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ABSTRACT

In this study, our initial results are presented for the interpretation of the
radio echo sounding data collected over the Shackleton Ice Shelf and
adjacent ice sheet (East Antarctica) during the 2003/2004 Australian-
Italian expedition. The Shackleton Ice Shelf is one of the larger ice shelves
of the East Antarctic Ice Sheet. The radar survey provided data relating to
ice thickness and bed morphology of the outlet glaciers, and thickness of
their floating portions. The glacier grounding lines were determined by
assessment of the basal echo characters. The information derived is
compared with data from the BEDMAP database and from other sources.

Introduction

The East Antarctic Ice Sheet is the largest ice sheet on
Earth, and to date, most of it is poorly explored. Knowledge
of its mass balance is needed to determine both the present
state of this section of Antarctica and, indeed, of the whole
continent, and its role in rising sea levels and global climate
change. The mass balance is poorly defined for various
reasons. Lack of information on grounding-line positions,
ice thickness of outlet glaciers and ice shelves, and their
behavior, are among the main sources of error. In addition,
logistic constraints, poor coverage of data, and the
remoteness of the continent act against its complete
definition. Integration of existing datasets with new data
collected using various techniques, such as satellite
observations, airborne radio echo sounding (RES), ground-
based surveys (seismic or RES), and ice cores, are needed to
increase our knowledge of this poorly covered area of
Antarctica.

Ice shelves comprise about 11% of the total area of the
Antarctic ice sheet, and they contain about 2.5% of the total
ice volume [Drewry 1983]. Moreover, calving contributes to
about 80% of the mass loss from the whole ice sheet [Jacobs
et al. 1992, Jacobs et al. 1996]. The retreat and collapse of
many ice shelves of the Antarctic Peninsula during recent
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decades and the dramatic changes that have occurred in West
Antarctica have led to open questions about the current
status of the East Antarctic ice shelves and their calving [see
for example, Skvarca et al. 1999, Scambos et al. 2000,
Scambos et al. 2003].

The Shackleton Ice Shelf is one of the larger ice shelves
of the East Antarctic Ice Sheet, and it is located between the
Mirny (66°33" S, 93°01” E) and Casey (66°17" S, 110°32" E)
stations of Queen Mary Land (Figure 1). As Rignot [2002]
and Zwally et al. [2002] observed, continental ice drains into
the Shackleton Ice Shelf mainly through three glaciers:
Northcliffe Glacier, Denman Glacier and Scott Glacier.
Denman Glacier follows a SW-NE flow direction (parallel to
Northcliffe Glacier), and it is the fastest and thickest glacier
in the study area. Its speed is about 1,500 m yr~! and its
thickness at the grounding line is estimated to be around
2,000 m. The calculated mass accumulation and discharge
are about 37.4 19 and 35.1 5 km? ice yr~!, respectively
[Rignot 2002, Zwally et al. 2002]. The Scott Glacier, which
drains ice along a SE-NW direction from the Knox Coast
area, is slower and thinner than the Denman Glacier (500 m
yr~! and 1,200 m, respectively); its mass accumulation and
discharge values are estimated to be about 10.9 £3 and 9.2
+2 km?® ice yr~! respectively. Overall, the mass balance of the
Shackleton Ice Shelf is close to equilibrium, while the whole
ice front appears to be retreating landwards [Rignot 2002,
Zwally et al. 2002].

The importance of studies of the Shackleton Ice Shelf
arises from its proximity to the margin of the continental
shelf, while its position as the northern-most Antarctic ice
shelf outside the Antarctic Peninsula allows evaluation of its
susceptibility in light of global warming.

For Antarctica in general, the BEDMAP database [Lythe
et al. 2001] is used as the reference database for ice-thickness
data. Unfortunately, the BEDMAP database does not include
coverage for this region. However, the Shackleton Ice Shelf
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Figure 1. Features around the Shackleton Ice Shelf and its location in Antarctica. The location of the RES dataset is shown as red lines on a MODIS

image (2003; 1 pixel = 250 m).

grounding-line positions have been reviewed recently using
interferometric synthetic aperture radar, a remote sensing
technique that uses radar satellite images from the European
remote-sensing satellite and RADARSAT-1 [Rignot 2002].
This analysis revealed that the present grounding lines differ
by some kilometres from their prior positions recorded in the
ADD (Antarctic Digital Database; http:/ /www.add.scar.org/)
by the Mapping and Geographic Information Centre of the
British Antarctic Survey, and in the MODIS (Moderate
Resolution Imaging Spectroradiometer) based coastal line
(Bohlander and Scambos 2007).

The RES survey presented here was conducted in the
framework of the 2003/2004 Australian-Italian Expedition in
Antarctica to the Shackleton area, to establish the bedrock
topography of local outlet glaciers and the position of
grounding lines, and to assess the ice thickness along floating
portions of the ice tongues. Figure 1 shows the major
features of the study area and its location relative to
Antarctica, where the survey lines are shown as red lines
superimposed on a MODIS image acquired at 02:50 UT on
February 26, 2003 (http:/ /modis.gsfc.nasa.gov).

Materials and methods

The RES system is an active remote-sensing technique.
It uses the penetration of electromagnetic waves into the ice
to measure the thickness of ice caps and glaciers, and to
obtain information about the internal layering and the
characteristics of the basal reflector [Bailey et al. 1964,
Whillans 1976, Bogorodsky et al. 1985, Jacobel and Hodge
1995, Milana and Maturano 1999, Tabacco et al. 2000, Plewes
and Hubbard 2001, Bianchi et al. 2001].
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In the 2003 RES survey, the data were acquired using a
pulsed continuous-wave radar system operating at a
frequency of 60 MHz. The radar system was developed at
the Istituto Nazionale di Geofisica e Vulcanologia (INGV)
and has been progressively improved since 1997 [Tabacco et
al. 1999, Zirizzotti et al. 2008]. The characteristics of the
system include a selectable pulse length (between 200 and
1,000 ns), a transmitted peak power of 4 kW, and a pulse
repetition rate of 100 traces/s. To increase the signal-to-noise
ratio, the average trace is calculated for every 10 traces
received, and it is this averaged trace that is recorded. The
horizontal spacing between the recorded traces is 7 m, at a
mean aeroplane speed of about 220 km/h. Each recorded
trace has 1,280 points at a sampling interval of 50 ns, to give
a depth-sampling interval of 4 m [Tabacco et al. 2008]. The
radar system was mounted in a Twin Otter aircraft with
separate antennas for transmitting and receiving. Each
antenna consisted of a single folded dipole, with one
mounted under each wing The ground location of the radar
traces was obtained using a Trimble 4000 SSE global
positioning system (L1 and L2 frequencies) equipped with a
geodetic
synchronized with the radar acquisition (with a £20 m
precision for the x, y coordinates). The values of the surface

antenna mounted on the fuselage, and

elevation corresponding to the global positioning system
coordinates were extracted from the high-resolution
Radarsat Antarctic Mapping Project digital elevation model
(RAMPDEM), version 2 [Liu et al. 2001]. The RES survey in
the study region consisted of five flights (64 radar profiles)
for a total length of about 5,000 km with a cruise speed of
185-220 km/h and an average altitude above the ice surface
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of about 300 m, controlled by radar altimeter.

The ice thickness was calculated using a constant
electromagnetic wave propagation velocity of 168 m us~! and
no firn correction was applied [Glen and Paren 1975, Robin
1975, Bogorodsky et al. 1985, Paterson 1994]. The ice
thicknesses were compared at crossover points of all of the
radar legs (about 35), to provide a check on internal
consistency. More than 70% of these had ice-thickness
differences of less than 40 m. Bed elevation maps were
calculated by subtracting the derived ice thicknesses from the
RAMPDEM surface elevation values and averaging the
resulting values on a grid with a cell size of 8 km by 8 km,
then interpolating using the Kriging gridding method with a
linear variogram.

Difficulties arose in the analysis of RADAR echoes,
where the signal-to-noise ratio was reduced and where
bottom reflections were lost. About 5% of the line-data
could not be used because of this lack of returned echoes
from the bedrock. In particular, basal echoes were not
received where the surface was heavily crevassed in fast-
moving regions. On the ice shelf, we attribute the loss of
basal echo in some areas to the presence of large fractures,
and also to the presence of marine ice, where the absence of
reflections is due to strong attenuation of the RES signal
[Souchez et al. 1991, Souchez et al. 1995]. Finally, grounding-
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line positions were defined as the points where the
amplitudes of the reflections changed from those
characteristic of an ice/rock interface to those of a meteoric-
ice/sea-water interface.

Main Results

Bedrock-data analysis

The analysis of the RES data produced the bedrock
elevation map shown in Figure 2, which is again
superimposed on a MODIS image. The RES profiles used are
shown as black lines on the bedrock map and were only for
grounded ice, and the dataset was augmented with
elevations of rock outcrops from the ADD. Even though the
radar profiles were irregularly distributed over the area
analyzed, the resulting map is useful for understanding the
general morphology of the region. The features containing
the main glacier outlet streams are evident in the data
(Figure 2, black dashed lines), and in most cases, their
analysis permitted a better understanding of the ice fluxes
and the form of the surface topography. The red dashed line
in Figure 2 marks a ridge that probably acts as an ice divide
between the ice flowing into the Shackleton Ice Shelf and
the ice that drains towards the Knox coast. In this area, the
bedrock ridge appears to branch to the north, with a valley
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Figure 2. Bedrock elevation map (WGS84). RES profiles of the grounded ice are shown as black lines. Bed-elevation data was calculated as the difference
between the RAMPDEM surface elevation and our ice-thickness data. Black crosses and purple lines show positions of nearest BEDMAP data. Red dashed
line marks the ridge that probably acts as the divide between ice feeding into the Shackleton Ice Shelf and ice that drains toward the Knox coast. Surface
contours are from the ADD; interval, 100 m.
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between the two branches. The valley drains towards the
small remaining eastern section of the Shackleton Ice Shelf.
The flank of the valley on the east is higher and steeper than
on the west. This aspect can also be seen on the
corresponding surface topography (Figure 2, thin gray lines).

Data from the BEDMAP archive were also examined to
integrate with our data. Unfortunately, there are few data
available for the Shackleton Ice Shelf region. However, there
are seismic reflection data collected by the Soviet Antarctic
Expeditions (SAE 1, 2) in 1956-58 (Figure 2, black crosses), and
a RES survey carried out by the Australian Antarctic Division
(in 1983 and 1986; Figure 2, purple line). The closest points in
our RES and SAE surveys were separated by 13 km, with ice
thicknesses of 890 m and 957 m, respectively. These values
are consistent considering the distance between these points.

A study of the outlet glaciers was made by analyzing the
RES radargrams for profiles across the glaciers. Three
example profiles (Vo25df94, Vo23op71, and Vo23ef63) are
shown in a perspective view in Figure 3. For the Northcliffe
Glacier and the Denman Glacier, reflections were absent
from most of the base (due to heavy surface crevassing) and
so they did not allow complete definition of the glacier valley
contours. In contrast, the Scott Glacier, which has a lower
flow speed than the others, can be defined both in the overall
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bedrock map, and in more detail by analysis of the three-
dimensional views of the RES radargrams (Figure 4).

The Scott Glacier is formed from three main ice flows
(Figure 4, cyan dotted lines). Ridges separating two of the
valleys are visible in section A'-A in Figure 4, while the third
merges with these close to the outlet into the Shackleton Ice
Shelf, where they also meet the outlet of the Apfel Glacier.

On the strength of these data, the main ice flow of the
Scott Glacier is probably that on the right side of section A'-
A in Figure 4, which has an ice thickness of about 1,950 m
and a width of about 11.7 km. On the left of the main ice
flow there is a less deep valley, with an ice thickness of
around 1,450 m that is visible in the map (Figure 4). Both of
these streams flow together towards the outlet area, turning
right following the valley constraint. In section B-B', the main
valley is only partially defined (Figure 4, left end of section).
To the right of the main ice stream a narrow (4.3 km wide)
and less deep (1.3 km ice thickness) valley is also visible.

Finally, from this analysis of the bedrock map and from
the corresponding radargrams, Denman Valley appears to be
characterized by an asymmetric shape that is about 9,000 m
wide and of unknown depth. Rignot [2002] estimated the
depth as 2,000 £200 m at the grounding line in an analysis of
the European remote-sensing satellite radar altimetry data.

Figure 3. Perspective view of three sections of the RES profiles that cross the Denman Glacier, Vo230p71, Vo25de94 and Vo23ef63, and their projections on

the MODIS image.
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Figure 4 (top). Morphological details of Scott Glacier. The green points indicate valley flanks, and red points indicate the deepest points.

Figure 5 (bottom). Labeled sections of the RES profiles that were analyzed for detection of grounding-line positions; cyan and magenta lines represent
the ADD (ver. 3.0) and MOA grounding lines, respectively. Points where reflections from the basal surface of the ice were achieved are plotted in red. Yellow
stars show the grounding points deduced from our RES data analysis; blue stars and orange triangles indicate where the ice is grounded on the bedrock

and where it is floating, respectively.

Grounding-line positions

Based on satellite observations, Rignot [2002] and
Zwally et al. [2002] have shown the retreating of the outer
edge of the Shackleton Ice Shelf (by more than 3 km yr—!)
and a more inland position of the floating line on the
Denman and Scott Glaciers. To this end, some RES profiles
were analyzed to obtain information about grounding-line
positions and ice-shelf thickness. In Figure 5, the profiles
analyzed for grounding-line detection are shown; here, the
yellow stars indicate identified grounding points, while
orange triangles and blue stars indicate the end points of
profile sections where the ice is grounded on rock and where
it is floating, respectively. This discrimination was needed
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because of data gaps due mainly to the ice conditions of
heavy crevassing. For comparison, the grounding lines
reported in the ADD and MODIS are shown in Figure 5 as
cyan and magenta lines, respectively. The ADD and MOA
grounding lines are from interpretations of satellite images
in terms of inferred surface slopes and features that might
be associated with transition between grounding and
floating, and thus these data are indirect. On the other hand,
the RES assessment was made on the basis of conditions at
the base of the ice, which varies whether the ice is grounded
in contact with rock or is floating in contact with sea water,
and so these data are more direct. The distances of the RES
grounding points from the ADD and MOA reported coastal
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Flight id RES GL coordinates ADD GL distances (km) MOA GL distances (km)
Vo23cd61 66°36"49” S; 96°36°56” E =0 =0
Between
Vo24ab75 66°52°11" S; 98°49°22" B = 8m <2@
66°44°55" S; 98°55°45” B
Vo23mné9_70 Floating =~ 8 = 5@
Between
V024fg82 66°34°05” S; 100°00°01" E = 10® = 10®@
66°24°18”S; 99°51°41" E
66°25738” S;100°27°11" E
Vo22ef50 . o =~ 6@ =20
66°28°16" S;100°27°14" E
Vo22hi56
. 66°00°50” S; 100°32°30” E =~ 8@ =0
Vo22i957
Vo28cdé66 65°56°55”7 S;102°21°24" B <1® = 2@

Table 1. Distances from RES grounded/floating points to the ADD and MOA grounding-line positions (apex @ is for a landward position; while @ is for

a seaward position; GL, grounding line).

lines were calculated and are reported in Table 1.

The profile Voz4ab75 crosses the stream of the
Northcliffe Glacier; the end of the grounded data is very
close to the area where steep ice meets a flat ice-shelf area.
Here, for a long stretch, there were no reflections from the
bottom. In this case, the coastline point is located in the data
gap, probably closer to the end of the grounded data. In this
case, our result is about 8 km from the position reported in
the ADD database supporting the MOA interpretation (less
than 2 km).

Profile Vo24fg82 crosses the ice shelf and the streams of
the Denman and Scott Glaciers. Comparing the RES dataset
with the satellite image, it is clear that floating ice bottom
reflections disappear at the confluence of the two streams,
where crevasses and stressed ice areas are visible in the
satellite image. Taking into account that the rock is exposed
in the last part of the profile (where data are lacking), the
position of the grounding line provided by the ADD and
MOA appears to be reasonable.

Again in the case of the profiles V022hi56 and V0221957, the
coastline points cannot be evaluated precisely. The lack of data,
the emergence of the rock surface, and the presence of a small
ice-covered island prevent the identification of the position of
the grounding line. However, it probably needs to be shifted
southwards relative to the position reported in the ADD.

For the profile Vo23mn69_70, only reflections from the
bottom of floating ice were obtained from the RES data
analysis. In this case, our results suggest that the coastline
should be positioned more upstream in the Denman ice
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stream with respect to the information provided by the MOA
database.

The analysis of profiles Vo22ef50, Vo23cd61 and Vo28cd66
allowed the determination of the position of the grounding
lines, which show good agreement with both of the
databases, except for the ADD on Vo22¢f50. It is important to
note here that the definition of the grounding-line positions
by MOA match our RES data better than the ADD dataset.

In addition, the study of the RES profiles Vo23cd61 and
Vo28cd66 provided important information about the
morphology of the grounding-point contact. In particular,
detailed analysis of profile Vo23cd61 (Figure 6a) allowed the
definition of the boundary between the ice/seawater and
ice/bedrock systems (Figure 6a, G), which was suggested by
the abrupt changes in the RES signal amplitude. Looking at
the final interpretation, in which the profiles of the surface
and rock elevations are presented (Figure 6b), and taking
into account material reported by other studies [Rignot
2002, Bohlander and Scambos 2007], other typical
grounding-line morphology points have been estimated. In
particular, Figure 6b indicates the «hydrostatic limit» (H), the
«break in slope» point (Ib) and the «imit of flexure» (F).
Finally, some other interesting observations can be made:
the ice thickness varies along the profile from about 300 m
to 600 m, and then it gets thinner again towards the coast.
These variations can lead to the generation of bottom
fractures in the ice shelf. These are shown as small
hyperbolas in the radargrams and as short features in the
blue circle in the profile in Figure 6a.
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Figure 6 (top). The RES profile Vo23cd61 (a) and the morphological analysis of its grounding point (b). G indicates the boundary separating floating ice
(ice in contact with sea water) from grounded ice (ice in contact with rock), H is the «hydrostatic limit», I, is the «break in slope» point, and F is the dlimit
of flexure». Blue circle/ellipse: bottom fractures in the ice shelf.

Figure 7 (bottom). Analysis of the Shackleton Ice Shelf ice thickness. (a) map showing the spatial distribution of the ice thickness interpolated from the RES
data; (b) RES data presented as a radargram along section A-A"-A”; (c) Profile of ice thickness extracted by analysis of the radargram along section A-A"-A”".

85



RES INVESTIGATION ON SHACKLETON ICE SHELF

Ice-shelf thickness

Assessment of the thickness of the Shackleton Ice Shelf
was another aim of this RES survey. In Figure 7a, the spatial
distribution of ice thickness is shown together with the
sections of the RES profiles corresponding to floating ice,
where the thick ice in the streams of the Denman and Scott
Glaciers at their confluence is visible. The A-A'-A" sections in
Figure 7a, b show the results along a RES profile intersecting
the main ice-discharge streams. Looking at the corrected
topography profile shown in Figure 7c, it is evident that the
thickness of the ice shelf measured has a mean value of
about 300 m. Proceeding along line A, the ice thickness
shows small variations that are associated with local glacier
flows, until the point in which the profile intercepts the
Denman Glacier flow (110 km from the origin of the line).
From there, the ice thickness reduces to half of its initial
value for a short stretch, and the amplitude of the basal
echoes changed dramatically. This effect is probably due to
the presence of fractures in the ice bed, with the transition
from a smooth interface (ice shelf) to a rough one (glacier
flow with basal crevasses). Then the thickness (about in the
middle of the stream) increases to more than 600 m (127 km
from the origin of the profile), with an associated change in
the ice surface topography. The thickness then drops over the
following 2-3 km, where rock outcrops obstruct the ice flow,
then it increases again, reaching the point of the confluence
of the Scott and Apfel Glaciers.

Conclusions

In this study, we present the data of the 2003/2004
Antarctic RES survey on the Shackleton Ice Shelf, between
the Mirny (66°33" S, 93°01" E) and Casey (66°17" S, 110°32" E)
stations. The purpose of the survey was the determination
of the morphology of the sub-glacial rock and the local
outlet glaciers, and the position of grounding lines, and the
assessment of the ice thickness along the floating portions
of the ice tongues.

The bedrock map revealed the general morphology of
the region and the main characteristics of the erosion in the
glacier outlet confluence area. Analysis of the radargrams
showed that bottom reflections were sometimes lost where
the surface was heavily crevassed and stressed because of the
drainage of a large ice-mass in a narrow, deep valley. Due to
this effect, only the Scott Glacier valley was well described,
while the other two, for the Denman and Northcliffe Glaciers,
were not clearly defined.

This analysis of the longitudinal and transverse profiles
over the ice streams has provided important information
about the grounding-line positions and about the ice-shelf
thickness. Grounding-line positions and monitoring of ice-
shelf motion are destined to have even more important roles
as response effects to global climate change. In some cases,
our coastline positions correspond to the values in the ADD
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and MODIS databases. In one case, only a small difference
was found (line Vo24ab75); however, for the remaining files
analyzed (Vo23mn69-V023n070 and Vo22ef50), our data show
large differences.

Finally the analysis of some RES profiles showed that the
ice-shelf thickness is relatively constant, varying from about
200 m to 300 m, except in the confluence of the Denman,
Scott and Apfel streams, where they meet the ice shelf. Here
the ice thickness reaches about 600 m, which is associated
with changes in the ice surface topography.

Improved bedrock modeling based on the RES dataset
and detailed analysis of ice-shelf profiles, combined with
ICESat observations, will contribute to a better understanding
of the Shackleton Ice Shelf dynamics.
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