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ABSTRACT. We present the results of a high-frequency Ground Penetrating Radar (GPR) surveys carried out during the ablation season of 2011, in Wanda Glacier,
King George Island (KGI), Antarctica, aimed to determine its internal structure and thermal regime. GPR data were collected along 17 longitudinal and transversal
sections in the ablation area in January 2011. Migrated and topographically corrected radar sections show strong internal reflectors in firn layer. Similar internal structure is observed in other glaciers in KGI. Strong scattering of radio waves are attributed to supraglacial, englacial and subglacial meltwater channels and constitutes
further evidence that the ice in the ablation area of this glacier is temperate. Because of its small size (1.5 km2 ) and thermal conditions, Wanda Glacier responds
rapidly to climatic changes being relevant for environmental studies.
Keywords: glaciology, thermal regime, glacial dynamic.

RESUMO. O trabalho apresenta resultados de dados de GPR de alta frequência obtidos durante a estação de ablação de 2001, na geleira Wanda, Ilha Rei George
(KGI), Antártica, com o objetivo de determinar a estrutura interna e o regime termal. Dados de GPR foram coletados em 17 perfis longitudinais e transversais na área de
ablação em janeiro de 2011. Perfis de radar topograficamente corrigidos e migrados mostram fortes refletores internos na camada de firn . Estruturas similares foram
observadas em outras geleiras da KGI. Fortes espalhamentos das ondas de rádio são atribuı́das a canais de água de degelo nas zonas subglaciais, supraglaciais, e
englaciais e constituem evidências para que o gelo na zona de ablação seja temperado. Devido à sua pequena dimensão (1,5 km2 ) e condições termais, a geleira
Wanda responde rapidamente as mudanças climáticas, o que é relevante para estudos ambientais.
Palavras-chave: glaciologia, regime termal, dinâmica glacial.
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Brazil. Phone: +55(51) 3308-6341 – E-mails: katiakellem@gmail.com; jefferson.simoes@ufrgs.br
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– E-mail: rosemaryvieira@id.uff.br

i

i
i

i

i

i
“main” — 2014/8/1 — 11:50 — page 22 — #2

i

22

i

STRATIGRAPHY OF WANDA GLACIER, KING GEORGE ISLAND, ANTARCTICA, USING GROUND PENETRATING RADAR

INTRODUCTION
2

Wanda Glacier is a small (total area of about 1.56 km ), temperate land terminus glacier located in Kraków ice field, King George
Island (KGI). This island is the largest of the South Shetland
Islands at the northern tip of the Antarctic Peninsula (Fig. 1).
Since 2007, systematic field activities have been carried out
in Wanda Glacier. More recently, the main emphasis has been
on extensive investigations of glacier hydrology and dynamics.
The glacier is 1.4 km long, 0.4 to 1.0 km wide and has a mean
surface slope of approximately 20% to 30%. Crevasses are observed in the ablation area and subglacial conduits emerge at the
glacier front.
Several recent studies have indicated that Wanda Glacier has
lost 0.71 km2 since 1979 (Simões & Bremer, 1995; Rosa et al.,
2009). During the last 40 years, ice caps in King George have
lost 6.6% of their area (Simões & Bremer, 1995; Simões et al.,
1999; Blindow et al., 2010). Furthermore, over the past 30 years,
the number of summer days with liquid precipitation has increased and the mean annual temperature increase 3◦ C. These
changes have accelerated the snowmelt and increased the negative mass balance of local glaciers (Braun et al., 2001; Ferrando
et al., 2009).
Equilibrium line altitude (ELA) in King George Island is estimated to be between 300 and 350 m (Simões et al., 1999). According to Braun & Rau (2000), the firn line elevations ranged
between 160 and 270 m on KGI. Over the last three decades
GPR systems have been utilized to study a variety of largescale glaciological applications as internal structure investigation
(Forster et al., 1991; Arcone et al., 1995; Murray et al., 1997;
Arcone et al., 2004), hydraulic pattern, crevasses detection, channels water, cavities and bedrock identification, ice mass balance
and thermal conditions investigation (Kohler et al., 1997; Travassos & Simões, 2004). The knowledge of internal structure and
ice content is crucial for the understanding of the glacial dynamic (Patterson, 1994).
This study proposes the use of GPR data to determine the
internal structure and thermal regime of the Wanda Glacier. The
glaciological characterization and monitoring of glaciers in this
region is important for understanding the effects of climate regional variability.

METHODS
The Ground Penetrating Radar (GPR) sounding is an established
technique for glaciological investigations. Because of the glacier
ice low conductivity and hence its low dielectric loses, this is
an ideal material for the propagation of electromagnetic waves

(Plewes & Hubbard, 2001; Travassos et al., 2004). The fundamental principles of GPR are described by Daniels et al. (1988) and
Davis & Annan (1989) and detailed summaries of GPR glaciological data acquisition techniques and post-processing approaches
by Daniels (1996), Plewes & Hubbard (2001), Woodward et al.
(2003), Neal (2004), Hubbard & Glasser (2005).
Ground Penetrating Radar (GPR) data were collected along
17 longitudinal and transverse sections (Fig. 2) in the ablation
area in January 2011. Sampling was based on the continuous
mode and common offset data acquisition. We used a Geophysical Survey Systems, Inc. (GSSI) SIR System control unit and a
100 MHz transceiver single (‘monostatic’) antenna. The antenna
was polarized orthogonally to the transect and longitudinal
directions (following the central flowline), and data were collected with a time window of 600 and 800 ns.
GPR data were corrected with topography data and were
processed using the RADAN™ 6.5 software from Geophysical
Survey Systems, Inc. (GSSI). Range gain was used to compensate for progressive radar-signal strength attenuation.
Glacier sections were migrated (FK migration) to collapse
diffraction hyperbolas and to correct the orientation of steep dipping layers. Glacier sections were filtered to remove noise. Position correction was applied to remove depth distortions of the
reflection sections upper parts and to create zero-offset traces.
According to Fisher et al. (1996) time-zero must be move up the
trace to the point at which the initial pulse is generated at the transmitting antenna. Distance and surface normalization for time was
performed using topographic sections from total station and differential GPS data.
One radar section (L15) was processed using a gain function exponential and filter band pass and migrated, using the
REFLEX software, with several parameters of the scattering hyperbolae migration velocity for analysis of the vertical velocity distribution. Radar wave velocity propagation in glaciers is
highly sensitive to the presence of liquid water because of the
large velocity contrast between ice (0.168 m/ns–1) and water
(0.032 m/ns–1) (Bradford & Harper, 2005). According to Bradford & Harper (2005), this strong sensitivity allows us to estimate
the relative water proportions along a cross-section of the glacier.
The thermal conditions of the glacier were inferred based on
this analysis. The possibility of detecting thermal regimes within
glaciers by means of radar surveys has been established by several studies (Watts & England, 1976; Jacobel & Anderson, 1987;
Bamber, 1988).

RESULTS
We concentrate our discussion on 4 section that illustrate the
most important features of our data set. The longitudinal and
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Figure 1 – Location map of Wanda Glacier: (A) Antarctica Peninsula, small square area is detailed in (B) that shows the
King George Island; (C) Wanda Glacier is in the Martel Inlet, Admiralty Bay.

transverse GPR data present strong continuous horizontal upper reflectors (HR), these indicate a water table from supraglacial
melting processes (Figs. 3-6). There are strong localized (point)
reflectors (Figs. 3-6) in the terminus area, possibly representing
water filled crevasses. Surface crevasses were observed during
field activities. Interpretation classes HR, H, BR, ID and BD in
sections respectively represent horizontal reflections, diffraction
hyperbolae, bed reflections, diffraction within the ice and bed
diffractions.

Characteristics of the internal reflections found in the sections (Figs. 3-6) reveals information about englacial ice. Below
the HR there are several isochronous ice layers (Fig. 3). Stronger
reflections associated to water in the bed interface correspond to
a low velocity zone in the Figure 7. Scattering noise zones in
the ice body (Figs. 3-7) are attributed to water inclusions, such
as water lenses or water channels crossed by the radar sections.
A strong reflection marks a water table at an average depth of
35 m, which indicates the firn-ice boundary (Fig. 6). But a strong
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Figure 2 – (A) Location of seventeen GPR common offset sections and one longitudinal section superimposed on the study area topographic map. Sections appear
series of white equally spaced line. The four sections L5, L9, L15, and L17 referred in this paper are highlighted in the figure. (B) Photograph shows a GPR survey at
Wanda Glacier.

reflection due to a supraglacial stream obscures the firn-ice
transition in parts of the section (Fig. 5).
Continuous sub-horizontal and steep dipping reflectors in the
sections lower zone (Figs. 3-6) are evidences for a film at the
ice-bed interface. Semi-continuous dowlappping reflections at
the bottom of the radargram can be caused by (Fig. 3) ice-bedrock
interface with unfrozen sediments content. Bedrock reflections
are interrupted by strongly diffractive parts, masking the bedrock
in the sections, and showing an U-shaped valley form.
DISCUSSION
The surveyed sections strongly suggest the presence of englacial
conduits in Wanda Glacier. Water inclusions are seen in the nonmigrated GPR sections as small hyperbolic diffraction features.
The migration to aligned the traces with surface location and collapse any possible interfering diffractions. According to Moorman
& Michel (2000), the relative transparency of ice improves the
detection of englacial tunnels.
Strong horizon reflections due the presence of a water table
are found in the near-surface GPR data. Blindow & Thyssen (1986)
also credited a similar boundary between radar scattering/nonscattering layers in a temperate Austrian glacier to a water table.
According to McGee et al. (2003), a water table may be present
within macroscale voids that have some hydraulic connection to
the bed. There are numerous crevasses in Wanda Glacier, and

these are probably important pathways for the surface melting
water. Continuous internal reflectors and diffractions (high
backscatter) in englacial and subglacial environments constitute
further evidence for temperate ice. The glacier water content shows
a vertically variable velocity structure obtained for parameters of
the scattering hyperbolae migration velocity (Fig. 7), with a lower
layer with relatively high water content. We used the water content
to provide information about the thermal structure of the glacier.
Point scattering within the body of a temperate glacier, typically
from macroscale water bodies, is common (Watts & England,
1976; Jacobel & Anderson, 1987). According to Jacobel & Raymond (1984), water bodies in temperate ice are regions with the
strongest dielectric contrast because of the large relative permittivity difference between ice and water at radar frequencies. Based
on the diffraction hyperbolas polarity, hyperboles near the sections bed is interpreted as water-filled conduits, high water content
toward the lower part of the section points to wet ice conditions.
Deeper section firn-ice interface reflections with sub-horizontal layering. The firn-ice transition is also consistent with
GPR data from other KGI surveys by Travassos & Simões (2004);
Rückamp et al. (2010) and Blindow et al. (2010).
According to Navarroa et al. (2005), high frequency radars
offer a resolution that allows a detailed analysis of the upper
glacier surface, allowing a better identification of the firn-ice
transition, but this depends on the ice thermal characteristics.
Revista Brasileira de Geofı́sica, Vol. 32(1), 2014

i

i
i

i

i

i
“main” — 2014/8/1 — 11:50 — page 25 — #5

i

ROSA KK, FERNANDEZ GB, ROCHA TB, SIMÕES FL, VIEIRA R & SIMÕES JC
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Figure 3 – Section line L15: (a) No processed section; (b) Topography-corrected and migrated radargram; (c) Interpreted radargram. This transversal GPR section
crosses the Wanda Glacier from E to W and is located near the glacier terminus. Location of the section line in Figure 2. The upper strong continuous horizontal
reflectors (HR) are indicators of one groundwave, and a water table. The high supraglacial water content, indicated by horizontal reflectors near the surface, increases
towards the thinner margins. Below HR there is a distinct reflector interpreted as interbedded ice with strong localized point reflectors (englacial water voids). There
is a zone of chaotic returns above a cleary defined bed reflection. High water content in the englacial zone is indicated by abundant diffractions (ID). Semi-continuous
steep dipping reflectors and point difractions a bed zone are present and reveal water table and debris rich layer in the ice-bed interface. The section provides a
cross-sectional view of the strong, quasi-continuous dipping reflection that appears concave-upward, with maximum depths of 25 m. Interpretation classes: HR =
horizontal reflections; H = diffraction hyperbolae; BR = bed reflections; ID = diffraction within the ice; and BD = bed diffractions.
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Figure 4 – Section line L5 (Fig. 2): (a) No processed section; (b) Topography-corrected and migrated radargram; (c) Interpreted radargram. This transversal GPR
section crosses the Wanda Glacier from W to E along 500 meters. Section line location in Figure 2. Noise near the surface is a strong evidence for water storage from
supraglacial streams. A low reflectivity zone (below noise near the surface) can be related with a macroscopic change in permitivity. Abundant diffractions within the ice
(ID) denote liquid-water in subglacial environment. Dielectrically dissimilar interfaces within heterogeneous basal ice thereby generate chaotic, noisy returns. Below
this layer there are sub-horizontal dowlappping reflectors with continuity that provided evidence for water table in the ice-bed interface. A cluster of bed diffractions can
be observed in the central part of the radar section and is an indicator of water and no-frozen sediments filled channels. The average ice thickness is 40 meters.
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Figure 5 – Section line L9 (Fig. 2): (a) No processed section; (b) Topography-corrected and migrated radargram; (c) Interpreted radargram. This transversal GPR
section crosses the Wanda Glacier from E to W. Strong surface and bed semi-continuous reflections are evidences for supraglacial and liquid-water percolation.
Localized point-source reflector (ID) point to water filled channels in the englacial zone. No continuous bed reflectors can be an evidence for a firn-ice boundary at
35 m depth in the central section. However, this interface is obscured in many sectors due strong scattering noise in the ice body. Liquid water inclusions also partly
obscure bed set horizons reflectors. Dipping slopes of the glacier bed reveal the U-shaped valley topography.

Snow and firn layering within the ice we obscured in sections
because the strong surface scattering resulting from the highly
inhomogeneous Wanda Glacier ice. According to Arcone (2002),
in temperate glaciers the sections shows much scattering due to
englacial water bodies.

Sections bed reflections point out to a subglacial topography with smooth slopes. Ice thickness estimation is provided
by migrated and topographically corrected sections, assuming a
relative dielectric constant for ice of 3±4 (Moorman & Michel,
2000), corresponding to a 0.168 m/ns–1 average velocity as
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Figure 6 – Section line L17. This interpreted topography-corrected longitudinal radargram is 360 meters long and is located in the central flowline (SW-NE) (Fig. 2).
The minimum and maximum ice thickness are about 5 and 35 meters, respectively. Water contact with basal ice is evidenced by strong continuous reflections. The
inset shows part of the unmigrated cross-section and presents a hyperbole that is a indicator of the glacial drainage. Stronger sub-horizontal reflector showed in the
first part of this section may indicate a liquid water percolating the ice-bed interface towards the glacier terminus. There are dense chaotic returns within the ice body.
Excessive diffractions near subglacial zone, toward the end of this section, show more no-frozen sediments and water filled channels interconnected with crevasses.
The longitudinal section shows an up-valley dipping reflection at the ice-bed interface as evidence from bedrock topography. Similar reflections are observed in the
transverse section at this site. This no-migrated section can portray a distorted image of subsurface stratigraphy.

Figure 7 – Part of an unmigrated cross-section (150-200 distance range in section line 15 showed in Fig. 3) shows hyperbolic returns created by point-source reflector
at the apex of the curve, and a vertically variable velocity structure with high water content above the bed (more 200 ns).
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proposed by studies of Blindow et al. (2010). However, the
heavy electromagnetic waves scattering, due to temperate ice inhomogeneities can cause errors in this estimative. The up-turned
asymptotes and loss of coherent reflections, found in the sections
(Fig. 7), are typical of a low velocity (water) surface, Arcone et al.
(1995) identified similar patterns.
The 100 MHz frequency GPR used in this work is considered an appropriate tool for the study of temperate glaciers. However, strong scattering caused by water inclusion at this frequency
can obscure firn-ice transition and the detection of bedrock
reflections.
CONCLUSIONS
We used GPR reflections to determine the internal structure and
thermal regime of the Wanda Glacier. Migrated and topographically corrected transverse radar sections show strong internal
reflectors typical of firn layers. Similar internal structures are
observed in other glaciers in KGI. Strong radio waves scattering
is attributed to supraglacial, englacial and subglacial meltwater
channels. The bed and englacial wet condition were evidenced by
radio waves and reveal continuous internal reflectors and diffractions, further evidences for temperate ice in the Wanda Glacier
ablation area. Because of its small size (1.5 km2 ) and thermal
conditions, Wanda Glacier responds rapidly to climatic changes
and it’s relevant for environmental studies.
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BREUER M, SAURER H, SIMÕES JC & LANGE MA. 2010. Geometry and
thermal regime of the King George Island ice cap, Antarctica, from GPR
and GPS. Ann. Glaciol., 51(55): 103–109.
BRADFORD JH & HARPER JT. 2005. Wave field migration as a tool for estimating spatially continuous radar velocity and water content in glaciers.
Geophys. Res. Lett., 32(8): L08502. (DOI: 10.1029/2004GL021770.)
BRAUN M & RAU F. 2000. Using a multi-year data archive of ERS SAR
imagery for the monitoring of firn line positions and ablation patterns
on the King George Island ice cap (Antarctica). EARSeL eProceedings, 1:
281–291.
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