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ABSTRACT. Ice-free areas cover a small percentage of the land in the South 
Shetland Islands. However, they are significant as they contain ecosystems highly 
sensitive to environmental changes and are located within a region very much 
affected by global warming. These areas are dominated by periglacial, glacial,  
fluvial, and coastal processes and landforms, where permafrost is often present. 
Soil development is observed although vegetation cover is sparse and closely  
related to the geomorphology. The mapping and monitoring of ice-free areas is im-
portant as they are highly sensitive to climate change. The objective of this study was 
to characterize and map surface landforms in ice-free areas using traditional map-
ping methods as well as advanced remote sensing techniques. Geomorphological 
and topographical maps were initially obtained through field measurements and 
observations, and complemented with existing aerial photography at scales bet-
ween 1:2000 and 1:25,000. Thereafter, satellite-borne data became available 
and were included in the methodology to further determine the distribution 
of the landforms. In the Antarctic environment, Synthetic Aperture Radar (SAR)  
provides the most reliable images as data can be obtained in any weather conditions 
as well as during the day and night. Fully polarimetric SAR RADARSAT-2 were 
used to determine seven different terrain classes representing surface landforms in 
ice-free areas around Maxwell Bay (King George Island). The SAR remote sensing 
techniques were successfully applied to identify different periglacial, fluvial, glacial, 
coastal, as well as lithological landforms. Field data from Fildes Peninsula were 
used to train a supervised classifier to map further areas around Maxwell Bay. In 
this case, the ice-free areas around Maxwell Bay clearly show the dominance of  
periglacial landforms and processes. Therefore, these techniques can be used to 
compare past and future results and to monitor areas affected by changing environ-
mental factors and increasing human activities.
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Geomorfología y distribución de formas de relieve en una selección de áreas li-
bres de hielo en las Islas Shetland del Sur, región septentrional de la Península 
Antártica

RESUMEN. Las zonas descubiertas de hielo suponen una pequeña proporción 
del territorio de las Islas Shetland del Sur. Sin embargo, son importantes por 
contener ecosistemas muy sensibles a los cambios ambientales y estar situadas 
en una región que experimenta un rápido calentamiento. En dichas zonas son 
dominantes los procesos y formas de origen periglaciar, glaciar, fluvial y litoral, 
siendo frecuente la presencia de permafrost. Existe desarrollo de suelos, aunque 
el recubrimiento de vegetación es muy limitado y disperso, y ligado a la geo-
morfología. La cartografía y el seguimiento de las áreas libres de hielo tiene 
considerable importancia al ser muy sensibles al cambio climático. El objetivo 
de este trabajo es caracterizar y cartografiar las formas de la superficie del terre-
no en áreas libres de hielo, usando métodos tradicionales y técnicas avanzadas 
de teledetección. Varios mapas topográficos y geomorfológicos fueron elabora-
dos inicialmente mediante mediciones y observaciones de campo, complementa-
das con la interpretación de fotografías aéreas a escalas de 1:2000 a 1:25.000. 
Posteriormente, al estar disponibles datos de satélite, se han incorporado en el 
método de trabajo para determinar la distribución de formas de relieve. En el 
ambiente antártico, el uso de Radar de Apertura Sintética (SAR) es particular-
mente útil al poder ser empleado con cualquier tiempo meteorológico y durante 
día y noche. Se han empleado datos polarimétricos de SAR RADARSAT-2 para 
determinar siete diferentes clases de superficie del terreno en áreas libres de hielo 
alrededor de Maxwell Bay (Isla Rey Jorge). Las técnicas de teledetección SAR 
pueden ser aplicadas con éxito para determinar diferentes formas de relieve de 
origen periglaciar, fluvial, glaciar, litoral y también litológicas. Los datos de la 
Península Fildes han sido usados para ensayar un clasificador supervisado para 
cartografiar otras áreas alrededor de Maxwell Bay. En este caso, las zonas libres 
de hielo alrededor de Maxwell Bay muestran claramente un predominio de las 
formas y procesos periglaciares. Por lo tanto, estas técnicas pueden ser usadas 
para comparar resultados anteriores y futuros, y hacer un seguimiento de las 
áreas afectadas por cambios ambientales o crecientes actividades humanas.
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1.  Introduction

In the South Shetland Islands, within the northern Antarctic Peninsula region (Fig. 1), 
approximately 90% of the 4,700 km2 of the terrestrial surface is covered by ice. The ice-
free surfaces show a variety of landforms, mainly of glacial, periglacial, coastal and fluvial 
origin. The studied area is one of the most affected by global warming in the world over the 
past fifty years (Turner et al., 2005). Nowadays, the great majority of glaciers and snowfields 
are retreating (Cook et al., 2005), and the permafrost is melting leading to large-scale 
changes in surface hydrology and affecting ecosystems highly sensitive to environmental 
changes (Bockheim et al., 2013). Periglacial processes and landforms together with the 
presence of permafrost are among the most relevant geomorphological elements in the 
ice-free areas of the South Shetland Islands (López-Martínez et al., 2012). Freezing and 
thawing cycles within the soil favour the colonization process by vegetative propagation and 
create favourable conditions for the activity of the associated soil microorganisms. These 
conditions occur during the Austral summers, when snow cover is at a minimum (Tin et al., 
2014). However, soil is highly vulnerable in the Antarctic environment because of the low 
temperatures, general absence of vegetation and soil biota (Campbell and Claridge, 1987). 
Soils in the South Shetland Islands show differences with those of Antarctic continental 
regions as a consequence of different climatic conditions that determine edaphic processes 
and soil development (Balks et al., 2013). Relationships between soils and geomorphology 
have also been shown throughout the South Shetland Islands (Michel et al., 2014).

Figure 1. Location of the (a, b) South Shetland Islands in Antarctica and (c) the places mentioned  
in the text. 1: Byers Peninsula, 2: Hurd Peninsula, 3: False Bay, 4: Half Moon Island,  

5: Coppermine Peninsula, 6: Fildes Peninsula, 7: Maxwell Bay, 8: Barton and Weaver peninsulas 
(Potter Peninsula is to the Southeast of Barton Peninsula).
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Since ice-free areas are highly sensitive to climate change, their mapping and 
monitoring is an important work. Numerous studies carried out in the South Shetland 
Islands include the periglacial environment, where patterned ground, gelifluction, 
cryoclastic and cryoturbation processes, slope processes, and permafrost and active layer 
are the main focus (John and Sudgen, 1973; Simonov, 1977; Barsch et al., 1985; Vtyurina 
and Moskalevskiya, 1985; Xie, 1988; Cui et al., 1989; Qingsong, 1989; Martínez de 
Pisón et al., 1991, Zhu et al., 1996; Jeong, 2006; Serrano and López-Martínez, 1997a,  
1997b, 1998, 2000, 2012; Serrano et al., 2002a, 2002b, 2008; López-Martínez et al., 
2012). Also, some studies have also focussed on soils and cryogenic processes (Blümel 
and Eitel, 1989; Ye and Tianjie, 1996; Chen and Blume, 1999; Chen et al., 2000).

During the last decade a considerable amount of soil, permafrost and 
geomorphological studies have been carried out in this region which is becoming warmer 
and wetter (Michel et al., 2006, 2012, 2014; Navas et al., 2006, 2008; Simas et al., 
2006, 2007, 2008; Schaefer et al., 2007; Serrano et al., 2008; Vieira et al., 2008, 2010, 
2014; Francelino et al., 2011; López-Martínez et al., 2012; Moura et al., 2012; Balks et 
al., 2013; Bockheim et al., 2013; Oliva and Ruiz-Fernández, 2015; Simas et al., 2015; 
Oliva et al., 2016). The relationship between landforms and soil distribution (Balks et 
al., 2013; Michel et al., 2014) and the distribution and changes of vegetation related to 
ice-free areas (Cannone and Guglielmin, 2010; Pereira and Putzke, 2013; Guglielmin et 
al., 2014; Vieira et al., 2014) have been studied in detail in some areas.

Geomorphological mapping is a useful tool for studying landscape evolution and 
locate recent and active processes in Antarctic ice-free areas. There are several of these 
maps for the whole Antarctica region and also for the studied region (Baroni et al., 1997; 
Bruschi et al., 1997). In some areas of interest in which appropriate topographic maps 
did not exist, these were elaborated for supporting the geomorphological and geological 
mapping that was going to be carried out (SGE-UAM-BAS, 1992; SGE-UAM, 1993; 
CGE-UAM-UFRJ, 2005). Our research group has compiled geomorphological maps at 
scales between 1:25,000 and 1:10,000 for some of the largest and more relevant ice-free 
areas of the South Shetlands archipelago, as Byers Peninsula on Livingston Island (López-
Martínez et al., 1995, 1996b), Deception Island (López-Martínez et al., 2000), Barton 
and Weaver peninsulas on King George Island (López-Martínez et al., 2002a); Fildes 
Peninsula on King George Island (Serrano and López-Martínez, 2012). Besides, many 
geomorphological sketch maps have been published in articles about the geomorphology 
of different areas of the South Shetland Islands (Martínez de Pisón et al., 1991; López-
Martínez et al., 1992, 1996a, 2012; Serrano and López-Martínez, 1997a, 1997b, 1998).

These maps have been prepared using traditional methods, including fieldwork and 
aerial photography interpretation. Nowadays, with advanced remote sensing techniques, 
optical and microwave satellite data can be used to obtain adequate and repeated data for 
characterising and monitoring surface covers in the ice-free areas (Magagi and Bernier, 
2003; Koch et al., 2009; Vieira et al., 2014). However, because the dense cloud cover 
in Maritime Antarctica limits the application of optical sensors, microwave sensors are 
usually the most appropriate option (Mora et al., 2013). The use of Synthetic Aperture 
Radar (SAR) data has been implemented within the Antarctic region in many studies 
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(Engeset and Weydahl, 1998; Jezek, 1999; Jezek et al., 2003; Koch et al., 2008; Schmid 
et al., 2012) and surface mapping has been carried out with data obtained from the 
space-borne ALOS PALSAR, RADARSAT-2 and TerraSAR X (Koch et al., 2008, 2009; 
Schmid et al., 2012, 2015; Guillaso et al., 2015).

The objective of this study was the characterization and mapping of surface 
landforms in ice-free areas using traditional mapping methods and as data from newly 
developed satellite-borne sensors and advanced remote sensing techniques become 
developed, using these to compliment and further develop the mapping processes carried 
out in selected study areas of the South Shetland Islands. These methods include field 
data obtained during several campaigns, in situ mapping, and fully polarimetric SAR C 
band RADARSAT-2 data to extract the information that was used to characterize and 
monitor the identified surface landforms.

2.  Geographical, geological and climatic setting

The South Shetland Islands are located between 61° 59’ S to 63° 20’ S and 57° 40’W 
to 62° 45’ W, about 120 km north of the Antarctic Peninsula, between the Drake Passage 
and the Bransfield Strait (Fig. 1). There are 11 major islands and several minor ones, with 
a total area of 4,700 km2. The South Shetland Islands extend about 450 km from Smith and 
Snow islands in the west-southwest, to Elephant and Clarence islands in the east-northeast.

The archipelago forms the southern part of the Scotia Arch and is composed of 
Late Palaeozoic to Quaternary sedimentary, metamorphic, plutonic and volcanic rocks. 
The formation of the South Shetland Islands began in the Mesozoic due to subduction 
processes associated with the convergence of the Phoenix and Antarctic plates. During 
successive phases, represented by basalt lavas and multiple intrusions in between, the 
main arc-building period went through to the Late Tertiary, which is characterized by 
emplacements and eruption of magmas (Smellie et al., 1984). The widening of the 
Bransfield Basin started about 4 My ago when the subduction ended and a rollback process 
and other tectonic stresses started, causing compression processes in the archipelago 
(Barker et al., 1991; González-Casado et al., 2000). The area shows Quaternary volcanic 
activity, with Deception Island being the most important and active volcano, with its last 
eruption in 1970 (López-Martínez et al., 2002b).

Some islands have a mountainous relief, such as Smith Island (Mt. Foster, 2012 m a.s.l.) 
and Livingston Island (Mt. Friesland, 1770 m a.s.l.), whereas other islands are low-
lying and flat, such as Snow Island (305 m a.s.l.), Low Island (180 m a.s.l.), Robert 
Island, (385 m a.s.l.) and Nelson Island (332 m a.s.l.). Only 10% of the 4,700 km2 of the 
emerged land are ice-free surfaces. Most of these surfaces are peninsulas, capes, points 
and narrow coastal fringes characterized by extended raised platforms of marine origin 
that in some cases are located up to 250 m a.s.l. (Arche et al., 1996; Serrano and López-
Martínez, 2004, 2012).

The climate of the South Shetland Islands is cold maritime, with summer rains, 
high cloudiness and a moderate thermal range (Schwerdtfeger, 1970; Simonov, 1977; 
Bañón, 1992; Vaughan et al., 2003). Common weather types are connected with cold 
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and dry periods dominant during winter, and the influence of the circumpolar trough 
of low pressure during summer, with strong westerly wind and wet and relatively 
warm air masses (King and Turner, 1997; Rasmussen and Turner, 2003). The mean 
annual air temperature at sea level is around -2°C, and daily summer temperatures are 
usually higher than 0°C. These conditions favour snow cover melting and freeze-thaw 
cycles during summer. The annual number of air freeze-thaw cycles is 120 to 122 in 
Fildes Peninsula, King George Island (Blümel and Eitel, 1989; Qingsong, 1989; Hall, 
1992a, b, 1993). The annual precipitation can vary from 476 to 773 mm a-1 on Fildes 
Peninsula (Schwerdtfeger, 1970; Simonov, 1977; Rakusa-Suszczewski, 1993, 2002; 
Bello et al., 1996) to between 500 to 800 mm a-1 on Byers Peninsula (Bañón et al., 
2013). The summer precipitations reach maximums between 100 and 159.2 mm and 
the mean relative air humidity is between 80 and 90% (Schwerdtfeger, 1970; Simonov, 
1977; Bañón, 1992; Rakusa-Suszczewski, 1993, 2002; Bello et al., 1996; Bañón et al., 
2013). These conditions imply high water availability during the austral summer. At 
present, the maritime Antarctica experiments extreme climate variability and significant 
warming with Main Annual Air Temperature (MAAT) having increased between 1 and 
3°C over the past 50 years (Turner et al., 2005). King and Comiso (2003) pointed out the 
importance of this warming on environmental changes; because the 0°C isotherm passes 
close to the region, a small temperature rise implies increasing melt rates of glaciers and 
thermal changes on ground, permafrost and hydrological conditions.

3.  Material and methods

Over the last two decades, mapping of the ice-free areas for the different study sites 
was carried out during several expeditions in which measurements and observations of 
landforms and features were obtained directly in the field. The most recent campaign 
took place during the austral summer of 2012/2013 where a total of 27 study sites were 
selected according to their geomorphological characteristics throughout Fildes Peninsula. 
Additionally, aerial photography and satellite-borne multispectral data have also been 
used when data was available, to complement the mapping of the areas of interest. 
However, it is difficult to obtain images in the spectral optical range (400 to 2500 nm) 
with sufficient quality as the cloud cover in the Antarctic region can be persistent. Therefore, 
remote sensing data, which is not affected by cloud cover, such as Synthetic Aperture Radar 
(SAR) data were acquired from the RADARSAT-2 sensor. This included fully polarimetric 
data for the Maxwell Bay area for 8 March 2014. The data and results generated from the 
field campaigns, aerial photography and SAR images together with ancillary data such as 
meteorological and topographic data were compiled in a geo-referenced data base using a 
Geographic Information System (Fig. 2). This makes it easier to combine data sets and to 
characterize and monitor study sites of interest.

3.1. Field mapping and complementary use of aerial photographs

Geomorphological mapping is an effective tool for representing the location of 
landforms and to analyze their spatial distribution. To study landforms of the ice-free 
areas and their distribution in the South Shetland Islands, geomorphological maps at 
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a scale between 1:25,000 and 1:10,000 were generated by members of the group for 
the areas of Livingston Island, Deception Island, King George Island and Elephant 
Island. All the maps were produced with information and data from fieldwork as well 
as from aerial photographs. Field work included slope transects, stratigraphic sections, 
lake cores, direct sounding and vertical electrical sounding for identifying and mapping 
landforms. Elevation points were obtained in the field using the global positioning system 
for creating a topographic base map and a digital elevation model (DEM). Periglacial, 
glacial, coastal and fluvial landforms and processes were studied in the ice-free areas in 
order to map the different geomorphological features as a series of thematic maps.

3.2.  SAR remote sensing techniques to map the ice-free areas

The fully polarimetric SAR data files were initially pre-processed which included 
extraction from the original data set, radiometric calibration and conversion of the data 
set to a complex (3 x 3) coherency matrix (T3) and applying a space-domain averaging 
of the data using the Sentinel-1 Toolbox (S1TBX, 2014). After importing the data into 
PolSARPro (Pottier, 2010), a bilateral polarimetric speckle filter (D’Hondt et al., 2013) 
was applied to allow the extraction of polarimetric features. Polarimetric features were 
derived from the analysis of the coherency matrix and different polarimetric parameters 
are extracted based on eigenvalues and eigenvectors (Lee and Pottier, 2009). Polarimetric 
parameters were extracted from the polarimetric decompositions according to An Cui 
Yang, Freeman, H/A/Alpha, Lexicographic Basis, Pauli, Praks & Colin, Van Zyl and 
Yamaguchi (Lee and Pottier, 2009), which resulted in a total of 85 parameters.

Figure 2. Methodology for mapping landforms in ice-free areas
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The physical structure of each surface cover related to a landform influences the 
backscattering of the electromagnetic radiation received by the radar and is used to determine 
the polarimetric parameters. Therefore, these parameters were used to distinguish surface 
landforms according to the different scattering mechanisms (SM) that occurred during data 
acquisition. The polarimetric parameters were geocoded in order to associate the images 
with field reference sites from the study area. The geocoding and terrain corrections were 
carried out using site specific DEM maps that were generated from the field data as well 
as freely available ASTER 1sec GDEMs and the Sentinel-1 Toolbox. A final geometric 
correction was applied with a maximum of 20 Ground Control Points (GCPs) taken from 
topographical maps of the different study sites. The level of accuracy of the geo-referencing 
was determined by a root mean square error of less than 0.5 pixel and the spatial image 
resolution resulted in 12.5 m. Masks were applied to eliminate the sea and glacier areas 
surrounding the different peninsulas and islands before carrying out further image processing.

A supervised classification was carried out applying the Support Vector Machine (SVM) 
algorithm (Foody and Mathur, 2004a) and using the polarimetric parameters as input that 
contain backscattering information for the ice-free study areas. One of the main advantages 
using the SVM classifier is that it performs well even when the amount of data is limited 
(Foody and Mathur, 2004b). The SVM was selected with the Gaussian Radial Basis Function 
(RBF) kernel and a 10-fold cross-validation option using the e1071 package (Dimitriadou et 
al., 2005) that was operated in the R language (R Development Core Team, 2004). The inputs 
of the polarimetric parameters were stacked and scaled to a range of 0-1, to avoid that attributes 
in greater numeric ranges dominate over those in smaller numeric ranges (Hsu et al., 2010). 
The study sites representing different classes were used for training the SVM classifier. Each 
class was represented by 8 to 14 training sites that were selected from field data from test sites 
located on Fildes Peninsula and from the geomorphological map of Fildes Peninsula (Serrano 
and López-Martínez, 2012). During the last field campaign, study sites were already chosen 
so that the corresponding surface landforms could be identified taking into account the spatial 
resolution of the fine polarimetric image obtained with RADARSAT-2.

4.  Spatial distribution of surface landforms in ice-free areas

4.1.  Mapping results in selected areas of the South Shetland Islands

The types and distribution of geomorphological features in the ice-free areas of the 
South Shetland archipelago has been obtained by means of the geomorphological maps 
and local studies carried out by our group.

In the studied area, relief features are in some cases consequence of the existing 
lithology and geological structure. This is very clear in the case of volcanic plugs and 
dikes (e.g. on Byers Peninsula). Fractures and lineaments analysis have been determined 
using field data measurements and aerial photographs and satellite data interpretation 
(e.g. Mink et al., 2015). By studying relatively large ice-free areas, like Byers Peninsula 
(60.6 km2), the largest ice-free area in the region, relationships between drainage streams 
development and the fractures network have been identified, as well as its relation with 
the time and mode of deglaciation (Mink et al., 2014).
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The ice-free areas have been shaped by glaciers, and therefore glacial landforms are 
dominant (e.g. John and Sudgen, 1971; Sugden and John, 1973), together with coastal 
forms, marine platforms, raised beaches and present day beaches. As a result, structural, 
glacial and marine landforms systems make up the landscape.

Regarding periglacial landforms and processes, different morphogenetic subsystems, 
such as weathering, gravity, frost creep, active layer related, nivation and thermokarst, 
have been identified (Table 1). Besides the general geomorphological maps compiled 
by our group for Byers Peninsula, Fildes Peninsula, Barton Peninsula and Deception 
Island, simplified maps containing periglacial and glacial information were prepared for 
ice-free areas on Livingstone Island, King George Island and Elephant Island (López-
Martínez et al., 2012). A series of slope transects have allowed the recognition of 
landforms and processes involved in debris transfer systems (e.g. Serrano et al., 2002a). 
Active landforms were differentiated from inactive ones by means of field evidence. For 
instance, the existence of ice segregation, visible on the surface and profiles made on 
platforms, slopes and moraines on Hurd and Byers peninsulas and on Elephant Island, 
together with the absence of plant colonization provides information on the activity of 
patterned ground, stone fields and debris talus.

Table 1. Main periglacial landforms and processes mapped in ice-free areas of the South 
Shetland Islands.

Geomorphic 
system

Landforms Topography
Orientation

Active 
Layer

Depth (cm)a

Main
processes

Altitude
m a.s.l.

Texture

Permafrost and 
active layers

Patterned ground:
Polygons, circles and 
stone stripes

- Platforms
- Gentle slopes
- Poor drainage

20-50 Cryoturbation
Frost heave 
Frost creep

10->200 Fines and coarse, 
gravels and pebbles.

Stone fields
Frost mounds

- Platforms
- Flat and gentle slopes 
- Poor drainage

20-50 Frost heave
Cryoturbation

10-18 Fines particles

Rock glaciers
and protalus lobes

- Slopes N and NW -- Frost creep 0-300 Coarse, gravels, pebbles 
and blocks

Block fields - Platforms
and flat areas

20-50 Frost creep
Gelifluction

40-300 Coarse, gravels, pebbles 
and blocks

Block streams - Gentle slopes 20-50 Frost cracking
Frost heave
Cryoturbation

20-300 Coarse, pebbles and 
blocks

Seasonal frozen 
ground and 
permafrost

Debris talus
Debris cones

- Slopes, 25° to 45°
N and NE

No permafrost
To 20-150

Fall
Snow avalanches
Frost cracking

0-300 Coarse, gravels, pebbles 
and blocks

Ploughing blocks
Gelifluction lobes
Debris lobes
Geometric clast
Laminated cracking
Tors
Cryoplanation terraces

- Moderate to strongly 
sloping ground
- Gentle slopes to 
moderate sloping 
ground

20-100 Gelifluction
Solifluction
Cryonival
Frost cracking
Frost heave
Cryoturbation

20-300 Coarse, pebbles and 
blocks

Coarse

Cryonival Nivation hollows
Protalus rampart
Snow pavementss

- Platforms
- Slopes >5°

--- Nivation 0-300 Fine and coarse particles
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The landform geometry of rock glaciers, protalus lobes, nivation features and block 
streams, or the fresh and recent appearance of some features indicate that active periglacial 
processes are present in several places. The rock glaciers and protalus lobes lose the front 
angle and surface forms, nivation landforms are modified quickly losing the profile and 
fines when they are inactive, and block streams are washed by water and transformed 
in block accumulations on slopes, in some cases colonized by lichens. The presence of 
permafrost below an active layer has been detected at depths between 20 cm and more 
that 1.5 m, by direct sounding with rods and pits on Deception Island, Elephant Island, 
and Livingston Island (on Byers and Hurd peninsulas). Vertical electrical sounding has 
been used for this purpose on Hurd Peninsula (Serrano et al., 1996; Bergamín et al., 
1997; López-Martínez and Serrano, 2002).

In some cases, poor drainage is related to the presence of permafrost on platforms 
and gentle slopes, as observed with pits and rods at Fildes Peninsula (King George 
Island), Hurd and Byers peninsulas (Livingston island), and Coppermine Peninsula 
(Robert Island), as well as in different places on Deception and Elephant islands. The 
availability of water during the spring–summer melting period and autumn refreezing 
together with summer thermal changes implies dynamic processes in the active layer.

The studies carried out in different places of the archipelago mentioned above, show 
that Quaternary sea level changes are responsible for some of the main relief features in the 
region. This is the case of the extensive presence of Holocene raised beaches (at less than 
21 m a.s.l.) and a series of higher pre-Holocene raised marine erosive platforms at different 
altitudes, with flat topographies limited by cliffs (e.g. López-Martínez et al., 1992; Arche et 
al., 1996; Martínez de Pisón et al., 1996; Berkman et al., 1998; Hall, 2010).

The highest Holocene raised beaches at about 20 m and the stratigraphic sections 
and lake cores, suggest that initial Holocene deglaciation in the archipelago may have 
occurred about more than 9,000 yr BP (Hall, 2010). A double high stand of relative sea 
level during the mid-Holocene at 9000 and 7500 yr BP has been related to a temporary 
pause in ice retreat (7.2 ka BP), falling from 7 ka BP to present in response to continued 
glacial unloading and isostatic rebound, with a possibly acceleration during the last 500 
years (Hall, 2010; Watcham et al., 2011).

Evidence of ice retreat phases has been identified and mapped in most of the studied ice-
free areas. In several places, like False Bay coast (Livingston Island) and Coppermine Peninsula 
(Robert Island), we have identified two Holocene glacial pulses by means of moraines and 
Holocene raised beaches relationships. Studies on the glacial history of the South Shetland 
Islands point out the deglaciation of some capes and peninsulas at around 11 to 9.5 ka BP. On 
Fildes Peninsula the deglaciation begun between 11 and 9 ka ago (Watcham et al., 2011), and 
on King George Island (Potter Peninsula) between 11.9 and 5.9 ka while on Byers Peninsula 
an age of 8.3-5.9 ka has been determined (Toro et al., 2013, Oliva et al., 2016). A regional 
advance between 6 and 4.5 ka BP (Hall, 2010; Michalchuck et al., 2009) has been detected 
after a period with less cold conditions between 8.2 and 5.9 ka (Milliken et al. 2009). Both 
periods involve the development of periglacial and permafrost environments on the ice-free 
areas. Finally, a last small advance of ice domes and ice occupied the cirques during the Little 
Ice Age. These ages frame the beginning of periglacial activity within these areas.
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4.2.  Surface landforms surrounding Maxwell Bay

The data obtained using SAR remote sensing techniques depends on the signal 
of back scattering that is related to the different scattering mechanisms (SM) (Lee and 
Pottier, 2009). It is therefore important to relate this signal received by the SAR sensor to 
the physical properties of the main surface landforms and features that are identified in 
the ice-free areas surrounding Maxwell Bay. Using the field information from the study 
sites on Fildes Peninsula and locating the corresponding position of these sites within 
the SAR data, seven different classes were determined. The classification is based on the 
dominant geomorphological characteristics, the topography and the physical properties 
of the surface landforms such as texture and structure. For each class, the relation with 
the radar SM is also indicated.

- Class 1: Gravel and sand deposits of present day and Holocene beaches, and 
colluvium deposits. The topography includes flat and depression areas (<2%) 
as well as the toeslope where material is deposited. The physical properties are 
coarse sediments to rounded pebble sized stones. Surface and volume SM are 
identified as a result of the low to medium entropy and high anisotropy.

- Class 2: Pavements that are in flat and slightly sloping areas (<2%). The surface 
cover is regular and consists of fine sediments, gravel and angular stones. The 
low and medium entropy leads to surface and volume SM.

- Class 3: Stone fields within slightly sloping to undulating terrain (2-8%). They 
consist of fractured rocks with a heterogeneous distribution. There is low 
entropy and anisotropy resulting in surface SM.

- Class 4: Patterned ground found in flat or undulating topography with a 
maximum slope of 30%. It consists of a wide area occupied by geometric 
(hexagons or circles) figures with a 1 to 3 m diameter and a sorted distribution 
of clasts up to about 30 cm in diameter. These areas have an entropy and low 
anisotropy causing random SM.

- Class 5: Glacial till deposits and rock outcrops. There are crests separated by 
depressions, abrupt changes with steep slopes (>30%), and cliffs. This includes 
ice cored moraine sediments with varying rock size and exposed rock surfaces 
with debris slopes at the footslope. The SAR data shows medium and high 
entropy indicating volume and multiple SM.

- Class 6: Lakes and flooded areas present at sea level to upper raised platforms. 
They are flat surfaces and are very smooth in calm conditions. They have low 
entropy with surface SM.

- Class 7: Ice and snow cover on flat or undulating topography with a maximum 
slope reaching 30%. It has a smooth surface of ice or snow cover, which is 
highly season-dependent. A low to medium entropy is obtained leading to 
surface SM.
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The geomorphological features of the classes 1 to 4 have a heterogeneous physical 
structure influencing the backscattering signal received by the radar for the individual 
surface landforms. This includes variations in the stone size, surface structure of these 
covers (smooth or rough) and a possible presence of sparse to moderate vegetation cover. 
Therefore, certain features may be represented by more than one class. The physical 
surface variation of materials and their distribution over a small area can vary significantly 
as is common for these first four classes. The surfaces such as glacial till and rock outcrops 
(class 5) and lakes and flooded regions, ice and snow cover (classes 6 and 7) have well 
defined scattering mechanisms and make their identification in most cases straight forward. 
A further point to consider is that for these areas it is logistically rare to have fieldwork 
and data with remote sensors acquired at the same moment. Therefore, to account for 
additional influences such as surface wetness and possible snow cover at the given time of 
data acquisition, information is retrieved from the nearest meteorological stations that are 
often near or next to stations.

The distribution of the seven classes were obtained in the ice-free areas surrounding 
Maxwell Bay (Fig. 3) (Schmid et al., 2015).

The total terrestrial area of the Radarsat-2 image around Maxwell Bay is 208.1 km2. 
The total ice-free area that has been identified is 55.3 km2 and the areas occupied by 
glaciers and ice fields are 111.9 km2 for King George Island and 40.9 km2 for Nelson 
Island, which brings the total area to 152.8 km2 that is within the RADARSAT-2 footprint. 
The spatial distribution of the surface landforms is a complex mosaic (Fig. 3). 

Figure 3. Supervised classification of the ice-free areas surrounding Maxwell Bay (King George 
and Nelson islands). See Fig. 1 for location. Classes: 1 - Gravel and sand deposits; 2 - Pavements; 

3 - Stone fields; 4 - Patterned ground; 5 - Glacial till deposits and rock outcrops; 6 - Lakes and 
flooded areas; and 7 - Ice and snow cover on



Geomorphology and landforms in the South Shetland Islands

Cuadernos de Investigación Geográfica 42 (2), 2016, p. 435-455 447

The biggest ice-free areas are related to Fildes Peninsula, followed by Barton 
Peninsula and Potter Peninsula (Table 2). The gravel and sand deposits of present day and 
Holocene beaches, and colluvium deposits (class 1) occupy an area of 7.7 km2 (13.9%). 
As expected, colluvium deposits are found throughout the study area and drainage areas 
are the prime location for these types of deposits. Periglacial features are dominant 
features on Fildes Peninsula, Potter Peninsula and Nelson Island. Pavements (class 2) 
are the most representative for Fildes Peninsula. In the case of Nelson Island, ice-free 
areas along the coast have been grouped together and the patterned grounds (class 4) are 
the most representative surface landforms. It is to point out that the physical structure of 
the pavement, stone field (class 3) and patterned ground are similar. This means that the 
backscattering information received by the SAR sensor is similar and separating these 
surfaces is more difficult. Patterned ground can also vary widely in size from sub metric 
size to tens of meter. Therefore, the capability of the identification of patterned ground 
lies mainly in the size of the surface structure and will range from feature with about 10 
to 25 m. Smaller or larger patterned ground structures will be more likely to be related 
to the pavement and stone field classes. Throughout the ice-free areas, the pavements 
(class 2) and patterned grounds (class 4) are the most widely distributed with a 12.3 km2 
(22.3%) and 11.1 km2 (20%) coverage, respectively. In the case of Barton Peninsula and 
Weavers Peninsula, glacial till and rock outcrop (class 5) are the most dominant surface 
landforms. The common characteristics of these features are the abrupt surface changes 
and the size of the physical structure (> 10 m). These structures include boulders, 
massive igneous bodies, scarps and crests of hills that may have sizeable crevices and 
clefts. Lakes and flooded regions (class 6) and ice and snow cover (class 7) with a total 
of 3.1 km2 and 4.6 km2occupy the smallest surface of the ice-free areas and are season 
dependent. Furthermore, the snow cover that is present at the moment of the SAR data 
acquisition depends largely on the meteorological conditions.

Table 2. Total surface area occupied by each class and for the different peninsulas and islands 
of the ice-free areas within Maxwell Bay. Classes: 1 - Gravel and sand deposits; 2 - Pavements; 
3 - Stone fields; 4 - Patterned ground; 5 - Glacial till deposits and rock outcrops; 6 - Lakes and 

flooded areas; and 7 - Ice and snow cover on.
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In order to separate these different features using the RADARSAT-2 data and 
applying advanced polarimetric techniques for the ice-free areas it was important to have 
a thorough knowledge of the geomorphological processes that influence the structure 
of the different surface landforms. This was only really possible through field work by 
characterizing these surface landforms to obtain the corresponding training sites for the 
selected supervised classifier.

5.  Conclusions

Characterizing and mapping surface landforms in ice-free areas are important tasks 
within a highly dynamic area such as the Antarctic Peninsula region.

Fieldwork and traditional geomorphological mapping have provided an overview of 
landforms characteristics and distribution in selected areas of the archipelago. Using SAR 
remote sensing techniques, seven terrain classes permit to characterize the different surface 
landforms. Class 1 corresponds to the present day and Holocene beaches; class 2 is defined 
by pavements, stone fields, patterned ground and nival landforms; class 3 is formed by stone 
fields, geometric clasts, laminated cracking or small tors; and class 4 is dominated by the 
patterned ground. These 4 classes are characterized by flats and gentle slopes with fines and 
coarse particles. The dominant processes are cryoturbation, frost heave, frost creep and frost 
cracking above 20 m a.s.l., the nivation and wind action at any altitude. Classes 1 to 4 are 
very heterogeneous and the processes distribution vary significantly over a small area, so 
they are the most unstable and dynamic classes. Class 5, which includes till deposits, rock 
outcrops and cliffs, forms a very heterogeneous topography shaped by ice cored moraine, 
exposed rock surfaces and debris cover on plains and slopes. Class 6, with lakes and poor 
drainage areas from sea level to the upper raised platforms, and class 7, with ice and snow 
on undulating gentle topography, determined by seasonal nivation processes, were easy to 
identify and are the most stable terrain with high ecological values.

SAR remote sensing techniques are of great advantage where meteorological conditions 
are harsh and direct accessibility in the field is often limited. Using RADARSAT-2 data and 
these techniques undertaken in this work, it has been possible to determine the surface land 
covers in ice-free areas around Maxwell Bay. Furthermore, these techniques will make it 
possible to compare past and future results and the evolution of areas affected by changing 
environmental factors and increasing human induced activities.
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