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BACKGROUND
ANDRILL and earlier (Cape Roberts, CIROS 1 and 2) coring in the Ross Sea region of Antarctica
(Barrett, 2009, Naish et al 2002, 2009), and associated ice sheet modelling (DeConto and Pollard
2003, Pollard and DeConto, 2009) have demonstrated East and West Antarctic ice sheet variability
on orbital timescales since ice sheet inception at the Eocene/Oligocene boundary at around 35 Ma.
Of direct societal relevance, interpretation of the ANDRILL 1B core suggests that repeated
collapses of the West Antarctic Ice Sheet (WAIS) have occurred in the last 5 Ma, in both the
Pliocene and during Pleistocene ‘super’ interglacials when temperatures and CO2 levels were
slightly higher than today (Naish et al. 2009, Pollard and DeConto 2009). In apparent conflict with
these findings, moraine dating, survival of extreme polar desert landforms, ancient buried ice, and
extinction of local temperate biota in the adjacent Dry Valleys region indicate stability of the East
Antarctic Ice Sheet since the mid Miocene (the last 13 ma) (Sugden et al. 1995, Sugden and Denton
2004, Lewis et al. 2008). At present, it is not possible to discriminate between these seemingly
divergent hypotheses, nor assess whether they are compatible, because the interpretation of
geological evidence (both cores and onshore geomorphology) involve substantial extrapolation in
both space and time, and ice sheet modelling lacks the appropriate spatial resolution for direct
comparison to field evidence. As a consequence of these and other uncertainties, numerical
modelling and empirical reconstructions differ vastly in their interpretation of the former ice
volumes which resulted from temperatures slightly warmer than today (c.f. Hill et al., 2007; Pollard
& DeConto, 2009). The extent to which East Antarctic Ice Sheet (EAIS) outlet glaciers changed
during such ice-sheet reconfiguration(s) is central to this uncertainty (Sugden 1996; Hall et al.,
1997; Sugden & Denton 2004), and remains keenly debated, with evidence from the Dry Valleys
region suggesting minor Pliocene ice advances (Marchant et al. 1993), whereas temperate glacier
deposits of presumed but disputed Pliocene age (McKay 2008) adjacent to the Beardmore and
Shackleton Glaciers at >80ºS, may indicate conditions substantially warmer than present (Mercer
1972, Hambrey et al. 2003).
In an attempt to address the problems detailed above, we will attempt to develop an understanding
of the mechanistic links between upper atmosphere insolation changes and ice sheet reorganisation
at high spatial resolution. Past, present and future behaviour of the EAIS can be interpreted from
assessment of major EAIS outlet glacier perturbations as manifest in geometric and dynamic
changes of both the glaciers themselves (e.g. Bockheim et al., 1989; Denton et al., 1989a, b) and the
Ross Ice Shelf (RIS) into which they feed (Hulbe & Fahnestock 2004, 2007). In connecting the
EAIS with the marine component of the West Antarctic Ice Sheet (WAIS), TAM glaciers are
ideally situated for understanding ice sheet interaction at the local and regional scale. Furthermore,
these glaciers contribute significantly to the RIS, the presence of which may maintain through
buttressing the stability of much of the WAIS (especially Siple Coast ice streams – c.f. Hulbe &
Fahnestock 2004, 2007). The East Antarctic Ice Sheet (EAIS) margin along the Trans-Antarctic
Mountains (TAM) has also been identified as the westernmost limit recent decadal warming (Steig
et al., 2009), and continuing warming or change in ocean properties may ultimately result in ice
shelf instability migrating southward from the Antarctic Peninsula to the Ross Ice Shelf. Despite the
apparent significance of TAM glaciers, however, the dynamics of most remain poorly known, thus
a baseline of 'normal' operation is lacking.
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OBJECTIVES
Our aims are threefold (Fig. 1):
•

To better characterise glacier dynamics at the transition from glacier to ice shelf (grounding
line) by undertaking field investigations on the Beardmore Glacier (Trans-Antarctic
Mountains) using a variety of geophysical techniques.

•

To use these data, together with remotely-sensed (satellite) data, to appropriately constrain
high-resolution numerical ice sheet models of the Beardmore Glacier and put this into
context of present-day dynamics of TAM glaciers flowing into the RIS.

•

To gauge the sensitivity of TAM glaciers to forcing perturbations, and use the geological
record from ANDRILL core sites to establish the nature of glaciological and climate
variability in the during key episodes of the recent geological past, including the warmest
Pliocene and Pleistocene super interglacials.
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PROPOSED RESEARCH:

Figure 1: Overview of project objectives and strategy

Objective 1: Establish detailed empirical baseline for grounding-zone dynamics of Beardmore
Glacier, Trans-Antarctic Mountains
Glacier – ice-shelf connectivity across the grounding zone remains a key uncertainty in process
glaciology (Mayer & Huybrechts, 1999; Walker et al., 2008) and ice-sheet modelling (e.g. Nowicki
& Wingham 2008). Reducing this uncertainty is essential for model-based assessments of
grounding-line position, stability, migration, and mass-flux (Vieli and Payne, 2005; van der Veen et
al., 2007). The analytical solution for ice flux at the grounding line for rapidly-sliding grounded ice
(Schoof, 2007) is increasingly used in ice sheet models (e.g. Pollard and Deconto 2009) although it
does not account for the case where there is significant shearing in the grounded ice (Nowicki and
Wingham, 2007, 2008), as is expected in TAM glaciers. We intend to undertake fieldwork to
locate the present grounding-line of the Beardmore Glacier, and to obtain information on the flow
structure and internal ice deformation in the grounding zone (Fig. 2). Using differential GPS
(DGPS) arrays along flow-parallel transects spanning this zone we will record real-time [x,y,z]
displacements of the ice surface for comparison with historic records (e.g. Swithinbank 1963:
Beardmore velocity c. 365 m a-1), as well as the identification of short-term variability. Datalogging over an optimal field survey period of one - two months will enable the complete lunar
(tidal) signal to be resolved, as well as diurnal variations. Skidoo-mounted ice-penetrating radar
surveys along each transect line will be carried out during the field period in order to establish ice
thickness and any evidence of internal (flow) deformation (Corr et al., 2002). Additionally this will
characterise the nature of the basal contact and will allow direct linkage between dynamics
interpreted from DGPS measurements and glaciology (grounded-ice – shelf transition effects).
Seismic survey will also be necessary in order to accurately image the glacier bed and lower
reflectors, from which we can infer variation in substrate rheology, in particular the extent /
thickness of dilatant till and presence/absence of a stabilising sediment wedge (e.g. Blankenship et
al., 1986; Anandakrishnan et al. 2007d). DGPS data will be used to calibrate repeat oblique
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terrestrial imagery of the grounding zone taken from Mt. Hope and Mt. Kiffin (Fig. 2) and, by
enabling photogrammetric analysis, will allow high-resolution velocity interpretations to be derived
for the grounding zone area. The ground-based information will be completed with information
from satellite repeat pass imagery (Rignot et al, 2008) to obtain surface velocity fields, as well as
ICESat (since 2003) and CryoSat-2 (launch December 2009) data for surface elevation and changes
thereof. Estimates on snow accumulation in the catchment area will be obtained from passive
microwave sensors. Satellite data analysis will be used to assess the dynamics and mass balance of
other TAM outletglaciers discharging ice into the RIS.

Figure 2: MODIS imagery illustrating location of the Beardmore Glacier in context of East Antarctic Ice
Sheet and Ross Ice Shelf, with indicated survey locations. Red line indicates likely position of
grounding line inferred from MODIS-derived glacier surface contrasts. Coordinates are km from pole in
Polar Stereographic projection.

Objective 2: Sensitivity analysis of Trans-Antarctic Mountain glacier systems to dominant
forcings
The stability / presence of buttressing ice shelves has long been suggested as an essential control on
the dynamics of tributary glaciers (Weertman 1974; Mercer 1978), perhaps with some
observational support (e.g. De Angelis & Skvarca 2003; Scambos et al., 2004). Ice shelf sensitivity
to changes in sea level and ocean warming (leading to sub-shelf melting), as well as atmospheric
warming, affects grounding-line stability (Rignot & Jacobs, 2002; Walker et al., 2008, Scambos et
al., 2000, 2009), which may in turn affect flow in grounded catchment areas. Surface mass balance
of grounded portions may be negatively affected by atmospheric warming, or may benefit from
possible precipitation increases. Complex feedbacks between individual forcings mean that it is
difficult to predict their relative importance from present observations. To understand and quantify
forcing sensitivities with respect to environmental changes forecast for the future, we will develop a
high-resolution numerical ice sheet model simulation of the RIS / TAM region (Fig. 3). The model
will be constrained by empirical data gathered remotely and from field survey during Objective 1,
and supplemented with publicly available datasets wherever possible. Essential in this model will
be i) the ability to closely simulate growth and behaviour of large ice shelves, ii) sufficiently wellresolved physics to allow free migration of the grounding-line, and iii) a robust mechanism with
which shelf flow and grounded ice flux are coupled. Additionally, the model will need to be
computable at 1 – 5 km resolution over a domain space of 0.25 – 5 M km2 for time-dependent
experiments of a multi-millennial scale. Parallel-processing and grid computation capability are
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necessary, for which we will employ the GNS cluster and the Blue Fern supercomputer at
University of Canterbury as appropriate. Numerical models best able to deal with the complexities
of an Antarctic ice sheet / shelf domain include the Parallel Ice Sheet Model (PISM) (Bueler &
Brown, 2009; Bueler et al., 2009), the Community Ice Sheet Model (CISM – a development of
'GLIMMER'), and the model of Pollard and DeConto (2009). Each has the capability to simulate
shelf flow and accommodate a dynamic grounding-line, using an analytical mass flux solution
(Schoof 2006). PISM has the advantage of being specifically designed for parallel-processing,
whereas CISM will in the near future incorporate higher-order physics that better simulates stress
transfer across the grounding zone and areas of localised fast-flow. The Pollard and DeConto model
has previously been used successfully to model Antarctic ice sheet dynamics and sediment flux
(DeConto & Pollard, 2003; Pollard & DeConto 2003, 2009) and could be adapted for higherresolution simulations.

Figure 3: MODIS imagery illustrating location of the Beardmore Glacier in regional context of East
Antarctic Ice Sheet and Ross Ice Shelf, with locations of previous and planned marine sedimentary drill
sites. Bathymetry from BEDMAP (Lythe & Vaughan, 2000) [http://antarctica.ac.uk/bedmap].
Coordinates are km from pole in Polar Stereographic projection.

Initial model set-up and testing will involve simulations run to steady-state (equilibrium)
conditions, and the tuning of forcing parameters to achieve dynamical characteristics consistent
with those determined from empirical data gathered under Objective 1. From this starting point we
will quantify the magnitudes and styles of glacier change likely to occur under a range of
geologically recent and projected future environmental scenarios. This will be achieved through a
series of experiments designed to isolate the influence of each principal forcing factor. Our analysis
will focus particularly on grounding-line behaviour and associated dynamic / mass balance changes
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in inland accumulation areas. Of key interest is the sensitivity of the system to changing oceanic
properties through their influence on ice shelf mass balance, and the implications this may have for
TAM glaciers.

Objective 3: Glaciological reconstruction of Pliocene environment of the Ross Sea region
Transitions from an extensive, grounded, WAIS in the Ross Sea extending to the continental shelf,
to intermediate configurations similar to present, to a collapsed state characterised by disparate ice
masses grounded above sea level occurred rapidly (millennial-scale) during the recent geological
past (last 5 Ma – Pliocene-Pleistocene period) (Naish et al., 2009; Pollard & DeConto, 2009).
Currently, nested 10 km-resolution domains within a continental ice-sheet model (Pollard &
DeConto, 2009) reveal the major flow trajectories of shelf ice in the Ross Sea basin and modelled
oscillations in glacier extent correlate well with strata recovered in the eastern Ross Sea at AND-1B
(Naish et al., 2009). However, a key question remains over the relative stability of the East
Antarctic Ice Sheet during the interpreted warm-period collapses of the WAIS (see Sugden 1996 for
discussion). Using our ice sheet model(s) (Objective 2), validated against modern empirical data
(Objective 1), we will address the issue of EAIS stability by simulating the TAM / Ross Sea sector
of the EAIS / WAIS divide under conditions likely to have characterised the Pliocene environment.
Locally reconstructed sea surface temperatures (Gavin Dunbar in prep) and sediment provenance
studies from ANDRILL 1B (McKay 2009) will be used as additional model constraints as
appropriate. Particularly we will quantify both the mass balance and dynamic responses of TAM
outlet glaciers, and their impact on EAIS accumulation centres. Using topography adjusted for postPliocene erosion (Wilson & Luyendyk 2009), our model will assess relative differences in response
of the two ice sheets, and thus make inferences concerning their relative sensitivities to, for
example, high CO2 or warm ocean scenarios.
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