rock hardness (2). 

 
Figure 9: The iButton® set-up and deployment, adapted from Hansen (2013). The iButtons® are 
fastened to a key tag(1) and planting pole (2) to be planted at a depth of 2.5cm (3). Photo C. Hansen 

 
Figure 10: The polygons observed and measured on the surface of Vassdalen. 



23 
 

Clast Hardness and Form  

Clast hardness and form were recorded as a relative age-dating comparison. There are 

various ways of measuring rock hardness, but the use of a Proceq Equotip® 3 was found to 

be most suitable due to its internal data storage, battery life and light weight (±1kg). In 

addition, it is effective on smaller rock samples, and has an automatic compensation for 

impact direction, minimising user error and the influence of the size of a sample (Aoki & 

Matsukura, 2007; Viles et al., 2011). As a consequence, the three clasts selected at each 

point were chosen to have a respective a-axis roughly larger than 30cm. No consensus has 

yet been reached on whether the single impact method (1 impact at multiple points on the 

rock surface) or the repeated impact method (multiple impacts at one point) is best 

representative of a rock surface, nor on how many impact readings are needed (Viles et al., 
2011). The single impact method was identified as appropriate, with a minimum of 15 single 

impact readings recorded on each clast. The default settings of ‘steel and cast steel’ were 

used, which recorded the rebound values (0-950) of a sample on the Leeb hardness (HL) 

scale. Form was determined by measuring the clasts’ dimensions (a-axis, b-axis, and c-axis) 

with a tape measure (Figure 8). The a-axis represented the longest extent of the exposed 

face, the b-axis is the extent of the width normal to the a-axis, and the c-axis is the thickness 

of the rock normal to the plane occupied by the a and b-axes (Briggs, 1977).  

Fabric Analysis 

Fabric analysis is used to determine whether clasts have a preferred orientation to slope, in 

order to infer geomorphic processes and slope movement (Hassinger & Mayewski, 1983; 

Thompson, 1999; Janke et al., 2013). A Brunton compass and clinometer were used to 

measure fabric orientation, i.e. strike, dip and dip-direction of the exposed face (Figure 8).  

Ground Surface Temperature Variability 

The ground surface temperature (GST) was recorded using Thermochron® iButtons®. They 

were fastened to key-tags and planted 2.5cm below the surface on marked sticks, a method 

used and developed by Hansen (2013) (Figure 9). A short-term, high frequency logging 

regime was needed to gain a ‘snapshot’ of temperature variability across the spatial extent of 

the landforms. Consequently, iButtons were programmed to log every 2 minutes at a 0.5°C 

resolution, for no less than three consecutive days. The number of iButtons used, as well as 

the logging period for each site, varied due to time, equipment and logistical constraints. At 

Grjotøyra, recording took place over both field seasons: 4-7 January 2014 and 31 Dec - 6 

January 2015. In 2014 only 17 iButtons were available for use, and they were planted at 

randomly selected points (Figure 5). During the 2015 season 20 iButtons were planted at the 

2014 points, with the remaining three at the newly generated sample points in the lower 

section of the sample area (see Sampling Design section, page 18). At Vassdalen 20 
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iButtons were planted at selected sampling points, recording 1-5 January 2015 (Figure 5). 

Later the sample area was extended and four additional iButtons were deployed, recording at 

the same frequency starting on 3 January 14:30.  

Other: Topographical Features 

The depth of frozen ground was determined by digging test pits at various sample points 

(Figure 5). A trowel was used to dig until ice-cement was reached, thereafter the depth was 

measured from the surface. 

Vassdalen’s surface displayed polygonal patterned ground (Figure 10). The polygons were 

investigated to establish the ‘activeness’ of the landform’s surface. Patterned ground such as 

these could indicate the presence of an active-layer or permafrost (Washburn, 1973; French, 

1976; Marchant & Head, 2007; Levy et al., 2010). But also, deformation of these features 

could be linked to surface movement by establishing relation between the polygon a-axis 

orientation and slope orientation (Bockheim, 2002; Dutilleul et al., 2009). It is assumed that if 

these polygons were to form on a homogenous horizontal surface, they would develop 

symmetrically and be evenly distributed. The argument proposed is that if slope activation† 

occurs within the zone of polygon formation, the movement will deform the dimensions of 

polygons. In addition, slope movement needs to occur faster than the rate of the process of 

polygon formation, in order to substantially influence the shape of the polygon. It is 

suggested that if slope movement is faster than polygon formation, it will affect the shape of 

polygons by means of compression downslope and extension transverse to the slope angle 

(or preservation of the length of the transverse axis). Conversely, if the rate of polygon 

formation occurs faster than slope movement, or on a stable inclined slope, the polygons will 

be elongated parallel to the slope angle. It has been found that with a change in slope angle, 

polygons elongate parallel to the dip of the slope (Hansen et al., 2014). However, this has 

not yet been linked to the development of the polygons, nor the movement of the slope on 

which they occur. The rate and direction of slope movement can be inferred from the degree 

of strain and direction of compression of these polygons.  

A maximum of three polygonal patterned ground features were recorded if they were 

observed within a 10m radius from the predetermined sampling points. The size and 

orientation of 85 polygons were measured using a tape measure, clinometer and compass. 

The measurements were: a-axis length (longest axis), b-axis width (normal to a-axis), 

circumference, a-axis orientation, slope gradient and slope orientation.  

                                                
† Slope activation referring to the change of state in energy, causing down slope movement: either 
change in gradient, thickening of an active-layer, addition of mass etc. 
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Data Analysis 

After data collection, the spatial inconsistency recognised during sampling at Vassdalen (see 

Vassdalen Sampling Design, page 18) was identified: the original GeoEye (2009) image was 

not orthorectified. The satellite imagery was orthorectified using a DEM (ASTER GDEM) prior 

to analysis. Thus, the sample points were all offset by a distortion (maximum of 100m 

northwards). The landform boundaries were corrected to the orthorectified image, and the 

sampling area adjusted for analysis (Figure 11). 

 
Figure 11: Landform boundaries of Grjotøyra (left) and Vassdalen (right) were adjusted after the 
imagery was orthorectified. 

Morphology 

GPS data was standardised and exported into the GIS to construct a digital elevation model 

(DEM) of each study site. A DEM was interpolated from the elevation points using inverse 

distance weighting (IDW). The satellite image was analysed along with field observations to 

construct a geomorphic map. 

In order to assess the spatial variation of collected data, the sample areas were subdivided 

by use of the DEM. An ‘upper’, ‘middle’ and ‘lower’ zone was re-classified based on a break 

in slope or change of gradient, following an assumed morphology provided in literature 

(Whalley & Martin, 1992). An ‘eastern’, ‘centre’ and ‘western’ section was classified 

longitudinally based on models of movement dynamics (Kääb et al., 1997; Kääb, 2005). For 

reference in the Results and Discussion chapter, zones and sections will be referred to 

according to the following acronyms: Upper = U; Middle = M; Lower = L; Eastern = E; Centre 

= C; Western = W (Figure 12). Consequently, ‘UE’ will refer to the upper-eastern section, 

‘MW’ the middle-western section, and so forth. 
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Figure 12: Distribution of points analysed according to sample zones on Grjotøyra and Vassdalen. 

Particle Size Analysis  

Sediment samples were prepared and analysed according to convention described by Briggs 

(1977). The samples were weighed, dried for 24 hours at 105ºC and weighed again, after 

which it was disaggregated with a mortar and pestle and sieved for 10 minutes. The sieve 

stack consisted of 8 sieves, splitting the sample in to the following particle sizes: 8000μm, 

4000μm, 2000μm, 1000μm, 500μm, 250μm, 124μm, 63μm and <63μm. Particle size 

distribution was calculated by converting the weight of each size portion to a percentage of 

the total dry weight. Weights were converted to phi sizes and sorting was calculated in terms 

of phi sorting, which is the standard deviation of the sample using the phi values at 84% and 

16%. Sediment sorting and particle size distribution was averaged for each sample zone. 

When reference is made to the amount of fine sediments, or fines, it refers to all particles 

<63μm. 

Clast Hardness and Form 

Previous works have provided different procedures for data preparation: some suggest 

removing outliers (Boelhouwers et al., 1999; Sumner & Nel, 2002), while others suggest 

using the complete data set of hardness as a representative (Aoki & Matsukura, 2007; Aydin, 

2009). The latter approach was preferred as the least biased option, and the 15 rebound 

values were averaged for each clast. Returned dynamic L-values were used as a relative 

hardness comparison between samples, not converted to static hardness values. Descriptive 

statistics were used to analyse the change of hardness across the landform according to 

zones.  

Zingg’s Classification was used to describe the three-dimensional form of clasts. Calculated 

ratios from the measured a-, b- and c-axes were used to classify clasts into either sphere, 
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discs, blades or rods (Briggs, 1977). Each of these forms are represented by the combined 

ratio of b/a and c/b being smaller or larger than 0.67, e.g. a disc would be b/a>0.67 AND 

c/b<0.67.  

Fabric Analysis 

Fabric analysis was undertaken using a means of stereographic projection, which is a 

method used by geologists to plot and statistically analyze orientation data as explained by 

Phillips (1971). The data is displayed on a lower hemi-spherical surface called a stereogram, 

which uses a polar projection of latitude and longitude lines as axes. Latitudinal lines indicate 

dip, horizontal at the ‘pole’ of the sphere and 90° at the ‘equator’. Longitudinal axes show the 

dip direction, starting with 0° as north, increasing clockwise. The orientation data is converted 

to a single point, representative of a line intersecting the orientation plane by 90° (Figure 13 

and 14). This point is referred to as the ‘pole to the plane’, i.e. the pole normal to the 

orientation plane. 

  

Figure 13: Spherical projection of an orientated 
plane. P is the ‘pole to the plane’ projected on the 
upper hemisphere, P1 is projected onto the lower 
hemisphere. 

Figure 14: Completed stereogram of the 
orientated plane dipping at 60° towards 225° 
southwest. P1 is the lower hemisphere equivalent. 
A horizontal plane would be indicated by 0/0. 

The software used, Fabric8, makes use of methods discussed in detail by Wallbrecher 

(1986). The poles were projected on to the lower hemisphere of the stereogram (Figure 14). 

A 90% cone of confidence (Θ) was used during analysis. The calculated spherical aperture 

(ω), preferred orientation (PO) and cylindricity, were used as indices to interpret the 

significance centre of gravity (CoG). Cone of confidence and spherical aperture are the 

spherical equivalent of standard statistics’ confidence interval and standard deviation 

respectively. Preferred orientation and cylindricity is expressed in percentage: a preferred 

orientation of 100% means the data has an ideal parallel orientation; a cylindricity < 50% 

shows the data is a cluster distribution, >50% a girdle distribution. The CoG is expressed as 

dip-direction/dip of the resultant vector.  
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Ground Surface Temperature Variability 

Data obtained from the iButtons were prepared before analysis took place: temperature 

readings more than three standard deviations away from the mean were considered outliers 

and removed from the data set. Two whole data sets from Grjotøyra 2015 season were 

discarded due to equipment malfunctioning. Upon retrieval in 2014 and 2015, the respective 

iButtons located at the same sampling point were found on the surface. No attempt was 

made to determine when heaving took place, instead the data sets from this point were 

excluded from further analysis. However, as they appeared to have heaved out during both 

logging periods, it indicates dynamic frost processes in the near surface. Basic descriptive 

statistics were used to analyse the high frequency logging, using averages per zone. In 

addition, a GST variability surface was created for every hour of logging, as a spatial 

representation of short term change across the landform. Hourly means were calculated for 

each sampling point and imported into the GIS. Missing values were interpolated with IDW 

by means of a variable search radius and 12 input points. The original sample area boundary 

was used for interpolation, but the adjusted, ground-truthed boundary was used to extract the 

final surface.  

Caesium-137  

Three surface samples, one each from the lower, middle and upper section of Grjotøyra and 

Vassdalen, were collected and prepared for 137Cs detection. Samples were prepared and 

analysed according to standard procedure (Pulley, 2014). Sediment was weighed, dried and 

sieved, and the fine particle proportion (<63μm) was used for analysis. Polyethylene tubes 

were filled with ±3g sediment, sealed and left to stabilise. The samples were analysed in an 

ORTEC® gamma ray spectrometer for a minimum live time of 180 000s. Levels of 137Cs 

emission were measured as the net area of the radiation peak at 661.7keV, as recorded 

during the count time. Results were normalised to specific surface area (SSA) of particle 

sizes, which was determined by Malvern Mastersizer3000 laser granulometry following the 

procedure of Pulley (2014). Samples were heated to 70°C in a hydrogen peroxide solution to 

disperse particles and remove organic matter. After the solution had evaporated and cooled, 

the sample was added to pure water. Particles were further dispersed in the laser 

granulometer by Ultra-sonic Sound for 60 seconds before being analysed at 8-12% 

obscuration level (Malvern manual). Three measurements were made, at 10 seconds each, 

and the average SSA of the three was used to normalise 137Cs values.  

Patterned Ground Analysis 

Two analysis methods were applied to investigate the relationship between slope orientation 

and polygon a-axis orientation. The first used rose diagrams to compare the average slope 

orientation and polygon a-axis orientation of the measured polygons in each zone (see Data 



29 
 

Collection section). The second used the conventional Fry Method in the software package 

Fabric8, as interpreted by Ramsay and Huber (1987).  

The Fry Method was originally developed by geologist Fry (1979) to determine the degree of 

strain in rock by measuring the deformation of objects (be it crystals or grains) in rock thin 

sections. The average deformation is represented by a strain ellipse which is calculated by 

graphically measuring the distance between adjacent centre points of the aforesaid objects. 

The ellipse’s short and long axes indicate the direction and degree of compression and 

extension respectively. The method has theoretical drawbacks, of which the following need 

to be highlighted: 1) it assumes an isotropic distribution of the objects, 2) it does not take into 

account the objects’ size and 3) it needs more than 300 objects on a homogenous surface as 

a suitable sample size (Fry, 1979). These ‘drawbacks’ were useful in the current study, as it 

aligns with development theories of contraction crack polygon formation. 

In this study, high resolution satellite imagery (GeoEye, 2009) was analysed instead of rock 

thin sections. Individual polygons were identified from the image within the created 

200mx200m sample grid (see Sampling Design section). The centres of polygons that were 

identifiable were marked in the software to create relative x- and y-coordinates (Figure 15). 

The plotted coordinates were analysed according to Fry’s methodology to produce a Fry Plot 
(Fry, 1979; Ramsay & Huber, 1987). A strain ellipse can either be constructed by the user or 

calculated by the software. For this study it was found more consistent to use the calculated 

strain ellipse as result, to eliminate user error. The final calculated strain ellipses were 

superimposed over the DEM and interpreted. 

 
Figure 15: A 200mx200m extract of satellite imagery sampled to determine ‘strain’ of polygons on 
Vassdalen by use of the Fry method.  
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RESULTS AND DISCUSSION 

The following chapter is divided into sections that will discuss each study site separately. The 

results and discussion will be handled simultaneously by discussing the objectives fulfilled 

under two headings: characterisation and classification. Characterisation will combine the 

results from Objectives 1-3, whereas Classification handles Objective 4. Results from 

Objective 3 are interpreted within the framework of the sampling strategy which is set out in 

the Methods section (refer to Figures Figure 5 and Figure 12 on pg. 20 and 26 respectively). 

For study sites Brugdedalen, Jutuldalen and Grjotlia, Objective 3 was not fulfilled, and will 

thus be omitted in this chapter (see Aims and Objectives, pg. 4).  

Grjotøyra 

Characterisation 

On the northwest facing slope of the Grjotlia cirque, a landform lies 1500m long with a width 

of 200m at its head, spreading out to 1400m at the toe. The ‘toe’ feature was previously 

known as Grjotøyra, but can now be considered part of the larger described landform. 

(Figure 16). The head emerges from a spoon-shaped depression and extends into a 

longitudinal convex ridge, sloping down into the fan-shaped toe. The toe has an average 

gradient of 8° over a 100m distance. 

 
Figure 16: The location of Grjotøyra within the Grjotlia cirque: a bird’s eye view (GeoEye, 2009) and 
an oblique view, as seen from the northeast. Photo: C.D. Hansen. 

The upper part of the landform is disconnected from a headwall where snow accumulates 

and a cirque glacier is located (Figure 17). The landform is adjacent to a glacier on the 

eastern side, and is bound by a scree slope on the western side. A transverse ridge of 

coarse debris breaks this upper snow zone from saucer-shaped depression of snow, in both 

cases underlain by ice of possible glacial origin, also noted by Dallmann et al. (1990). 

Drainage lines are visible along the middle and upper zone, not necessarily following the 

surface relief, but cuts diagonally across the slope.  
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Figure 17: A spoon-shaped depression above, and the glacier adjacent to Grjotøyra. The transverse 
ridge is ±10m wide. Photo: J. Näränen. 

Between the lower extent of the landform and a steeper, narrow middle portion, the terrain is 

undulating with elevation changes of ±5m (Figure 18). The ridges have no preferred 

orientation, but usually surround depressions occupied by water bodies of various sizes (10-

50m in length). Some of these water bodies are frozen, bulging and cracking at the centre; 

others are liquid water, exposing beaches of fine sediment around its edges (Figure 19). 

Liquid ponds are often used by Skuas for bathing and consecutive seasons have shown the 

thawing and occupation of different ponds, which are suggested to be a result of melting of 

interstitial ice.  

 
Figure 18: The narrow convex middle section and undulating fan-shaped toe at Grjotøyra. Photo: C.D. 
Hansen. 
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Figure 19: Frozen and thawed water bodies observed at the toe of Grjotøyra. 

Continuous thawing and re-freezing of the active-layer can cause sediment sorting. It can 

cause finer grains to be transported deeper into the ground and coarse grains pushed to the 

surface (Haeberli et al., 2006). Over time sediment sorting can cause greater heat transfer 

into the active layer, melting out interstitial ice and deflating the topography (Haeberli et al., 
2006; Kääb, 2007). As a result moisture can recollect in the depression causing greater 

heave during freeze events, augmenting the development of the depressions described. 

Freeze-thaw dynamics have been inferred after two iButtons were found on the ground 

surface during retrieval. This confirms heave events in the lower section of Grjotøyra.  

Beyond the toe of the feature, the debris merges with the ice-sheet. The ice exhibits a series 

of ‘sediment-rich’ bands that follows the curvature of the boundary of the toe. Although liquid 

water was absent during the survey, a massif of blue-ice is present at opposing ends of the 

toe. A similar blue-ice body near Troll has been observed to thaw seasonally (Dallmann et 
al., 1990). It is uncertain whether these blue-ice bodies, and sediment lines, are products of 

ice-sheet melt water, or accumulation of subsurface drainage from surrounding slopes. 
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Geomorphology and Topography 

 
Figure 20: The geomorphology of the Grjotlia cirque. 
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Figure 21: A digital elevation model and contour map of Grjotøyra. 

Particle Size Analysis 

The sediment at Grjotøyra has small proportion of fine particle sizes and on average the 

upper zone has less fine particles (<63μm) than the lower and middle: with maximum 

proportions of 1,14% (L); 0,75% (M) and 0,27% (U) (Figure 22 and 23). However, there is a 

high positive correlation between sample sets (R=0.98) across the landform, showing no 

significant change of sorting across zones. The sediment is poorly to very poorly sorted and 

the largest proportion of particles are 500μm and 250μm.  

Clast Hardness and Form 

The recorded L-values of clasts across Grjotøyra (n=114) vary between 385 and 861 with a 

mean value of 657. The clasts from the lower zone produce on average higher values (684) 

than those from the middle (652), and the upper (620). The minimum and maximum values 

also show this decreasing trend of rock hardness from the bottom to the top. 

The clast form is predominantly disc-shaped, and only 2 clasts were spheres (Figure 24). In 

total there were only slightly more blades (28) than rods (25) with the majority blades (50%) 

occurring in the lower zone. In the middle and the upper zone there were more rods than 

blades.  
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Figure 22: The particle size distribution across Grjotøyra, averaged per zone. 

 
Figure 23: Particle size distribution of samples from Grjotøyra, with the 16 and 84 percentiles 
indicated. 

 
Figure 24: Three-dimensional form of clasts found on Grjotøyra, following Zingg’s classification. 
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Fabric Analysis 

The total sample set (n=114) has a centre of gravity at 343/10 and a spherical aperture (ω) of 

17%, similar to the average slope of the landform (see Table 7, page 64, for summary of 

results). Overall the individual zones followed this trend with a high preferred orientation 

(>70%) and cylindricity (<50%), showing the samples are cluster distributions, and the centre 

of gravity is a good representation of the zone sample set (Figure 25). The exceptions, the 

middle eastern (ME) and centre (MC), and upper western (UW) zone will be discussed in the 

following paragraphs. 

 
Figure 25: Stereograms showing fabric analysis of clasts within demarcated zones on Grjotøyra.  

The upper zone has a centre of gravity at 328/14. The clasts in UC generally face north 

(356/10) whereas the UE slightly northwest (328/17). As mentioned, UW is an outlier, 
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probably due to small samples size (n=6). Although the sample set shows a girdle 

distribution, four of the six samples dip towards the northwest and could give more 

conclusive results if the outliers were removed, or the sample size increased. Results from 

UW are considered inconclusive. These dip directions correlate with the slope direction and 

angle, on occasion gentler rather than steeper than the average slope of 20°. The upper 

section is known to move faster than the rest of the landform (Potter, 1998; Rignot et al., 
2002), and if any movement is occurring on Grjotøyra, the clasts in the upper zone should 

show this preferred orientation but at a slightly steeper dip.  

Although ME and MC both indicate a slight girdle distribution (64%; 50%), the centre of 

gravity dips north 18° at and northwest at 40° respectively. The centre of gravity of MW, 

(358/17) which is more north closely relates to that of UC and could indicate a continuum of 

slope movement across these zones. The middle zone indicates a steeply embedded fabric 

with an average dip of 22°, which relates to the increase of gradient in this zone.  

The lower section of fabric has a centre of gravity at 360/4, with a slight variation in dip angle. 

The 180° difference in dip direction between the lower eastern and western centre of gravity 

is insignificant, as the dip angle only varies slightly between clasts (360/6 vs.180/7). This 

could indicate a deposition of clasts during the initial movement as the rock glacier fans out 

at the bottom, but as the internal ice body melted out, the landform deflated, causing clasts to 

sink or flatten, facing south against the initial movement, this would produce the undulating 

surface evident in the bottom lobe.  

Ground Surface Temperature 

In 2015 the ground surface temperature range was 31°C, with a maximum of 19°C and a 

minimum of -12°C. These values are more extreme when compared to the 2014 range of 

22°C, with a maximum of 15°C and a minimum -7°C. The higher frequency of snowfall during 

the 2015 survey could have resulted in low insolation and a higher insulating effect, causing 

a lower and stabilized GST. The interpolation analysis shows the different response of GST 

over the spatial extent of the landform (Figure 28 and 29). It appears that the upper section 

has a lag in warming and cooling compared to the lower and middle sections. It also shows 

that the lower section’s temperatures are more variable. There is a warmer sector in the 

eastern boundary between the middle and lower sections, and the western edge of the toe is 

cooler. There appears to be no influence of aspect or topography, but rather altitude, on 

ground surface temperature.  

The graphed temperature data confirm the visual analysis. The bottom or middle sections 

usually account for daily minimum and maximum temperatures, whereas the upper section is 

cooler and exhibits smaller temperature ranges (Figure 26 and 27).   
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Figure 26: The ground surface temperature regime of Grjotøyra during the 2014 recording period. 

 
Figure 27: The ground surface temperature regime of Grjotøyra during the 2015 recording period. 
Note the insulating effect of snowfall during the weather event of 3rd and 4th Jan. 

The 3rd and 4th of January 2015 show cooler temperatures with smaller ranges, attributed to 

an insulating effect of snow. After this weather event none of the upper iButtons reached 

>0°C, whereas the lower and middle iButtons warmed up again. This can be explained by 

the influence of colder air at higher altitude being able to maintain the snow cover for longer. 

A total of eight iButtons were found covered in snow during retrieval in 2015, which 

substantiates the effect snowfall. In addition, iButtons were found on the surface at the same 

sampling point on retrieval in 2014 and 2015 respectively, possibly heaved out by frost 

action. The data sets from both these iButtons were discarded during analysis, however it 

does give conclusive results on the moisture activity and influence of GST in the sediment. 
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Evidently these iButtons were placed in a melt-out lake, which shows that there is moisture 

present in the soil indicating diurnal freeze and thaw cycles. Another two were completely 

frozen in, one in the upper section and one in the lower section, which provides evidence for 

soil freeze in the upper sections. The sediment was not frozen at deployment of the iButtons, 

but these displayed colder temperatures throughout the logging period, up until the freeze 

event, where temperatures oscillated around 0°C. 

 
Figure 28: The GST variability across Grjotøyra, interpolated from high frequency, short-term logging 
during the 2014 recording period. 
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Figure 29: The GST variability across Grjotøyra, interpolated from high frequency, short-term logging 
during the seven day recording period in 2015 (continued on the next page). 
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Figure 30: The GST variability across Grjotøyra, interpolated from high frequency, short-term logging 
during the seven day recording period in 2015 (continued from previous page). 
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Caesium-137 Concentration 

There is a strong decline of 137Cs concentration from the upper to the lower reaches of the 

landform. The uppermost sample (G1) measured the higher 137Cs concentration in the live 

time, and the lower sample had no detectable 137Cs (Figure 31). This means that the upper 

reaches have been relatively inactive since outfall and could be explained by a number of 

reasons: little re-working has taken place in the sediment (through heave), debris input from 

the headwalls has been a slow (did not bury the surface), rock breakdown prior to fallout 

provided enough fines (to absorb radiation). However, in the lower toe the material is being 

removed of reworked by either melt-out or active-layer processes, or the initial lack of fines 

during fall-out resulted in the lower concentration. 

 
Figure 31: The content of 137Cs from samples taken at Grjotøyra. Values are normalised to specific 
surface area of particles, error bars indicated. 

Depth of Frozen Ground 

The depth of frozen ground varies in the lower section (n=17), with the maximum and 

minimum both occurring in this section (43cm and 9cm deep), but a mean and median of 

21cm deep (Figure 32). The upper and middle section had smaller sample sizes (n=4 and 

n=3 respectively), with the middle section being the deepest on average (28cm) and the 

upper the shallowest (18cm). However, the majority of the shallow frozen ground was found 

in the front-most sample points on the edge of the toe ranging between 9-14cm. 

 
Figure 32: The variability of depth of frozen ground across Grjotøyra. 
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These varying depths can influence movement rates: the upper part moves slower because it 

is frozen closer to the surface and the middle and lower parts are more mobile due to a 

deeper active-layer. The front toe, which in this case is shallow due to an accumulation of the 

melt-water, can be case specific to the rock glaciers in this region because they meet an ice-

sheet and where the melt-water goes to is uncertain. 

Classification 

From the observations, Grjotøyra can be considered an inactive, spatulate, pebbly rock 

glacier. The shape is self explanatory as the narrow head widens towards the toe onto a flat 

ice-sheet or ‘valley-floor’. Surface material is predominantly gravel sized, with boulders and 

fines present, so can therefore be defined as a pebbly rock glacier. Topography can be 

discussed in two parts: the lower zone matches the described morphology of relict rock 

glaciers, with a deflated toe and exposed beaches of fine material that can be described as 

thermokarst; the middle and upper zone has a convex shape typical of rock glaciers that still 

have ice present in its internal structure, as seen in the shallow test pits. A spoon shaped 

depression, and ablation at the head of Grjotøyra, could be an indication of an ice-core, 

similar to what White (1976) described for other ice-cored rock glaciers. Similarly, the 

undulating lower to could provide evidence of a once present ice-core. 

Surface drainage lines can indicate subsurface hydrology, which suggests thermal and 

energy transfer that could lead to downslope movement of material. The temperature profile 

agrees with the environmental lapse rate to produce a colder upper zone, and warmer lower 

zone. Heat transfer into the active-layer is presumed by previous research findings (Arenson 

et al., 2002) and could be the reason for the drainage of interstitial ice once fully exposed to 

radiation (leaving exposed beaches). The undulating surface can be explained by typically 

irregular permafrost surface (with the possible presence of talik) as well as a shallow active-

layer resulting in heave processes (iButtons heaved out). Conversely the upper zone’s colder 

temperatures results in a very shallow active-layer, proven by iButtons that were frozen in 

shortly after snowfall. Snow cover insulates the surface from re-melting, but once melted the 

moisture is allowed to percolate into the substrate and can refreeze.  

The high 137Cs concentration is explained by the possible slow sediment removal, or lack of 

sediment transport (heave or removal) in the upper section. This could, however, increase 

from the middle section downwards, substantiated by an increase of temperature and the 

occurrence of drainage lines etc. The presence and relative abundance of lichen supports 

the increasing temperature and moisture gradient as you move from the head to the toe of 

the rock glacier. Nevertheless, given the known rates of processes in Antarctica, lichen 

abundance is rather an indication of slow movement (decreasing from head to toe) and 
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should not be used to infer the lack of movement. The fabric does indicate the general 

surface topography, but it is not sufficient to infer movement force other than slope angle. 

The slope monitoring markers employed can be used in future to confirm movement: 

geophysical surveys will give a better idea of the internal structure under the toe, and the 

middle and upper zone of the landform, and confirm the depth of bedrock and presence and 

depth of permafrost. There is a possibility that the ice-sheet at the foot of Grjotøyra is 

overlying bedrock, or also debris from Grjotøyra. 

Vassdalen 

Characterisation  

Vassdalen valley is enclosed by a ridge and a glacier to the south and the Sӕtet ice-sheet to 

the north (Figure 33). The small glacier is located at the head of the valley against the 

southern wall at Vasskaret, succeeded by a series of zigzagging moraines. On the eastern 

boundary of the valley, below the Sesseggen ridge, a relict glacial cirque is covered in 

patterned ground. To the west, exposed cliff faces exhibit aplite-pegmatite dykes cross 

cutting the felsic gneiss and jagged peaks frame talus deposits beneath them (Figure 34). 

The Vassdalen landform lies longitudinally in the lower opening of the valley, in a north-

northeastern orientation.  

 
Figure 33: The location of the Vassdalen valley: a bird’s eye view (GeoEye, 2009) and an oblique 
view, as seen from the northwest.   

Elevation change across the landform is 200m a.s.l. over 1800m, from a 300m wide head to 

a 1000m wide toe. The upper parts of the landform, which margins on the moraine deposits 

discussed above, is adjacent to a frozen water body, or lake (±200m in length). Snow 

covered depressions on either side of the landform separate the body from the valley walls. 

Despite the absence of liquid water, these depressions appear to be drainage lines. The 

drainage lines are occasionally parallel to one another, lining-up with dykes that are exposed 
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in the cliffs adjacent to the rock glacier(Figure 34). These dykes could provide a pathway that 

connects the water body to blue-ice at the toe of the landform. 

 
Figure 34: A panorama of Vassdalen valley, facing west. Lines indicate parallel depressions, possibly 
drainage lines, that cross-cut the rock glacier. 

Transverse lobes and furrows are present in the lower zone, but they are more evident on 

satellite images than on site. No obvious micro-relief which may be indicative of movement, 

was noted. A steep ridging toe, which is often described as being associated with rock 

glaciers (e.g. Wahrhaftig & Cox, 1959) was also absent. The surface of the landform was 

covered in polygonal features of various sizes. The best defined polygons were observed in 

the middle section, with distinct boundaries and elevated centres. The occurrence of these 

polygons is reduced towards the head and toe of the landform respectively, where they 

become smaller and less well-defined. Beyond the lower end of the landform towards the 

western valley wall, sediment mounds protrude from the ice. Surrounded by snow, the 

mounds reach heights of ±1.2m and a circumference of ±3m. It is uncertain whether they 

contain an ice-core, but excavation revealed ice cement at a depth of ±10cm. Similar 

mounds near Troll station were described as pingos (Dallmann et al., 1990), but are yet to be 

confirmed as such.  

Geomorphology and Topography 

 
Figure 35: A digital elevation model of Vassdalen, computed form GPS points using a GIS. 
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Figure 36: The geomorphology of the Vassdalen valley. 
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Particle Size Analysis 

There was no significant difference in sediment sorting between different zones, and it is 

poorly to very poorly sorted. Overall the largest proportion of particles fall within the 1 and 2 

phi sizes (Figure 37 and 38). The upper zone had on average 0.5% more fine particles, the 

middle zone 6% more coarse material and the lower zone 3% more of 500μm particle size, 

compared to average particle sizes. This indicates that there is no removal of fines, but 

rather an accumulation of fines in the upper part. There might be movement between the 

middle and lower section as the lower has proportionately more fines and less coarse 

material than the middle. 

 
Figure 37: The particle size distribution across Vassdalen, averaged per zone. 

 
Figure 38: Particle size distribution of samples across Vassdalen, with 16 and 84 percentiles indicated. 
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Clast Hardness and Form 

Clast hardness decreased with altitude, as the lower zone gave, on average, higher L-values 

(821) than the upper zone (796). The middle average is 818, which gives an average of 814 

across Vassdalen, 200 units larger than Grjotøyra. Similar to Grjotøyra, discs are the most 

frequent occurring form of clast (45 times), followed by blades (34) and then rods (21), with 

only 8 of 108 clasts being spheres (Figure 39). 

 
Figure 39: Three-dimensional form of clasts found on Vassdalen, following Zingg’s classification. 

Fabric Analysis 

A summary of results can be seen in the appendix (Table 8, page 64). The fabric from the 

upper zones follow the topography of the landform (Figure 40). The UW varies between 

southwest and north west, with a centre of gravity due south at 7° dip. Zones UC and UE 

both follow the slope topography and there is little difference between clast dip angle and 

slope angle. This could indicate that the clasts are merely a product of topography or 

deposition and is stable, and not influenced by surface movement.  

The middle section clasts face north, despite the great variation in ME (ω = 35.3%), the 

centre of gravity is still north at a gentle slope (360/7). The slope faces north to north-

northeast in MW and MC, and in MW east-northeast, which could account for the variation in 

MW. 

The lower section displays great variability in dip directions and dip angles. The fabric 

generally faces east-northeast, but the variation could be a product of the transverse ridging 

and furrows found on the surface of the landform. If the E, C and W sections are analysed 

individually, it indicates a general orientation north on the edges of the landform, and east in 

the centre. 
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Figure 40: Stereograms showing fabric analysis of clasts within demarcated zones, on Vassdalen. 

Ground Surface Temperature 

The GST on Vassdalen is, on average, colder than Grjotøyra. The minimum was -12°C and 

the maximum was 10°C (Figure 41). In general the middle and the lower sections are warmer 

than the upper section, showing the influence of altitude. On most days the upper section 

had the lowest minimum. None of the iButtons were found on the surface at retrieval. The 

effect of a snow storm can also be observed as the maximums decrease to less than 5°C 

over the 3rd and 4th of January. There appears to be no difference in response to warming in 

the morning, but the upper section cools faster than the lower and middle sections after the 

peak maxima is reached around 14:00. 
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Figure 41: The ground surface temperature regime of Vassdalen during the 2015 recording period. 
Note the insulating effect of snowfall during the weather event of 3rd and 4th Jan. 

From spatial analysis of the ground surface (Figure 43, next page) the effect of a 

topographical control is evident. The eastern part warms first, as a probable response to 

early morning sun appearing behind the mountains in the east. It also cools first from the top 

to the lower western edge of the toe. Whether altitude or aspect is the controlling factor is 

unclear: the influence of an inversion layer within the valley can create a temperature lag. It 

is possible that the cold air is transferred subsurface, instead of through heat loss radiation 

as the landform is shaded from late evening sun.  

Caesium-137 Concentration 

Two (the middle and lower) of the three samples had no detectable 137Cs activity, and the 

upper most sample had 0.778μBq.g-1 137Cs present (Figure 42). This correlates to the same 

condition of Grjotøyra, where it can show that the upper reaches have had little debris 

input/reworking. Conversely, the lower reaches might be more active with heave, or erosive 

processes such as wind and snowmelt, to facilitate the removal of fines. Vassdalen at large 

appears to be more active than Grjotøyra. 

 
Figure 42: The 137Cs content of samples taken at Vassdalen, also compared to Grjotøyra. Values are 
normalised to specific surface area of particles, error bars indicated. 
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Figure 43: The GST variability across Vassdalen, interpolated from high frequency, short-term logging 
during the four day recording period in 2015. 
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Patterned Ground Analysis 

On average the angular difference between slope orientation and the a-axis orientation of the 

polygon is 60°. The rose diagrams in Figure 44 shows the difference between polygon a-axis 

orientation (in blue) and slope orientation (in pink), per each zone-section combination. Only 

the polygons from BE, BW and MC show small differences in orientation between the a-axis 

and the slope. However, the rest of the zones fall within the range of a 45-135° difference 

between the slope and a-axis orientation.  

The results from the Fry method analysis suggest a preference for the shorter axis to be 

orientated downslope (Figure 45). This supports the theory that downslope movement 

through gravity can cause compression of the polygon in the direction of movement, in this 

case the movement does not necessarily occur in the direction of the slope, but follows a 

flow model similar to glacial flow.  

 
Figure 44: Rose diagrams showing orientation of the a-axis of measured polygons (blue) and the 
slope aspect (pink) from different zones across Vassdalen. 
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Figure 45: The results from Fry analysis, overlain on the contour model of Vassdalen, indicating a 
relationship to slope orientation. 

Depth of Frozen Ground 

The mean and the median are the same for all four test pits from each zone, with the upper 

zone being shallower on average (15cm) than the middle (18cm) and the lower zones (21cm) 

(Figure 46).  

 
Figure 46: Variability of depth of frozen ground across Vassdalen. 
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Classification 

The feature in Vassdalen is complex to classify. It has some of the characteristics of a 

‘pebbly’ tongue-shaped rock glacier and there is evidence of permafrost and active-layer 

processes. However, the cross-cutting drainage lines that lead up to the adjacent lake and 

undulating topography along with the disconnection from the headwall points to a complex 

series of past and present events that have produced the feature observed in the valley.  

There is no increasing or decreasing trend of particle sizes, but it can be classified as a 

pebbly rock glacier due to the substantial amount of gravel and sands. Lichen has also been 

observed across the extent of the landform, and a similar conclusion can be drawn that 

movement in this case cannot be inferred from the presence of vegetation. 

There is a high probability that the material is not from one headwall source in the south of 

the valley, but rather from surrounding cliffs. It is uncertain what the bedrock profile is like, 

but the transport of material is predicted to be northwards, in the direction of the surface 

gradient.  

It is possible that talus deposits have been mobilised by moisture input from retreating 

glaciers and so propagated forwards. Another interpretation is that the material are glacial 

deposits, again from the retreating glaciers, and that the landform is in transition from 

moraine into a rock glacier.  

Another option is that it was a rock glacier connected to a glacier at its head. The glacier 

retreated, leaving the rockglacier without a direct connection to debris input, and since the 

lake can crosscut due to a deflated permafrost table, this caused drainage lines to intersect 

the body. The drainage could be geologically controlled, following dykes. 
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Brugdedalen 

Characterisation 

This north facing valley is appropriately named “brugde”, a “basking shark” in Norwegian, 

and is the largest of the landforms studied at 2700m long and 1900m wide, with multiple 

sources of debris from the encircling headwall (Figure 47). A tongue shaped glacier at 

Brugdeskaret and small snow patches form the only barrier between the body of debris and 

the surrounding cliffs. The elevation changes approximately 1000m from the cliffs at 

Brugdeskaret down to the ice sheet. After a series of robust bulging ridges in the upper part, 

the slope changes to a constant decline of 11° across the lower 1000m stretch of length. 

Evidence of patterned ground, lakes and furrows on the landform’s surface exists. The 

presence of drainage pathways are inferred from dark discoloration of the rock, and snow-

filled depressions (Figure 47 and 47). A toe is conspicuously absent and the landform 

maintains a linear, instead of a fan-shaped edge around a body of blue ice. Hundreds of 

metres away from the edge of the landform, large boulders are scattered on the Sӕtet ice-

sheet (Figure 48). Textural analysis showed the material comprising the landform to be 

poorly sorted. 

 
Figure 47: The location of the rock glacier in Brugdedalen (GeoEye, 2009), and a view from the north. 

 
Figure 48: Observations at Brugdedalen: drainage lines inferred from rock discoloration and blue-ice in 
the foreground (1); scattered boulders on the ice-sheet below (2).  
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Geomorphology 

 
Figure 49: The geomorphology of the Brugdedalen cirque. 
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Classification 

Surface topography observed fits the description of an active rock glacier, with ‘bouldery’ 

debris. Brugdedalen’s shape does not perfectly fit any of the classification parameters 

suggested (see Literature Review): it is located in a cirque, surrounded by cliffs and glaciers 

and has more than one source. It could be described by Corte’s (1987) ‘complex’ rock 

glacier, or Parson’s (1987) ‘transitional’, but it these are still insufficient. Rather, a new shape 

is suggested, namely crown-shaped. The shape of a crown describes the linear front toe, 

steep incline and multiple sources at the head of the landform.   

Jutuldalen 

Characterisation  

Jutuldalen is a west-facing cirque where a giant rock, Tommelen, protrudes from a debris 

slope (Figure 50). This cirque has no glacier feeding into it, but there are two debris sources 

connected to the headwall.  

 
Figure 50: The location of the rock glacier in Jutuldalen as seen from above (GeoEye, 2009) and from 
the west. Photo: J. Näränen. 

The Jutuldalen landform is similar to Brugdedalen in shape, but it is smaller and steeper: it is 

900m long and 1700m wide and has a gradient of 20° (Figure 51). The debris comprising the 

feature is unconsolidated and unstable. No signs of drainage or melt water were evident (e.g. 

lakes, furrows), but the undulating topography suggests downslope movement. Textural 

analysis of the sediment samples show increased sorting towards the lower reaches of the 

landform, despite the consistent gradient. The toe does not flatten or fan out, but ends with a 

linear-concave shaped front that forms bank against a blue ice lake, that exhibits seasonal 

thawing.  



58 
 

 
Figure 51: Relative steepness of the lower slope of Jutuldalen, note the fuel drum for scale. 
Brugdedalen can be seen in the distance, towards the south.  

Geomorphology 

Refer to the map on the next page (Figure 52). 

Classification 

With a substantial lack of finer sediment, Jutuldalen fits into the ‘bouldery’ rock glacier 

category. From observations and sediment sorting patterns it can be concluded to be as an 

active landform. Although its shape and surface morphology does not lend itself to 

contemporary morphological classification. In a similar manner to Brugdedalen, the shape of 

Jutuldalen fits the crown-shaped description. 

Grjotlia 

Characterisation 

On the west-facing slope of Grjotlia a lobate feature 900m wide and 200m downslope is 

found (Figure 53). It has a convex slope, with polygonal patterned ground on the upper 

surfaces which gradually disappear over the crest of the slope. The debris is in contact with a 

steep snow bank as the slope merges with the ice-sheet below. The gradient is considered 

too steep to hold solifluction lobes, yet it has the appearance of fluid mass-movement. The 

ground surface is mostly frozen (Goodwin, 2014) and few signs of mass-wasting over the 

snow-bank and ice are evident. Observations were made remotely and no soil samples were 

collected, due to limited accessibility.  
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Figure 52: The geomorphology of the Jutuldalen cirque. 

Geomorphology 

Due to the close geographic relation of this feature in Grjotlia to Grjotøyra, it has been 

included in the geomorphic map of the Grjotlia valley (Figure 20, page 33). 
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Classification 

The feature is a valley wall lobate shaped rock glacier. Active-layer processes and 

permafrost can be assumed from the patterned ground, and observed frozen ground. The 

strangely suspended material is indicative of frozen material on the slope.  

 
Figure 53: The rock glacier on the west-facing slope of Grjotlia (GeoEye, 2009). A view from the 
southwest shows the toe of Grjotøyra in the foreground. Photo: J. Näränen. 

Synthesis  

The landforms investigated in the Jutulsessen present examples of both various types and 

development stages of rock glaciers (Table 4).  

Table 4: The morphology of rock glaciers in the Jutulsessen. 

Site 
Morphology (size in m) Association and Position Other 

Length Head Toe Width 
/Gradient Shape Glacier Cirque Talus Valley Lakes 

Grjotøyra 1500 200 1200/8° Spatulate Adjacent In Base Wall >5 of 30-100m 

Vassdalen 1800 300 1000/- Tongue Below Below Base Floor 1 of 200x90m 

Brugdedalen 2700 200 & 400 1900/10° Crown Below In - -  
Jutuldalen 900 170 & 300 1700/20° Crown - In - -  

Grjotlia 200 - 900/- Lobate Adjacent In - Wall  

Movement rates are not yet known, thus, no conclusions can be drawn on whether these 

features are ‘active’, ‘inactive’ or ‘relict’ features. However, as stated earlier, their status can 

be inferred from morphology and surface topography. 
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CONCLUSION 

Similar to the findings of Hassinger and Mayewski (1983), the occurrence of these rock 

glaciers in such close proximity further reiterates a control of local factors such as climate, 

geography and geomorphic processes. The two landforms in the Grjotlia cirque, Grjotøyra 

and west-facing Grjotlia present evidence for the control of local climate on slope 

development. Grjotøyra being on a north-facing slope, produces active-layer related features. 

Grjotlia, on the other hand, strongly suggests the product of slow moving, shallow 

permafrost. The same can be said for the two other study sites, Grjotøyra and Vassdalen, 

which lie on either side of a ridge. Grjotøyra, slightly northwest facing, is on average warmer 

than Vassdalen which faces northeast and is lower in altitude. Conversely, it is clear that 

despite different settings, there are remarkable similarities between the shape of the 

landforms in Jutuldalen and Brugdedalen. The former is smaller and presents no glacier 

despite its west-facing aspect. The latter, facing due-north, is larger and still consists of 

glaciers but is similar in shape to Jutuldalen. 

Vassdalen seems more active than Grjotøyra in that it displays different slope development: 

mass-wasting and talus on the western slope; a cirque covered in polygonal patterned 

ground on the east; moraines, active-layer related landforms and a rock glacier are present 

within the valley. The higher 137Cs content of Grjotøyra compared to Vassdalen, reiterates 

that the former is relatively more stable compared to the latter. Rock hardness values are on 

average 200 L-hardness values softer on Grjotøyra than on Vassdalen which might indicate 

a longer exposure of the surface rock, thus, confirming the relative stability of Grjotøyra.  

A better understanding of the glacial history of the Jutulsessen may shed light on the 

development of these rock glaciers. If de-glaciation happened systematically, for example 

across the Sӕtet ice-sheet, it would suggest that Vassdalen, Brugdedalen and Jutuldalen 

have similar exposure dates. Yet, these three valleys produce different geomorphic 

landscapes with evidence for active-layer processes. Also, Grjotøyra is the only landform of 

those studied that produce features evident of an ice-core (spoon-shaped depression at the 

head and undulating toe). Thus, a ‘genetic’ classification can only be attempted after further 

investigation. Furthermore, the occurrence of these landforms confirms that ‘shape’ should 

not be used to infer landform development, but rather the origin of the debris and ice that it is 

comprised of. This study presents the Jutulsessen as an ideal site for investigating rock 

glaciers that are possibly from both the ‘glacial’ and the ‘permafrost’ realm. 
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Limitations and Recommendations 

Increased spatial and temporal coverage of investigations into sediment profiles, surface 

topography and drainage characteristics could elucidate the processes and movement 

regime (rate or direction) of the landforms. The scope of this study was not sufficient to do in 

depth investigations of all five landforms. The use of the current weather station is not 

sufficient for the interpolation of the landforms’ local climatic conditions, thus conclusions 

drawn on erosive processes and moisture input are limited to in situ observations. An 

investigation into the role of active-layer processes is further needed in order to understand 

its influence on these landforms’ morphology. 

Ground temperature was only measured at a single depth as a ‘snapshot’ analysis. By 

increasing the sampling points to different depths, one can easily create a spatial surface of 

temperature variability extending into the active-layer. In addition, raster calculations in GIS 

is a powerful tool for analysing the spatial correlation of these temperature changes and can 

quantify horizontal and vertical differences in temperature change. This will give valuable 

insight into energy transfer with depth and how it can propagate movement in the surface of 

a rock glacier, improving on the spatial limitations of boreholes. Furthermore, this can provide 

a handle for comparative analysis between landforms. Budget and equipment constraints 

prevented the use of methods such as LiDAR and InSAR to monitor slope movement. 

However, long term monitoring transects were put in place, and until the budget matches the 

needs, these should provide information on rates of movement within an approximate 10 

year time scale (Hassinger & Mayewski, 1983). Water quality analysis could determine the 

age and origin of ice contained in the landforms, as well as the blue ice bodies at the bottom 

of the landforms. 
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APPENDICES 

Table 5: The sampling strategy followed at each site. 

Site Sampling Strategy Sample Size Other Observations 
Sediment Clast GST 

Grjotøyra Stratified Random, 
Grid 46 114 17; 20 slope monitoring (Jan’14), 

 depth of ice-cement 

Vassdalen Systematic 39 108 20 depth of ice-cement,  
patterned ground 

Brugdedalen Opportunistic 4 - 0 - 

Jutuldalen Opportunistic 4 - 0 - 

 

 

Table 6: Equipment used during data acquisition and analysis. 

Equipment Manufacturer Model Specifications 
GIS ArcGIS™ version 10.1 Esri 2013 

Satellite Imagery GeoEye 2009 ASTER DEM  
GPS Garmin® 60CSx 3-10m accuracy 

GPS Software Garmin BaseCamp© version 4.4.2 Garmin Ltd. 
2008-2014 

DGPS Spectra Precision®  Epoch® 5-10m accuracy 
Ground Surface 

Temperature Thermochron® iButton® DS1922L 0.5°C resolution 

Drying Oven Gallenkamp™ 
  

Sieve Shaker Endecott  8 sieves 

Rock Hardness Proceq Equotip® 3 ID51-003-0724  
Fabric Analysis Fabric8 Geologische Software 

University of 
Graz, Austria 

Gamma-ray Spectrometer ORTEC® 
Solid-State Photon Detector 

(HPGe) GWL Series, 

Laser granulometry Mastersizer Malvern 3000  
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Table 7: The results from fabric analysis on the surface of Grjotøyra. 

Zone n CoG (°) 
dip-direction/dip ω (°) PO (%) Cylindricty (%) Θ (°) 

All 114 343/10 31 73.5 17 4.5 
U 36 328/14 31.2 73.1 25 8.3 

UE 18 328/17 21.5 86.6 38 8.3 
UC 12 356/10 29.8 75.3 18 14.7 
UW 6 266/42 0 55.9 52 0 
M 24 348/22 32.9 70.5 31 11 

ME 9 356/18 35.2 66.7 64 21 
MC 6 336/40 34.6 67.7 50 27.4 
MW 9 358/17 23.6 83.9 48 13.9 

L 54 360/4 27.5 78.7 9 5.9 
LE 15 360/6 23.3 84.4 21 10 
LC 18 75/8 31.7 72.4 25 12.4 
LW 21 180/7 24.6 82.7 19 8.7 
E 42 343/12 26.4 80.3 37 6.4 
C 36 7/10 35.1 66.9 10 9.4 
W 36 318/10 31 73.4 20 8.3 

 

Table 8: The results from fabric analysis on the surface of Vassdalen. 

Zone n CoG (°) 
dip-direction/dip ω (°) PO (%) Cylindricty (%) Θ (°) 

All 105 360/6 27.9 78.1 3 4.3 
U 29 360/4 22.4 85.4 28 6.6 

UE 9 116/11 14.9 93.4 10 8.6 
UC 8 59/10 26.7 79.8 40 17 
UW 12 180/7 20.1 88.2 31 9.8 
M 35 360/7 29.8 75.3 5 8 

ME 21 360/5 35.3 66.5 8 12.7 
MC 11 360/7 19.8 88.5 12 10.2 
MW 3 7/22 9.5 97.3 13 14 

L 41 76/9 29 76.5 10 7.2 
LE 12 180/5 34 68.7 33 16.9 
LC 17 91/14 28.3 77.5 28 11.4 
LW 12 73/11 21.3 86.8 46 10.4 
E 42 360/4 31.9 72.1 13 7.8 
C 36 73/10 26.1 80.6 4 6.9 
W 27 360/4 22.7 85.1 30 7 
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