
 

Geomorphology and geomorphological responses to climate 

change in the interior of sub-Antarctic Marion Island 
 

 

 

 

 

 

By 

 

David William Hedding 

 

 

 

 

 

 

 

 

Submitted in partial fulfilment of the requirements 

for the degree Master of Science (Geography) 

in the Faculty of Natural and Agricultural Sciences 

School of Physical Sciences 

(Department of Geography, Geoinformatics and Meteorology) 

University of Pretoria 

Pretoria 

 

 

 

January 2006

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  HHeeddddiinngg,,  DD  WW    ((22000077))  
  



 
 

 
 
 
 
 

 
 

"I shall be telling this with a sigh 
Somewhere ages and ages hence: 
Two roads diverged in a wood, and I -  
I took the road less travelled by, 
And that has made all the difference" 

 
     Robert Frost 
     (The Road Less Travelled) 
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Abstract 

The influence of climate change on the geomorphology of the interior of Marion Island (above 

750m a.s.l.) is investigated as climatic amelioration is thought to be responsible for the observed rapid 

melt out of the summit regions. Records have shown that the climate on Marion Island is warming 

and, as it represents a maritime periglacial environment characterised by small seasonal temperature 

ranges and steep temperature profiles, it is particularly sensitive to climate change. Marion Island is, 

therefore, an ideal location to address the poor understanding of periglacial environments in the 

Southern Circumpolar Region in the context of environmental conditions governing permafrost, 

seasonally frozen ground, and frost processes.  

 

To ascertain the influence of climatic amelioration on the geomorphology of Marion Island’s 

interior, thermokarst, periglacial, and rudimentary aeolian features were identified and mapped. 

Geomorphological features were documented to determine the extent of landscape response to climate 

change in the island’s interior. In addition, identification and mapping of geomorphological features 

were, in some cases, used to provide evidence for the previous existence of permafrost.  Ground 

temperatures were also monitored to determine the present state and possible existence of permafrost 

above 750m a.s.l.  

 

Landscape development in the certain areas of the interior of Marion Island where glacial ice 

persists beneath sediment (scoria) and where permafrost previously existed has resulted in the 

manifestation of thermokarst features and the creation of a unique undulating topography. In parts of 

the study area, thermal erosion and subsidence of the thermokarst are identified as processes that are 

important agents of landscape evolution. Thermokarst processes, indicative of climate change are, 

however, limited to areas where buried glacial ice persists and permafrost existed. Thermokarst 

features studied were also noted to be ephemeral and easily destroyed through erosion by wind and 

water. Aeolian erosion, in particular, has a significant influence on thermokarst as the interior of  the 

island represents a polar desert where almost no vegetation survives. Persistence of thermokarst 

features is further limited due to the nature of local sediment, namely scoria, being cohesionless, 
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thereby limiting the retention of water that can be frozen. The disappearance of the former permanent 

snowline sub-aerially exposing much of the interior suggests interaction between frost and aeolian 

processes will provide potentially relevant avenues for future geomorphological research. 

Furthermore, interactions between frost and aeolian processes are extremely important for plant 

colonisation in an area that is almost entirely devoid of vegetation.  
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Chapter 1: Introduction 

 

Permafrost Research in the Southern Circumpolar Region 

Permafrost, glaciers and seasonally frozen ground are well documented indicators of climate 

change due to their delicate thermal balance (e.g. Haeberli, 1990; Zhang et al., 1997; Haeberli & 

Beniston, 1998; Boelhouwers, 2003). Substantial effort has, therefore, been devoted to monitoring 

permafrost, glaciers and seasonally frozen ground conditions and their responses to climate change, 

particularly in the Northern Circumpolar Region (e.g. Lachenbruch & Marshall, 1986; Haeberli et al., 

1993; Demek, 1994; Pavlov, 1994; Haeberli & Beniston, 1998; Osterkamp & Romanovsky, 1999; Jin 

et al., 2000; Shaoling et al., 2000; and Harris et al., 2003). The Southern Circumpolar Region has, 

however, received significantly less attention from the scientific community with only a small number 

of studies having been completed focusing mainly on the distribution of permafrost (e.g. Bockheim, 

1995), the response of glaciers to climate change (e.g. Allison & Kreage, 1986 and Kirkbride & 

Warren, 1999) and the responses of seasonally frozen ground and permafrost to climate change 

(Boelhouwers, 2003 and Guglielmin, 2004).  

 

The Southern Circumpolar Region includes the continent of Antarctica, the Antarctic and sub-

Antarctic islands as well as the southern tip of South America (Bliss, 1979). Permafrost occurs 

throughout the ice-free areas on the Antarctic continent (~280,000 km2) and is also found on the 

Antarctic islands (±80,000 km2) and the Sub-Antarctic Islands (±10,000 km2) situated to the south of 

the Antarctic Polar Convergence (Bockheim, 1995). In addition, permafrost conditions, although 

sporadic, exist at sufficiently high altitudes on islands to the north of the Antarctic Convergence Zone; 

for example Marion Island (Van Zinderen Bakker, 1978; Bockheim, 1995 and Boelhouwers, 2003). 

However, there is a lack of awareness of the presence of permafrost in the Southern Circumpolar 

Region exists and, therefore, its distribution together with that of seasonally frozen ground for the 

Southern Circumpolar Region is not known (Bockheim, 1995). The perceived absence of ice-free land 

masses in the Southern Circumpolar Region, suitable for the existence of permafrost and seasonally 

frozen ground has led to permafrost research in the Antarctic and peri-Antarctic islands seldom being 

advanced through dedicated programmes (Boelhouwers & Hall, 2002).  

 

Given that few data are published on permafrost in the Southern Circumpolar Region, a need 

exists to establish and map contemporary and former distributions as well as seasonally frozen ground. 

The sub-Antarctic islands, due to their relative position in relation to the zone of Antarctic 

Convergence, provide an ideal location to determine whether the extent of permafrost in the region is 

dictated by the position of the Antarctic Polar Convergence (Bliss 1979). Furthermore, establishing the 

contemporary and former distributions of permafrost as well as seasonally frozen ground may be of 

particular scientific value since environmental conditions affecting them in the Southern Circumpolar 
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Region could be different to frost processes encountered in the Northern Hemisphere (Boelhouwers & 

Hall, 2002). For example, Marion Island experiences a distinct hyper-maritime periglacial setting 

(Boelhouwers et al., 2003), which is in stark contrast to the continental setting of many northern 

hemisphere studies on permafrost. In addition, the fact that human disturbance is extremely limited on 

the island to other regions allows for landscape-process responses to easily be attributed to natural 

causes.  

 

The upper interior of the Marion Island, above 750m above sea level (a.s.l.), is thought to 

comprise seasonally frozen ground and glacial ice buried under scoria and sporadic patches of 

permafrost (above 1000m a.s.l.) (Boelhouwers et al., 2001; Holness, 2001a). In addition, the area is 

largely devoid of vegetation allowing a more direct linkage between climate (air temperature) and 

ground temperatures. Thus, research in the interior of Marion Island represents an ideal location for 

establishing baseline data on the distribution of permafrost and seasonally frozen ground for a (hyper-

maritime) sub-Antarctic island in the Southern Circumpolar Region. More importantly, the 

identification of geomorphological features indicative of climate change in a periglacial environment 

will provide the opportunity to monitor geomorphological responses to climate change in the region. 

 

Marion Island’s sensitivity to recent climate change has been highlighted (Boelhouwers et al., 

2003 and Boelhouwers, 2003) through the analysis of soil temperature regimes on the island. In 

addition, contemporary responses to identified climatic amelioration (Smith, 2002) have recently been 

recognised (Sumner et al., 2004), but not yet fully documented. Photographic evidence clearly shows 

the rapid melt out of a ‘fossil’ ice cap, which now only exists as glacier ice buried under scoria in an 

area known as the ‘Ice Plateau’. It is thus, possible to document the transition of the ‘Ice Plateau’ from 

a ‘fossil’ ice body recognised in the mid-1960s (Van Zinderen Bakker, 1971; 1973) to an area where, 

at present, sporadic patches of permafrost, buried glacial ice and seasonally frozen ground underlie a 

surface (Fig, 1.1). This transition is currently manifested in the development of thermokarst 

topography (e.g. kettle holes) on level surfaces and mass movements (e.g. debris flows and thaw 

slumps) on slopes. Existence of glacier ice in the ‘Ice Plateau’ may explain the observed lack of 

periglacial landforms, such as patterned ground since this area has only recently been sub-aerially 

exposed. In addition, the island has experienced recent volcanic activity (Verwoerd et al., 1981; 

Meiklejohn & Hedding, 2005) indicating that geothermal warming within the island, associated these 

volcanic events, may have accelerated the melt out of the various forms of ground ice found in the 

interior of the island and therefore also requires investigation; ground ice and permafrost exist not only 

in a delicate thermal balance with climate alone but also with the geothermal gradient (French, 1996; 

Bourgeois et al., 2000).  
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igure 1.1: Photographic evidence of degradation of the fossil ice cap, formerly known as the ‘Ice Plateau’. 

Photo A taken by W.J. Verwoerd in March 1966 (Verwoerd, 1971). Photo B taken from the same site in 

April 2005. 

revious Geomorphological Research on Marion Island 

Until the early 1980s much of the geomorphological research on Marion Island concentrated 

n the reconstruction of palaeoclimatic conditions on the island from glacial evidence (e.g. Hall 1978; 

979; 1983a). Findings from this research were later scrutinised (Kent & Gribnitz, 1983; Gribnitz et 

l., 1986). Despite the objections from Kent & Gribnitz (1983) and Gribnitz et al. (1986) the 

alaeoclimatic reconstruction made by Hall (1980a) has now largely been accepted as correct 

McDougall et al., 2001), with temperatures between 3°C and 6.4°C lower during the Last Glacial 

aximum (LGM). Hall (1978; 1979; 1983a) used the altitude of lateral moraines to infer the palaeo-

nowline which in turn could be used to determine the palaeo-temperatures on the island during the 

GM. More recently, Holness (2003) used larger relict periglacial features, including stone-banked 

obes and terraces, vegetation-banked features and blockstreams, to record Holocene environmental 

hange; as many relict periglacial features were found in areas previously suggested to have been 

laciated during the Last Glacial Maximum by Hall (1978; 1979; 1983a) and must, therefore, postdate 

his period. These identified periglacial features also imply that some deep freezing may have occurred 

n the unglaciated areas during the LGM (Holness, 2003). Reconstruction of the temperatures inferred 

y the processes required to generate the periglacial features suggest that temperatures were depressed 

etween 4°C and 5.5°C below present during the period 15 – 17 kBP to 12 kBP. Both palaeo-

emperature reconstructions by Hall (1980a) and Holness (2003) during the Holocene are compatible 

ith palynological work for Marion Island (Van Zinderen Bakker, 1973) and an ocean core study from 

he southern Indian Ocean (Hays et al., 1976) for the same period indicate decreases in the mean 

nnual temperature of 3 to 4 °C and 2.5 to 3.5°C respectively.  
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More recently, substantial research has been undertaken on periglacial landforms and climate 

change on Marion Island under the broad aim of the project – Cryogenic Landforms and Processes on 

Marion Island – where a quantitative understanding of the link between landforms, processes 

responsible for these landforms and their environmental controls was established (Boelhouwers et al., 

2001). This project determined that some larger periglacial features (e.g. patterned ground and stone-

banked lobes) are relict and are the product of a cooler period during the early Holocene (before 7kyr 

BP).  

 

At present, Marion Island has been described as representing a distinct hyper-maritime 

periglacial environment (Boelhouwers et al., 2003), with four frost zones, (1) a coastal diurnal frost 

zone dominated by needle ice, (2) an upper diurnal frost zone with needle ice and ice lens formation, 

(3) a high altitude zone of seasonal freezing, (4) and summit pockets of permafrost (Boelhouwers et 

al., 2001). Representing the lower-most frost zone the diurnal frost zone is found between sea level 

and 300m a.s.l. and soil frost is the dominant geomorphological agent (Nel, 2001). The upper diurnal 

frost zone is situated between 300m and 750m a.s.l. and the general absence of vegetation allows for 

extremely high transport rates (Nel, 2001). Seasonal frost is found above 750m a.s.l. and sporadic 

permafrost bodies are found above 1000m a.s.l. on insolation-protected south facing slopes 

(Boelhouwers, 2003). In addition, the last remnants of glacial ice can also be found above 1000m a.s.l. 

in valley floors that underlay the former ice body now known as the 'Ice Plateau'. The present 

distribution and possible extent of permafrost (permanently frozen ground) and buried glacial ice on 

Marion Island is, however, still not known, as is the case with most sub-Antarctic islands (Bockheim, 

1995). 

 

The main focus of this study is to document the geomorphology and identify 

geomorphological responses to climate change in various forms of frozen ground, namely buried 

glacial ice, permafrost or seasonally frozen ground, found in the interior of Marion Island. Initial 

observations indicate a distinct paucity of periglacial features in the interior of Marion Island. 

However, geomorphological responses resulting predominantly from climatic amelioration are 

typically manifested in the development of thermokarst and mass movement features. Thermokarst 

features are particularly conspicuous in this distinct maritime periglacial environment underlain by 

permafrost or buried glacial ice.   

 

Thermokarst features are karst-like topographic landforms produced by the melting of ground 

ice or ice-rich permafrost and the subsequent settling or caving of the ground (Higgins et al., 1990), 

and are peculiar to periglacial regions. Thermokarst processes are probably the most rapid erosional 

agents operating in periglacial environments (French, 1996) and are also a record of present or former 

permafrost. If they occur in a non-permafrost environment and buried glacier ice can be excluded, they 
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are proof of a former permafrost regime and of a climatic change (Washburn, 1979). Moreover, 

thermokarst features are in many areas an expression of fairly recent thaw and collapse processes 

prompted by climate change or the destruction of the vegetation cover (Higgins et al., 1990). Since the 

interior, above 750m a.s.l., is devoid of vegetation these geomorphological responses are considered to 

be the result of climate change. The effects of geothermal heating, however, cannot be excluded from 

playing an ancillary role in the development of thermokarst on Marion Island. The supplementary role 

of geothermal heating becomes evident when considering that the amount or extent of morphological 

change associated with the thermokarst process depends upon (a) the magnitude of the increase in 

depth of the active layer, (b) the ice content in the soil, and (c) the tectonic regime of the region 

(French, 1996). Therefore, in tectonically active regions, small local geothermal anomalies, associated 

with volcanoes, exceeding the mean heat flux by several orders of magnitude (Björnsson, 1988; 

Blakenship et al., 1993; Jonsson et al., 1998) can be considered as one of the external conditions 

affecting ice dynamics (Paterson, 1994). Geothermal induced melting of ice from the area known as 

the ‘Ice Plateau’ coincides with geothermal activity associated with volcanic eruptions (circa 1980). 

Further evidence of geothermal activity was witnessed on the island in 2004 (Meiklejohn & Hedding, 

2005) and thus geothermal activity seems to be more active than previously assumed and therefore 

cannot be discounted as a cause for exacerbating the melt out of permafrost and buried glacial ice on 

Marion Island. The localised nature of the observed geothermal activity on Marion Island can only 

influence local changes in the ice and, therefore, the recognised widespread climatic amelioration 

across the sub-Antarctic is deemed predominantly responsible for the geomorphological responses 

documented in this study.   

 

Research Aims and Objectives 

Marion Island has experienced a dramatic shift in climate since meteorological observations 

began in the 1950s (Smith, 2002). Therefore, the aim of this study is to ascertain the influence of this 

change in climate on the development of the landscape in the upper interior of Marion Island (above 

750m a.s.l.). Investigation of the relationships between permafrost and seasonally frozen ground 

conditions with associated landforms (e.g. thermokarst features) is of particular importance since the 

potential responses of seasonally frozen ground and permafrost to climate change are poorly 

understood in the Southern Circumpolar Region (Bockheim, 1995). Furthermore, understanding the 

dynamics of frozen ground conditions is necessary, given their potential impact on erosion rates and 

ecosystem functioning. 

 

To ascertain the influence of recent climatic change (Smith, 2002) on the development of the 

landscape in the upper interior of Marion Island (above 750m a.s.l.) the following objectives of 

research were undertaken: 
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Chapter 2: Historical and Environmental Setting 

 

Location and Discovery of Marion Island 

Marion Island (46°54’S, 37°45’E), the larger of two islands that constitute the Prince Edward 

Islands group, is one of the very few islands in the vast Southern Ocean (Fig. 2.1).  Hall (1978) has 

described the island as a bleak and inhospitable volcanic complex that is a vital environment for land-

breeding birds and mammals of the Southern Ocean. It also provides an ideal location for 

geomorphological and other research on climate change in the Southern Circumpolar Region. Marion 

Island, as recognized by Holdgate (1970, cited in Bockheim, 1995), is situated on the northern 

periphery of the sub-Antarctic Islands, which allows for determination of the northern most extent of 

permafrost and/or glacial ice in the Southern Circumpolar Region. The significance of 

geomorphological research on climate change is further emphasised considering that Marion Island is 

presently situated approximately 250km north of the Antarctic Polar Convergence and any pronounced 

shift, particularly a southward shift, in the position of the Antarctic Polar Convergence may have 

significant effects on the climate and geomorphological activity on the island due to climate-process 

responses.  

 

Figure 2.1: Location of Marion Island in relation to other islands in the maritime sub-Antarctic, the Antarctic 

Polar Convergence and Antarctica.  
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Barent Barentszoon Ham, captain of the Dutch East India Company's 210-ton galleon 

‘Maerseveen’, is thought to have been the first to sight Marion and Prince Edward Islands on 4 March 

1663. According to Leupe (1868, cited in Gremmen, 1981) he named the larger ‘Dina’ (on some maps 

called ‘Denia’) and the smaller ‘Maerseveen‘ but owing to the inexactitude of his navigational 

instruments the positions given by first mate Michiel Gerritsz Boos in the logbook are at 41°S. Marion 

and Prince Edward Islands then eluded rediscovery for over a century until on 13 January 1772 when 

the French sailor Marc Joseph Marion Dufresne sited and fixed the correct positions but was unable to 

land. Thinking that he had found the outposts of the not yet discovered southern continent, he called 

the larger one ‘Terre de l’Esperance‘ (Gremmen, 1981) meaning Ilse of Hope and the other island to 

the north-east ‘Ile de la Caverne’, after a large cave he sighted near the coast of this island. For five 

days the French made unsuccessful attempts to find safe anchorage and to set foot on this new 

territory; the weather was constantly against them and Dufresne eventually gave up and squared away 

his ships towards the east (Marsh, 1948). Dufresne had learnt that these islands were not part of the 

southern continent and so, in disgust, changed their name to ‘Iles des Froides’ (The Frigid Islands). 

The next discoverer to see these islands was Captain James Cook with the Resolution and Adventure, 

who also ‘rediscovered’ the islands on 12 December 1776 not realising Marc Joseph Marion DeFresne 

precendent named them the Prince Edward Islands after the fourth son of Britain’s King George the 

Third.  However, upon learning his mistake Cook renamed the larger island after the French 

discoverer (Hall, 1978). After the discovery of Marion Island and other isolated islands in the 

Southern Ocean they became the haven for whalers, sealers, buccaneers and merchants who visited 

these bleak and foggy regions in search of wealth (Nel, 2001). Signs of their occupation, in the form of 

rusted utensils and trypots, can still be found in many bays and caves on Marion Island.  

 

The first scientific endeavour ashore was undertaken by Richard Harris of the sealers Betsy 

and Sophia, when he observed and collected sea birds during a visit in 1830-31. Scientific exploration 

of Marion and Prince Edward Islands only began in earnest in 1873, one century after their discovery, 

when the British Challenger-expedition landed a party on Marion Island (Gremmen, 1981) to make 

biological and geological observations ashore and to allow for samples to be taken. Later in 1939, 

members of the little known French Bougainville-expedition also made a short visit to Marion Island 

on its way to the French sub-Antarctic Islands where a small number of specimens were collected and 

some photographs taken (Hänel & Chown, 1999).  

 

In 1948 the South African Government on the initiative of Field-Marshal Jan Smuts annexed 

the Prince Edward Island Group from Great Britain, who had possessed the islands since 1908, for 

strategic reasons (Van Zinderen Bakker, 1971). Initially only a meteorological station was maintained 

on Marion Island, but later in 1963 Van Zinderen Bakker initiated the first intensive biological and 

geological research programmes (Van Zinderen Bakker, 1971). The islands have subsequently (3 
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November 1995) been declared a special nature reserve in terms of Section 18 of South Africa’s 

Environmental Conservation Act (Act 73 of 1989) and all fauna and flora on the islands are now 

protected by law. In addition authorities have also, for a number of years, been trying to avoid the 

further introductions of any alien organisms. 

 

Topography 

Marion Island presents a dome-shaped profile, climbing from a raised coastal bench, with 

many small volcanic cones interspersed over the whole area (Hall, 1978). It is roughly oval in shape 

with a subaerial extent of 293km2, a coastal perimeter of 72km, and rises to its highest peak of 1240m 

a.s.l., now known as Mascarin Peak, near its centre (Fig. 2.2). Verwoerd (1971) recognises five 

distinct physiographic units on Marion Island: (1) Central Highland, (2) Island Slope, (3) Western 

Escarpment, (4) Coastal Plain and (5) Volcanic Cones. The Central Highland has the form of an 

arcuate plateau at an approximate altitude of 1000m a.s.l. with a number of higher volcanic cones 

rising above it. Within this plateau region a small area of former permanent snow and ice, known as 

the ‘Ice Plateau’, has previously been recognised (e.g. King, 1954; Verwoerd, 1971; Van Zinderen 

Bakker, 1973; Hall, 1978); this area no longer even exhibits permanent snow cover and the last 

remnants of glacial ice are rapidly disappearing (Sumner et al., 2004). 

 

From the elevated interior, the Island Slope extends down to the Coastal Plain on the north, 

east and southeast and to an escarpment in the west (Nel, 2001) and forms the greater portion of the 

island (Gremmen, 1981). The gradient of the slope from the coast to the interior varies from 2° above 

East Cape to 19° above the Santa Rosa Valley. This area is characterised by valleys and plains 

separated by ridges and plateaus, with the recent black lavas present in the valleys and the ridges and 

plateaus almost always consisting of grey lava (Gremmen, 1981). These plateaus or ridges and valleys, 

according to Hall (1978), represent horst and graben structures respectively, which are usually 

demarcated along the radial faults and are typically aligned by scoria cones.  

 

The Western Escarpment stretches from 200m to 400m a.s.l. in altitude and is situated 

between 1 and 2 km inland from the coastal cliffs where it runs essentially parallel to the coast on the 

western shore of Marion Island. Verwoerd (1971) suggests that this major faulted area represents a 

previous position of the coastline. The Coastal Plain at the foot of Western Escarpment is formed from 

a bench of recent black lava flows at an altitude of 50m a.s.l. Around the rest of the island the Coastal 

Plain is from 5 to 60m a.s.l. and is composed of a mixture of glacial deposits, old grey lavas and young 

black lavas (Nel, 2001).  

 

Some 130 volcanic cones can be found scattered across the entire island; as many are over 

200m in height and are red or reddish black in colour, they form prominent landscape features (Fig. 
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2.2). Many of the scoria cones are well preserved; often showing circular crates and sometimes 

containing a crater-lake (Gremmen, 1981). The significance of the volcanology and faulting of Marion 

Island, first described in detail by Verwoerd (1971) and subsequently by Chevallier et al. (1992) were 

initially put into a glaciological context by Hall (1978; 1982) and later by McDougall et al. (2001) and 

will be described below. 

 
 

 
Figure 2.2: Topography and profile of Marion Island. The profile of Marion Island has a 9x vertical 

exaggeration. 
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Volcanics, Geology, Geochronolgy and Glacial History 

Marion Island was previously considered to represent the peak of an extinct shield volcano 

comparable to, but not entirely of the Hawaiian type (Verwoerd, 1971). Volcanic eruptions in 1980, 

documented by Verwoerd et al. (1981), and observations during 2004 of volcanic activity (Meiklejohn 

& Hedding, 2005) on Marion Island have, however, forced the abandonment of the idea that volcanic 

activity on Marion Island no longer occurs (see Verwoerd, 1971). Further, volcanic activity was 

observed on Prince Edward Island, a mere 19km's north north-east of Marion Island, in early January 

1948 from the H.M.S.A.S. Transvaal during the annexation of the islands (Marsh, 1948). Marion 

Island has recently been described by McDougall et al. (2001) as the tip of an active oceanic intraplate 

volcano. It is situated 300km south of the South West Indian Ridge and adjacent to the N20°E Eric 

Simpson Fracture Zone and, together with the neighbouring Prince Edward Island and the nearby 

Funk Seamont, is also considered to mark the present position of a long-lived hotspot: the surface 

expression of a mantle plume (McDougall et al., 2001). Thus, it is not surprising that Marion Island 

has experienced numerous volcanic eruptions. Petrologically all the lavas on Marion Island belong to 

an alkaline oceanic island basalt (OIB) suite with SiO2 ranging between 45% and 55% (McDougall et 

al., 2001). McDougall et al. (2001) indicate that volcanic activity on Marion Island has not been 

continuous during the last half million years on a local scale due to the presence of unconformities and 

time gaps in the sequences that have been dated. However, volcanological features from the Holocene 

indicate that Marion Island has had a very low eruptive rate over the Holocene; with 150 eruptions 

during the last 10 000 years, i.e. an average of one or two eruptions per century (Chevallier et al., 

1992). 

 

Previous geological investigations (e.g. Verwoerd & Lagenegger, 1967; Verwoerd, 1971; 

Hall, 1978) and K-Ar dating (e.g. McDougall, 1971 and McDougall et al., 2001) identified two main 

periods of volcanic activity which have only recently been mapped (Fig. 2.3). The first main volcanic 

period, during the Pleistocene, produced grey-coloured lavas that have been glaciated whilst the 

second period, during the Holocene, is represented by black-coloured lava and scoria cones that show 

no sign of glaciation. The approximately 130 scoria cones scattered around the island, result from the 

most recent phase of volcanic activity (Verwoerd, 1971). Thus the island surface is characterised by 

extensive areas of black lava and scoria cones, grey lava moraines and tills from earlier glaciations 

(Sumner, 2004).  
 

Hall (1978) provided a glacial reconstruction for Marion Island based on detailed examination 

of the stratigraphy of coastal exposures of till, which included preferred clast orientations, variations in 

clast shape consistent with till and the existence of striated clasts in some strata. Hall (1978) placed the 

glacial reconstruction of Marion Island in a timeframe provided by the limited geochronological data 

available at that time, which indicated that the oldest grey lava dated on Marion Island was 276 000 

BP ± 30 000 (McDougall, 1971), and evidence, suggested that there were three glaciations named 
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Figure 2.3: Geology of Marion Island adapted from Verwoerd (1971) and Chevallier (1992). The Black Lava 1 and Black Lava 4 groups represent the oldest and youngest flows 

in the black lava group respectively. Recent black lava flows were found in the south-western region of the island but because they were not mapped they are not 

included in this map
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Figure 2.4: Relationship of volcanic activity, field evidence of glaciation on Marion Island and Marine Isotopes 

indicating Glacial Stadials (Adapted from McDougall et al., 2001). 

 

large periglacial features (Nel, 2001) (Fig. 2.5). Hall (1983a) notes that some of the margins of the 

reconstructed glaciers, namely the margins around Long Ridge, were hypothesised to a large extent, 

indicating that these areas may not have been glaciated during the Last Glacial maximum or at the 

very least that these areas became deglaciated before other parts on Marion Island. 
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Figure 2.5: Reinterpretation of the glacier margins from the glacial reconstruction for the Late Pleistocene 

proposed by Hall (1978: 1979; 1983a) (Boelhouwers et al., in prep). 

 

Climate 

Marion Island experiences one of the most oceanic climates on Earth (Smith, 1987) as a result 

of it being such a small island surrounded by the vast thermally-stable Southern Ocean (Holness, 

2001a). This hyperoceanic position, just north of the Antarctic Polar Convergence, results in the island 

having a distinct climate (Holness, 2001a). The island is thus subjected to the general meteorological 

characteristics of this oceanic region and well illustrates the hyper-maritime setting of the sub-

Antarctic islands (Boelhouwers et al., 2003) in a zone of prevailing westerlies. The South African 

Weather Service (formerly the South African Weather Bureau) Meteorological Station established in 

1948 is located at 22m a.s.l. on the northeast coast of Marion Island (Fig. 3.1) and provides essential 

meteorological data for this region in the vast Southern Ocean. Unless otherwise stated, all climate 

data presented in this and other sections regarding the general climate of Marion Island is provided the 

South African Weather Service.  It is pertinent to note that some climatic elements are modified by the 

topography of the island as the island itself provides a natural obstacle to the numerous depressions 

that travel from the north-west to the south-east through the area (Gremmen, 1981). Thus some of the 

climatic elements measured, most notably wind direction, are not necessarily representative of the 

region.  
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Temperatures are relatively low, with a mean annual air temperature (MAAT) of 5.6°C but 

sub-zero temperatures can be experienced throughout the year and are predictably more frequent in 

winter at higher altitudes. Mean monthly maximum and minimum temperatures at sea level are 8.6 

and 3.1°C, whilst the mean monthly temperature range is 5.4°C (Fig. 2.6). Marion Island receives a 

low incidence of incoming radiation due to a high mean monthly cloud level, averaging 6.2 oktas. At 

present, the average total annual precipitation at sea level is 2326 mm (Table 2.1) with current 

snowfall records indicating an approximate average of 50 days per year at sea level Holness (2001a). 

Snowfall appears to be more frequent at higher altitudes but snow does no longer persists on the 

ground throughout the year.  

 

The yearly average wind speed is 8.4 m/s or 30.2 km/hr (Holness, 2001a) whilst full gales of 

at least 66 km/hr (and stronger) often run for as long as 10 hours (Hall, 1978). During these gales (of 

which at least one a month is encountered) wind gusts of over 200 km/h have been recorded. Mean 

wind direction is almost due west (269°) and winds blow most frequently from west-northwest 

(Holness, 2001a) at the meteorological station but as is mentioned above this may be unrepresentative 

for the entire region due to wind deflection by the island. The island is also subject to a high relative 

humidity (the mean being above 80%) and fog often occurs. It has also been shown, from upper-air 

soundings by radio-sonde balloons, that the environmental lapse rate is about 4.5°C per 1000m in 

winter and 4.0°C in summer (Hall, 1978). 
 

Table 2.1: Summary of climatic variables recorded on Marion Island between 1949 and 2004.  

 

Air Temperature Mean annual: 5.6°C 

Precipitation  Average: 2326mm per annum 

Humidity Annual average: 83%  

Wind Speed Monthly average: 30.2 km/h 

Cloud Cover Monthly mean: 6/8 

In summary, Marion Island experiences a small temperature range, relatively low but not sub-

zero temperatures, low sunshine radiation, high relative humidity, high precipitation at sea level and 

because it is located in the midst of the ‘Roaring Forties’ it is also consistently subjected to strong 

westerly winds, often of gale force (Beaufort force 8). These climatic conditions result in an extremely 

harsh environment, which has a profound effect on the biota of the island (Hall, 1978). In addition, the 

number of gale force winds and days with fog has a marked effect on the number of days available for 

fieldwork (Hall, 1978). Days available for fieldwork at higher altitudes are further limited due to the 

persistence of snow on the ground, which typically falls during the winter months (May-October) 

down to 600m a.s.l. and occasionally covers the entire island down to sea level. It is pertinent to 

highlight that meteorological records indicate that Marion Island has experienced a dramatic shift in 
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Despite the paucity of plant species, the isolated position and poor weather conditions there is 

a rich faunal assemblage as a result of proximity to the rich food source of the Antarctic Polar 

Convergence (Hall, 1978). Thus, Marion Island provides an extremely important site for breeding and 

moulting seabirds and ocean-going mammals (Hall, 1981a). In total, twenty-six species of seabirds 

breed at Marion Island, which Hall & Williams (1981) classified into three groups: (1) surface 

breeding species that can fly, (2) burrowing species that can fly, and (3) flightless surface breeding 

penguins.  Each of these different groups of birds have their own particular erosive effect but the 

flightless penguins cause the most erosion and even affect bedrock by polishing and deep grooving the 

basalts, creating an almost 'glacial' appearance within penguin colonies.  

 

Four penguin species, with a combined population of about 3.4 million individuals come to 

Marion Island to breed and moult: these are the king (Aptenodytes patagonicus), macaroni (Eudyptes 

chrysolophus), rockhopper (Eudyptes chrysocome) and gentoo (Pygoscelis papua). It is the movement 

of these birds, to and fro between their nests and the sea, which is the effective agent of erosion and as 

such erosion is particularly concentrated along the main route-ways between penguin breeding 

colonies and the sea (Hall & Williams, 1981). The island also supports approximately 10 000 southern 

elephant seals (Mirounga leonine) and an ever increasing population of Antarctic fur seals 

(Arctocephalus gazella) as well as sub-Antarctic fur seals (Arctocephalus tropicalis). Of the three seal 

species breeding on the island, only the southern elephant seal (Mirounga leonine) can be regarded as 

a significant erosive agent due to its tremendous weight compressing and eroding peat. The erosive 

impact of the southern elephant seal (Mirounga leonine) is, however, very small when compared to 

penguins, who can be regarded as the most effective erosive zoological agent on Marion. 

 

Documented Environmental Change on Marion Island 

Boelhouwers (2003) has highlighted that the maritime mid-latitudes may be particularly 

sensitive to cryospheric warming and can provide early clues to the changes in landscape dynamics 

resulting from climate warming.  The highlighted sensitivity to cryospheric warming of Marion Island 

may be particularly important since environmental conditions in the southern hemisphere in which 

frost processes occur could be very different from those encountered in the northern high-latitude 

environments (Boelhouwers & Hall, 2002). Thus, a hyper-maritime (sub-Antarctic) perspective may 

provide the potential to help understand the basic driving mechanisms and boundary in permafrost and 

periglacial processes (Boelhouwers & Hall, 2002).  

 

Sumner et al. (2004) illustrate that the observed shift in climatic conditions is now manifested 

in the recent and rapid melt out of the last remnants of glacial ice in the upper interior of Marion 

Island. Verwoerd (1971) described this residual glacier on Marion Island as having crevasses up to 

half a metre wide showing that the ice was slowly moving as recently as the mid-1960s in what is 
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presently known as the ‘Ice Plateau’. Van Zinderen Bakker (1973) even suggests that ice tongues may 

have flowed from this ice mass in northern and south-western directions. The former permanent 

snowline has now also disappeared, considered to be associated with the recorded climatic change. In 

the 1950s, the former permanent snowline on Marion Island was situated at an approximate altitude of 

2000ft (approximately 600m a.s.l.) (King, 1954). Some ten years later, Verwoerd (1971) indicated that 

the island had an average summer snowline between 650m and 850m a.s.l. Verwoerd (1971) also 

indicated that some of the summit peaks were snow free on the windward sides in late summer. 

Almost a decade later in the late 1970’s Hall (1979) notes the existence of permanent snow and ice 

above 950m a.s.l. However, since the start of direct observations in 1996 no permanent snowline could 

be discerned on the island (Boelhouwers, 2003). This disappearance of the former snowline on Marion 

Island is further emphasised when it is highlighted that the first observation of snow on Marion Island 

was noted at 800 feet (approximately 270m a.s.l.) during a day visit on 26 December 1873, mid-

summer, by naturalists aboard the H.M.S. Challenger but this observed snowline may not necessarily 

have been “permanent”. 

 

In addition, to the observed changes in climate (Smith, 2002; Rouault et al., 2005), 

disappearance of a former permanent snowline at an approximate altitude of 600m a.s.l. (King, 1954) 

and residual glacier (Fig. 1.1), in an area known as the ‘Ice Plateau’, there has also been a recognisable 

increase in thermokarst and mass movement features in areas underlain with glacial ice as well as 

surrounding areas not underlain with buried glacial ice (Sumner et al., 2004). These responses to 

climate change illustrate that significant environmental changes are presently under way not only in 

the areas underlain by glacial ice. The recent development of thermokarst features and recorded 

climatic change (Smith, 2002) indicate a strong climate-process relationship. Thus mapping and 

documenting these features as well as the present distribution of buried glacial ice, permafrost and 

seasonally frozen ground will provide a better understanding of the link between landforms, processes 

and climate. 
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Chapter 3: Methodology 

 

Extent of the Project 

The main aim of this study is to document the geomorphology and identify geomorphological 

responses to climate change in the interior of Marion Island above 750m a.s.l. (Fig. 3.1). Therefore, 

this research first requires the development of a comprehensive understanding of the 

geomorphological processes and landforms present on Marion Island as well as the periglacial 

environment in which these geomorphological processes and landforms occur. Second, the study 

entails the identification and mapping of existing geomorphological features, particularly in areas that 

are prone to shifts in geomorphological processes and subsequent landform development and 

maintenance. Third, the present state and form of geomorphological features within the interior of 

Marion Island are described to determine any geomorphological responses driven predominantly by 

climate. However, as is noted in Chapter 2, geothermal activity may have also had, and may still be 

having, an accentuating effect on geomorphological responses. Finally, monitoring any shifts in the 

state of the ground, the geomorphological processes and subsequent manifestation in the development 

of new or alteration of old landforms is required. This study will, therefore, include geomorphological 

mapping, describing and measuring mapped geomorphological features and associated environmental 

variables in the interior of Marion Island to finally provide the means with which to analyse the 

relationship between certain geomorphological processes and subsequent landform development and 

their related environmental factors, past and present. 

 
Figure 3.1: Study area in the upper interior of Marion Island (above 750m a.s.l.). 
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Theoretical Background 

To identify and describe the geomorphology and geomorphological responses in the interior of 

the island, which is thought to be the result of the recognised climate amelioration on Marion Island 

(Smith, 2002), an extensive body of literature was perused from general texts on geomorphology (e.g. 

Summerfield, 1991) and periglacial geomorphology (e.g. French, 1996; Thorn, 1992) to specific 

papers on geomorphological mapping (e.g. Klimaszewski, 1982), thermokarst features and processes 

(e.g. Czudek & Demek, 1970; Higgins et al., 1990) and geomorphological responses to climate change 

(e.g. Meadows, 1988; Eybergen & Imeson, 1989). The necessary theoretical and practical foundation 

was thereby provided to instigate the 12-month period of fieldwork on Marion Island between April 

2004 and April 2005 and geomorphological interpretation thereafter. A broad and detailed theoretical 

foundation is necessary when cognisance is made that any study, qualitative or quantitative, of 

landforms and land-forming processes in the context of environmental change is an enormously 

complex task (Meadows, 1988). The complexity of studying landforms and land-forming processes is 

due to the many variables (e.g. climate, lithology, structure and vegetation), past and present, that play 

a role in geomorphological processes, landform development and even maintenance, which can all be 

mutually exclusive. The largely qualitative approach, namely the identification and description of 

landforms, adopted by this study is done in recognition of the argument made by Thorn (1992; p. 5) 

that "… although form alone has no explanatory power, explained form provides us with our only 

opportunity to link past, present and future. Consequently, we must treat process and form 

symbiotically, while recognising that process is pervasive. However, the form we identify and treat 

discretely is only a portion of a much larger related continuum". Therefore, geomorphology is more 

than simply the description of contemporary landscapes, it is the elucidation and explanation of their 

histories (Meadows, 1988) and possible futures. 

  

Regardless of the scientific methodology adopted, there has been considerable contemporary 

interest in the natural sciences as it is hoped that they may offer new perspectives on global climatic 

and environmental change (Dixon & Abrahams, 1992). Periglacial environments, in particular, have 

received much attention in the context of global climatic and accompanying environmental change as 

it is in these environments where such changes will have their greatest impacts (Dixon & Abrahams, 

1992). According to French (2000) the term "periglacial" was introduced by Lozinski (1909) to 

describe the landforms and processes occurring on the periphery of the Pleistocene ice sheets. Modern 

use of the term 'periglacial', however, covers a wide range of cold, non-glacial conditions, regardless 

of proximity to a glacier, either in time or space, and it is characterised by intense frost action and at 

least seasonally snow free ground (Summerfield, 1991). However, French (1996) recently described 

periglacial environments as those in which frost action and permafrost-related processes dominate. 

Despite these contrasting definitions, periglacial geomorphology is that part of geomorphology which 

has as its primary object physically based explanations of the past, present, and future impacts of 
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diurnal, seasonal, and perennial ground ice on landform and landscape initiation and development 

(Thorn, 1992). However, it is also worth remembering that “any landform labelled periglacial may be 

periglacial only in origin, growth, or maintenance, or may be periglacial throughout its development” 

(Thorn, 1992; p. 10).  

 

Marion Island embodies a periglacial environment that Boelhouwers et al. (2003) suggest to 

represent a distinct hyper-maritime periglacial environment; the hyper-maritime setting with low mean 

annual temperatures results in very high frost cycle frequencies, and associated effectiveness in 

surface sediment transport and patterned ground development. The small seasonal temperature ranges 

and steep temperature profiles of Marion Island thus facilitate its high sensitivity to climate change in 

the sub-Antarctic (Boelhouwers et al., 2003), illustrated by the recent recognition of the 

geomorphological responses in the summit regions to the highlighted climate change by Smith (2002) 

on Marion Island (Sumner et al., 2004). These observations endorse the broad concept of climatic 

geomorphology postulating that different climates, through their effects on processes, produce unique 

assemblages of landforms (Meadows, 1988). Even though this concept is overly simplistic by 

sacrificing precision for generalisation (Fig. 3.2) this is not an error, providing it is done consciously 

(Thorn, 1992). Thus, notwithstanding its flaws, described in detail below, climatic geomorphology has 

become entrenched in geomorphology and dominated a good deal of geomorphological research in the 

past (e.g. Derbyshire, 1973; Derbyshire et al., 1979); primarily, as climate has an influence on the rate 

or frequency of many geomorphological processes (Nyberg & Lindh, 1990).  

 
 

Process Landform 

Figure 3.2:

 

M

studies si

obvious fl

to establis

temporal r

(Thorn, 1

regimes a

products 

weatherin

changes, t

question t

it is partic

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  HHeeddddiinngg,,  DD  WW    ((22000077))  
  
Climate 

 

 

 The concept of climatic geomorphology. 

uch of current periglacial and geomorphological research has turned to process-based 

nce climatic geomorphology has many shortcomings (Thorn, 1992). Among the more 

aws cited are: the disparate and inappropriate criteria used to establish climatic zones; failure 

h climate-process links; inadequate corroboration of process-form links: and uncertainty of 

elationships between meteorological and/or climatic inputs and geomorphological responses 

992).  In addition, the same geomorphological processes can occur under different climatic 

nd different processes within the same climatic regime can produce the same landforms or 

(convergence of form). Sumner et al. (2004) present evidence that the similarity of 

g products across different environments can be attributed to the recognition that thermal 

he actual driving force behind thermally induced rock weathering, tend to be azonal and thus 

he concept of process zonality. Moreover, if one uses a climatic geomorphological approach 

ularly pertinent to highlight that climate in itself is a complex phenomenon and as Stoddart 
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(1969; p. 210, cited in Meadows, 1988) has noted: "… while climatic factors are important, they are 

not necessarily dominant: landform geometry results from a complex interplay of climate, lithology 

and structure and vegetation… To isolate a single group of factors is unrealistic and distorting…" In 

addition geomorphological features are usually more sensitive to changes in precipitation than 

temperature but, as is noted above, the precise nature of a climate-landform relationship is rarely, if 

ever, clear (Meadows, 1988). It is pertinent to highlight that the time it takes processes to adapt to a 

different climate regime can take longer than the actual climate change itself (Brunsden, 1996). 

Therefore, it is also imperative, when studying landforms as indicators of processes and ultimately 

climate, to examine these factors and take them into consideration (Nel, 2001). Brunsden (1996) 

illustrates this point through the theory of persistence of form where the lifetime of a landform can be 

defined as the sum of the successive time intervals between the formation and the erosion on the 

landform created, and that all landforms have a specific life expectancy (Nel, 2001). Nevertheless, 

climatic geomorphology founded the concept of the development of characteristic forms (Brunsden & 

Thornes, 1979), which Priesnitz (1988; p. 64, cited in Thorn, 1992) expressed succinctly as "constant 

climates cause characteristic forms". Such a view requires one-to-one correspondence between climate 

and geomorphological process as well as between process and form under ideal circumstances (Thorn, 

1992) but as is stated above this is almost never the case. Therefore, it follows that only in specific 

instances when certain climatic thresholds are maintained, or exceeded in certain environments, do 

specific landforms develop.  

 

Thermokarst features and processes predominantly represent a climate process response 

distinct, or peculiar to, regions underlain by permafrost. Although it should be recognised that in 

addition to climatic amelioration, the destruction or removal of vegetation, fires and geothermal 

activity can also initiate thermokarst processes and the development of thermokarst topography. The 

removal of vegetation and/or fires can be excluded as environmental initiators of thermokarst 

processes and resultant features since the area under investigation on Marion Island (above 750m 

a.s.l.) is almost entirely devoid of vegetation. Only climatic amelioration and geothermal activity 

remain to provide plausible environmental variables responsible for the presence of thermokarst 

processes and features on Marion Island. Furthermore, even though Marion Island is a volcanic island 

with volcanic activity and it's inherent geothermal activity having been observed in 1981 (Verwoerd, 

1981) and as recent as 2004 by the author (Meiklejohn & Hedding, 2005), the hypothesis that 

geothermal activity on Marion Island has initiated and/or is maintaining the melt out of the interior of 

Marion Island is only considered to provide a secondary or contributory role due to both the localised 

nature and small scale of the observed geothermal activity on the island. Climatic amelioration, 

documented by Smith (2002) for Marion Island, suggests that climatic warming is the primary 

environmental factor driving geomorphological responses, predominantly in the form of thermokarst 

processes and features. Therefore, despite the obvious objections of solely linking climate to landform 
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development as well as taking into account the complex relationship that exists between climate and 

landform development in itself, the concept of climatic geomorphology does in specific instances, as is 

present in this study with the use of thermokarst features, warrant application to indicate 

geomorphological responses to climate change.  
 

Ground and Atmospheric Monitoring 

The lack of climatic, namely air temperature and precipitation, data for the interior of Marion 

Island necessitated the need to obtain such records to provide a basic climatic setting for this area. This 

is especially so when considering that atmospheric environmental lapse rates of approximately 4.5°C 

in winter and 4.0°C in summer per 1000m (Hall, 1978) occur resulting in the air temperatures in the 

interior of Marion Island to be much lower but are as yet largely unknown apart from the data 

provided by Blake (1996). An air temperature sensor was thus installed at approximately 975m a.s.l. to 

the south west of No Name Peak (Fig. 3.3) to record daily minimum and maximum air temperatures. 

Two automatic rainfall gauges, one at approximately 800m a.s.l. near the Ned’s South ground 

temperature logger site and the other at approximately 975m a.s.l. near the air temperature logger were 

installed (Fig. 3.3). Precipitation data for the interior of Marion Island is of great importance since it 

would allow for a general altitudinal trends to be determined. However, as Harris & Corte (1992) 

highlight determining the actual amount of precipitation (water equivalent) at a given site in mountain 

permafrost areas can be problematic because snow can be redistributed by wind.  

 

Air temperatures are not necessarily a good indicator of ground temperatures (French, 1996) 

and therefore direct ground temperature monitoring was conducted to provide an accurate ground 

temperature record, which in turn could be used to determine the thermal characteristics of the ground, 

above 750m a.s.l. Ground temperature data covered an 11-month period from mid-May 2004 to late-

April 2005. The limited time period of ground temperature monitoring was pre-determined, as sensors 

could only be maintained in the field during the 12-month period of fieldwork on the island. Six sites 

above 750m a.s.l. were chosen to describe the ground thermal characteristics of the study area as well 

as to investigate impacts of altitude and aspect on ground temperature regimes. These six ground 

temperature sites were split between north and south-facing slopes at corresponding altitudes (800, 

900, 1000m a.s.l.), in a homogenous substrate (Fig. 3.3). The chosen altitudes were mainly decided 

upon due to accessibility but also, owing to budgetary constraints, there were not enough ground 

temperature sensors to be placed at the uppermost altitudes on the island (above 1000m a.s.l.).  
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Figure 3.3: Location of ground temperature and climatic monitoring sites (above 750m a.s.l.). 

 

Monitoring ground temperatures in the upper interior of Marion Island will assist in 

determining the present distribution of permafrost versus seasonally frozen ground. Surface as well as 

subsurface ground temperature values were recorded by monitoring daily minimum and maximum at 

equal depths apart in the ground (i.e. -0.01m, -0.25m, -0.5cm, -0.75m) to investigate the affects of 

surface insulation and depth of active layer on ground thermal dynamics. Each ground temperature 

logger constituted a Mike Cotton 4-channel logger, comprising of thermistor sensors which have a 

thermal measuring range of -20ºC to +70ºC, accuracy of ±0,2ºC at 25ºC and resolution of ±0,1ºC. 

 

In order to assess the effects of aspect and altitude on ground thermal dynamics, sensors were 

placed at selected altitudes (800m, 900m and 1000m a.s.l.) on both north and south aspects at each 

different altitude (Fig. 3.3). In addition, field excavations across wind swept and lee-side areas in the 

interior, conducive to the development of permafrost and existence of buried glacier ice, were 

conducted to determine the presence or absence of permafrost and buried glacial ice. Therefore, 

ground temperature monitoring at set depths on different aspects at various altitudes described above 

will provide a more comprehensive picture of the possible extent of permafrost versus seasonally 

frozen ground. Investigation of the upper-most altitude at which ground conditions remain suitable for 

vegetation to survive will also be of interest. 
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A large emphasis will placed on surveying the area known as the ‘Ice Plateau’ to determine 

the precise nature of the geomorphological features, mainly thermokarst features, found adjacent to 

and within this area, since correct identification of these features is imperative to provide an accurate  

interpretation of geomorphological responses to climate change.  An emphasis will also be placed on 

the identification of geomorphological processes, namely thermokarst subsidence vs. thermal erosion, 

in and around the area known as the ‘Ice Plateau’ to determine which processes are active and how 

they interact to produce the peculiar features found in the upper interior of Marion Island. In addition, 

even though site specific, excavations at various altitudes in the interior of Marion Island and at 

various times of the year will be required to investigate varying depths of the active layer and to 

determine where permafrost persists. 
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Chapter 4: Results and Observations 

 

Climate Change on Marion Island 

As alluded to in Chapter 2 Marion Island has experienced a dramatic shift in climate, 

predominantly with regard to precipitation, solar radiation receipts and air temperature, since 

meteorological observations began in 1948. These climatic changes are extremely significant in terms 

of landscape dynamics since all the meteorological variables highlighted above play a large role in 

determining the type and rate of geomorphological processes present. Marion Island’s interior (above 

750m a.s.l) is particularly sensitive to climate change as it represents a marginal and climatically 

fragile area of frozen ground (sporadic permafrost and seasonally frozen ground) and buried glacial ice 

where even a small increase in ground temperature (linked to air temperature) may lead to significant 

thaw and subsequent alteration of the landscape. 

 

The first indication of recorded climatic warming at Marion Island came from an analysis of 

daily (maximum + minimum)/2 surface air temperature by Smith & Steenkamp (1990) between 1952 

and 1988 and showed that mean annual temperatures had started increasing after 1968. Subsequently, 

Smith (2002) has shown that Marion Island has experienced a significant increase of 1.2°C in mean 

annual surface air temperature between 1969 and 1999, with MAAT of around 6.5°C since 1990 to 

present. This warming trend corresponds to a 1.4°C increase in sea-surface temperature recorded over 

the same 50-year period (Mélise et al., 2003). The greatest rate of warming has been from late austral 

winter to midsummer (September-January), and the least in late summer, autumn and winter 

(February-August), with the notable exception of April which has shown the greatest warming of all 

the months (Smith, 2002). 

 

When reliable meteorological observations began in 1948 precipitation initially displayed a 

general increasing trend up until it peaked in 1967 at 2993mm per annum but has decreased 

considerably since then to its lowest ever recorded value of 1799mm in 2004. These variations have 

led to an ever-fluctuating average that has been as high as 2576mm per annum (Schulze, 1971) but is 

presently 2326mm per annum (Smith, 2004). The 1990s was the driest of the five decades that 

precipitation has been measured on the island: the average annual total for the 1990s was nearly 

700mm (25%) lower than that for the 1960s (Smith, 2002).  

 

In addition, Smith (2002) found that between the period 1951 and 1999 the annual total 

sunshine hours increased for all the months but the strongest increase was for April, May, August, and 

the weakest was for July. Smith and Steenkamp (1990) have shown that total annual radiation 

(measured as hours of sunshine) have increased in two stages between 1950 and 1988; on average by 
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17 hours each year between 1959 and 1968, and by 31.5 hours each year between 1982 and 1988; in 

the interval between the two periods, hours of sunshine declined by 11 hours each year.   

 

The total annual precipitation on Marion Island increased up to the mid-1960s, and has since 

steadily declined. An absolute maximum of 2993mm and minimum of 1799mm were recorded in 1966 

and 2004 respectively (Fig. 4.1). Snowfall on the island seems to have followed a similar trend over 

the same 50-year period; whereby an average of 71 days per year was recorded in the early 1950s 

(King, 1954), it then increased to an average of 89 days per year between 1951-1965 (Schulze, 1971), 

and decreased to approximately 50 days per year at sea level based on observations by Holness 

(2001a).  
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Figure 4.1: Recorded air temperature and precipitation on Marion Island between 1949 and 2004. Note 

precipitation data for 1950 and air temperature data for 2004 are missing.  

 

Environmental Setting of the Upper Interior of Marion Island 

Marion Island, above 750m a.s.l., is characterised by different climatic conditions than those 

already described for the lower coastal regions. Climatic data for the interior is, however, very scarce 

with Blake (1996) and Holness (2001a) providing the only climatic data to describe this region. Thus 

an attempt was made to monitor general climatic conditions, namely air temperature and precipitation, 

over the ground monitoring period in order to provide a general environmental setting for this region. 

Previously collected data (Blake, 1996 and Holness, 2001a) and data collected for this study are 

presented below: 

 

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  HHeeddddiinngg,,  DD  WW    ((22000077))  
  



Results and Observations 
__________________________________________________________________________ 

40

Air Temperature 

An air temperature logger was installed at 975m a.s.l. (46° 54' 12.3"S; 37° 44' 35.2"E) (Fig. 

3.3) but unfortunately it failed due to condensation within the logger. Consequently, previously 

collected air temperature data (Blake, 1996 and Holness, 2001a) will be used to describe this climatic 

variable for the interior. Both Blake (1996) and Holness (2001a) collected air temperature data across 

an altitudinal range but only sites within the study area (above 750m a.s.l.) are described below. 

 

Blake (1996) obtained an average annual air temperature of 2.6° C (1.2m above the ground) at 

a site near the Katedraal Field Hut, at approximately 750m a.s.l., whereas Holness (2001a) obtained 

average annual air temperatures of 2.0, 1.5 and 0.8° C (all 0.1m above the ground) for the 

Katedraalkrans (approximately 750m a.s.l.), Katedraalkrans Nek (approximately 750m a.s.l.) and 

Delta Extension (approximately 1000m a.s.l.) sites respectively. The air temperature data collected by 

Blake (1996) between May 1992 and April 1993 supports Schulze (1971) proposed environmental 

lapse rate in the free atmosphere of 0.45° C/100m during summer and 0.40° C/100m during winter. 

Air temperature data collected near the ground surface (0.1m above the ground) by Holness (2001a) 

between May 1997 and April 2000 at various sites named above suggests a marginally higher 

environmental lapse rate of 0.50° C/100m. Therefore, the summit regions (above 1000m a.s.l.) of 

Marion Island can be expected to experience a mean annual air temperature of less than 0.9° C.      

 

Precipitation 

Precipitation data for the interior of Marion Island are also scarce. Only Blake (1996) has 

previously collected data in this regard. Thus, two automatic tipping rainfall gauges were installed but 

one installed at approximately 800m a.s.l. (46° 54' 00"S; 37° 46' 04.8"E) failed soon after being placed 

in the field. The second automatic tipping rainfall bucket set up at approximately 975m a.s.l. (46° 54' 

12.3"S; 37° 44' 35.2"E) collected data for almost eight months before it failed on 22 December 2004 

(Table. 4.1). All precipitation data are presented in Table 4.1. Data should be regarded as site specific 

and cannot be extrapolated for a longer time period. It is pertinent to point out that the automatic 

tipping rainfall bucket installed at approximately 975m a.s.l. may have been covered by snow at some 

stage during the monitoring period. As such some of the precipitation totals may include water 

released from snow melt and are probably not fully representative of the actual precipitation (water 

equivalent). In addition, snow generally sublimates into the atmosphere rather than melts also limiting 

the accuracy of the precipitation values recorded in this study.       

 
 

 

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  HHeeddddiinngg,,  DD  WW    ((22000077))  
  



Results and Observations 
__________________________________________________________________________ 

41

Table 4.1: Monthly total precipitation recorded at the 'high altitude' site (Blake, 1996) and the 975m a.s.l. 

climatic monitoring site in the current study. The annual and monthly totals are estimates of the annual 

and monthly rainfall as missing records were ignored.   

 
*      Total recorded precipitation from 8 May – 31 May 2004. 

**    Total recorded precipitation from 1 December – 21 December 2004. 

***  Data from Blake (1996) not indicated if missing or if zero totals were recorded for June and 

August.  

 

Ground Temperature Data 

As discussed in Chapter 3, air temperatures cannot be used as a surrogate for ground 

temperatures and therefore direct ground temperature monitoring was conducted above 750m a.s.l. to 

supplement geomorphological mapping. All the ground temperature monitoring sites are completely 

unvegetated, with vegetation being restricted to occasional moss balls, as well as some moss and 

lichen growth on the leeward side of boulders. All ground temperature data were recorded within a 

homogenous substrate (i.e. scoria) on both north and south-facing slopes. Loggers ran unattended for 

almost a year, and hence due to memory limitations, only daily maximum and minimum temperatures 

were recorded. A settling period of approximately a week after installation of the ground temperature 

sensors at the various sites was observed before analysis of data was conducted. As such all ground 

temperature data discussed in this section represents records collected between 17 May 2004 and 29 

April 2005. The general physical structure of the monitoring stations is displayed in Figure 4.2. 

Temperature sensors were located below the ground surface at -0.01m, -0.25, -0.50 and -0.75m. Every 

sensor at all the stations recorded daily maximum and minimum temperatures. The data from each 

ground temperature monitoring site are described below. 
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Figure 4.2: Diagram showing general ground temperature logger setup.   

 

Delta North 

Ground temperature data at the Delta North site (46° 54' 26.8"S; 37° 45' 11"E) (approximately 

1000m a.s.l.) was recorded on a slope with a 20° gradient and aspect of 290° (Fig. 3.3). Maximum and 

minimum ground temperatures recorded at this site were 39.2° C and -11.1° C respectively; both were 

recorded just below the ground surface (-0.01m). A ground thermal profile (see for example French, 

1996, p. 53) is constructed for the Delta North site from probe absolute and average maximum and 

minimum values over the recording period (Fig. 4.3). Records from just below the ground surface      

(-0.01m) did not indicate a period of ‘seasonal’ freeze with only a maximum of 4 consecutive days 

being recorded below 0°C. Diurnal oscillations around 0° C just below the ground surface (-0.01m) 

occurred on a total of 236 days. At 0.25m depth, minimum and maximum ground temperatures of        

-5.7° C and 14.5° C were recorded. Ground temperatures below 0° C were recorded for a continuous 

period of 71 days, between 3 August and 13 October at 0.25m below the surface representing a period 

of ‘seasonal’ freeze. Diurnal fluctuations around 0° C at 0.25m occurred on a total of 143 days.  

 

Both minimum and maximum daily temperatures remained below 0° C at a depth of 0.5m for 

an unbroken period of 112 days from the 26 June to 16 October 2004; the largest number recorded at 
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this depth. The minimum and maximum temperatures recorded at 0.5m below the surface were -3.7° C 

and 13.2° C respectively. Diurnal oscillations around 0° C at the ground surface occurred on a total of 

113 days. At a depth of 0.75m the minimum and maximum temperatures recorded were -2.1 and 

11.6° C respectively. Complete freeze-up occurred for a total of 110 days between 28 June and 16 

October 2004 at 0.75m depth; the largest number recorded at this depth. An average daily range of 

8.7° C was recorded just below the ground surface (0.01m) but decreased significantly to 2.7, 1.7 and 

1.1° C at depths 0.25, 0.5 and 0.75m respectively. 
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igure 4.3: Thermal profiles derived from maximum and minimum temperatures recorded on sensors at the 

Delta North site between 17 May 2004 and 29 April 2005 (approximately 1000m a.s.l).  

elta South 

The Delta South ground temperature monitoring site (46° 54' 28"S; 37° 45' 15"E) 

approximately 1000m a.s.l.) was installed on the southern slopes of Delta Kop (Aspect: 183°) on a 

lope with a gradient of 28° (Fig. 3.3). Unfortunately, the Delta South ground temperature logger 

ailed soon after installation and all data were lost from this logger. 

 

o Name Saddle North 

The No Name Saddle North ground monitoring site (46° 54' 15.5"S; 37° 45' 18.3"E) 

approximately 900m a.s.l.) was located on the north-facing slope of the scoria cone named Delta Kop 

Fig. 3.3). The slope had a 15° gradient and the site had an aspect of 331°. Maximum and minimum 

round temperatures recorded at this site were 28.2° C and -8.3° C respectively (Fig. 4.4). Only at a 

epth of 0.25m below the ground surface was period of ‘seasonal’ freeze, comprising 76 consecutive 

ays between 1 August and 16 October 2004, recorded. Just below the ground surface there were 
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Geomorphological Mapping   

Mapped Geomorphological Features 

Figure 4.10 displays the extent of the mapped geomorphological features. Harsh weather and 

difficult terrain prevented mapping of the western section of the interior of the island (above 750m 

a.s.l.) in the time available. Mapped geomorphological features are displayed in Figure 4.11 and 

Figure 4.12. Figure 4.11 displays Section A depicted in Figure 4.11, which includes the area known as 

the ‘Ice Plateau’ and summit regions whereas Figure 4.12 represents Section B in Figure 4.10 covering 

the eastern interior (above 750m a.s.l.) of Marion Island. The conspicuous lack of periglacial features 

in the summit regions (Holness, 2001a), specifically patterned ground, may indicate that this area has 

only recently become sub-aerially exposed by the disappearance of the former permanent snowline. It 

may, however, also indicate that the main substrate (i.e. scoria), due to a lack of fines, is not 

susceptible to frost processes and the development of patterned ground and other periglacial features 

as has been suggested to be the case for volcanic lava flows (i.e. black lava flows) (Boelhouwers et al., 

2001). Therefore, whilst these black lava flows were explored virtually no development of 

geomorphological features, apart from some aeolian features, was found. 
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Figure 4.10: Extent of mapped geomorphological features above 750m a.s.l. Section A refers to figure 4.12 and section B refers to figure 4.13. The Black Lava 1 and Black 

Lava 4 groups represent the oldest and youngest within the black lava group respectively.   
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Figure 4.11: Geomorphological-type map of the interior of Marion Island (Section A). Note that the grey areas 

demarcate black lava flows which show no almost evidence of the development of geomorphological 

features. Map symbols adapted from Klimaszewski (1963, cited in St-Onge, 1968). 
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Figure 4.12: Geomorphological-type map of the interior of Marion Island (Section B). Note that the grey areas 

demarcate black lava flows which show almost no evidence of the development of geomorphological 

features. Map symbols adapted from Klimaszewski (1963, cited in St-Onge, 1968). 
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Thermokarst features mainly in the form of kettle topography are pervasive but not limited to 

areas underlain by buried glacial ice. They represent a crucial piece of evidence for this study as they 

are by definition indicative of climate change. In addition, subterranean flow manifested in the form of 

pipes, similar to the observations of Sepällä (1997), were also noted. Other previously undocumented 

features such as striations, polished bedrock and roches moutonnées, created during prior glacial 

periods that were extensive but did not completely cover the island during The Last Glacial Maximum 

(Hall, 2002), were also recorded. A cirque glacier (Fig. 4.13) as well as relict cirques were identified 

and subsequently mapped. Patterned ground, whilst being sparse, was the main periglacial feature 

mapped (Fig. 4.14). Scree slopes were mapped due to the considerable relative size (Fig. 4.15). Small 

unvegetated solifluction sheets/terraces/ lobes were recognised on almost all scoria cones (Fig. 4.16). 

Larger solifluction lobes, approximately 0.5m in height, were observed on older grey lava areas (Fig. 

4.17). A number of thaw slumps were identified and mapped (Fig. 4.18). These thaw slumps have only 

recently been identified but examination of aerial photographs reveal that they can be recognisable as 

far back as 1988 (Fig. 4.19). By comparing their position on the 1988 aerial photographs to their 

current position they seem to have stabilized. Debris flows were observed to develop over snow and 

thus they were extremely transient and did not survive for long before being eroded away during 

summer by slope wash and melt of the underlying upon which they developed (Fig. 4.20). Lastly, an 

identified pronival rampart is also included due to the suggested retrogressive manner of development 

as a result of a disappearing snowpatch representing a climate-process response to climatic 

amelioration (Fig. 4.21) (see Hedding, 2003 for further discussion). 

 
Figure 4.13: Cirque glacier. The cirque is found on a north-facing slope north west of the Ice Plateau at an 

approximate altitude of 1100m a.s.l. Person for scale (Meiklejohn, April 2005).  
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Figure 4.14: Sorted stripes found on Delta Kop (Meiklejohn, April, 2005). 

 

 
Figure 4.15: A long scree slope in the upper interior of Marion Island. Note the kettle (thermokarst) topography 

in the bottom left hand corner.  
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Figure 4.16: Solifluction terraces/sheets found between the glacial cirque and the ‘Ice Plateau’ on a scoria cone 

that has not yet been named (April, 2005). 
 

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  HHeeddddiinngg,,  DD  WW    ((22000077))  
  



Results and Observations 
__________________________________________________________________________ 

58

Figure 4.17: Large solifluction lobes in a grey lava area south of No Name Peak (March, 2005). Rod is 1.2m in 

length. 

 
Figure 4.18: Thaw slumps identified north-east of Bob Rand Peak (June, 2004). 

 

 
Figure 4.19: Thaw slumps and other geomorphological features of interest visible on an aerial photograph taken 

in 1988 (South Africa, April 1988).   
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Figure 4.20: Ephemeral debris flows formed over snow beds within the ‘Ice Plateau’ (October, 2004). 

 

 
Figure 4.21: Photo A: pronival rampart south-east of Delta Kop in early austral spring (September, 2004). Photo 

B: pronival rampart in late austral summer (April, 2005). Note the absence of the snowbed in Photo B 

(late summer).   

 

Morphometrics 

Figure 4.22 is a Digital Elevation Model (DEM) of Marion Island created in ArcGIS 9. It was 

created from a Triangular Irregular Network (TIN) based on 10m contour data. This artificial surface 

provides a good visualisation of the surface of the interior and the island in general. Figure 4.22 is 

composed of a DEM, with a transparency of 45%, draped over a Hillshade model, also created from 

the DEM, giving a more realistic impression of the surface of Marion Island. A limiting factor evident 

in Figure 4.22 is the lower spatial resolution of the DEM in areas where RADARSATTM data was used 

to create the DEM. The cell size of this DEM is 20m.   
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Figure 4.22: Digital Elevation Model (DEM) of the upper interior of Marion Island. Note that the area to the 

west of the red line is based on data derived from RADARSATTM data and is, therefore, not as accurate 

as the elevation data derived from SPOTTM data. 

 

To the author’s knowledge, a complete slope analysis of Marion Island, let alone the upper 

interior, has never been conducted apart from the geomorphological mapping of grey lava areas on the 

eastern side of the island by Nel (2001) and some field observations by Boelhouwers (2003). 

Boelhouwers (2003) indicates that the slopes of scoria cones, particularly southern and eastern aspects 

above 1000m a.s.l., can exist at angles up to 46°, well beyond their angle of repose (38°). These 

observations of oversteepened slopes, attributed to the cementing effects of ice, were used to provide 

field evidence of permafrost conditions above 1000m a.s.l. A slope analysis of Marion Island, 

focussing specifically on the interior of the island, however, indicates that slope angles of scoria cones, 

even above 1000m a.s.l., do not typically exceed 35°, less than the angle of repose of 38° suggested by 

Boelhouwers (2003) (Fig. 4.23). This observed lower slope angle of scoria cones for the upper interior 

may be due to the fact that as the slope analysis is developed with a cell size is 20m, limiting its spatial 

resolution, whereas Boelhouwers (2003) based his observations on spot angles determined with an 

abney level. Thus, even though it is plausible that some sections of slopes of scoria cones may attain 

slope angles beyond 38° as is suggested by Boelhouwers (2003) slope analysis in this study indicates 

that slope angles of scoria cones generally do not exceed 35°. Therefore, oversteepened slopes are 

probably not as common in the interior as has previously been suggested.     
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Figure 4.23: Slope analysis focussing of the upper interior of Marion Island. Note that the area to the west of the 

green line is based on data derived from RADARSATTM data and is, therefore, not as accurate as the 

elevation data derived from SPOTTM data. 

 

Contemporary Geomorphological Processes  

In light of the comment made by Thorn (1992; p.10) that “any landform labelled periglacial 

may be periglacial only in origin, growth, or maintenance, or may be periglacial throughout its 

development” the question as to whether or not the interior landscape of Marion Island is still 

undergoing change as a result of climate amelioration or whether features presently found were 

formed under a previous environmental change becomes relevant. This can perhaps be answered 

through the description of contemporary geomorphological processes.  

 

Periglacial Processes and Features 

Ground temperature data from this study and Holness (2001a) indicate that the interior of the 

island represents a periglacial environment dominated by frost processes even though there is an 

observed paucity of common periglacial features (e.g. patterned ground). Evidence of active frost 

processes are nevertheless visible in the form of needle ice activity and ice lens formation in suitable 

material above 750m a.s.l. (Fig. 4.24). Frost processes, particularly in the interior of the island, may 

even intensify in future due to increased radiational heat exchange as a result of the observed decrease 

in snow cover associated with recorded climatic amelioration (Smith, 2002). However, this will only 

take place if material susceptible to sorting by frost processes is present (i.e. availability of fine 
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contrary to the observed trend on Marion Island, experienced a slight increase in precipitation; it has 

also experienced an increase in air temperature but not as intense as has been recorded on Marion 

Island, indicating that climate change across the sub-Antarctic is not uniform (Fig. 5.1). In addition, 

the observed trend of increasing air  

 
Figure 5.1: Comparison of weather data on Marion and Macquarie Islands. Data obtained from South African 

Weather Services (Marion Island) and British Antarctic Survey (Macquarie Island). The trend lines 

represent 5 per. Moving Averages. 
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Table 5.1: Number of days with minimum temperatures below 0°C, and a +1°C and +2°C warming scenario for 

the various sites where ground temperature monitoring was conducted on Marion Island (Boelhouwers, 

2003).  

 Depth -0.8m -0.4cm -0.2m -0.1m -0.05m -0.01m 
Present 0 0 137 194 162 259 
+ 1°C 0 0 0 35 77 191 
+ 2°C 0 0 0 13 47 142 

 

Table 5.2: Number of days with minimum temperatures below 0°C, and a +1°C and +2°C warming scenario for 

the various sites where ground temperature monitoring was conducted on Marion Island.  

Delta North 
(Slope: 20°; Aspect: 290°; Altitude: ±1000m)  

Delta South 
(Slope: 28°; Aspect: 183°; Altitude: ±1000m) 

 Depth 0.75m 0.50m 0.25m 0.01m   Depth 0.75m 0.50m 0.25m 0.01m 
Present 312 320 326 314  Present - - - - 
+ 1°C 13 69 145 282  + 1°C - - - - 
+ 2°C 1 19 76 247  + 2°C - - - - 

 

No Name Saddle North 
(Slope: 15°; Aspect: 331°; Altitude: ±900m)  

No Name Saddle South 
(Slope: 14°; Aspect: 158°; Altitude: ±900m) 

 Depth 0.75m 0.50m 0.25m 0.01m   Depth 0.75m 0.50m 0.25m 0.01m 
Present 32 94 130 312  Present 159 176 190 311 
+ 1°C 0 0 14 161  + 1°C 1 1 6 241 
+ 2°C 0 0 6 96  + 2°C 0 0 1 168 

 

Ned's North 
(Slope: 19°; Aspect: 353°; Altitude: ±800m) 

 Ned's South 
(Slope: 18°; Aspect: 153°; Altitude: 800m) 

 Depth 0.75m 0.50m 0.25m 0.01m   Depth 0.75m 0.50m 0.25m 0.01m 
Present 108 112 152 233  Present 138 142 145 276 
+ 1°C 0 0 10 89  + 1°C 0 0 0 181 
+ 2°C 0 0 2 50  + 2°C 0 0 0 115 

 

Under a two degree Celsius warming, the reduction in the number of days where minimum 

ground temperatures are below zero is naturally higher, although the magnitude of the reduction of 

days with frost is severe. The Ned’s North ground temperature monitoring site, which represents one 

of the lowest altitudinal (800m a.s.l.) monitoring sites, and is on a north-facing slope, indicates that 

there will be a decrease of about a 78% in the number of days under a two degree Celsius warming 

scenario. This suggested reduction in potential frost activity at 800m a.s.l. implies that the 

effectiveness of frost processes will become extremely limited at this altitude but more so at lower 

altitudes where, at present, only short term and diurnal freeze take place. 

 

Figure 5.2, adapted from Holness (2001a), depicts the proposed distribution of permafrost, 

seasonally, short term and diurnally frozen ground as well as buried glacial ice. Possible pockets of 

relict permafrost are thought to potentially exist above 1200m a.s.l. due to the presence of relict 

pockets of permafrost at lower altitudes (approximately 1100m a.s.l.). The distribution of frost 

zonation proposed by Holness (2001a) is largely accepted in this study apart from the additional 

inclusion of buried glacial ice which is regarded as separate to permafrost areas. A brief description of 
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Figure 2: Slope analysis of Marion Island. 
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"And I tell you, if you have the desire for knowledge and the power to give it physical expression, go 
out and explore. If you are a brave man you will do nothing: if you are fearful you may do much, for 
none but cowards have the need to prove their bravery. Some will tell you that you are mad, nearly all 
will say, "What is the use?" For we are a nation of shopkeepers, and no shopkeeper will look at 
research which does not promise him a financial return within a year. And so you will sledge nearly 
alone, but those with whom you sledge will not be shopkeepers: that is worth a good deal. If you 
march your Winter Journeys you will have your reward, so long as all you want is a penguin's egg." 
 

Apsley Cherry-Garrard 
(The Worst Journey in the World) 
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