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Disintegration of the West Antarctic Ice Sheet (WAIS) alone
would contribute a ~3.5 m rise in global sea level [Bamber et
al., 2009]. Furthermore, WAIS has recently been shown to be
warming faster than previously thought [Steig et al., 2009];
this has raised scientific concern that the WAIS is potentially
susceptible to internal or ocean-driven instability. A number
of glaciological studies in West Antarctica have highlighted
the importance of understanding ice sheet interactions with
water, including studies at the basal boundary where ice
streams come in contact with active subglacial hydrologic
systems [Gray et al., 2005; Fricker et al., 2007; Bell, 2008]
and at the seaward margin where the ice sheet is exposed to
oceanic forcing [Rignot and Jacobs, 2002; Anandakrishnan
et al., 2007; Alley et al., 2007; Pollard and DeConto, 2009].
Water and wet sediments play an important role in determin-
ing the rate of ice stream flow and in triggering changes in
flow rates on short timescales [Hulbe and Fahnestock, 2007;
Peters et al., 2007; Vaughan and Athern, 2007]. Evidence for
a direct link between ice stream dynamics and subglacial
lakes is emerging: e.g., on Byrd Glacier drainage of a sub-
glacial lake has been linked to an increase in ice velocity of
10% sustained for 14 months [Stearns et al., 2008]. At
grounding zones, thermal ocean forcing may represent a key
mechanism for destabilizing theWAIS, thereby increasing its
contribution to global sea level rise [Oppenheimer, 1998;
Rignot and Jacobs, 2002; Shepherd et al., 2004; Walker et
al., 2008; Pollard and DeConto, 2009] and potentially alter-
ing ocean and atmospheric circulation. Scherer et al. [2008]
demonstrated that the Ross Ice Shelf (RIS) and the WAIS
responded to warming during an early Pleistocene intergla-
cial (MIS-31) and that at least during this interglacial, ice
sheet retreat in the Antarctic led that of the Arctic. Similar
scenarios are known to have occurred repeatedly throughout
Pliocene times when atmospheric pCO2 and global tempera-
tures were similar to those predicted for the coming centuries
[Naish et al., 2009; Pollard and DeConto, 2009].
In addition to their potentially important role in ice sheet

dynamics, subglacial environments in Antarctica are an
unexplored component of the biosphere. The low tempera-
tures (~0-C), complete darkness, and direct isolation from
the atmosphere for millions of years make them one of the
most extreme environments on our planet. Despite their
perceived inhospitable nature, the available data imply that
Antarctic subglacial environments may support a diversity
of microorganisms. The metabolic diversity discovered
range from chemolithoautotrophs that use energy from re-
dox chemistry to fix CO2 [Priscu and Christner, 2004;
Mikucki and Priscu, 2007; Priscu et al., 2008, Lanoil et al.,
2009] to heterotrophic bacteria that utilize the reduced car-
bon fixed by the chemolithoautotrophs. As such, the sub-
glacial ecosystem may function in much the same way as
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deep-sea vent ecosystems. Priscu and Christner [2004] and
Priscu et al. [2008] estimated that prokaryotic organic car-
bon within the subglacial Antarctic ecosystem exceeds that
of all surface freshwater lakes and rivers on our planet,
which are considered to be biogeochemically important
systems. Mineral weathering of basement rock and sedi-
ments is extremely rapid [Mitchell et al., 2006; Mitchell and
Brown, 2008] and appears to be enhanced by microbial
activity [Wadham et al., 2010]. Recent estimates suggest
that the amount of weathering beneath the Antarctic ice
sheet rivals that of the Amazon River in terms of geochem-
ical input to the oceans and that much of this weathering is
microbially mediated [Wadham et al., 2010]. Despite the
potential importance of subglacial ecosystems to biogeo-
chemical cycles, these environments have yet to be sampled
in a comprehensive, integrated fashion.

2. BACKGROUND

2.1. Subglacial Hydrology (and Lakes)

Subglacial lakes and grounding zones of ice streams have
been identified as high-priority targets for scientific investiga-
tions by U.S. and international research communities [Nation-
al Research Council (NRC), 2007]. The presence of water
beneath the ice sheet has long been known; however, the
subglacial environment is one of the most inaccessible places
in the world and is consequently poorly studied. Thus, our
knowledge of distribution and flux of subglacial water and the
processes that drive subglacial hydrology remains limited.
There have been isolated field campaigns to certain regions of
the ice sheet, notably including the upstream portion of the
Whillans and Kamb ice streams (KISs) [Kamb et al., 1990;
Kamb, 2001; Engelhardt, 2005]. Water or wet sediment was
encountered at the base of many of the boreholes, including a
shallow water cavity beneath the KIS. Subsequent ground-
based radar surveys [Jacobel et al., 2009] provided new data
on the areas of basal melt. Improved ice sheet models are
helping to predict where water may flow on a regional basis
[LeBrocq et al., 2009].
Despite the lack of field data, our knowledge of Antarc-

tica’s subglacial environment has dramatically changed over
the last 5 years. A major breakthrough was the realization
that subglacial lake activity (both filling and draining) causes
changes in surface elevation of the ice sheet that can be
detected by satellite instruments. The inventory of subglacial
lakes tallied 145 lakes in 2005 [Siegert et al., 2005], but such
lakes were thought to be inactive. Since 2005, satellite results
have shown that the lakes can be active: Lake volumes can
fluctuate, and rapid fluxes of water can occur periodically
between them via subglacial floods [Gray et al., 2005;
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Wingham et al., 2006; Fricker et al., 2007]. Many subglacial
lakes (124) have now been designated as “active” [Smith
et al., 2009].
A complex and dynamic subglacial hydrology has the

potential to rapidly change the basal conditions of an ice
sheet. On Alpine glaciers and the Greenland ice sheet, there
is considerable evidence of seasonal acceleration and in
response to meltwater penetration to the bed and likely
subglacial flooding/lubrication [e.g., Joughin et al., 2008;
van de Wal et al., 2008]. These events lead to transient
speedup as well as transient slowdown of the overlying ice,
although the long-term effect of meltwater penetration is still
poorly known. These events are analogous to the Antarctic
subglacial lake drainage phenomena, although the trigger for
subglacial lake drainage is not linked to environmental forc-
ing [Bell, 2008]. The effect of subglacial lake activity on ice
dynamics remains largely unquantified, however, and there
has only been one observation of glacier speedup coinciding
with a flooding event (on Byrd Glacier [Stearns et al.,
2008]). The reason there have been so few observations of
such speedups in Antarctica is mainly a lack of velocity data
that must be acquired simultaneously with elevation data.
Since subglacial lakes exist along a hydrologic continuum,

the transfer of water from one lake to the next lake down-
stream ultimately releases subglacial water to the ocean
across the grounding line. To date, there are no observations
of how injection of water into the sub-ice-shelf cavity might
alter water properties, or circulation in the cavity, although a
recent modeling study shows that subglacial outflows in-
crease basal melt rates near the grounding line (A. Jenkins,
personal communication, 2009).

2.2. Grounding Zones

A better understanding of grounding zones is essential
because of their influence on the stability of ice sheets and
their consequent role in sea level rise under future global
warming scenarios. Although there have been several suc-
cessful efforts to drill through ice shelves to access sub-ice-
shelf ocean cavities [e.g., Craven et al., 2009; Clough and
Hansen, 1979], direct study and exploration of ice sheet
grounding zones have been limited to a few relatively ac-
cessible locations. Only two grounding lines have actually
been observed and sampled in Antarctica: those of the
tidewater cliff at Blue Glacier, McMurdo Sound, and at
Mackay Glacier’s floating glacier tongue [Powell et al.,
1996; Dawber and Powell, 1998]. Grounding zones are
currently being mapped using satellite imagery to better
understand their structure and dynamics [e.g., Fricker et al.,
2009]; however, no studies to date have combined remote
sensing and fieldwork in a targeted grounding zone investi-
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gation. Importantly, this combined approach has not been
applied to the study of the sensitive ice streams draining
WAIS. Whillans Ice stream provides a dynamic system for
investigating the control of subglacial hydrological and sed-
imentary processes on the rate of ice discharge to the ocean.
Observations and measurements are also needed to constrain
sedimentary conceptual [e.g., Powell and Alley, 1997] and
quantitative models [Alley et al., 2007] that link flux and
accumulation of sediment beneath ice streams to grounding
zone instability. Direct and indirect measurements from the
grounding zone will verify and improve hypothesized mod-
els for the migration of modern grounding zones of WAIS
and their sedimentary footprints, by improving our under-
standing of ice and sediment fluxes and their recent history.
Integration of these data is needed to assess the future
vulnerability of the WAIS.
One subproject of the Whillans Ice Stream Subglacial

Access Research Drilling (WISSARD) plans to collect data
from the Whillans ice stream grounding zone to allow esti-
mation of basal melt rates in the sub-ice-shelf cavity near the
grounding zone and to help constrain models used to assess
the future behavior of the WAIS. Such data are needed to
elucidate the microscale and mesoscale processes controlling
basal melting rates in grounding zone environments to im-
prove parameterizations of ice-shelf mass balance and quan-
titative models of sub-ice-shelf cavity circulation [e.g.,
Holland and Jenkins, 2001; Jenkins and Holland, 2002;
Makinson, 2002; Holland et al., 2003]. Despite substantial
recent progress in the numerical modeling of ice shelf-ocean
interactions, field investigations of processes occurring be-
neath ice shelves, necessary to establish boundary conditions,
have been scarce. This is especially true for grounding zones
[Steffen et al., 2009].
Further driving this need for in situ data is the idea put

forward by Holland et al. [2008] that warming of surface
waters need not be necessary to enhance sub-ice-shelf warm-
ing because the warmer waters that penetrate ice-shelf cavi-
ties upwell from depth and thus regional atmospheric
warming may not be required on short timescales. Changes
in oceanic circulation caused by atmospheric/oceanic dynam-
ics may alter the flow of existing deeper warm water masses
onto the continental shelf [e.g., Jacobs, 2006]. Holland et al.
[2008] also show that if a steady warming of offshore waters
were to take place, then melting of the ice-shelf base would
increase at an accelerating rate. They further emphasize that
each ice shelf has a nonlinear melt temperature curve such
that melt rate sensitivity varies with both topography and
temperature. Hence, each region needs to be assessed inde-
pendently based on local conditions.
Other studies substantiate that in situ data are also re-

quired from the upstream side of a grounding line because
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subglacial bed conditions are an important interactive and
feedback component of the ice stream-ice shelf system. The
pattern of basal melting and freezing beneath an ice shelf
may shift as the shelf evolves [Walker and Holland, 2007],
and this distribution can strongly affect ice stream response
[Walker et al., 2008]. By explicitly modeling the sub-ice-
shelf ocean, Walker et al. [2008] were able to apply climatic
forcing in a way to avoid arbitrary specifications of ice-shelf
basal melting to try and isolate the effect of subglacial bed
rheology. In these experiments, they found that the applied
oceanic warming exerts the greatest influence over the
evolution of the ice shelf-ice stream, with the seaward-
sloping bed limiting the resulting grounding line retreat,
even when a significant portion of the ice shelf is melted.
However, for the same oceanic warming, there is a notice-
able increase in thinning and acceleration of the ice stream,
leading to greater flux across the grounding line as the basal
rheology is changed from linear-viscous toward plastic.
Walker et al. [2008] concluded that these results should be
tested using a combination of field, laboratory, and remote
sensing data.
WISSARD data sets are wide ranging and include re-

mote-sensing data (seismic and radar surveys and GPS and
satellite monitoring) together with direct measurements.
Direct measurements include multibeam sonar and sub-
bottom profiling, hydrological and oceanographic measure-
ments (conductivity, temperature, pressure, current strength,
and direction), ice velocity and deformation data, sediment
cores, and in situ sediment strength measurements. There-
fore, this study will greatly increase those sparse data
available on sub-ice-shelf oceanic circulation processes and
ice dynamics of the RIS and will allow testing of the newly
established ideas and models of ice sheet-ice shelf interac-
tions and potential future behavior of WAIS.

2.3. Subglacial Biology and Biogeochemistry

Recent biologic investigations of Antarctic subglacial en-
vironments support the hypothesis that they provide a suit-
able habitat for life [Priscu et al., 1999, 2008; Christner et
al., 2006; Mikucki et al., 2004]. Microbiological studies
indicate relatively high bacterial densities (~106 cell g�1

sediment) in sediments from beneath the nearby KIS [Lanoil
et al., 2009]. If these abundance estimates are accurate,
subglacial water and wet sediments may constitute a signif-
icant and as of yet unrecognized pool of organic carbon on
Earth [Priscu et al., 2008]. Just as streaming ice flow is
dependent on availability and dynamics of subglacial water
and wet sediments, subglacial microbial ecosystems rely on
these two physical factors for a supply of water, nutrients,
and energy sources [Tranter et al., 2005]. Subglacial micro-
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bial ecosystems also enhance biogeochemical weathering,
mobilizing elements from long-term geological storage
[Mitchell et al., 2006; Mikucki et al., 2004, 2009]. Integrat-
ing genomic and biogeochemical measurements with glaci-
ological and geological studies takes an ecosystem approach
to the study of subglacial ecology and will allow for an
assessment of structure-function relationships in this previ-
ously unexplored system.
Ice sheet drilling technologies, to date, have been de-

signed largely for the retrieval of ice cores for paleoclimate
research or for direct access to the bed for glaciological
observations [NRC, 2007]. With the inclusion of biology in
glaciological and subglacial studies, new concerns arise
regarding the introduction of chemical and biological con-
tamination during drilling operations. A recent report by the
NRC [2007] recommended that “the numbers of microbial
cells contained in or on the volume of any material or
instruments added to or placed in these environments
should not exceed that of the basal ice being passed
through.” The WISSARD project will develop, demon-
strate, and execute a clean sampling strategy that meets the
needs of the science questions being asked and the recom-
mendations for environmental stewardship in Antarctic;
WISSARD represents one of the largest subglacial explora-
tion projects yet proposed, and our challenge is to recover
data and samples that represent the autochthonous ecolog-
ical conditions without altering the subglacial ecosystem
irreversibly.

3. WISSARD SUBPROJECTS

WISSARD is interdisciplinary in nature and consists of
three interrelated subprojects, each with a different focus:
(1) Lake and Ice Stream Subglacial Access Research Dril-

ling (LISSARD)
This project focuses on investigating the role of active

subglacial lakes in controlling temporal variability of ice
stream dynamics and mass balance.
(2) Robotic Access to Grounding-zones for Exploration

and Science (RAGES)
This project concentrates on stability of ice stream ground-

ing zones that may be perturbed by increased thermal ocean
forcing, internal ice stream dynamics, subglacial sediment
flux to the grounding zone, and/or filling/draining cycles of
subglacial lakes upstream from grounding zones.
(3) GeomicroBiology of Antarctic Subglacial Environ-

ments (GBASE)
This project addresses microbial metabolic and phyloge-

netic diversity and associated biogeochemical rock weather-
ing and elemental transformations in subglacial lake and
grounding zone environments.
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The subprojects are connected through a common interest
in coupled fluxes of ice, subglacial sediments, nutrients, and

water, as well as by the common need to characterize and
quantify physical, chemical, and biological processes operat-
ing subglacially (Plate 1). Direct observations and real-time
in situ data collected during WISSARD will address funda-
mental scientific questions pertaining to (1) past and future
marine ice sheet stability, (2) subglacial hydrologic and sed-
imentary dynamics, (3) subglacial metabolic and phylogenet-
ic biodiversity, and (4) the biogeochemical transformation of
major nutrients within a selected subglacial environment.

4. REGIONAL SETTING: WHILLANS ICE
STREAM SUBGLACIAL LAKE AND

GROUNDING ZONE SYSTEM

4.1. Subglacial Lake

Subglacial Lake Whillans is an active subglacial lake on
lower Whillans Ice Stream. The lake is part of an extensive
hydrological system under the Mercer and Whillans Ice
Streams that was discovered through analysis of repeat tracks
of ICESat laser altimetry data. The ICESat data detected
deformation of the ice surface in response to subglacial water
activity [Fricker et al., 2007; Fricker and Scambos, 2009].
ICESat has monitored the activity of subglacial LakeWhillans
intermittently between October 2003 and October 2009. Dur-
ing this time, there have been two complete fill/drain cycles
Pr
Plate 1. Schematic showing the glaciological, geological, and
Sheet to be studied by Whillans Ice Stream Subglacial Ac
Subglacial Access Research Drilling (LISSARD), Robotic
(RAGES), and GeomicroBiology of Antarctic Subglacial Env
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(Plate 2). It is unknown how long the lake had been quiescent
prior to the start of the ICESat time series. However, these
data do allow for a periodic drainage cycle with a residence
time on the order of 3 years. In the 2007–2008 field season, a
continuous GPS station was established on the lake; however,
at the time of writing, the data from that GPS have not been
downloaded since the 2008–2009 season; therefore, exact
timing of the 2009 drainage event is not yet known. During
the 2007–2008 field season, ice-penetrating radar surveys
showed that ice thickness above subglacial Lake Whillans is
only 700 m and suggest that the depth of water in the lakes is
>8 m even after lake drainage events [Tulaczyk et al., 2008].
Subglacial Lake Whillans was selected for drilling owing

to its location beneath a major West Antarctic Ice Stream that
is known to have highly variable surface velocity [Joughin et
al., 2002; Bindschadler et al., 2003; Joughin et al., 2005].
Other selection factors included safety (no visible surface
crevassing; verified through geophysical reconnaissance in
2007–2008) and its proximity to the grounding line (~80 km).
Subglacial Lake Whillans is also accessible from McMurdo
Station and has a relatively thin cover of glacial ice (700 m).
For comparison, ice thicknesses over subglacial Lake Ells-
worth and subglacial Lake Vostok, two other targets for
subglacial access drilling, are ~3 and ~4 km, respectively
[Woodward et al., 2010; Siegert et al., 2004; Studinger et al.,
2003]. Concern over inadvertent biological contamination of
subglacial Lake Whillans is allayed by the fact that it is a
small lake at the seaward end of the hydrologic catchment.
o
hydrological setting of the sector of the West Antarctic Ice
cess Research Drilling subprojects [Lake and Ice Stream
Access to Grounding-zones for Exploration and Science
ironments]. Drawn by S. Vogel.
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ofPlate 3. The sub-ice ROVer (SIR) developed for RAGES showing from left and moving anticlockwise: (a) a Q4CAD drawing
of SIR in its ice-borehole deployment mode with its fiberglass “skins” covering sensitive internal mechanisms and
instrumentation, (b) SIR during its build phase unfolding from its ice-borehole deployment mode into its operational
mode, (c) another of SIR during its build phase but in its operational mode showing its four rear thrusters and ballast
bottles, and (d) another CAD showing the SIR open in its operational mode as it will be in the sub-ice-shelf cavity, with
yellow blocks representing foam floatation on top and the instrumentation bay on the bottom.
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a limited area close to the ocean with a relatively short
hydraulic residence time, as inferred from ICESat observa-
tions [Fricker and Scambos, 2009; Figure 2b].

4.2. Grounding Zone

The most likely flow path from Subglacial Lake Whillans
to the grounding line has been estimated from the hydrostatic
hydropotential derived from a surface digital elevation model
and bedrock digital elevation model and suggests that the
outflow enters the RIS cavity in a near embayment (84.35-S,
163.06-W) (Plate 4b). The final location of the grounding
zone site will depend on our geophysical site surveys, which
will include collecting extensive high-resolution radar and
seismic data. Surveying this part of the grounding zone will
allow us to determine the effect of lakes on grounding zone
processes and their stability, and vice versa, in addition to
their effect on subglacial sedimentary processes and ocean-
induced basal melting.
One area of the grounding zone of Whillans Ice Stream has

recently been the target of remote sensing and modeling
studies [Anandakrishnan et al., 2007; Alley et al., 2007].
These studies have indicated that a sedimentary grounding
GM000932-SE-Fricker.3d 7 Manila Typesetti
ozone wedge is accumulating with a consequent thickening of
theWhillans Ice Stream such that ice thickness at the ground-
ing line is greater than that of adjacent floating ice of the RIS
(which is in hydrostatic equilibrium). Grounding zone
wedges may stabilize the position of the grounding line so
that it will tend to remain in the same place until sea level rise
of at least several meters overcomes the excess ice thickness
[Anandakrishnan et al., 2007]. If the condition of a dominant
subglacial sediment flux occurs around Antarctic grounding
lines, then recent Antarctic ice volume changes cannot be
attributed to sea level rise [Alley et al., 2007]. Sediment-
forced stability may be overcome through fast ice stream
thinning across the grounding line either by melting (from
ocean warmth or geothermal heat) or by subglacial lake water
lubricating the bed. Understanding these interactions, rates,
and magnitudes will assist in predictions of future grounding
line dynamics. Furthermore, these grounding zone studies
will also provide prime data for testing assertions that syn-
chronous behavior of ice sheets on millennial timescales
implies ice sheet teleconnections via either sea level or cli-
matic forcing [cf. Alley et al., 2007; Naish et al., 2009;
Pollard and DeConto, 2009]. Certainly, large sea level rises,
such as the ~100 m rise at the end of the last ice age, may
overwhelm the stabilizing feedback from sedimentation, but
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