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PREFACE

Between 15 and 17 March 2010, 83 scientists from 11
nations gathered in Baltimore, Maryland, United States, for
an AGU Chapman Conference to discuss the current status of
knowledge about, and future exploration plans for, Antarctic
subglacial aquatic environments. This was the fifth in a series
of international conferences. In response to recent funding
of two new major exploration programs and the continuation of
work at Vostok Subglacial Lake, this meeting focused at-
tention on emerging scientific frontier and the attendant
environmental stewardship issues. The chapters of this book
expand on keynote presentations and are augmented by
selected invited authors to produce the first comprehensive
summary of research on, and planning for, the exploration
of subglacial aquatic environments. The chapters include
summaries of the most recent identification, location, and
physiography of 387 subglacial lakes; a detailed analysis of
the results, from years of study, from Vostok Subglacial
Lake; the rationale for subglacial lakes as analogues for

extraterrestrial environments; protocols for the protection and
stewardship of these unique environments; critiques of the
technological issues facing future exploration programs;
and, finally, summaries of the three projects that will enter
and sample subglacial aquatic environments in the next 3
to 5 years. This book serves as a benchmark in subglacial
aquatic environmental research, marking the beginnings of the
main phase of exploration for this new frontier in Antarctic
science.

Martin J. Siegert
University of Edinburgh

Mahlon C. Kennicutt II
Texas A&M University

Robert A. Bindschadler
NASA Goddard Space Flight Center
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Subglacial Aquatic Environments: A Focus of 21st Century Antarctic Science

Mahlon C. Kennicutt II

Department of Oceanography, Texas A&M University, College Station, Texas, USA

Martin J. Siegert

School of GeoSciences, University of Edinburgh, Edinburgh, UK

In 1996, growing evidence suggested a massive lake of liquid water had pooled
beneath the East Antarctic Ice Sheet. This feature became known as “Lake Vostok.”
Early on, two hypotheses were posed: the lake contained microbial life that had
evolved over millions of years in isolation beneath the ice and lake sediments
contained records of past climate change obtainable nowhere else in Antarctica.Many
subglacial lakes, in a number of locales, have been identified, suggesting that studies
at multiple locations will be needed to fully understand the importance of subglacial
aquatic environments. As of 2010, more than 300 lakes have been identified; this will
increase as surveys improve spatial coverage. Given the likely pristine nature of these
environs and the low levels of microbial life expected, exploration must be done in a
manner that causes minimal impact or contamination. It has been shown that many of
these lakes are part of an active, sub-ice hydrological system that experiences rapid
water flow events over time frames of months, weeks, and even days. Microbial life in
subglacial environments has been inferred, and is expected, but it has yet to be directly
confirmed by in situ sampling. Current understanding of subglacial environments is
incomplete and will only be improved when these subglacial environments are
entered and sampled, which is projected to occur in the next few years. This book
synthesizes current understanding of subglacial environments and the plans for their
exploration as a benchmark for future discoveries.

1. INTRODUCTION

The recent study and exploration of subglacial aquatic
environments has transformed our understanding of processes
operating at the Antarctic ice sheet bed and the role they have
played in the evolution of the continental ice mass. In 1996,
an article in Nature reported that a giant lake existed beneath
~4 km of ice in East Antarctica [Kapitsa et al., 1996]. The

lake was large enough to be visible in satellite altimetry data
of the ice sheet surface [Ridley et al., 1993]. The Nature
article marked the beginning of modern subglacial aquatic
environment research. Even though the original data had
been collected in the 1960s and 1970s, these features had
gone largely unnoticed by the broader scientific community
for more than two decades [e.g., Oswald and Robin, 1973;
Robin et al., 1977]. While the existence of liquid bodies of
water beneath ice sheets was in itself of interest to glaciolo-
gists, attention swiftly turned to whether these environments
harbored unusual life forms. Some also conjectured that if
sediments were preserved in the lake they would contain
otherwise unavailable, valuable records of ice and climate
change in the interior of Antarctica. Kapitsa et al. [1996] had
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identified Vostok Subglacial Lake buried beneath ∼4 km of
ice. Not only was the lake’s area an order of magnitude
greater than any other subglacial lake known at the time,
Kapitsa et al. [1996] also discoverd that the lake contained a
water column at least 510 m deep, with an estimated volume
of 1800 km3.
An international community of scientists became con-

vinced that subglacial lakes represented a new frontier in
Antarctic research. Within a decade, this community devel-
oped the scientific rationale for the exploration and study of
these environments through a series of international meetings.
The first was convened in 1994 in expectation of the publica-
tion of the Nature article (Scott Polar Research Institute,
University of Cambridge, 1994). The dimensions and setting
of Vostok Subglacial Lake were discussed, and a preliminary
inventory of Subglacial Lakes was presented. By the time of
the publication of the Nature article, 77 subglacial lake fea-
tures had been identified based on analysis of existing radio
echo sounding records [Siegert et al., 1996]. Three more
workshops were convened in the late 1990s in quick succes-
sion: (1) “Lake Vostok Study: Scientific Objectives and Tech-
nological Requirements” (St. Petersburg, March 1998); (2)
“Lake Vostok: A Curiosity or a Focus for Scientific Re-
search?” (Washington D. C., United States, November 1998
[Bell andKarl, 1998]); and (3) “Subglacial Lake Exploration”
(Scientific Committee on Antarctic Research (SCAR), Cam-
bridge, September 1999). The general conclusion of these
gatherings was that to adequately explore subglacial environ-
ments a major, sustained investment in time, resources, and
scientific effort would be needed for at least a decade. In
recognition of this emerging frontier, SCAR convened a
forum for scientists and technologists to gather, exchange
ideas, and plan for the future: the Subglacial Antarctic Lake
Environments Group of Specialists (SALEGoS) (2000–
2004). In due course, SALEGoS transformed into a major
SCAR Scientific Research Program entitled Subglacial Ant-
arctic Lake Environments (SALE) (2004–2010).

2. EARLY SCIENTIFIC DEVELOPMENTS

In the early stages, understanding of subglacial environ-
ments was refined by remote sensing studies and theoretical
modeling [Ridley et al., 1993; Siegert and Ridley, 1998;
Wüest and Carmack, 2000; Mayer and Siegert, 2000]. The
interface between the ice sheet and the underlying bed was
shown to contain liquid water at many locations. Ongoing
speculation about life in these lakes caught the imagination of
not only scientists but the public in general. At the time, the
only available samples were surrogates of lake water, the so-
called “accreted ice” that forms as lake water adfreezes to the
underside of the ice sheet [Karl et al., 1999; Jouzel et al.,

1999; Priscu et al., 1999; Bell et al., 2002]. This “accreted
ice” was unexpectedly encountered and recovered during
deep coring of the Vostok ice borehole. The ice was recog-
nized as unique because of its unusually large crystal sizes
(feet in length), lack of meteoric gasses, and the purity of the
water collected on melting [Jouzel et al., 1999], compared
with the meteoric glacier ice above that contained a well-
characterized record of climate change [Petit et al., 1999].
As additional geophysical surveys were conducted and

integrated with previously collected data [Tabacco et al.,
2002; Studinger et al., 2003; Wright and Siegert, this vol-
ume], it was established that subglacial lakes were common
beneath thick (>2 km) ice sheets. In early inventories [Siegert
et al., 1996], the number and distribution of features was
limited by the coverage of surveys. However, it was expected
that identification of additional features would continue to
mount as unexplored areas of Antarctica were surveyed. On
the basis of fundamental considerations, subglacial lakes
were expected to occur across the Antarctic continent wher-
ever thick accumulations of ice occurred, a hydrological
collection basin was accessible, and a source of water was
available. Vostok Subglacial Lake dominated early discus-
sions as it was the only lake whose shape and size were
known well; it remains the largest known subglacial lake
with an area of about 14,000 km2 and water depths reaching
>1000 m [Siegert et al., this volume].
As the inventory of lakes expanded, it was apparent that

subglacial aquatic features are not randomly distributed
across Antarctica. Instead they are located in preferred set-
tings suggesting that a spectrum of lakes exist that might well
have differing histories, ages, origins, and possibly living
residents [Dowdeswell and Siegert, 1999]. Clusters of lakes
were documented in regions that exhibit distinct ice sheet
dynamics in settings defined by the underlying basement
morphology [Dowdeswell and Siegert, 2002]. In the vicinity
of Dome C and Concordia Station, “lake districts” were
identified where subglacial features clustered near ice divides
and also at the heads of ice streams [Siegert and Ridley,
1998; Siegert and Bamber, 2000]. It was speculated that
some lakes were hydrologically connected in a manner anal-
ogous to subaerial lake, stream, and wetland systems [Dow-
deswell and Siegert, 2002]. The existence of sub-ice
hydrological systems transformed ideas about the evolution
and functioning of subglacial environments and redefined
interests in these settings to include a wide variety of sub-
glacial aquatic environments.

3. MOMENTUM BUILDS

Planning for, and discussions of, subglacial aquatic envi-
ronment exploration and study gained additional momentum
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with the formation and approval of the International Polar
Year 2007–2008 program “Subglacial Antarctic Lake Envi-
ronments Unified International Team for Exploration and
Discovery (SALE UNITED).” Together SCAR SALE and
SALE UNITED served as forums to exchange information
among those interested in the study of these environments. In
combination, the programs included scientists and technolo-
gists from Belgium, Canada, China, France, Germany, Italy,
Russia, the United Kingdom, and the United States. Meet-
ings were convened in Austria (2005), France (2006), the
United States (2007), Russia (2008), and Belgium (2009) to
develop and refine plans for exploration and to share the
latest geophysical, microbiological, and modeling informa-
tion. An international workshop entitled “Subglacial Antarc-
tic Lake Environment in the IPY 2007-2008: Advanced
Science and Technology Planning Workshop” was convened
in Grenoble, France, in 2006 bringing together 84 partici-
pants from 11 countries [Kennicutt and Petit, 2006]. During
this period, understanding of subglacial environments took
an unexpected turn.
Analyses of changes in ice sheet surface elevations in

central East Antarctica, using satellite remote sensing, dem-
onstrated that a lake in the Adventure Subglacial Trench
discharged approximately 1.8 km3 of water over a period of
14 months [Wingham et al., 2006]. The water flowed along
the axis of a trench and into at least two other lakes about
200 km downstream. The flux of water, ~ 50 m3 s�1, was
equivalent to the flow of the River Thames in London. This
discovery was particularly interesting as, up until then, the
central East Antarctica Ice Sheet was considered to be un-
dynamic compared with West Antarctica. If significant flow
of water occurred at the center of East Antarctica, flows of
subglacial water were thought to be commonplace in Ant-
arctica. Subglacial aquatic features appeared to be linked by
a network of hydrological channels that were defined by
basal topography and surface ice sheet slope. Siegert et al.
[2007] suggested that groups of lakes were likely to be
joined in discrete clusters acting as a system. Wright et al.
[2008] established that flow channels were sensitive to the
ice surface slope, concluding that small changes in surface
slope could result in major alterations of basal water flow.
Periods of ice sheet changes, such as after the Last Glacial
Maximum, or even as a consequence of global warming,
might affect the frequency, magnitude, and direction of these
flow events. Up topographic slope (uphill) flow could be
expected as discharges were predicted to follow the hydro-
logic potential established by variations in overlying ice
thickness interacting with underlying basement elevations.
Further satellite remote sensing analyses illustrated that

subglacial discharge and water flow were indeed common-
place in Antarctica [Smith et al., 2009]. It was confirmed that

many newly identified lakes and discharge areas were pref-
erentially located at the heads of ice streams [Siegert and
Bamber, 2000; Bell et al., 2007]. Smith et al. [2009] further
suggested that lakes actively discharge water into ice stream
beds in response to varying basal flows. Satellite investiga-
tions of the Byrd Glacier established that subglacial lake
discharges coincided with variations in flow velocities ob-
served at an outlet glacier that drained East Antarctica
[Stearns et al., 2008]. This inferred subglacial dynamics both
influenced, and were influenced by, overlying ice sheet
dynamics.
As subglacial lakes represent unique habitats, environmen-

tal stewardship during their eventual exploration was seen as
a critical issue, and, early on (i.e., Cambridge, 1999), guiding
principles were developed and adopted by the community.
These concerns included the cleanliness of access techni-
ques, contamination by the experiments that might be per-
formed, the introduction of alien chemicals and biota, how to
collect unadulterated samples for laboratory analysis (espe-
cially microbiological samples), and how best to protect
subglacial aquatic environments as sites of scientific and
public interest. The U.S. National Academies convened a
committee to review aspects of subglacial lake exploration
from an environmental protection and conservation perspec-
tive [Committee on Principles of Environmental Stewardship
for the Exploration and Study of Subglacial Environments,
National Research Council, 2007; Doran and Vincent, this
volume]. The National Academy findings were introduced at
the Antarctic Treaty Consultative Meeting in 2008 in Kiev,
Ukraine, and SCAR subsequently provided guidance on
these issues as a code of conduct for subglacial lake explo-
ration [Doran and Vincent, this volume]. These deliberations
serve as the basis for promulgating standards and procedures
for the responsible conduct of subglacial aquatic environ-
ment study and exploration.

4. VOSTOK SUBGLACIAL LAKE

Vostok Subglacial Lake has been, and continues to be, a
major focus of subglacial lake research [Lukin and Bulat, this
volume]. A consortium of Russian research institutions led by
the Arctic and Antarctic Research Institute of Roshydromet
conducted extensive geophysical surveys of the Vostok Sub-
glacial Lake area and its vicinity within the framework of
the Polar Marine Geological Research Expedition and the
Russian Antarctic Expedition (RAE) [Masolov et al., 2006;
Popov et al., 2006, 2007;Popov andMasolov, 2007]. A series
of 1:1,000,000 maps of Vostok Subglacial Lake’s extent,
ice and water body thicknesses, and bedrock relief were pro-
duced as well as maps of the spatial pattern of internal layers
in the overlying ice sheet. From this work, the lake’s
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dimensions were better defined, the inclination of the ice-
water interface was confirmed, and it was recognized that
Vostok Subglacial Lake lies in a deep trough. Studinger et al.
[2003] collected more than 20,000 km of aerogeophysical
data producing detailed assessments of the lake and its glaci-
ological setting. The existence of two basins was confirmed
by gravity modeling of lake bathymetry, and the southern
basin of the lake was determined to be more than 1 km deep
[Studinger et al., 2004;Masolov et al., 2001, 2006; Siegert et
al., this volume].
Geophysical, geodetic, and glaciological traverses, under-

taken by RAE, measured ice flow lines starting at Ridge B
and passing through the drilling site at Vostok Station. An
Italian/French/Russian partnership also conducted traverses
from Talos Dome via Dome C, Vostok Station, Dome B, and
Dome A. Thermomechanical ice flow line models were
further constrained by this new information [Richter et al.,
2008; Salamatin et al., 2008] to yield accurate estimates
of the distribution of accreted ice thickness and freezing
rates, refined ice depth ages and temperature profiles, and
estimated basal melt rates in the northern part of Vostok
Subglacial Lake.
Continued deepening of the borehole at Vostok Station

extended the ice core isotopic profiles revealing significant
spatial and/or temporal variability in physical conditions dur-
ing accreted ice formation [Ekaykin et al., 2010]. Analysis of
accreted ice revealed a distribution of helium isotopes in the
lake water that could be explained by hydrothermal activity
contributing to the lake water hydrochemistry [Jean-Baptist
et al., 2001; Bulat et al., 2004; de Angelis et al., 2004;
P. Jean-Baptist, personal communication, 2009]. Although
the lake is known to possess small tides [Dietrich et al.,
2001], geodetic GPS observations in the southern part of
Vostok Subglacial Lake demonstrated that, on a time scale of
5 years, the lake and ice sheet in the vicinity of Vostok Station
were in steady state in contrast to other subglacial lakes that
were then known to be dynamic [Richter et al., 2008].

5. LIFE IN SUBGLACIAL AQUATIC ENVIRONMENTS

As understanding of the physical conditions in subglacial
environments (temperature, pressure, salinity, etc.) was be-
ing refined, the existence of life in the lakes remained a focus
of great speculation [Skidmore, this volume]. A consensus
grew that extremely low nutrient levels were to be expected,
suggesting these habitats could be challenging for possible
microbial inhabitants. Superoxic conditions caused by clath-
rate decomposition and formation, especially at the water-
sediment interface on the lake floor, were also speculated,
and it was suggested that these conditions would be toxic to
organisms other than anaerobes [Siegert et al., 2003].

At this time, the only clues about possible life in Vostok
Subglacial Lake came from extrapolations based on the
analyses of the accreted ice [Karl et al., 1999; Priscu et al.,
1999]. Contamination of accreted ice samples during dril-
ling, recovery, transportation, and analysis called these re-
sults into question as these samples were not originally
retrieved for microbiological analyses. The effects of parti-
tioning of lake water constituents during ice formation,
under subglacial lake conditions, were poorly understood
making inferences of lake water chemistry difficult. The
outcome was conflicting evidence for life in the lake and
ambiguity about the biogeochemistry of lake water. These
uncertainties led to differing opinions about whether hydro-
thermal effluents contributed to Vostok Subglacial Lake
waters. A general consensus evolved that these environ-
ments would most likely contain life and that organisms
more complex than microbes were highly unlikely. The
recognition of hydrological connections among these envir-
onments meant that water in many subglacial lakes was
likely isolated for far fewer years than first speculated,
decreasing the possibility of long-term (>1 Ma) isolation.
Depending on the method, the turnover times for water in
Vostok Subglacial Lake have been calculated to be between
50,000 and 100,000 years but certainly not millions of years
[Siegert et al., 2001; Bell et al., 2002].
More recently, additional accretion ice, and samples of

snow collected from layers deposited before the beginning
of coring at Vostok Station, contributed further to the debate
about possible life within the lake [Bulat et al., 2004, 2007b;
Alekhina et al., 2007]. These results suggest that extremely
low biomass of both atmospheric and lake water origins is
present [Bulat et al., 2009]. Similar studies by United States
and United Kingdom researchers confirmed the low cell
numbers and low microbial diversity in glacial and accreted
ice, though a range of cell numbers and greater diversity have
been detected by some investigators [Christner et al., 2006].
The few bacterial phylotypes recovered from accreted ice
were isolated from ice layers that contain mineral inclusions
raising further questions about their origin [Bulat et al.,
2009].
Current knowledge of the lake conditions, inferred from

the chemistry of accretion ice studies and from modeling,
suggests that the Vostok Subglacial Lake may be inhabited
by chemoautotrophic psychrophiles that can tolerate high
pressures and possibly high oxygen concentrations, though
no conclusive evidence of such microorganisms has yet been
found because of a lack of direct sampling of lake water
[Bulat et al., 2007a]. The presence of a thermophilic, che-
moautotrophic bacterium, Hydrogenophilus thermoluteolus
(previously identified in other areas influenced by hydrother-
mal activity remote from Antarctica), has been reported
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[Bulat et al., 2004; Lavire et al., 2006]. It has been speculated
that water in Vostok Subglacial Lake will be an extremely
dilute biological solution suggesting that life, if present,
may be primarily restricted to lake sediments and the basal
water interface [Bulat et al., 2009]. While studies of the
Vostok Subglacial Lake accretion ice have improved com-
prehension of physical, chemical, and biological processes in
the lake, considerable debate continues as to the level and
type of life expected in these environments. The debate will
not be resolved until direct measurement and sampling of
these environments has taken place.

6. OTHER SUBGLACIAL LAKES

Amajor set of subglacial lakes was recently identified at the
onset of the Recovery Ice Stream a major East Antarctic ice
flow unit [Bell et al., 2007]. Three or possibly four large
subglacial lakes (smaller than Vostok Subglacial Lake but,
nonetheless, far larger than most) are thought to be coincident
with the onset of rapid ice flow. The lakes exhibit distinctive
ice surface morphologies including extensive, relatively flat
featureless regions bounded by upstream troughs and down-
stream ridges generated by changes in bottom topography.
The Recovery subglacial lakes are hypothesized to contain
water derived from basal melting routed to the lake from a
large upstream catchment area. To study the Recovery lakes
region a U.S.-Norway traverse conducted surface geophysi-
cal surveys and installed GPS stations. Ice sheet motion was
quantified by collecting gravity magnetics, laser, and radar
data over the two southernmost Recovery lakes [Block et al.,
2009]. Once fully interpreted, these data will clarify the
dynamics of the origins of subglacial water in the lakes and
the upstream catchment as well as evaluate the geologic
setting of these features. All four of the Recovery lakes were
crossed by the U.S.-Norwegian traverse in January 2009, and
low-frequency radar was used to map the morphology of the
subglacial lakes and image the ice sheet bed of the lakes
identified by Smith et al. [2009]. In the coming years, as these
data sets are processed, the role that subglacial lakes play in
controlling the onset of fast ice flow will be better defined.

7. NEW FRONTIER

Significant progress in the study of subglacial aquatic
environments is now at hand with the initiation of an impor-
tant phase with three exploration programs likely to advance
understanding of these environments over the next 3 to 5 years.
A United Kingdom–led international program has completed
a full survey of Ellsworth Subglacial Lake located in West
Antarctica, and plans to undertake direct clean measurement
sand sampling of the lake in 2012/2013 are in place [Ross

et al., this volume]. The United States has launched a
major program to survey, enter, instrument, and sample an
“actively discharging” subglacial aquatic system beneath
Whillans Ice Stream in West Antarctica at around the same
time [Fricker et al., this volume]. Russian researchers are
developing further strategies for penetration of Vostok Sub-
glacial Lake, and lake entry is expected in the next few field
seasons [Lukin and Bulat, this volume].
In the past decade, our understanding of the importance

of subglacial aquatic systems as habitats for life, and of
their influence on ice sheet dynamics, has been greatly
advanced. Subglacial features that contain liquid water are
now known to be common beneath the ice sheets of Ant-
arctica. A spectrum of subglacial environments exists as
connected subglacial hydrologic systems and water move-
ment beneath ice sheets can and does occur over a range of
spatial and temporal scales. The location of subglacial
aquatic accumulations and the onset of ice streams have
been shown to be linked in some areas, suggesting that ice
sheet dynamics can be affected by hydrological systems at
the base of the ice sheet.
The exploration and study of subglacial aquatic environ-

ments remains at its early stages and if the major advances
realized to date are an indication of what is to come, even
more fundamental discoveries will be realized in the years
ahead. In little more than a decade, findings regarding sub-
glacial aquatic systems have transformed fundamental con-
cepts about Antarctica and its ice sheets. Ice sheet bases are
now seen as being highly dynamic at their beds, involving a
complex interplay of hydrology, geology, glaciology, tecton-
ics, and ecology now and in the past. Ongoing and planned
projects to directly sample these environments will ulti-
mately determine if subglacial waters house unique and
specially adapted microbiological assemblages and records
of past climate change. The most remarkable advances to be
realized from the study of this next frontier in Antarctic
science will probably be wholly unexpected as these recently
recognized environments are explored.
This volume serves as a benchmark for knowledge about

subglacial aquatic environments and as an update on the
latest research developments, setting the stage for major new
exploration efforts.
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The Identification and Physiographical Setting of Antarctic Subglacial Lakes:
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We investigate the glaciological and topographic setting of known Antarctic
subglacial lakes following a previous assessment by Dowdeswell and Siegert
(2002) based on the first inventory of 77 lakes. Procedures used to detect
subglacial lakes are discussed, including radio echo sounding (RES) (which was
first used to demonstrate the presence of subglacial lakes), surface topography,
topographical changes, gravity measurements, and seismic investigations. Recent
discoveries of subglacial lakes using these techniques are detailed, from which a
revised new inventory of subglacial lakes is established, bringing the total
number of known subglacial lakes to 387. Using this new inventory, we examine
various controls on subglacial lakes, such as overlying ice thickness and position
within the ice sheet and formulate frequency distributions for the entire subglacial
lake population based on these (variable) controls. We show how the utility of
RES in identifying subglacial lakes is spatially affected; lakes away from the ice
divide are not easily detected by this technique, probably due to scattering at the
ice sheet base. We show that subglacial lakes are widespread in Antarctica, and it
is likely that many are connected within well-defined subglacial hydrological
systems.

1. INTRODUCTION

A variety of methods have been used in the discovery
and characterization of subglacial lakes and the identifica-
tion of subglacial water movement in Antarctica (Figure 1).
The first inventory of subglacial lakes, recording 77 lake
locations, used the technique of radio echo sounding [Sie-
gert et al., 1996]. This was later updated to 145 lakes by
Siegert et al. [2005]. Several other techniques are available
for the detection of subglacial lakes, including surface
topography, topographical changes, gravity survey, and
seismic investigations. The aim of this paper is to detail all

the techniques available for the detection of subglacial
lakes, and to pull together recent information regarding
lake locations. In doing so, a revised inventory is estab-
lished, from which an assessment of the dimensions and
topographic setting of subglacial lakes is updated [from
Dowdeswell and Siegert, 2002].

2. DISCOVERY, IDENTIFICATION, AND
CHARACTERIZATION OF SUBGLACIAL LAKES

2.1. Radio Echo Sounding (RES)

2.1.1. Development of the technique. The technique of
RES takes advantage of a window in the radio part of the
electromagnetic spectrum within which emitted waves will
travel freely through both ice and air. As with all E-M waves,
reflections occur at boundaries between materials with dif-
ferent dielectric properties and therefore different speeds of

Antarctic Subglacial Aquatic Environments
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wave propagation. On entering ice, the speed of the radio
wave drops by nearly half, from 300 to 168 m μs�1 [Glen
and Paren, 1975]. An active transmit/receive radar antenna,
mounted either near the surface [e.g., Popov et al., 2003] or
on an airborne platform [e.g., Blankenship et al., 2001], can

therefore be used to detect reflections originating from both
within and at the base of a glacier or ice sheet.
The initial investigations of the base of the Antarctic ice

sheet were carried out as part of a joint Scott Polar Research
Institute (SPRI), National Science Foundation (NSF), and

Figure 1.Methods of investigating subglacial lakes: (a) radio echo sounding (RES), a lake reflector is visible in the center;
(b) free-air gravitational anomaly (with ice sheet effects removed) detected from the air above Vostok Subglacial Lake
[Studinger et al., 2004b]; (c) prominent flat spot in the ice sheet extending north of Vostok Station, 10-m contours from
ERS-1 radar altimetry [Siegert and Ridley, 1998b]; and (d) vertical surface elevation changes measured by ICESat used to
identify two lakes within the catchment of the Byrd Glacier, East Antarctica. Reprinted by permission from Macmillan
Publishers Ltd: Nature Geoscience [Stearns et al., 2008], copyright 2008.
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Technical University of Denmark (TUD) airborne RES cam-
paign. Between 1967 and 1979, this project completed over
400,000 km of line transects, spaced by an average of 50 km,
and covering approximately half of the total area of Antarc-
tica [Robin et al., 1977; Drewry, 1983].
The SPRI-NSF-TUD survey was able to penetrate even

the thickest ice in Antarctica using a 60-MHz frequency
radar. By measuring the time elapsed between transmit and
receive, it was shown that an ice thickness greater than
4 km existed over large parts of East Antarctica [Drewry,
1983]. Nearly 40 years later, this is still the greatest aerial
coverage of any single aerogeophysical survey in Antarc-
tica. More recent airborne RES surveys have been charac-
terized by smaller spatial coverage but much higher spatial
resolution [e.g., Rémy and Tabacco, 2000; Popov et al.,
2002; Rippin et al., 2003; Studinger et al., 2003a, 2004a;
Holt et al., 2006a; Vaughan et al., 2006]. In several in-
stances, these surveys have targeted areas not covered, or
only sparsely covered by the SPRI-NSF-TUD data, with
the result being a patchwork of bed information. Despite
these efforts, however, a number of large gaps still exist
where our knowledge of the ice sheet bed remains poor
[e.g., Le Brocq et al., 2008].
Several reviews detail both developments in the techni-

ques of radioglaciology and the resulting enhancements in
our understanding of the ice sheets [e.g., Plewes and Hub-
bard, 2001; Dowdeswell and Evans, 2004; Bingham and
Siegert, 2007]. This subject will therefore not be discussed
further here.

2.1.2. The discovery of subglacial lakes. The discovery of
the first subglacial lake occurred near the Russian station at
Sovetskaya during the 1967/1968 season of SPRI-NSF-
TUD radio echo sounding [Robin et al., 1970]. An area of
unusually low signal fading and short duration of the re-
turned pulse, indicating a specular reflection, was found to
coincide with low attenuation of the transmitted signal and a
near-horizontal, flat bed geometry. This was, at first tenta-
tively, best explained as the result of a sub-ice water body
[Robin et al., 1970]. During the 1971/1972 season, an
extension of the RES survey over the Dome C area identi-
fied a further 16 similar locations, indicating that the occur-
rence of pockets of liquid water, or subglacial lakes, beneath
the central regions of the ice sheet might be relatively
commonplace [Oswald and Robin, 1973]. Owing to the lack
of penetration through water of radio waves at megahertz
frequencies, the depths of these newly discovered features
could not be determined, only that a sufficient depth (i.e., a
few meters or more) must exist to permit the continuous,
strong, and flat echo returns observed [Oswald and Robin,
1973].

2.1.3. Characterization of bed reflections. Radio echo
sounding has been used to gather much of what is currently
known about the subglacial environment of Antarctica.
When the velocity of the radar pulse is known, or can be
estimated, the thickness of the ice can be calculated by
measuring the time difference between echoes received from
the air/surface and ice/bed interfaces. A time series of such
echoes recorded as the observer moves over the ice surface
can be used to create a pseudo-cross-section of the ice sheet
and of the underlying bed. These data combined with mea-
surements of the surface elevation can be used to reconstruct
the topography of the underside of the ice sheet [Drewry,
1983; Lythe et al., 2001].
It was soon realized that much more information about the

subglacial environment could be obtained from an analysis
of the echo returns. In particular, the strength [Neal, 1976]
and shape [Berry, 1973, 1975] of the returned pulse is related
to the degree of scattering at the interface and therefore to the
microtopography of the subglacial surface. Early studies
were limited to the use of “incoherent” radar-sounding ap-
paratus. Modern RES equipment can record both amplitude
and phase of reflected pulses (“coherent” radar) allowing a
moving platform to operate in the Synthetic Aperture (SAR)
mode [Gogineni et al., 1998]. Coherent integration both
allows the detection of radar reflections where they would
otherwise be obscured by scattering from crevasses, etc. and
improves the ability to quantify reflection and scattering
from a subglacial interface [Peters et al., 2005].
Radar reflections within ice are caused by changes in

dielectric permittivity (er) due to changing density or crystal
fabric orientation and by changes in electrical conductivity,
due largely to varying acidity associated with the fallout of
volcanic aerosols [Fujita et al., 1999]. Basal reflections are
generally caused by the large difference in dielectric imped-
ance between ice and the basal material, the magnitude of the
reflection being proportional to the change in impedance.
Dielectric constants for the various types of bedrock, ob-
served in Antarctica, range from a minimum of ~4 to a
maximum of ~9. This is very much closer to the value for
glacier ice (er = 3.2) than is the dielectric constant of pure
water (er = 80). For this reason, a basal reflection from an ice-
water subglacial interface is much brighter than the equiva-
lent reflection from a dry interface or from frozen sediments
[Bogorodskiy et al., 1985]. Shabtaie et al. [1987] showed
that the minimum sub-ice water thickness required for a
water-dominated reflection is between a few tens of centi-
meters to a few meters, depending on salinity.
The shape of a smooth ice/bed or ice/water interface is an

additional factor which can affect the strength of the returned
echo in the same way that a concave or convex mirror acts to
focus light [Tabacco et al., 2000]. In tests conducted over a
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floating ice tongue, isolated geometrical effects have been
shown to influence the total received power by ±6–8 dB
[Bianchi et al., 2004].

2.1.4. Identifying subglacial lakes by RES. The strength of
the radio echo from the base of the ice sheet has been used by
several authors to infer information about basal conditions in
various glaciated regions [e.g., Bentley et al., 1998; Gades et
al., 2000; Catania et al., 2003; Peters et al., 2005, 2007]. To
do this, the proportion of energy reflected at the bed (the
basal reflection coefficient) must be distinguished from the
many other factors which can affect the strength of the signal
received at the antenna. Probably, the most significant of
these is the dielectric power loss during transmission through
the ice. This depends sensitively on ice temperature and can
vary spatially by 15–20 dB km�1 [Peters et al., 2007]. While
subglacial water will always produce a bright radar reflec-
tion, an “absolute brightness” criteria for lake identification
can be misleading. Rather, it is the brightness of a particular
feature “relative” to its surroundings, which can be more
useful in identifying subglacial lakes [Carter et al., 2007].
Amplitude fading is the fluctuation in radio echo ampli-

tude as the observer moves at a fixed distance from an
interface, it is caused by interference from different scatter-
ing centers fore and aft of the observers position and can be
used to obtain useful information about bed roughness
[Oswald, 1975]. Very low fading (or alternatively, a very
large “fading distance”) implies a continuous, flat, mirror-
like or “specular” reflection. A purely specular reflection
can only occur where the interface is smooth on the scale
of the radar footprint. A substantial body of water at the
bed of an ice sheet will exhibit a smooth ice-water interface
that will also satisfy the criteria of hydrostatic equilibrium.
This states that due to the different densities of ice and
water, and assuming that the water supports the full over-
burden pressure of the ice, the ice-water interface will have
a slope 11 times greater and in the opposite direction to the
slope of the ice surface. Calculations of the hydrological
potential field can therefore be useful in evaluating subgla-
cial lake candidates from their radar profile [Oswald, 1975;
Carter et al., 2007].
The electrical properties of liquid water act to inhibit the

transmission of electromagnetic waves. For this reason, RES
cannot normally be used to determine the depths of subgla-
cial lakes. An exception to this has been found in shallow
regions of some lakes surveyed with the SPRI-NSF-TUD
radar, where bottom reflections have been recorded from
depths of up to 21 m below the lake’s surface [Gorman and
Siegert, 1999]. These observations confirm that these lakes
are, in fact, substantial bodies of water, but indicate only
their minimum depths.

2.2. Identification of Subglacial Lakes From Ice
Surface Topography

Even before subglacial lakes had been firmly identified in
RES records, their surface expressions had been noted by pilots
traversing the center of the continent. Unusually flat areas of
the ice sheet were often referred to as “lakes” and were fre-
quently used as landmarks for navigation before any connec-
tionwasmade to the subglacial environment [Robinson, 1960].
When an ice sheet flows over a localized body of water, the

weight of the ice is taken by the incompressible fluid. Pro-
vided that there is no outlet channel for the water to escape,
this will lead to the establishment of local hydrostatic equi-
librium. This has a significant affect on the flow regime of
the ice and, for a large enough lake, can result in the mor-
phological expression of an extremely flat and featureless ice
surface, similar to that of a floating ice shelf.
Satellite observations with the Seasat radar altimeter iden-

tified a prominent flat area, in Terre Adelie, East Antarctica,
the position of which was shown to correspond to a subglacial
reflector identified in the SPRI-NSF-TUD radar record [Cu-
dlip and McIntyre, 1987]. This technique achieved greater
success when several RES lake reflectors in the area to the
north of Vostok Station [Robin et al., 1977] were shown to lie
beneath a single, continuous flat surface area observed with
the ERS-1 satellite [Ridley et al., 1993; Kapitsa et al., 1996].
A finding later confirmed and elaborated on using more
sophisticated radar altimetry techniques [Roemer et al.,
2007] and laser altimetry [Studinger et al., 2003a].
Subsequent analysis of ERS-1 data identified flat surface

features associated with a further 28 subglacial lakes known
from RES records in the Dome C and Terre Adelie regions
[Siegert and Ridley, 1998a]. Small subglacial lakes (dimen-
sions <4 km) are generally not found to have a corresponding
flat surface feature. Furthermore, flat areas of ice, meeting
the criteria for identification of a subglacial lake, have also
been shown to occur where no lake exists [Siegert and
Ridley, 1998a]. Water-saturated sediments can cause a simi-
lar reduction in basal stress and, therefore, induce a similar
surface expression. For this reason, a surface flat area alone is
not normally sufficient evidence for a lake discovery [Siegert
and Ridley, 1998a].
In addition, for floating ice, the retarding force of the basal

shear stress is reduced to zero. As a result, ice flowing from a
solid bed onto a subglacial lake experiences acceleration.
The resulting extensional flow has been shown to cause a
local thinning of the ice and a lowering of the surface on the
upstream side of the lake [Shoemaker, 1990; Gudmundsson,
2003; Pattyn et al., 2004]. Conversely, a thickening of the ice
can occur over the downstream lake shore, where the return
of basal drag causes compressive flow.
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Until recently, it was thought that no other subglacial lakes
of a similar scale to Vostok Subglacial Lake (hereinafter
referred to as Lake Vostok) existed beneath Antarctica [Sie-
gert, 2000]. Imagery from the Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite, however, has now
been used to determine large surface areas for two lakes
(90-E Lake and Lake Sovetskaya) that were previously
known only from relatively short sections of RES survey
[Bell et al., 2006]. Further discoveries of four large lakes in
the upstream region of the Recovery Ice Stream have been
made using MODIS imagery to locate the lake surfaces,
which have then been shown to possess surface ridge and
trough features consistent with the direction of ice flow [Bell
et al., 2007].

2.3. Discovery of Active Subglacial Lakes by Measurements
of Surface Height Change

It is now becoming widely recognized that subglacial
drainage systems are generally dynamic in nature. Changes
associated with the movement of water either between
known lakes or between lakes and a distributed hydrological
system are apparently common occurrences [Siegert et al.,
2007]. Movement of subglacial water has been known, or
suspected, as the cause of vertical displacements of the ice
surface of valley glaciers for a number of years [e.g., Iken et
al., 1983; Fatland and Lingle, 2002]. Not until recently,
however, have the means, in the form of repeat satellite
measurements, been available to observe such local surface
height changes in the remote regions of the Antarctic plateau.
Gray et al. [2005] were the first to identify vertical move-

ment of the Antarctic ice sheet that could be attributed to the
movement of subglacial water. They used the technique of
Interferometric Synthetic Aperture Radar with repeat-passes
of the RADARSAT satellite to detect areas of vertical dis-
placement in upstream areas of Ice Streams C (“Kamb Ice
Stream”) and D (“Bindschadler Ice Stream”) in the Siple
Coast region of West Antarctica. The surface height changes
measured in this study have several features in common with
a large number of events identified by other authors since. The
measured vertical displacements averaged ~0.5 m, they oc-
curred within an orbital period of 24 days, and were smoothly
varying in amplitude over roughly spherical regions 10–
20 km across. In the case of the Ice Stream D event, an
upstream surface lowering was observed over the same time
period as a downstream surface rise representing an approx-
imately equivalent change in volume [Gray et al., 2005].
Further evidence for subglacial water movement beneath

the Siple Coast ice streams was presented by Fricker et al.
[2007] and Fricker and Scambos [2009]. This was obtained
from repeat-pass laser altimetry with the ICESat mission to

identify areas of raising and lowering together with
differencing of MODIS images in which discrete areas of
surface change are visible. While these features demonstrat-
ed the scale and activity of the subglacial water system
beneath the fast flow features of West Antarctica, Wingham
et al. [2006] used the radar altimeter on the ERS-2 satellite
to identify similar phenomena occurring beneath the thick
interior ice of the Adventure Subglacial Trench in East
Antarctica. In this case, a single lake was discovered to be
deflating (~3 m drop over a surface area of ~600 km2)
upstream along a predicted flow path from several smaller
lakes found to be inflating. Unlike the RADARSAT data, this
work showed lakes draining and filling over a period of
many months and inferred water transport over a distance of
around 260 km. Further work has shown that a significant
fraction of the water discharged from the upstream lake
during this event was retained by the downstream lakes and
that a distributed model of subglacial water transport is
needed to explain the observed travel times [Carter et al.,
2009].
The launch of the ICESat laser altimeter has greatly im-

proved the spatial coverage of Antarctica and has resulted in
a large number of new lakes discovered by the effects of their
filling and draining on the ice sheet surface. Smith et al.
[2009] analyzed all ICESat repeat tracks between 2003 and
2008 for indications of anomalous surface height changes
that could not be explained by normal glaciological pro-
cesses [see Gudmundsson, 2003; Sergienko et al., 2007].
They detected new lakes throughout the continent (130 in
total) with concentrations centered under several of the major
outlet glaciers of both East and West Antarctica. Especially
significant among them are two large lakes in East Antarc-
tica, the discharge of which was found to have coincided with
a 10% increase in the flow speed of the Byrd Glacier, located
directly downstream of the lakes [Stearns et al., 2008].
As a footnote to this section, Richter et al. [2008] con-

ducted a high-resolution ground-based GPS survey over
Lake Vostok over the period 2002–2007. Their results indi-
cated no surface height change that could be attributed to any
change of the water level within the lake, a conclusion that is
supported by 1-year period repeat laser altimetry from the
ICESat satellite [Shuman et al., 2006].

2.4. Seismic Survey

Unlike other methods described above, the analysis of
reflected pressure waves allows information to be collected
from below the surface of subglacial lakes. Longitudinal
seismic or “p” waves have the unique ability to penetrate
large distances through ice, rock, and liquid water. This
means that by timing reflections from the various subglacial
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interfaces, seismic studies can be used to infer the depth of
water in subglacial lakes and the thickness of any unconsol-
idated sedimentary layers at their bed.
Seismic investigations, however, are time and labor inten-

sive to carry out and provide only one data point for each
“shot” taken. High levels of background noise on the Ant-
arctic plateau can also make interpretation of the returns
difficult. During the 1960s, a seismic survey carried out
around Vostok Station [Kapitsa and Sorochtin, 1965] prior
to the drilling of a deep ice core failed to identify the
presence of a subglacial lake. The same data set would later
provide the first indications of the depth of Lake Vostok after
reexamination in the light of knowledge of the lake’s surface
extent gained from satellite altimetry [Ridley et al., 1993].
The initial data indicated a water depth of around 500 m at a
site located a few kilometers from Vostok Station [Kapitsa et
al., 1996]. More recent seismic investigations have revealed
the maximum depth of the lake to be over 1100 m [Masolov
et al., 2006]. A separate basin, with a small surface area, but
up to 680 m deep, has also been found to exist immediately
below Vostok Station [Masolov et al., 1999].
Lake Vostok was the first, and for many years the only,

subglacial lake to have a direct depth measurement by seis-
mic sounding. Recently, however, a subglacial lake situated
very near the South Pole [Peters et al., 2008] and another
near the Ellsworth Mountains in West Antarctica [Woodward
et al., 2010] have been the targets of seismic surveys. At the
South Pole Lake, Peters et al. [2008] used the amplitude
variation with offset technique, which utilizes the observa-
tion that seismic reflectivity varies as a function of angle in
different ways for different subglacial materials. In this way,
they were able to identify liquid water beneath the South
Pole independently of the RES data that had originally
located the lake. In addition, they used traditional seismic
processing to determine the depth of the water column in
South Pole Lake to be around 32 m.
As well as characterizing the water depth in subglacial

lakes, seismic sounding is currently the only method for
investigating the physiography of lake beds and particularly
for determining thicknesses of sediments. At Lake Vostok,
several of the available seismic records show multiple reflec-
tions from around the bed of the lake; these, however, can be
interpreted in different ways. Reflections spanning a range of
0.1–0.5 s from a number of different sites above Lake Vostok
are thought to represent between 100 and 350 m of sediments
with seismic velocity between 1700 and 2100 m s�1 [Masolov
et al., 1999, 2001]. However, it has also been suggested that
these secondary bottom echoes may represent side reflec-
tions due to either steep side slopes or high basal roughness
at the bed of the lake and, therefore, that the water layer is
in direct contact with the seismic basement across the entire

lake bottom [Masolov et al., 2006; Popov et al., 2006].
Filina [2007] tested these hypotheses and determined that
some of the reflections could be due to a sloping lake bed
but that, nevertheless, the seismic data were best explained
by the presence of a 200- to 300-m thick layer of sediment.
In 2007/2008, seismic measurements were made on Ells-

worth Subglacial Lake (hereinafter referred to as Lake Ells-
worth) in West Antarctica [Woodward et al., 2010; Ross et al.,
this volume]. Based on an assessment of sidewall slopes bor-
dering the lake, the water depth was previously hypothesized to
be at least several tens of meters [Siegert et al., 2004]. The
seismic data upheld this hypothesis and recorded a depth of
around 160 m in long location. This result has been used as the
basis for the forthcoming exploration of Lake Ellsworth
(in 2012/2013), detailed by Ross et al. [this volume].

2.5. Characterization of Subglacial Lakes by the Survey
of Gravity Anomalies

Geologists use measurements of the free-air gravitational
anomaly in Antarctica to map density variations below the
surface that are the result of both geological structures and of
the topography. If the surface and bed topographies of the ice
sheet over a subglacial lake are known (e.g., from RES sur-
vey), then the effect of ice sheet geometry can be removed
from the free-air gravity anomaly. For a large subglacial
lake, such as Lake Vostok, the thickness of the subglacial
water column then dominates the remaining gravity signal
[Studinger et al., 2004b].
This method has been used to map the bathymetry of Lake

Vostok at a higher spatial resolution than is possible with
seismic methods alone [Studinger et al., 2004b]. Two sepa-
rate basins were identified in this way, a larger and deeper
southern basin separated by a 40-km-wide bedrock ridge
from a smaller and shallower northern one. Roy et al.
[2005] took the next step by using gravity data to produce
a complete model of Lake Vostok including both water
column and sediment thickness. Both these studies used
aerogeophysical data collected during the 2001/2002 Ant-
arctic summer [Holt et al., 2006b]. Neither model, however,
corresponded precisely with the water and sediment depths
indicated by more recent seismic studies [e.g., Masolov et
al., 2006]. Further work with the original gravity data com-
bined with recent seismic studies has produced a refined
bathymetry/sediment model for Lake Vostok [Filina et al.,
2008]. This indicates a deep (~1200 m) maximum water
depth underlain by ~300 m of unconsolidated sediments in
the southern basin and shallower water (~250 m) overlying a
thicker sedimentary layer (~350 m) in the northern basin.
The only other subglacial lake to have been characterized

at any level of detail using gravity measurements is Lake
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Concordia. A University of Texas/Support Office for Aero-
geophysics (SOAR) airborne survey covered the region of
the lake in 1999/2000 and collected gravity data [Studinger
et al., 2004a; Filina et al., 2006]. Inversion modeling of
gravity data from the six survey lines crossing the lake was
then undertaken by both Tikku et al. [2005] and Filina
[2007]. Gravity results, along with simultaneously acquired
RES data, were then used to determine that the lake has a
large surface area of between 600 and 800 km2, but a rela-
tively shallow average water column thickness of ~59 m
(maximum depth 126 m), and consequently a volume of just
70 km3 [Filina, 2007; Thoma et al., 2009]. Since the lake is
relatively shallow, any underlying sedimentary layer has not
been resolved in the gravity data.
The inherent noisiness of airborne gravimetry (due to the

sensor being subjected to nongravitational accelerations re-
sulting from aircraft motion) means that extensive low-pass
filtering is required to extract that part of the recorded signal,
which is of geological origin [Childers et al., 1999]. Analysis
of repeat lines and crossovers has determined an accuracy of
1–2 mGal for the surveys of both Lake Vostok and Lake
Concordia [Holt et al., 2006b]. This, combined with the
thickness of the overlying ice (necessitating that data be
acquired at an effective altitude of more than 4 km above the
ice base target), currently imposes a limit of around 8–10 km
on the resolution of aerogravity surveys over central Antarc-
tica [Holt et al., 2006b]. Modern aerogravity equipment, as
used in commercial exploration, has the potential to provide
submilligal accuracy to future surveys of the Antarctic sub-
glacial environment [Studinger et al., 2008]; however, as yet,
no subglacial lake studies have been published with this kind
of resolution. Further errors can potentially be introduced
into lake bathymetries determined solely by gravity survey
due to the unknown nature of the underlying geology. Un-
known or uncertain spatial variation in rock density can be
indistinguishable from changes in lake volume in gravity
surveys; hence, the use of seismic data is desirable in verify-
ing gravity inversion models [e.g., Filina et al., 2008].

3. GEOGRAPHICAL DISTRIBUTION, DIMENSIONS,
AND RELATION TO TOPOGRAPHIC AND

GLACIOLOGICAL SETTING

3.1. Inventory of Known Subglacial Lakes

The first published inventory of subglacial lakes is the
work of Oswald and Robin [1973]. At this time, just 17 lakes
had been discovered by the SPRI-NSF-TUD RES program,
14 of which lay beneath the Dome C area of East Antarctica,
a region which would later become known as the “Antarctic
Lake District.”

By the time another systematic catalog of all known lakes
was produced [Siegert et al., 1996], the total number had
increased to 77. The large majority of these lakes were still to
be found under the thick ice of central East Antarctica with
two clusters in particular, beneath the Dome C and Ridge B
areas, accounting for 77% of the total number [Siegert et al.,
1996]. Lake Vostok was included in this inventory. Its large
volume, at least two orders of magnitude greater than any
other lake, would dominate calculations of water storage
beneath the ice sheet [Dowdeswell and Siegert, 1999].
The most recent inventory of subglacial lakes [Siegert et

al., 2005], while still only incorporating lakes identified by
RES, drew upon a larger number of studies including, most
significantly, the Italian survey of the Dome C area [Tabacco
et al., 2003], the Russian airborne RES of the Dome A and
Dome F regions [Popov and Masolov, 2003], and the U.S.
surveys of the Vostok and Wilkes Basin areas [Studinger et
al., 2003a, 2004a]. The tally for this inventory reached 145
separate lakes, even after six individual reflectors from the
previous inventory had been reclassified as parts of larger
lakes [Siegert and Ridley, 1998a].
Since the publication of this inventory, a number of recent

studies have further added to our knowledge of subglacial
lakes:

1. Popov and Masolov [2007] reported 29 new lakes
identified during ground-based RES work aimed at mapping
the shoreline of Lake Vostok. Most of these are small lakes
(0.5- to 10-km-long reflectors) located within valleys several
hundred meters deep. Two further small lakes (4 and
26.5 km2) were detected during an overland traverse between
Mirny and Vostok [Popov and Masolov, 2007].

2. A systematic categorization of RES reflections from
the 1998–2001 SOAR campaigns covering the Pensacola-
South Pole transect, the Wilkes Basin Dome C transect, and
a survey of the Lake Vostok area by Carter et al. [2007]
resulted in the identification of 22 new “definite” lakes and
a further 58 classed by the authors as “dim lakes” (see
section 2.1.4). This reanalysis also determined that several
features previously thought to be separate lakes, in fact,
belonged to the same water bodies, thereby reducing the
total of Siegert et al. [2005] by 5. A complete list of all
“lake-type” reflectors identified in this study is given by
Blankenship et al. [2009].

3. As mentioned in section 2.2, Bell et al. [2006] contribut-
ed revised dimensions for two large lakes at 90-E (~2000 km2)
and at Sovetskaya (~1600 km2). Similarly, four lakes with
surface areas 1500–4500 km2 have been identified at the head
of the Recovery Ice Stream [Bell et al., 2007].

4. Five new lakes were reported by Cafarella et al. [2006]
as a result of Italian RES work during 2003. Four of these are
small (1- to 3-km-long reflectors) and are located within the
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Belgica Subglacial Highlands, and one is larger (~10 km)
and situated in the southern Aurora Basin.

5. Finally, several active subglacial lakes have been iden-
tified in individual studies throughout East and West Antarc-

tica [Gray et al., 2005 (2); Wingham et al., 2006 (4); Fricker
et al., 2007 (7); Stearns et al., 2008 (2)]. A systematic
catalog of all lakes that were active (and crossed by more
than one ICESat track) between 2003 and 2008 has been

Figure 2.Map of subglacial Antarctica showing the locations of all lakes known from radio echo sounding and all sites of
surface height change consistent with lake activity detected by satellite. Larger lakes are shown in outline; smaller lakes
and those of unknown surface area are indicated by triangular (RES) and circular markers (satellite). Lakes included in the
previous inventory of Siegert et al. [2005] are shown in black; lakes discovered since that time are shaded according to the
publication in which they were first identified.
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produced by Smith et al. [2009]. This work added 113
previously unrecorded lakes.
The total number of lakes described in the literature as of

October 2009, therefore, stands at 387 (see Figure 2).

3.2. The Distribution of Subglacial Lakes

3.2.1. Distribution with ice thickness and with distance
from subglacial flow divide. The direction of subglacial
water flow at any point on the ice sheet can be shown to
depend only upon the slopes of the ice surface and of the
bedrock [Shreve, 1972]. Thus, given a digital elevation
model of the ice sheet surface [e.g., Bamber et al., 2009]
and of the bed [Lythe et al., 2001], flow lines can be calcu-
lated for subglacial water throughout the ice sheet [e.g.,
Wright et al., 2008]. The slope of the ice surface has an
order of magnitude greater effect on the direction of subgla-
cial water flow than does the topography of the bedrock
[Shreve, 1972]. The flow lines therefore, largely follow the
direction of ice flow. As a consequence of this, an equivalent
subglacial watershed is situated approximately beneath the
ice divide.
The upstream distance from a lake along the flow path to

the subglacial flow divide is a useful parameter in charac-
terizing the distribution of subglacial lakes. Figure 3 shows
histograms of this distance to the divide for (a) all lakes, (b)
lakes detected by RES fieldwork, and (c) lakes detected by
satellite measurements of height change. Figure 3a clearly
shows that the densities of all known lakes increase nearly
exponentially with approach to the flow divide. Histograms
for lakes detected by RES and for active lakes detected
from space, however, produce very different results. The
total number of lakes from RES surveys (256) is greater
than the total for active lakes (128) and the distribution is
more heavily skewed; hence, the pattern for radar lakes
dominates that for all lakes. (Four lakes beneath the head
of the Recovery Ice Stream are known by their surface
expression only [see Bell et al., 2007]. One lake (Lake
Mercer) is identified by both surface height change and in
RES records.) The active lakes, so far, reported do not
show a strong relationship to upstream distance to the flow
divide. The modal value for this distance is 750 km, which
for lakes detected by RES falls within the upper 5% tail of
the distribution. This demonstrates that the method of lake

detection, or perhaps the type of lake detected, has a
significant effect on the distribution of lakes with regard to
the flow divides.

Figure 3. (opposite) Distribution of subglacial lakes in terms of
distance along the flow line to a major ice divide. The histograms
show (a) all known subglacial lakes, (b) lakes identified by their
RES reflection, and (c) lakes identified by satellite measurements of
vertical surface movement.
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The distribution of subglacial lakes with respect to the
thickness of overlying ice is also of interest when catego-
rizing subglacial lake physiography. For lakes identified by
RES, ice thickness can be determined from the same data
set. For those identified by other means, the ice thicknesses
used here have been taken from the BEDMAP digital
elevation model, which uses interpolation to fill the gaps
between RES and seismic measurements of the ice thick-
ness [Lythe et al., 2001].
Figure 4a shows that the ice thickness distribution for

known lakes (bars) is skewed toward thicker ice compared
with the distribution of all grounded ice in Antarctica (line).
Plotting separate histograms for lakes identified by RES
(Figure 4b) and by satellite (Figure 4c) demonstrates that the
observed skew [cf. Dowdeswell and Siegert, 1999] is due
entirely to a skew in the lakes recorded by RES. By compar-
ison, apart from an unobserved peak in ice thickness between
1800 and 2200 m, the distribution of lakes discovered by
satellite is in much closer agreement with the overall distri-
bution of ice thickness across the continent (Figure 4c).
The difference in the distribution of overlying ice thick-

ness with measurement technique is likely to be associated
with the spatial dependence of the technique. RES has been
demonstrated to be very good at detecting subglacial lakes
near the center of the ice sheet, but less good at identifying
them in the often warmer and more heavily crevassed ice
toward the margins. Dowdeswell and Siegert [2002]
thought this was possibly due to scattering at the ice sheet
base that occurs as a consequence of basal sliding, though
no evidence for this was available at the time. Conversely,
satellite measurements of ice surface changes have revealed
many lakes close to the ice margin, but not so many near
the divide. This is possibly due to the periodicity of lake
drainage that is a function of lake size and the input flux of
water. Small lakes toward the ice margin that are filled by
high rates of water flow are likely to drain regularly and
produce a greater surface height change signal when they
do. In comparison, larger lakes nearer to the ice divide,
where the input of water is more restricted, are likely to
drain less frequently and, for a similar discharge volume,
produce a much smaller surface height change [Siegert et
al., 2007]. This may then be below the detection threshold
for satellite altimetry.

3.2.2. Bias in the distribution due to data collection methods.
The SPRI-NSF-TUD survey is currently the only available
source of information for around 16% of the known subglacial

Figure 4. (opposite) Distribution of subglacial lake locations in
terms of thickness of overlying ice. The histograms show (a) all
known lakes, (b) lakes identified during RES studies, and (c) lakes
identified by satellite measurements of vertical surface movement.
The distribution of ice thickness for the whole ice sheet (black line)
is shown for comparison.
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lakes; 32% have been discovered by satellite during the past
5 years, while the remainder have been characterized by
RES surveys undertaken for specific study areas since the
1970s. While the SPRI-NSF-TUD survey, together with the
Russian surveys in East Antarctica, constitutes an approxi-
mately representative sample of the ice sheet [e.g., Dowdes-
well and Siegert, 1999], recent RES projects, in general, do
not. The high density of survey lines flown in the area
around Lake Vostok, for example, have identified a large
number of small lakes under thick ice and close to the flow
divide, thus tending to skew the distributions for RES lakes
in Figures 3 and 4.
Satellite techniques also suffer from bias. The separation

of ICESat flight tracks decreases toward southerly latitudes
(from ~30 km at 70-S to ~5 km at 85-S) to the southern limit
of the orbit at 86-S, below which there is no coverage. This
leads to an increase in the number of lakes detected together
with a decrease in the average size of the lakes as the satellite
moves toward this limit, while the area around the South
Pole cannot be sampled at all [Smith et al., 2009]. Other
forms of geographical bias also apply, such as discrimination
against areas that experience high levels of cloud cover and
several others recognized by the authors of the inventory.
Very little overlap exists between the inventories of lakes

identified by RES studies and those shown to be active
through satellite measurements. Satellites have detected
lakes (e.g., Engelhardt Subglacial Lake) situated underneath
large outlet glaciers, which have not been identifiable in RES
records from the same site. The reasons for this are still
uncertain, though RES studies have always had difficulties
in imaging the bed in very active regions of the ice sheet. In
many cases, active lakes occur beneath or in close proximity
to the fast flowing ice associated with surface crevassing and
basal fluting. The weaker attenuation of the radar signal due
to thinner ice cover and the increased likelihood of general
basal lubrication in such areas also combine to reduce the
contrast in bed reflection power between wet sediment and
liquid water lakes at the bed.

3.3. Dimensions and Volumes of Subglacial Lakes

Figure 5 is a histogram showing the distribution of sub-
glacial lake lengths (taking the longest dimension if several
records are available). Lake Vostok, 90-E Lake, Sovetskaya
Lake, and the Recovery Lakes are left out of the diagram
simply because their size skews the graph adversely. The
bulk of subglacial lakes are less than 10 km in length with the
modal size being just 5 km. Several large lakes exist, with
dimensions in excess of 20 km, and these will comprise the
bulk of the water currently stored beneath the ice sheet (see
below).

Dowdeswell and Siegert [1999], working from the SPRI-
NSF-TUD airborne RES records, identified four distinct
regions of subglacial lake occurrence: Dome C, Ridge B,
Hercules Dome, and the area around the South Pole. Follow-
ing the two assumptions that subglacial lakes were scattered
randomly throughout each of these areas and that the RES
data from each region was organized to cover a representa-
tive sample of the ice sheet, they were able to estimate
(assuming a circular approximation for the area of lakes
crossed by RES records at a random orientation) the total
area of subglacial lakes in each region and, hence, the total
stored volume of water for a range of mean lake depths.
Their calculations led them to predict a total volume for
water stored beneath the ice sheet of between 4000 and
12,000 km3.
Since then, the total number of known lakes has increased,

and many lakes have been discovered outside of the regions
identified by Dowdeswell and Siegert [1999]. The scale of
the RES surveys from which these lakes have been discov-
ered is much smaller than the earlier SPRI-NSF-TUD work
and can no longer be taken to cover a representative sample
of a larger region; rather, detailed surveys have been under-
taken of local areas. Therefore, we cannot now update the
estimate for total subglacial water storage, as the survey lines
are too unevenly distributed. We can, however, estimate,
using the same principles, the total known surface area of
subglacial lakes and also a range for the total stored volume
based on likely mean depths.
Using the circular approximation for lakes crossed by

just a single survey line [Dowdeswell and Siegert, 1999]
and reported surface areas for lakes with multiple crossings
or with prominent flat surface features, we estimate the total
surface area of known lakes to be ~50,000 km2. This value,

Figure 5. Distribution of known subglacial lake lengths <55 km.
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of course, does not take into account undiscovered lakes or
those discovered by surface elevation change alone, as
length/area measurements for most of these lakes are not
yet published. Nevertheless, this value already exceeds that
estimated by Dowdeswell and Siegert [1999] (~40,000 km2)
for the whole of the ice sheet. The large lakes in the Ridge
B area (Vostok, 90-E, Sovetskaya) comprise 35% of this
total surface area, while the four lakes proposed at the head
of the Recovery Ice Stream contribute a further 27%,
leaving only 38% to be accounted for by all the other
smaller lakes.
Using estimates of between 50 and 250 m mean water

depth based on RES observations of surrounding topogra-
phy [Dowdeswell and Siegert, 1999], and actual volumes
for lakes where depth measurements are available, we ob-
tain an envelope for the total stored water volume within
known subglacial lakes of 9000–16,000 km3. Once again,
this is an increase from the range estimated by Dowdeswell
and Siegert [1999] and can be regarded as a minimum for
the whole of Antarctica, as many lakes are likely yet to be
discovered. Only three lakes (Vostok ~5400 km3, Concordia
~30 km3, Ellsworth, 1.8 km3) have reasonably well-con-
strained volumes.

4. SUBGLACIAL LAKE CLASSIFICATION, BASAL
HYDROLOGY, AND ICE FLOW

Dowdeswell and Siegert [2002] analyzed the first invento-
ry of subglacial lakes [Siegert et al., 1996] to outline four
forms of subglacial lake: (1) those where topography is
subdued in the middle of large basins, (2) lakes that occupy
entire discrete basins, which are often large, (3) lakes perched
against the sides of subglacial highlands, and (4) lakes locat-
ed at or near the onset of major outflow units. Based on the
new inventory (of 387 lakes), and following recent discov-
eries concerning the role of subglacial lakes in basal hydrol-
ogy, we offer the following revision to the classification.
A necessary condition for the occurrence of a subglacial

lake is that the ice sheet base must be at the pressure melting
point. This is most likely to be the case where either the ice is
thick (>3 km) and, therefore, a high-pressure environment
exists at the bed that is well insulated from cold surface
temperatures or where vigorous internal deformation and
basal sliding are actively generating heat at the ice base
through friction [Wilch and Hughes, 2000].
Subglacial lakes can be divided into three groups, those

associated with thick ice and the trapping of geothermal heat
near the ice divides in the interior of the continent, those
associated with the onset regions of fast flow features nearer
to the margins of the ice sheet, and those situated beneath the
trunks of outlet glaciers and ice streams.

4.1. Lakes in the Ice Sheet Interior

The subglacial topography of the Antarctic interior is
characterized by several very large, deep, likely sedimentary
basins separated by mountainous ridges known as subglacial
highlands [Drewry, 1983; Lythe et al., 2001]. The summits,
or “Domes,” of the Antarctic interior are connected by a line
of ridges or “ice divides.” The ice sheet in the vicinity of
these divides is characterized by very low surface slopes and
very slow ice flow. The subglacial lakes so far discovered
beneath the thick ice of the interior can be divided into three
categories based on the characteristics of their surrounding
bed topography [Dowdeswell and Siegert, 2002; Tabacco
et al., 2006].
First, the majority of interior lakes are found where the ice

is thickest, and therefore, conditions are favorable for melt-
ing at the bed. This most often occurs toward the centers of
the deep subglacial basins such as the Aurora, Vincennes,
and Wilkes basins. The subglacial topography here is char-
acterized by low relief; Dowdeswell and Siegert [1999]
found that for more than 60% of the then known lakes, the
maximum elevation of the nearest topographic highs was no
more than 400 m above the level of the lake, with a maxi-
mum gradient of no more than 0.1 adjacent to the lake shore.
Many of these lakes consequently have little depth potential
for the size of their surface area. Several large lakes fall into
this category, e.g., Lake Concordia, Vincennes Lake, and
Aurora Lake [Tabacco et al., 2006]. In some cases, features
previously identified as lakes in RES records or by flat
surface features may be areas of water-saturated sediments,
rather than true lakes [Carter et al., 2007].
Second, there are those lakes which are closely related to

significant topographic depressions in the bedrock; these are
frequently found toward the margins of subglacial basins but
still near to one of the major ice divides of the interior. Lake
Vostok is an example of this kind of lake, as are the large
lakes at 90-E and beneath Sovetskaya Station [Bell et al.,
2006]. These lakes inhabit topographic depressions with the
elongate, rectilinear morphology characteristic of tectoni-
cally controlled features [Meybeck, 1995; Tabacco et al.,
2006]. Geophysical investigation has confirmed that Lake
Vostok is situated within a rift feature forming part of a
continental collision zone [Studinger et al., 2003b]. Several
smaller examples of this type of lake have been reported
including Lake Ellsworth in West Antarctica [Woodward et
al., 2010].
The third category is composed of lakes situated on the

flanks of subglacial mountain ranges. These are character-
istically small (<10-km long) features constrained within
steep local topography. Consequently, their presence is not
found to leave an imprint on the ice surface morphology.
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Several cases have been identified of lakes perched on the
stoss face of subglacial mountains [Dowdeswell and Siegert,
2002].
Subglacial lakes located near drainage divides in the ice

sheet interior are likely to have relatively small catchment
areas from which they receive runoff. They are, therefore,
likely to be inactive or to have long periodicity between
flood discharge events due to the associated low refilling
rates [Evatt et al., 2006].

4.2. Lakes Associated With the Onset of Enhanced Ice Flow

A second class of subglacial lakes was postulated by
Siegert and Bamber [2000], when the association was
first made between the locations of some subglacial
lakes and the onset regions of fast ice flow features
recently identified as extending farther into the interior
of Antarctica than previously thought [Bamber et al.,
2000]. At least 16 subglacial lakes from the inventory
of Siegert et al. [1996] could be associated with onset
regions of enhanced ice flow [Dowdeswell and Siegert,
2002]. These lakes are located relatively large distances
(approximately a few hundred kilometers) from the nearest
major ice divide, are small (<10 km in length), and probably
shallow. Dowdeswell and Siegert [2002, p. 234] state that
“warm-based fast flowing ice streams provide a possible
route by which subglacial lakes, located at the onset of
enhanced ice flow, may establish a hydrological connection
with the ice-sheet margin.”
More recently, four subglacial lakes, each with large

(>1000 km2) surface area have been identified near the onset
of fast flow at the head of the Recovery Ice Stream, the fast
flow feature that penetrates deepest into the interior of East
Antarctica [Bell et al., 2007]. These lakes appear to have
more in common with the large lakes in the Ridge B-Vostok
region, as they also exhibit signs of tectonic origin, though
they appear to be much shallower than Lake Vostok [Bell
et al., 2007].
Not all fast ice flow features are associated with subgla-

cial lakes, and the mechanism by which subglacial lakes,
where they do occur, influence the initiation of fast ice flow
is uncertain. Suggestions include the direct lubrication of
the ice/bed interface through the constant supply of water,
modification of the basal thermal regime by the release of
latent heat during freeze-on of lake water to the underside of
the ice sheet and through the creation of subglacial conduits
during periodic drainage events [e.g., Kamb et al., 1985;
Bell et al., 2007]. Recent work by Stearns et al. [2008] has
shown that outlet glaciers can speed up as a response to the
draining of upstream lakes. That the movement of subglacial
water can influence outlet glacier dynamics is an important

observation, however, this relationship has probably operated
as long as liquid water has been present at the base of the ice
sheet and does not represent a new instability.

4.3. Lakes Beneath the Trunks of Ice Streams

Recent satellite studies, aimed at measuring rapid fluctua-
tions in the ice surface height [e.g., Smith et al., 2009], have
been very successful in detecting active subglacial systems
beneath the fast flowing trunks of ice streams and glaciers in
both East and West Antarctica [Gray et al., 2005; Fricker
et al., 2007; Fricker and Scambos, 2009].
Due to the nature of the techniques with which they have

been detected, all the lakes so far discovered beneath ice
streams have been actively filling or discharging. Despite
significant developments in the collection and processing
techniques for synthetic aperture RES [e.g., Peters et al.,
2007], studies using this method, which is capable of
detecting static lakes, still experience significant difficulties
in imaging the bed of ice streams due to a high degree of
scattering from both surface crevasses and from basal flut-
ing. Such surveys have, therefore, not yet been able to
detect lakes located in very fast flowing regions of the ice
sheet.
This newly discovered class of lakes appears to be gener-

ally of smaller size, and the lakes are probably more transient
in nature, with large proportions of their water volume filling
and draining on an annual or semiannual basis [Smith et al.,
2009].

5. DISCUSSION AND SUMMARY

Following the first inventory of 77 subglacial lakes,
Dowdeswell and Siegert [2002] provided an assessment of
lake classifications. In recent years, several new data sets
have increased the number of known subglacial lake fea-
tures to 387 and have greatly improved our understanding
of their role in the hydrological system beneath the ice
sheet.
The traditional (and earliest) method of subglacial lake

detection is from radar sounding (either ground-based or
airborne). Radar provides an actual measurement of the ice-
water interface and an along-track recording of the extent of
this water. Several subglacial lakes have been investigated
through a grid of radar transects, detailing with a high level
of certainty the lake extent.
Over large lakes, the ice sheet surface slope is noticeably

flat as a consequence of ice floatation. In some cases, the
outline of lake extent can be mapped from these surface
features. The first lake to be outlined in this way was Lake
Vostok [Kapitsa et al., 1996], shortly followed by several
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lakes at Dome C [Siegert and Ridley, 1998a], Lake Concor-
dia, two large lakes near Ridge B (90-E and Sovetskaya)
[Bell et al., 2006], and a collection of lakes at the head of the
Recovery Ice Stream [Bell et al., 2007].
Satellite altimetry time series data have recently been used

to determine the location of subglacial lakes that display
noticeable outpouring or influx of water; the net change caus-
ing the ice sheet surface to fall or rise accordingly and, hence,
the outline of the “active” lake detected [e.g.,Wingham et al.,
2006; Fricker et al., 2007; Smith et al., 2009].
The water depths of subglacial lakes are best measured

using seismics, as unlike radio waves, sound can travel well
in water. Only a few subglacial lakes have been the subject of
seismic surveys (Lake Vostok, South Pole Lake, and Lake
Ellsworth). For the latter two cases, seismics have proved
beyond doubt the existence of the subglacial lake, as radar
data alone was insufficient for some scientists to accept lake
detection [e.g., Price et al., 2002].
Water depths can also be modeled using gravity data,

although this has been applied only to Lake Vostok and Lake
Concordia at present, revealing the former to comprise two
distinct basins. As seismic exploration takes considerable
time to undertake (Lake Ellsworth, which is only 10-km
long, needed a whole season for five lines), gravity data
acquired from aircraft provides an efficient means by which
the depths of larger lakes can be estimated prior to seismic
analysis.
The number of known subglacial lakes has risen from 17

in 1973, to 77 in 1996 and 145 in 2006. The new total, as of
January 2010, now stands at 387. Subglacial lakes are wide-
spread beneath the east and west Antarctic ice sheets. Many
have been shown to be “active” (i.e., discharging and/or
receiving water). Such water flows beneath the ice sheet in
an organized hydrological system that connects distinct
groups of lakes. Lakes will not be “interconnected,” as the
flow of water is likely to be one directional. However, there
will be a hierarchy of lakes, from source feeder lakes to
downstream receiver lakes.
As the basal hydrology in Antarctica is now known to be

far more active than had been considered even 5 years ago,
the question now is whether the observed movement of water
can affect ice flow. Stearns et al. [2008] showed that subgla-
cial discharges have indeed affected the flow of Byrd Gla-
cier, albeit for a relatively short time. As a consequence,
subglacial lakes at the heads of major ice streams may well
have an influence on the flow downstream and may be
influential in ice stream changes (e.g., those changes identi-
fied in the Siple Coast).
While one can classify subglacial lakes into various cate-

gories depending on their size, location, overriding ice thick-
ness, etc, the prevailing view at present is of a common

hydrology involving a well-defined hydrological network
fed by melting ice and periodic discharges of lake water.
Even beneath the coldest most stable ice sheet of the

Cenozoic Era, basal hydrology and subglacial lakes will
have represented dynamic physical systems. This has almost
certainly always been the case. Our understanding of past,
present, and future ice sheet changes requires an awareness
of basal hydrology, especially as one considers that the next
10 years may well see the number of subglacial lakes, and
their associated dynamics and effects on modern flow pro-
cesses increase considerably.
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Antarctic Subglacial Lake Discharges
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Antarctic subglacial lakes were long time supposed to be relatively closed and
stable environments with long residence times and slow circulations. This view has
recently been challenged with evidence of active subglacial lake discharge under-
neath the Antarctic ice sheet. Satellite altimetry observations witnessed rapid
changes in surface elevation across subglacial lakes over periods ranging from
several months to more than a year, which were interpreted as subglacial lake
discharge and subsequent lake filling, and which seem to be a common and
widespread feature. Such discharges are comparable to jökulhlaups and can be
modeled that way using the Nye-Röthlisberger theory. Considering the ice at the
base of the ice sheet at pressure melting point, subglacial conduits are sustainable
over periods of more than a year and over distances of several hundreds of kilo-
meters. Coupling of an ice sheet model to a subglacial lake system demonstrated
that small changes in surface slope are sufficient to start and sustain episodic
subglacial drainage events on decadal time scales. Therefore, lake discharge may
well be a common feature of the subglacial hydrological system, influencing the
behavior of large ice sheets, especially when subglacial lakes are perched at or near
the onset of large outlet glaciers and ice streams. While most of the observed
discharge events are relatively small (101–102 m3 s�1), evidence for larger subgla-
cial discharges is found in ice free areas bordering Antarctica, and witnessing
subglacial floods of more than 106 m3 s�1 that occurred during the middle Miocene.

How still,
How strangely still
The water is today,
It is not good
For water
To be so still that way.

Hughes [2001, p. 48]

1. INTRODUCTION

Subglacial lakes are omnipresent underneath the Antarctic
ice sheet. A recent inventory [Smith et al., 2009a] brings the

total to more than 270 (Figure 1), i.e., 145 from an inventory
by Siegert et al. [2005] and more than 130 added since [Bell
et al., 2006, 2007; Carter et al., 2007; Popov and Masolov,
2007; Smith et al., 2009a]. Subglacial lakes are usually iden-
tified from radio echo sounding and characterized by a strong
basal reflector and a constant echo strength (corroborating a
smooth surface). They are brighter than their surroundings by
at least 2 dB (relatively bright) and both are consistently
reflective (specular). They are therefore called “definite”
lakes [Carter et al., 2007]. The larger ones are characterized
by a flat surface compared to the surroundings with a slope
around one tenth, and in the opposite direction to, the lake
surface slope [Siegert et al., 2005], hence the ice column
above such a subglacial lake is in hydrostatic equilibrium.
“Fuzzy” lakes are defined by high absolute and relative
reflection coefficients, but are not specular [Carter et al.,
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2007]. They are interpreted as corresponding to saturated
basal sediments [Peters et al., 2005; Carter et al., 2007].
Most lakes lie under a thick ice cover of >3500 m and are
therefore situated close to ice divides. Although the majority
of subglacial lakes are small (<20 km in length), the largest
lake is Subglacial Lake Vostok, containing 5400 ± 1600 km3

of water [Studinger et al., 2004]. Assuming an average water
depth of 1000 m for large lakes and 100 m for shallow lakes,
the volume of water in known Antarctic subglacial lakes is
~22,000 km3, or approximately 25% of the water worldwide
in surface lakes [SALE Workshop Report, 2007]. This is
equivalent to a uniform sheet of water ~1-m thick if spread
out underneath the whole Antarctic ice sheet.
Subglacial lakes were long time supposed to be relatively

closed and stable environments with long residence times and
slow circulations [Siegert et al., 2001; Kapitsa et al., 1996; Bell
et al., 2002]. As long as the huge amount of water they contain

is not moving around through a hydrological network, they pose
no threat to the stability of the ice sheet. However, the idea of
closed subglacial environments has recently been challenged
with evidence of subglacial lake discharge. First, fromERS laser
altimetry data and later on from NASA’s Ice, Cloud and land
Elevation Satellite (ICESat) laser altimetry data, more than 120
“active” subglacial lakes have been determined [Wingham et al.,
2006a; Fricker et al., 2007; Smith et al., 2009a]. These are spots
where a rapid lowering or rising of the ice surface is detected, a
phenomenon that has been interpreted as either a sudden drain-
age (over a period of several months) or a rapid lake infill with
subglacial water drained from an upstream subglacial lake
[Fricker et al., 2007; Fricker and Scambos, 2009].
In this chapter, we will give an overview of subglacial lake

drainage, how it is observed, what the possible mechanisms
are and whether such events may influence the stability of the
ice sheet.

Figure 1. Surface topography [Bamber et al., 2009] of the Antarctic ice sheet with radio echo sounding-identified large
subglacial lakes (black lines), “definite” (inverted triangles) subglacial lakes [Siegert et al., 2005; Popov and Masolov,
2007; Carter et al., 2007], “fuzzy” (small circles) lakes [Carter et al., 2007] and “active” (plus signs) lakes [Smith et al.,
2009a]. The bold circles show the position of deep ice core drill sites. Abbreviations are WAIS, West Antarctic Ice Sheet;
EAIS, East Antarctic Ice Sheet; TAM, Transantarctic Mountains; RISC, Recovery Ice Stream Catchment; GSM,
Gamburtsev Subglacial Mountains.
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2. OBSERVATIONS OF SUBGLACIAL
LAKE DISCHARGE

2.1. Jökulhlaups

Subglacial lake drainage is probably the most common
feature in active volcanic regions, where they are called
jökulhlaups. They originally refer to the well-known subgla-
cial outburst floods from Vatnajökull, Iceland, and are often
triggered by volcanic subglacial eruptions. More generally,
jökulhlaups describe any large and abrupt release of water
from a subglacial or supraglacial lake. Well-documented
jökulhlaups are those from the subglacial caldera Grímsvötn,
beneath Vatnajökull [Björnsson, 2002]: high rates of geo-
thermal heat flux cause enhanced subglacial melting, and
subglacial hydraulic gradients direct this meltwater to Grímsvötn
where it collects. Jökulhlaups occur when the lake level
reaches within tens of meters of the hydraulic seal, from
where water is released and flows subglacially to the ice cap
margin [Björnsson, 1988]. During this phase, ice velocities
may well increase up to threefold over an area up to 8 km
wide around the subglacial flood path [Magnusson et al.,
2007]. Owing to the large quantity of subglacial meltwater
produced by high geothermal heat rates, jökulhlaups lead to a
significant impact on ice dynamics. Not surprisingly, this
type of jökulhlaups is unlikely to occur in Antarctica due to
low geothermal heat flux. Geothermal heat flow measure-
ments in the Lakes District (East Antarctica) point to values
as low as 40 mWm�2 [Shapiro and Ritzwoller, 2004], which
is supported by both the temperature gradient in the Vostok
ice core as by inverse modeling [Siegert, 2000]. Neverthe-
less, these low values are sufficient to guarantee bottom
melting due to the insulating ice cover. Moreover, since large
quantities of subglacial water are stored underneath the ice
sheet (e.g., 5400 km3 for Lake Vostok), there is a substantial
potential for subglacial lake discharge.
Despite low geothermal heating, evidence from Antarctic

jökulhlaups is at hand: a first documented outburst occurred
near Casey Station, Law Dome, Antarctica [Goodwin, 1988].
The discharge event started in March 1985 and lasted
6 months, with occasional outbursts during the austral au-
tumn and winter of 1986. An oxygen-isotope and solute
analysis of the spilled water revealed that its origin was basal
meltwater, originating from an ice-marginal subglacial lake.
However, the extent and depth of the reservoir remained
unknown.

2.2. Satellite Observations

With the advent of satellite image interferometry, it be-
came possible to observe and monitor small vertical changes

at the surface of the Earth. Such changes measured in the
direction of the satellite can be mapped onto both a vertical
and horizontal component. The technique revealed very
powerful to map horizontal flow speeds of Antarctic and
Greenland outlet glaciers and ice streams using a speckle-
tracking technique [Joughin, 2002]. Gray et al. [2005] ana-
lyzed RADARSAT data from the 1997 Antarctic Mapping
Mission and used them interferometrically to solve for the
three-dimensional surface ice motion in the interior of the
West Antarctic Ice Sheet. They found an area of ~125 km2 in
a tributary of the Kamb Ice Stream displaced vertically
downward by up to 50 cm between 26 September and
18 October 1997. Similar upward and downward surface
displacements were also noted in the Bindschadler Ice Stream.
Both sites seemed to correspond to areas where basal water is
apparently ponding (hydraulic potential well). The authors
therefore suggested transient movement of pockets of subgla-
cial water as the most likely cause for the vertical surface
displacements.
A well-documented Antarctic subglacial lake discharge is

reported in the vicinity of the Lakes District, central East
Antarctica. Wingham et al. [2006a] observed ice sheet

Figure 2. Rapid drainage and hydraulic connection of Antarctic
subglacial lakes, inferred from satellite altimetric measurements of
the ice sheet surface over the Adventure subglacial trench, East
Antarctica between 1996 and 2003. Circled numbers indicate the
following: 1, lake drainage results in ice sheet surface lowering of
~3 m over ~16 months; 2, ice sheet surface uplift occurs over a
series of known subglacial lakes ~290 km from the initial lake
drainage; 3, once surface lowering over the upstream lakes ceases
(implying a reduction in the supply of water), ice surface lowering
over at least one downstream lake occurs. Adapted from Wingham
et al. [2006a].
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surface elevation changes that were interpreted to represent
rapid discharge from a subglacial lake. The altimeter survey
by the satellite ERS-2 revealed two anomalies of ice sheet
surface elevation change in the vicinity of the Adventure
subglacial trench. One anomaly, at the northern (upstream)
end of the trench, shows an abrupt fall in ice-surface eleva-
tion (Figure 2 and curve L1 in Figure 3). Some 290 km
distant from L1, a corresponding abrupt rise occurred at the
southern (downstream) end of the trench (Figure 2 and U1
and U2 in Figure 3). The only mechanism that explains these
observations is a rapid transfer of basal water from a subgla-
cial lake beneath the region of surface lowering to lakes
beneath the regions of uplift. Wingham et al. [2006a] esti-
mated the magnitude and rate of subglacial drainage of
1.8 km3 of water transferred at a peak discharge of 50 m3 s�1

during a period of 16 months.
High-resolution evidence of subglacial lake discharges

was obtained with ICESat laser altimetry [Fricker et al.,
2007]. Satellite laser altimeter elevation profiles from 2003
to 2006 collected over the lower parts of Whillans and
Mercer ice streams, West Antarctica, revealed 14 regions of
temporally varying elevation, which were interpreted as the
surface expression of subglacial water movement. Contrary
to the Adventure trench lakes, perched near the ice divide of

the East Antarctic ice sheet in a region of relatively slow ice
movement, the lakes in West Antarctica were detected in an
area of fast ice flow, close to the grounding line.
Subglacial Lake Engelhardt is one of the larger subglacial

lakes in the area, situated just upstream of the grounding line
and flanking Engelhardt Ice Ridge. Image differencing pre-
sented by Fricker et al. [2007] and Fricker and Scambos
[2009] revealed a spatial extent of the drawdown of this lake
of 339 km2 ± 10%. This area is sufficiently large that the ice
above the lake is in hydrostatic equilibrium, corroborated by
the flatness of profiles across it (Figure 4). Draining and filling
rates were estimated from the 2003–2006 flood and the total
water loss over that period estimated as 2.0 km3 [Fricker and
Scambos, 2009], a value comparable to the Adventure trench
discharge. Since Lake Engelhardt is situated ~7 km upstream
from the grounding line, the floodwater is almost certainly
discharged directly into the subglacial lake [Fricker and
Scambos, 2009]. Since June 2006, Lake Engelhardt is steadily
filling at a rate of 0.14 km3 a�1 (Figure 4).
The analysis of Fricker and Scambos [2009] was further

extended to the whole Antarctic ice sheet north of 86.6-S,
based on 4.5 years (2003–2008) ICESat laser altimeter data
[Smith et al., 2009a]. This analysis detected 124 “active”
lakes. Most of these lakes are situated in the coastal regions

Figure 3. ERS-2 altimetric data from three sites, L1, U1, and U2, in the Adventure trench area (East Antarctica). Lake U3
has the same signature of U2 and is not shown here for clarity. The error bars are 1-sigma errors, which are determined
empirically and determined as ±0.18 m. Adapted from Wingham et al. [2006a].
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of the ice sheets and present underneath ice streams (Figure 1).
They may, therefore, form reservoirs that may contribute
pulses of water to produce rapid temporal changes in glacier
speeds [Smith et al., 2009a].
However, one should remain careful in interpreting rapid

surface changes detected through satellite laser altimetry as
sudden drainage of subglacial lakes. The interpretation of
small-scale surface displacement to recover subglacial water
movement is complicated by the fact that other subglacial
processes can also result in surface deformation [Smith et al.,
2009a]. Ice-flow models show that local changes both in
basal friction and in basal topography can produce changes
in surface elevation [Gudmundsson, 2003; Pattyn, 2003,
2004; Sergienko et al., 2007]. Furthermore, upward vertical
changes may not always imply lake filling with water com-
ing from upstream [Pattyn, 2008]. This point will be dis-
cussed later.

Besides satellite altimetry, present-day as well as past
subglacial lake dynamics may be detected through other
remote sensing techniques. Both melting and refreezing
above subglacial lakes may be estimated by ice-penetrating
radar by measuring along-flow changes in the thickness of
the basal internal layers where thinning of the basal ice is
indicative of melting and thickening points to freezing [Bell
et al., 2002; Siegert et al., 2000; Tikku et al., 2004]. Large
distortions in basal internal layers may alternatively be in-
dicative for subglacial lake discharge. Siegert et al. [2004]
calculated from the convergence of a number of internal
layers across the West Antarctic ice sheet that observed
distortions would require basal melt rates of up to 6 cm a�1,
which are an order of magnitude greater than those calculated
for the Siple Coast region. In view of the recent evidence
regarding subglacial lake discharge in this area [Fricker and
Scambos, 2009; Smith et al., 2009a], large melting rates may
witness such events as well.

2.3. Ice Flow Acceleration

Water plays a crucial role in ice sheet stability and the
onset of ice streams. Since water may move between sub-
glacial lakes by a rapid drainage, enhanced lubrication of ice
streams and glaciers is expected, resulting in a speedup of ice
flow. Many subglacial lakes sit at the onset of ice streams,
hence have the potential to enhance the ice flow further
downstream [Siegert and Bamber, 2000]. Bell et al. [2007]
detected a number of large subglacial lakes at the onset
region of the Recovery Glacier Ice Stream (RISC in Figure 1),
where ice is moving at rates of 20 to 30 m a�1. Stearns et al.
[2008] report an observed acceleration of ice velocity on
Byrd Glacier, East Antarctica, of about 10% of the original
speed between December 2005 and February 2007. The
acceleration extended along the entire 75-km glacier trunk,
and its onset coincided with the discharge of about 1.7 km3

of water from two large subglacial lakes located about
200 km upstream of the grounding line. Deceleration of the
ice flow coincided with the termination of the flood. These
findings provide direct evidence that an active lake drainage
system can cause large and rapid changes in glacier dynam-
ics. More spectacular interactions between floods and gla-
cier surges are reported from Icelandic jökulhlaups [e.g.,
Björnsson, 1998].
Subglacial lakes may also play a crucial role in the redis-

tribution of subglacial meltwater. Water piracy has recently
been found a suitable mechanism in explaining the on and
off switching of streaming flow, as is the case for the Siple
Coast ice streams [Anandakrishnan and Alley, 1997] or
Rutford Ice Stream [Vaughan et al., 2008], a process that
may be controlled by periodical subglacial lake discharge.

Figure 4. (top) Evolution of surface evolution across Engelhardt
Lake (West Antarctica). (bottom) Mean elevation across the lake
surface [Fricker and Scambos, 2009; H. A. Fricker, personal com-
munication, 2009].
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3. MECHANISMS OF SUBGLACIAL
LAKE DISCHARGE

3.1. Hydraulic Geometry

Water is almost ubiquitously present underneath the Ant-
arctic ice sheet, either stored in subglacial lakes or part of a
subglacial drainage network that transports this water to the
edge of the ice sheet. Free water can exist at the ice-bed
contact and interstitially in subglacial sediment. The pressure
pw of subglacial water is an independent variable that varies
temporally and spatially in a complicated manner that is
determined by the balance between influx and outflux of
water, the geometry of the subglacial water system, the
physical properties of the glacier substrate, thermodynamic
conditions near the ice-bed interface, and the ice overburden
pressure [Clarke, 2005].
Glaciers are through buoyancy supported by the subglacial

water pressure, and the magnitude of this support stems from
comparing the water pressure pw to the ice overburden pres-
sure pi = ρigh, where ρi is the ice density, g the gravity
acceleration, and H is the ice thickness. The effective pres-
sure pe = pi � pw is a common measure for the importance of
buoyancy [Clarke, 2005]. For subglacial lakes, where the
overlying ice is in hydrostatic equilibrium with the underly-
ing water column, it follows that pe = 0. Subglacial water
movement is controlled by gradients in the fluid potential,
the latter defined by

φw ¼ pw þ ρwgz; ð1Þ
where ρw is the water density and z is the elevation (z = zb at
the ice/bed contact, where zb is the bed elevation). For a
subglacial lake that obeys the condition pw ≡ pi, differentiat-
ing equation (1) leads to

∇φw ¼ ρig∇zs þ ðρw−ρiÞg∇zb; ð2Þ
where ∇ is the gradient operator and zs is the surface eleva-
tion [Shreve, 1972]. For ρi = 910 kg m�3 and ρi = 1000 kg
m�3, the first term on the right-hand side of equation (2) is
roughly an order of magnitude larger than the second term.
This means that subglacial water flow is mainly driven by the
surface topography of the glacier and, to a lesser extent, by
the bed topography. Water ponding in a subglacial lake
implies that ∇φw = 0. This ponding threshold can therefore
also be expressed as a simple relationship between surface
and bed slopes, i.e.,

dzs
dx

¼ ρi−ρw
ρi

dzb
dx

; ð3Þ

where x is the along-path distance coordinate. This implies
that water can be pushed out of a subglacial cavity whenever
the ice surface slope is larger than one tenth the adverse bed

slope, or dzs=dx > −
1

10
dzb=dx:

Based on the hydraulic potential gradient, Siegert et al.
[2007] and Wright et al. [2008] calculated subglacial water
flow patterns. The steepest downslope gradient of the hy-
draulic potential indicates the direction of the water flow,
from which flow paths can be calculated that predict the
drainage network [Wright et al., 2008]. An example of
such a reconstruction is given in Figure 5, based on an
initial distribution of local meltwater production using a
thermomechanical ice sheet model with appropriate bound-
ary conditions of surface temperature and geothermal heat
flux, the latter corrected for the presence of subglacial lakes
[Pattyn, 2010]. The input geometry is based on a 5-km
resolution updated BEDMAP database [Lythe and Vaughan,
2001; Pattyn, 2010] and a resampled surface topography
[Bamber et al., 2009]. Figure 5 clearly shows that major
drainage paths converge in the large outlet glaciers and
ice streams, dominated by the surface topographic slopes.
Water transport is largely depending on the hydraulic

geometry, whether water flows through an aquifer (or a sheet)
or through a pipe. Numerous idealized drainage structures
have been proposed to describe water flow at the base of a
glacier, including ice-walled conduits [Röthlisberger, 1972;
Shreve, 1972], bedrock channels [Nye, 1976], water films and
sheets [Weertman, 1972;Walder, 1982;Weertman and Birch-
field, 1983], linked cavities [Walder, 1986; Kamb, 1987], soft
sediment canals [Walder and Fowler, 1994], or porous sedi-
ment sheets [Clarke, 1996]. For glaciers or ice sheets resting
on a hard bed, there are essentially three possibilities for
subglacial water flow, either through a system of channels, a
linked cavity system, or drainage in a water film. Observed
jökulhlaups generally drain through conduits that connect the
subglacial lake to the edge of the ice cap. A similar theory can
be applied to connecting Antarctic subglacial lakes.
Röthlisberger [1972] based his theory of water flow

through a subglacial conduit on the Gauckler-Manning-
Stricker formula for the mean velocity of turbulent flow, i.e.,

vw ¼ Q

S
¼ m−1

n R
2

3 −
1

ρwg

∂φw

∂x

� �1

2
; ð4Þ

wheremn = 0.08 m�1/3s is theManning coefficient determining
the roughness of the conduit, Q is the water discharge, and R is
the hydraulic radius, which is defined as the cross-sectional
area over a wetted perimeter. For a conduit of semicircular
cross-section, S = πr2/2, or r ¼ ffiffiffiffiffiffiffiffiffiffiffi

2S=π
p

, the wetted perimeter
is defined as:
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R ¼ S

πr þ 2r
¼ S

π 2S
π

� �1
2þ2 2S

π

� �1
2

: ð5Þ

Substituting equation (5) in equation (4) and rearranging terms,
leads to an equation relating the size of the subglacial conduit to
subglacial water discharge [Röthlisberger, 1972; Peters et al.,
2009]

S ¼ Qmn

ffiffiffi
2

p ðπ þ 2Þffiffiffi
π

p
� �2

3

−
1

ρwg

∂φw

∂x

� �−
1

2

2
64

3
75

3

4

: ð6Þ

A similar and easier-to-derive expression can be found for a
circular conduit, i.e.,

S ¼ Qmnð2
ffiffiffi
π

p Þ
2

3 −
1

ρwg

∂φw

∂x

� �−
1

2

2
64

3
75

3

4

: ð7Þ

Peters et al. [2009] used equation (6) to derive the size of the
conduit through which water would flow connecting two
lakes along the hydraulic flow path in the Adventure trench
basin, mentioned earlier. A similar approach was followed
byWingham et al. [2006a]. The geometry used is sketched in
Figure 6: water from Lake L is drained via a conduit of l =
290 km in length over a period of 16 months. Owing to the
discharge, the surface of the lake has lowered by ΔhL = 3 m.
Since the lake size is estimated as SL = 600 km2 and assum-
ing a cylindrical geometry, this leads to a water volume of
V = 1.8 km3 at a mean discharge of Q = 43 m3 s�1. The peak
discharge of the lake has been estimated at 50 m3 s�1 [Wingham
et al., 2006a]. Given a difference in ice thickness above both
lakes of ΔH = �450 m and the difference in height of the
lakes (bedrock elevation difference) of Δzb = 260 m, the
hydraulic potential gradient can be approximated using equa-
tion (2), so that ∂φw/∂x ≈ �6.6 Pa m�1. Considering the
system in equilibrium, the conduit size that sustains this
discharge is obtained from equation (6), leading to a cross-
sectional area of S = 78 m2. This represents a semicircular
conduit with a diameter of 14 m.

Figure 5. Calculated pattern of subglacial Antarctic drainage, superimposed on the subglacial topography (grey scale, in
kilometers above sea level). Contrary to Wright et al. [2008], subglacial hollows where water is stored are not smoothed
out, with the result that not all water drainage reaches the grounding line.
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The question whether a conduit with that size can be
formed between two lakes underneath the Antarctic ice sheet
depends on the amount of energy that is available to form the
conduit in the first place. Assuming again a cylindrical
geometry for both lakes, the total energy release ET is the
energy due to the lowering of lake L (EL) minus the energy
needed to (1) raise lake U (EU), (2) raise the water through
the conduit by Δzb (EH), and (3) to maintain the water at
pressure melting point (EW). Assuming that the volume of
water is conserved, i.e., SLΔhL = SUΔhU, it follows that

EL−EU ¼ SLΔhLρigjΔH j; ð8Þ

EH ¼ VρwgΔzb; ð9Þ

EW ¼ −cvV
T0
L
ρjΔH j 1

ρw
−
1

ρi

� �
; ð10Þ

where T0 = 273.15 K, cv = 4.2 kJ kg�1 is the specific heat
capacity of water, and L= 3.3� 105 J kg�1 is the latent heat for
melting of ice. The total amount of energy equals ET = EL� EU
� EH� EW. Applied to the Adventure lake system, this leads to
ET = 7.2� 1015� 4.5� 1015� 2.5� 1011 = 2.6� 1015 J. The
energy required to melt a conduit of cross-sectional area S is
EM = SlρiL. As such, the available energy for melting a conduit
over a distance l (ET = EM) is sufficient to sustain a conduit with
a cross-sectional area S = 30 m2 [Peters et al., 2009]. This is
about half the size of conduit that can be formed by the given
discharge rate according to equation (6). However, in the former
derivation, a relatively high Manning coefficient was used,
typical for a rough conduit. Lower values of the Manning
coefficient, e.g., 0.02 instead of 0.08 m�1/3 s, corresponding to
a smoother conduit, will give rise to a cross-sectional area of

≈30 m2 [Peters et al., 2009], as can be seen from Figure 7. Note
also that the shape of the conduit (circular or semicircular) does
not have a significant effect on the final conduit size
corresponding to a given value for the Manning coefficient.
These calculations show that when considering the ice at

the bed at pressure melting point, subglacial lake discharges
can occur, and water can be transported over substantial
distances of several hundreds of kilometers through a con-
duit with a diameter of 5 to 10 m.

3.2. The Nye-Röthlisberger Model

Rapid discharge of a subglacial lake is one of the different
types of recognized jökulhlaups [Roberts, 2005]. The phys-
ical understanding of its time-dependent dynamics is based
on empirical data from a rather limited number of events.
Typical jökulhlaups from Grímsvötn (Iceland) increase to-
ward a peak and fall rapidly. The periodicity is between 1 and
10 years, with peak discharges of 600 to 4–5� 104 m3 s�1 at
the glacier margin, a duration of 2 days to 4 weeks, and a total
water volume of 0.5–4.0 km3 [Björnsson, 2002]. The differ-
ence with Antarctic subglacial lake discharge is striking:
peak discharges are several orders of magnitude smaller and
discharge duration generally more than a year. However, the
periodicity may well be of the same order of magnitude, but
the lack of longer time series prevents a proper evaluation.
The basic theory that governs this type of jökulhlaups is

due to Nye [1976], extending the hydraulic theory of Röth-
lisberger [1972]. The theory assumes a single, straight sub-
glacial conduit linking a meltwater reservoir directly to the
terminus (or to another reservoir). For water to flow from one

Figure 6. A simple model of the exchange between two lakes. An
uphill flow of water is forced by the larger ice overburden at the
lower Lake L. Both lakes are considered to have the same water
depth. Adapted from the works of Wingham et al. [2006a] and
Peters et al. [2009].

Figure 7. Conduit size S as a function of the Manning coefficientmn

for both a circular (7) and a semicircular (6) channel. Both curves
are produced using the discharge geometry corresponding to the
Adventure trench lakes.
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to the other, a hydraulic gradient must exist. The size of the
conduit will be due to a competition between the enlarge-
ment of the conduit and the processes that tend to shrink it.
Energy is dissipated by flowing water, and some of the
energy is transferred to the conduit walls causing ice to melt.
Creep closure of the tunnel is due to ice deformation [Clarke
et al., 2004]. Nye derived partial differential equations de-
scribing the nonsteady flow in a conduit, accounting for the
geometry and flow of ice, continuity of water, flow of water
and energy, and heat transfer [Nye, 1976; Fowler, 2009].
Peters et al. [2009] applied the Nye-Röthlisberger model in
its simplified form to the Adventure trench lakes, for which a
hydrograph proxy exists (Figure 3).
Contrary to Icelandic jökulhlaups, temperatures of the lake

water and the ice are likely to be similar at or close to pressure
melting point, so that the energy equation and heat transfer
equation can be simplified [Peters et al., 2009]. The equations
for the geometry and flow of ice, continuity and flow ofwater are

∂S
∂t

¼ mr

ρi
−KSðpi−pwÞn; ð11Þ

∂S
∂t

þ ∂Q
∂x

¼ mr

ρw
; ð12Þ

ρwg∇zb−
∂pw
∂x

¼ f ρwg
QjQj
S8=3

; ð13Þ

whereK is a creep closure coefficient due to the nonlinear flow
law ε̇ ¼ Aτn, where ε̇ is the strain rate and τ is the stress. More
specifically, K = 2A/nn [Fowler, 2009]. The term mr /ρi is the
volumetric melt of the side-walls of the conduit, and f is a
friction factor. Wingham et al. [2006a] used equation (11) to
determine whether the subglacial conduit can remain open for
a sustained period (at least more than a year). A fourth equa-
tion for energy (equation (19) in Nye [1976]), can be greatly
reduced by removing all temperature dependencies and keep-
ing the internal energy constant [Peters et al., 2009]. However,
as shown by Spring and Hutter [1982], this may lead to an
overestimation of the peak discharge. Assuming steady state
conditions (constant conduit size in time), it is possible to
determine the effective pressure (pe = pi � pw) to balance
growth of the tunnel through melting with closure through ice
flow. Neglecting sensible heat advection, the mean melt rate of
the conduit is defined by

mr ¼ Q

ρiL
−
∂φ
∂x

� �
; ð14Þ

so that, by making use of the previously determined para-
meters, the melt rate of the Adventure lake conduit is estimated

as mr = 8.3 � 10�7 m2 s�1. Using A = 2.5 � 10�24 Pa�3 s�1

(the value of the flow parameter at pressure melting point) and
a conduit size of 30 m2, and rearranging equation (11) leads to
pe = 690 kPa. This is a very large value compared to the
change in pressure at lake L by the discharge event (ΔpL =
ρigΔhL= 27 kPa). This ledWingham et al. [2006a] to conclude
that the water flowwas not stopped by the closure of the tunnel
and that the lake could well have been emptied.
Peters et al. [2009] modeled the time-dependent evolution of

a two-lake system, solving equations (11)–(13). They found
that the Manning coefficient influences the peak discharge, but
also the time for the flood to initiate as well as the lifetime of the
flood. Furthermore, comparison with a circular conduit showed
that the latter results in a faster onset and higher peak discharge.
Considering more than two lakes shows the limits of the Nye-
Röthlisberger model. It results in multipeak discharges, which
were not observed along the Adventure trench [Peters et al.,
2009]. This may be due to the fact that the drainage system is
not along a single conduit, but forms a distributed system based
on broad shallow canals, as advocated by Carter et al. [2009].
Their study of the Adventure trench system is based on satellite
altimetry and radio echo sounding data along the whole flow
path and shows that the volume release from the source lake L
exceeded the volume of the other lakes by >1 km3, implying
water loss of the system. This downstream release continued
until at least 2003, when nearly 75% of the initial water release
had traveled downstream from the filling lakes. Such discharge
would only be sustained effectively by a broad shallow water
system. A distributed system is also consistent with the
3-month delay between water release at the source lake and
water arrival at the destination lake [Carter et al., 2009]. Nei-
ther a porous aquifer or thin water layer at the ice bed interface
are capable of transporting even a fraction of the inferred
discharge. However, recent work by Creyts and Schoof
[2009] suggests that distributed water sheets can be stable to
much greater depth than previously quantified, as the presence
of protrusions that bridge the ice-bed gap can stabilize them.
However, little remains known about how vertical deforma-

tions at the base of an ice sheet are transmitted to the surface,
which is what is measured in the first place. Factors that
influence this are, for instance, (1) the extent of the basal
deformation anomaly compared to the ice thickness, (2) the
time over which such deformation occurs, and (3) ice viscosity.
A number of these effects will be explored in the next section.

4. EFFECT OF SUBGLACIAL LAKES AND LAKE
DISCHARGE ON ICE FLOW

Observations by Wingham et al. [2006a], Fricker et al.
[2007], and Stearns et al. [2008] suggest the rapid transfer of
subglacial lake water and periodically flushing of subglacial
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lakes connected with other lakes that consequently fill
through a hydrological network. These observations point to
similar events of similar magnitude. However, they stem
from rapid changes at the surface from which the drainage
events are inferred. With the exception of the Law Dome
jökulhlaup [Goodwin, 1988], direct observation of such sub-
glacial events is lacking and, therefore, knowledge on the
mechanisms that trigger them as well. A major assumption in
the previous analysis is that surface elevation changes are
directly related to changes in subglacial water volume. This
would be correct if ice deformation would not occur. One
way, however, to investigate the effect of ice sheet dynamics
on sudden changes in subglacial lake volume is to use a
numerical ice sheet model. While most models applied to
large-scale flow of ice sheets neglect longitudinal compo-
nents, this is not applicable on the scale of subglacial lakes.
Ice flow across a subglacial lake experiences no (basal)
friction at the ice/water interface [Pattyn, 2003; Sergienko
et al., 2007]. As such, the ice column behaves as an “em-
bedded” or “captured” ice shelf within the grounded ice sheet
[Pattyn, 2003; Pattyn et al., 2004; Erlingsson, 2006]. This is
why the ice sheet surface across large subglacial lakes, such
as Subglacial Lake Vostok, is relatively flat and featureless,
consistent with the surface of an ice shelf. Since ice shelf
deformation is governed by longitudinal or membrane stres-
ses, effects of stretching and compression should be taken
into account.

4.1. Subglacial Lakes and Ice Dynamics

In general, numerical ice sheet models are based on bal-
ance laws of mass and momentum, extended with a consti-
tutive equation. Solving the complete momentum balance
leads to a so-called full Stokes model of ice flow [Martin
et al., 2003; Zwinger et al., 2007; Pattyn, 2008]. Further
simplifications can be made to this system of equations. A
common approach is the higher-order approximation, where
it is assumed that the full vertical stress is balanced by the
hydrostatic pressure [Blatter, 1995; Pattyn, 2003]. Further
approximations to the Stokes flow, still including longitudi-
nal stress gradients, are governed by the shallow-shelf ap-
proximation [MacAyeal, 1989; Sergienko et al., 2007]. Not
only is hydrostatic equilibrium in the vertical applied, but all
vertical dependence, such as vertical shearing, is omitted.
The whole system is integrated over the vertical, so that the
Stokes problem is simplified to the two plane directions
[Hindmarsh, 2004]. However, its applicability is reduced to
areas of low basal frictions, such as ice shelves (subglacial
lakes) and ice streams, as shown by Sergienko et al. [2007].
The simplest way of mimicking subglacial lake presence in

an ice sheet model is to introduce a slippery spot within an

area of high(er) basal friction. For this purpose, consider a
uniform slab of ice of 80 by 80 km in size and H = 1600 m
thick, lying on gently sloping bed (α = 0.115-). The basal
boundary condition is written as τb � vbβ

2, where τb is the
basal drag, vb is the basal velocity vector and β2 is a friction
coefficient. For large β2, vb is small or zero (ice is frozen to
the bedrock); for β2 = 0, ice experiences no friction at the base
(slippery spot) as is the case for an ice shelf. In this experi-
ment, the basal friction coefficient β2 is defined by a sine
function ranging between 0 and 20 kPa a m�1 (Figure 8d).
Periodic lateral boundary conditions were applied, and the

Figure 8. Effect of a slippery spot (subglacial lake) on ice sheet
geometry and velocity field: (a) predicted steady state surface to-
pography; (b) predicted change in ice thickness compared to initial
uniform slab of 1600 m; (c) predicted horizontal surface velocity
magnitude; (d) basal friction field β2 varying between 0 (subglacial
lake marked by L) and 20 kPa a m�1. Ice flow is from left to right.
From Pattyn [2004].

36 ANTARCTIC SUBGLACIAL LAKE DISCHARGES



model was run to steady state. The effect of a slippery spot on
the ice slab is shown by a local increase in ice velocity where
friction is low (Figure 8c) as well as a flattening of the ice
surface above this spot (Figure 8a). This flattening is due to a
thinning of the ice upstream from the slippery spot and
thickening of the ice downstream (Figure 8b) and is a direct
result of the lack of basal shear across the slippery spot.
Gudmundsson [2003] found a similar behavior for a linear
viscous medium.
The effect of an embedded ice shelf is not only limited to a

surface flattening, also the velocity field is influenced as the
direction of the flow is not forced to follow the steepest
surface gradient (as is the case when longitudinal stress
gradients are neglected). This particularly applies to Subgla-
cial Lake Vostok, where the observed surface flow is not
along the steepest surface slope, since the latter is governed
by the embedded ice shelf being in hydrostatic equilibrium
with the underlying water body and the thickest ice, hence,
highest surface elevation is found in the northern part of the
lake. The effect of treating Lake Vostok as a slippery spot on
the ice velocity is shown in Figure 9: the lack of a lake makes
ice flow from north to south (right to left) or circumvents the
lake, and no ice flow goes across Lake Vostok. Appropriate
ice flow is obtained by treating Lake Vostok as a slippery
spot, where ice flows from West to East (top to bottom), in

agreement with observations [Kwok et al., 2000; Bell et al.,
2002; Tikku et al., 2004].

4.2. Effect of Lake Discharge on Ice Flow

As shown in Figures 3 and 4, subglacial lake discharge
results in a sudden drop of surface elevation. The effect of
such a sudden drainage can easily be mimicked by lowering
the bedrock topography across a slippery spot that represents
a subglacial lake. Using a numerical ice stream model ap-
plied to an idealized ice stream geometry, Sergienko et al.
[2007] show that this effect significantly modulates the sur-
face-elevation expression and that the observed surface ele-
vation changes do not directly translate the basal elevation
changes, due to the viscoplastic behavior of the ice when it
flows across the lake. A sudden drop in ice surface will be
filled in gradually due to the ice flow and its deformation.
Therefore, subglacial water volume change is not directly
proportional to the area integral of surface-elevation changes
[Sergienko et al., 2007].
In reality, the relation between subglacial lakes and the

overlying ice sheet is even more complicated as the ice on top
of larger subglacial lakes is in hydrostatic equilibrium. This is
expressed by the fact that on most lakes, it holds that
∇zs≈−

1

10
∇zb. Whenever water is trapped in a subglacial cavity,

Figure 9. Predicted surface velocity (m a�1) and flow direction across Lake Vostok for the “no lake” and “lake”
experiment. The position of Lake Vostok is given by the black line. Adapted from Pattyn et al. [2004].
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the effect will be transmitted to the surface by this relation.
Pattyn [2008] implemented this effect in a full-Stokes ice sheet
model of ice flow over a subglacial lake with a finite water
volume. Full basal hydraulics, as those treated in the previous
section, are not implemented in the model as such. A basal
hydrological algorithm is used to check whether the lake
“seal” breaks or not, based on the hydraulic potential gradient
displayed in Figure 5. The hydrostatic seal is, thus, broken
when water originating from the lake potentially arrives at the
downstream edge of the domain. Nevertheless, as the lake
empties, the marginal ice could collapse or fracture to form a
cauldron, a common feature of jökulhlaups. The rate of subsi-
dence is directly related to the rate of lake discharge, but
requires an underpressure in the lake to draw down the over-
lying ice [Evatt et al., 2006; Evatt and Fowler, 2007]. How-
ever, as small floods creating small surface depressions are
considered here, only a flotation criterion for the ice over the
lake is considered, as in the work of Nye [1976].
Conservation of water volume in the subglacial lake im-

plies the definition of a buoyancy level (for a floating ice
shelf this is sea level, but for a subglacial lake this is defined
as zb + Hρi/ρw). In an iterative procedure, the buoyancy level
is determined for the local ice thickness to be in hydrostatic
equilibrium on top of the lake for a given water volume. This
procedure determines the position of both the upper and
lower surfaces of the ice sheet across the subglacial lake in
the Cartesian coordinate system. The contact surface be-
tween the ice sheet and the lake is then set to β2 = 0.
The basic model setup is an idealized subglacial lake

underneath an idealized ice sheet (Figure 10). The lake is
defined as a Gaussian cavity. Ice thickness is H0 = 3500 m,
and the depth of the water cavity C0 is taken as 400 m.
Initially, the lake cavity was filled with 40� 109 m3 of water.
The horizontal domain is L by L, where L = 80 km, and a grid
size of 2 km was used (order of magnitude of ice thickness).
The general characteristics of the steady state ice sheet ge-
ometry are typical for those of a slippery spot [Pattyn, 2003,
2004; Pattyn et al., 2004], i.e., a flattened surface of the ice/
air interface across the lake and the tilted lake ceiling in the
opposite direction of the surface slope, due to hydrostatic
equilibrium (Figure 10). The tilt of this surface in the direc-
tion of the ice flow will determine the stability of the lake,
since the hydraulic gradient is dominated by surface slopes
and therefore the flatter this air/ice surface the easier water is
kept inside the lake cavity.
A perturbation experiment was carried out in which water

is added to the lake at a rate of 0.1 m3 s�1. This corresponds
to melting at the ice/lake ceiling at a rate of 2.5 mm a�1,
which is of the order of magnitude of basal melting to occur
under ice sheets. It is regarded as a common gradual change
in the glacial environment that on the time scales of decades

are hardly noticeable, hence, forming part of the natural
variability of the system. Once the drainage condition is
fulfilled, i.e., the hydrostatic seal is broken, the lake is
drained at a rate of 50 m3 s�1 for a period of 16 months, a
value given by Wingham et al. [2006a] and which is of the
same order of magnitude as the drainage rate of Lake En-
gelhardt [Fricker et al., 2007]. This essentially means that
enough energy is released to keep the subglacial tunnel open
for a while and a siphon effect can take place. It is not clear
whether this effect is only temporary or ends when the lake is
completely emptied as suggested byWingham et al. [2006a].
However, the drainage event of Lake Engelhardt suggests
that water is still present in the lake after the event, as the
surface aspect (flatness) has not changed over this period of
time.
The time-dependent response of the lake system to such

small perturbations is shown in Figure 11. When drainage

Figure 10. Model geometry of ice flow across an idealized subgla-
cial lake. After Pattyn [2008]. Reprinted from the Journal of Gla-
ciology with permission of the International Glaciological Society.
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occurs, episodic events take place, even though the initial
geometric conditions are not met. The perturbation is, there-
fore, only a minor trigger to get the episodic lake drainage
going. These events occur at a higher frequency at the
beginning, i.e., when more water is present in the lake than
later on and occur with frequencies of less than a decade. The
episodic drainage results in variations in the surface eleva-
tion across the lake of rapid lowering, followed by a gradual
increase until the initial level is more or less reached. This
surface rise is clearly nonlinear, and the rate of uplift de-
creases with time. The frequency decreases with time as well
as less water is present in the system, hence, hampering
drainage. Interesting to note, however, is that the surface rise
is not caused by an influx of subglacial water entering from
upstream. On the contrary, less water is subsequently present
in the whole subglacial system. Surface increase is due to an
increased ice flux, filling up the surface depression created
by the sudden lake drainage. Evidently, the maximum speed

of surface increase is significantly lower than the surface
lowering due to drainage.
As shown before, Nye’s hydraulic theory offers an appro-

priate description of the drainage of subglacial lakes, espe-
cially where the lake is not connected to the ice surface, and
the ice over the lake responds dynamically to lake level
fluctuations [Nye, 1976]. According to that model, the mag-
nitude and duration of floods appear to be controlled by the
channel hydraulics. Evatt et al. [2006] show with a reduced
hydraulic model based on Nye theory that the peak discharge
is essentially related to lake volume, i.e., big lakes produce
big floods. Therefore, small floods apparently observed by
Wingham et al. [2006a] could be associated with drainage of
small lakes or through channels at low effective pressure
[Evatt and Fowler, 2007]. Pattyn [2008] supposed that once
the hydrostatic seal is broken, a subglacial channel is estab-
lished in which the water pressure is lower than the ice
pressure. However, in order to keep the channel from closing

Figure 11. Time series of the perturbation experiment: (top) time evolution of lake water volume, (middle) ice surface
elevation on top of the lake, and (bottom) ice surface slope across the lake. Adapted from Pattyn [2008].
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through viscous creep of ice, closure should be balanced by
the melting of the channel walls. This energy is supplied by
viscous dissipation of the turbulent water in the channel. As
long as creep closure is balanced by the dissipated heat, the
channel will remain open and discharge can take place. Evatt
et al. [2006] have shown that lake drainage events as de-
scribed by Wingham et al. [2006a] can occur over sustained
periods of tens of months without the complete emptying of
the lake. Furthermore, they also corroborate the fact that lake
drainage is a common mechanism underneath the Antarctic
ice sheet.

5. STABILITY OF SUBGLACIAL LAKES

The above-described mechanisms demonstrate that the
stability of subglacial lakes is given by their nature of
keeping the ice surface slope across the lake as small as
possible due to the vanishing traction at the ice/water inter-
face. The ice above Subglacial Lake Vostok, for instance,
has a surface gradient of 0.0002 from north to south, which
corresponds to 50 m of surface elevation change [Siegert,
2005]. If the slope of the grounded ice across the lake’s
western margin were changed, so too must the ice surface
slope over the lake. Thus, the reason that a lake exists within
the Vostok trough, and that ice-shelf flow is subsequently
permitted, is due primarily to the flow direction of grounded
ice upstream of the trough [Siegert, 2005]. Subglacial water
will flow “uphill” if the ice surface slopes exceed 1/10 of the
basal slope [Shreve, 1972]. Nevertheless, the ice surface
gradient above Lake Vostok is 100 times less than the
minimum basal slope of the head wall of the Vostok trough
[Studinger et al., 2003], which makes the lake stable unless
the surface gradient increases tenfold, the value required to
force the water out of the trough to the south [Siegert and
Ridley, 1998]. However, the water level in Subglacial Lake
Vostok, reaches close to a hydrostatic seal situated at the
southeastern part of the lake, nearby Vostok Station [Er-
lingsson, 2006]. Water circulation modeling of Lake Vostok
[Thoma et al., 2007] points to an imbalance in the water
mass balance of the lake which indicates either a constant
growth of the lake or its continuous (or periodical) discharge
into a subglacial drainage system. Even if periodic subgla-
cial discharges occur of the order of magnitude as those
observed by Wingham et al. [2006a], this would still remain
unnoticeable for precise satellite altimetry due to the im-
mense size of the lake.
Although the Antarctic ice sheet remained more or less

stable and in its present configuration for at least the last
14 million years [Kennett, 1977; Denton et al., 1993; Huy-
brechts, 1994], ice flow across the lake could also change
drastically over less long time scales, such as glacial/inter-

glacial cycles. These involve (1) changes in ice thickness and
ice surface elevation and (2) migration of ice divides and
alteration in the grounded flow direction. Surface elevation
variations of the order of +50 m during interglacials and
�100 m during glacials may well have occurred [Ritz et al.,
2001; Siegert, 2005]. Such changes may induce a migration
of the ice divide, which traverses at present Lake Vostok
from east to west [Pattyn et al., 2004], thereby changing the
ice thickness distribution. Since a change in ice thickness of
>50 m at either side of the lake is sufficient to reverse the
surface gradient across the lake, such an event will change
the direction and magnitude of the ice/water slope. In certain
cases, this may lead to a large unstable situation that poten-
tially leads to a large drainage of Subglacial Lake Vostok.

6. EVIDENCE OF FORMER SUBGLACIAL
OUTBURSTS

Evidence from catastrophic drainage of glacial and sub-
glacial lakes stems from geomorphological evidence. The
Channeled Scablands, for instance, cover an area of approx-
imately 40,000 km2 in Washington State (United States of
America). They are the result of a catastrophic drainage of
Glacial Lake Missoula, commonly known as the Missoula
floods, at the end of the last glaciation. The floods are
witnessed by a large anastomosis of flood channels and
recessional gorges [Baker et al., 1987]. Clarke et al. [1984]
computed the water discharge from the ice-dammed lake
through the ice dam, based on a modified Nye theory to
account for effects of lake temperature and reservoir geom-
etry [Clarke, 1982]. Maximum discharge was estimated as
2.7–13.7 � 106 m3 s�1 [Clarke et al., 1984].
Another major flood stems from the catastrophic discharge

of Lake Agassiz, a proglacial lake formed at the southern
margin of the Laurentide ice sheet during deglaciation of the
latter and drained through a subglacial system [Clarke et al.,
2004]. Flood hydrographs for floods that originate in sub-
glacial drainage conduits were simulated using the Spring-
Hutter theory [Clarke, 2003], leading to a flood magnitude of
~5 � 106 m3 s�1 and a duration of half a year [Clarke et al.,
2004].
Spectacular meltwater features associated with subglacial

outburst floods are also reported in the Transantarctic Moun-
tains in southern Victoria Land, Antarctica. Since the Ant-
arctic ice sheet has been relatively stable over the last
14 million years, they must predate Pleistocene glacial peri-
ods. Fortunately, and because of the long-term hyperarid polar
climate, the outburst features are well preserved and suggest
Miocene ice sheet overriding of the Transantarctic Mountains
[Denton and Sugden, 2005]. These features consist of chan-
nels associated with areal scouring, scablands with scallops,
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potholes, and plunge holes cut in sandstone and dolerite
[Denton and Sugden, 2005]. Channels systems and canyons
of as much as 600 m wide and 250 m deep can, for instance,
be witnessed in the northern part of Wright Valley (Figure 12).
Some of the observed potholes are >35 m deep [Lewis et al.,
2006]. These features are consistent with incision from sub-
glacial meltwater, and the estimate discharge is of the order of
1.6–2.2 � 106 m3 s�1 [Lewis et al., 2006]. Their analysis also
shows that the major channel incision predates 12.4 Ma, and
that the last subglacial flood occurred sometime between 14.4
and 12.4 Ma ago. The source for such catastrophic discharge
event should be a large subglacial lake. In view of the
subglacial drainage flow paths (Figure 5) and the likelihood
that the ice sheet was slightly bigger in size at that time,
Subglacial Lake Vostok is a likely candidate. Lewis et al.
[2006] advocate that the number and total volume of subgla-
cial lakes beneath the East Antarctic ice sheet during the
Middle Miocene could have been considerably greater than
today due to the warmer basal conditions and larger ice sheet
size. However, the present-day ice sheet has a predominant wet
bed (reaching pressure-melting point) in the central parts where
the ice is thickest, so that Miocene conditions could well be
similar to present-day ones.
Besides the possible ice sheet instability due to the large

quantity of subglacial water release, the huge freshwater
discharge may also have an impact on deep-water formation
in the Ross Embayment. Moreover, such type of subglacial
floods could have formed a trigger for changes in middle
Miocene climate [Zachos et al., 2001; Lewis et al., 2006].

Subglacial meltwater channel systems have also been de-
tected offshore on the continental shelf of West Antarctica in
the western Amundsen Sea Embayment [Lowe and Ander-
son, 2002, 2003; Smith et al., 2009b]. They lie in the align-
ment of large outlet glaciers and ice streams, such as Pine
Island and Thwaites Glaciers, both characterized by an im-
portant present-day dynamic ice loss [Wingham et al., 2006b;
Shepherd and Wingham, 2007; Rignot et al., 2008]. The
offshore meltwater systems relate to periods when the ice
sheet was expanded and/or exhibiting a different dynamic
behavior. While Lewis et al. [2006] investigate the morphol-
ogy of subglacial channel systems, Smith et al. [2009b] focus
on the sediment infill of the channels, since they have the
potential to reveal important information on channel genesis
and drainage processes. The presence of deformed till, for
instance, at one core site and the absence of typical meltwater
deposits (such as sorted sands and gravels) at other cores
suggest that the channel incision predates the overriding by
fast flowing ice streams during the last glacial period [Smith
et al., 2009b]. The channels were, therefore, likely formed
over multiple glaciations, possible since Miocene as well
[Smith et al., 2009b].

7. CONCLUSIONS AND OUTLOOK

Recent observations on rapid discharge of water from sub-
glacial lakes, as well as modeling of subglacial water drainage
and interactions with the ice sheet, confirm that rapid subglacial
discharge is a common feature of the Antarctic ice sheet.
Although discharge rates seem rather small compared to ob-
served jökulhlaups of Vatnajökull, evidence of former cata-
strophic outbursts exists, and they probably predate the
Pleistocene epoch. These events are of a similar order of
magnitude as those witnessed in North America during the
deglaciation of the Laurentide ice sheet (e.g., Missoula floods).
Theory of subglacial lake drainage, developed several

decades ago, has been improved over recent years and has
been applied to Antarctic subglacial lake discharges. It shows
that sustained drainage between linked lakes over distances
of several hundreds of kilometers is possible for conduits of
tens of meters in diameter. Linking discharge events with
viscoplastic ice sheet models exhibits a nonlinear response of
the ice surface to sudden discharge events, hence, complicat-
ing the interpretation of satellite altimetry observations.
Future challenges therefore lie in a better understanding of

the dynamics of Antarctic subglacial hydrology, its relation
to overall ice sheet dynamics, and its possible influence on
the general climate evolution. Evidence presented here sup-
ports the idea that subglacial outbursts are a major compo-
nent of the ice dynamical system. Including subglacial
discharge of lakes into large-scale numerical ice sheet models

Figure 12. View of the Labyrinth, Wright Valley, Antarctica. The
channelized system is formed by subglacial water routing due to a
major Miocene subglacial drainage. From Photo Library, U.S. Ant-
arctic Program. Photograph by P. Rejcek, National Science Foun-
dation (2007).
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for Antarctic ice sheet evolution (paleo as well as future
predictions) will become necessary.
The relation between ice dynamics, subglacial lake dynam-

ics, and circulation is complicated and influences the mass
balance at the interface between both systems. A first step in
fully coupling both subglacial lake circulation and ice flow
has been realized [Thoma et al., 2010]. However, the process-
es involved are similar to those that govern any interaction
between the ice sheet and a water body, such as grounding
line migration and marine ice sheet stability. Therefore, sub-
glacial lake discharge research will be crucial in future devel-
opments and improvements of cryospheric dynamics.
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Vostok Subglacial Lake is the largest and best known sub-ice lake in Antarctica.
The establishment of its water depth (>500 m) led to an appreciation that such
environments may be habitats for life and could contain ancient records of ice sheet
change, which catalyzed plans for exploration and research. Here we discuss
geophysical data used to identify the lake and the likely physical, chemical, and
biological processes that occur in it. The lake is more than 250 km long and around
80 km wide in one place. It lies beneath 4.2 to 3.7 km of ice and exists because
background levels of geothermal heating are sufficient to warm the ice base to the
pressure melting value. Seismic and gravity measurements show the lake has two
distinct basins. The Vostok ice core extracted >200 m of ice accreted from the lake
to the ice sheet base. Analysis of this ice has given valuable insights into the lake’s
biological and chemical setting. The inclination of the ice-water interface leads to
differential basal melting in the north versus freezing in the south, which excites
circulation and potential mixing of the water. The exact nature of circulation
depends on hydrochemical properties, which are not known at this stage. The age
of the subglacial lake is likely to be as old as the ice sheet (~14 Ma). The age of the
water within the lake will be related to the age of the ice melting into it and the level
of mixing. Rough estimates put that combined age as ~1 Ma.

1. INTRODUCTION

The concept of liquid water beneath the ice sheets of
Antarctica is, to those unfamiliar with glacial processes,
somewhat incongruous [Siegert, 2005]. The surface air tem-
peratures in central East Antarctica often reach below
�60-C, and the coldest official temperature ever recorded
on Earth, �89.2-C (�128.6-F), occurred at Vostok Station
on 21 July 1983. Yet, a little less than 4 km below the ice
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surface at this Russian base, a huge body of water named
Vostok Subglacial Lake exists.
Lakes beneath the Antarctic Ice Sheet were first reported

from airborne radio echo sounding (RES) records in the late
1960s and early 1970s [Robin et al., 1970; Oswald and
Robin, 1973], and Vostok Subglacial Lake was first mea-
sured using this technique by Robin et al. [1977] on Christ-
mas Eve in 1974. This lake is the largest of >380 known
lakes that lay under the East and West Antarctic Ice Sheets
[Wright and Siegert, this volume].
Temperatures can attain the melting value beneath an ice

sheet because of three factors. First, the pressure beneath an
ice sheet (i.e., the weight of ice) causes a reduction in the
melting point, which beneath 4 km of ice is around �3.2-C.
Second, the ice sheet insulates the base from the ultracold
temperatures at the surface. Third, heat is transmitted to the
base from deep within the lithosphere (geothermal heat). For
an ice sheet 4 km thick in central East Antarctica, the heat
required to melt basal ice is about 50 mW m�2, which
is roughly the background geothermal value [Siegert and
Dowdeswell, 1996]. Thus, subglacial water, and lakes, can
occur beneath the center of a large ice sheet without the need
for unusual glacial or geothermal conditions.
Water flow beneath an ice sheet is controlled by the

hydraulic potential (a combination of gravity and ice over-
burden). In simple terms, water may flow “uphill” if the
slope of the ice surface exceeds about one tenth of the
opposing slope at the ice sheet base. In other cases, subgla-
cial water simply flows downhill. The production and flow
of water at the ice sheet bed, through what glaciologists
expect to be an organized subglacial drainage network
[Siegert et al., 2007], lead to its accumulation within topo-
graphic hollows and hence the formation of subglacial
lakes.
There has been a huge level of scientific and media interest

in Vostok Subglacial Lake (and subglacial lakes in general)
following the discovery that the water depth of the lake was
more than 500 m [Kapitsa et al., 1996]. Discussion about
whether to make in situ measurements of the lake has been
driven by two scientific hypotheses. The first is that unique
microorganisms inhabit the lake. The second is that a com-
plete record of ice sheet history is available from the sedi-
ments that lie across the lake floor. Future exploration of
Vostok Subglacial Lake, and other subglacial lakes, will be
focused on testing these hypotheses [Lukin and Bulat, this
volume; Fricker et al., this volume; Ross et al., this volume].
If the hypotheses are correct, future investigations of subgla-
cial lakes could enable valuable insights into the history of
Antarctica, detailing its response to and control on climate
change, and our understanding of biological functioning
within extreme environments.

This chapter presents an overview of geophysical and
glaciological investigations of Vostok subglacial lake as an
introduction to the lake and the processes taking place within
it and other Antarctic subglacial lake environments.

2. DISCOVERY OF VOSTOK SUBGLACIAL LAKE,
1960s–1990s

The history of the discovery of Vostok Subglacial Lake
spans 30 years between the 1960s and 1990s, involving
scientists and research organizations from the United King-
dom, Russia, mainland Europe, and the United States (see
Zotikov [2006]). The first person to mention lakes within
central Antarctica was R. V. Robinson, the senior navigator
of the fourth Soviet Antarctic Expedition, in 1959. Robinson
[1961] explained, in a recorded radio broadcast from Mirny
Station, that navigation of intracontinental flights utilized
various ice-surface features, including discrete flat surfaces
that appeared as “lakes” with apparent “shorelines.” Unwit-
tingly, Robinson may have been reporting the ice-surface
manifestation of a subglacial lake several kilometers below.
Subglacial lakes, especially large ones, are associated with an
extremely flat and smooth ice sheet surface above them. This
is because there is effectively zero friction between the ice
sheet and the lake. However, a significant amount of friction
occurs between ice and bedrock outside the lake margin.
Such friction will lead to surface roughness andwill be related
to a noticeable slope of the ice sheet. Therefore, areas of low
basal friction, such as Vostok Subglacial Lake, can be effec-
tively “mapped” through detailed surveying of the ice surface.
Of course, Robinson did not know this in 1961, and so no
attempt was made to establish a relationship between Vostok
Subglacial Lake and the ice-surface geomorphology until the
1990s and the advent of accurate satellite radar altimetry.
Russian and British scientists debated whether water might

exist beneath the surface of the Antarctic Ice Sheet, using
quite simple thermodynamic considerations [e.g., Robin,
1955; Zotikov, 1963]. While they predicted that basal water
production in central regions of East Antarctica was likely,
no specific mention of subglacial lakes was made.
In 1964, a team of Russian scientists, led by Andrei

Kapitsa (Moscow State University), performed a seismic
experiment on the ice surface over what is now known to
be Vostok Subglacial Lake. Seismic data are useful in the
examination of subglacial lakes because the compressional
sound wave (P wave) will propagate as well through water as
ice and reflect off boundaries where there is a significant
density contrast. Records of the “two-way travel time” of the
first-arrival P wave, multiplied by the velocity of sound
waves in the propagating medium, yield the distance trav-
eled. Thus, seismic sounding can provide information on
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(1) the ice thickness, (2) the depth of water within the lake,
and (3) the thickness of any sediment at the base of the lake.
In 1964, Kapitsa’s team was interested in recording the
thickness of ice and not aware of the lake, so the data
collected from the lake itself were not interpreted until much
later. After the field work, these seismic data were stored in
Dr. Kapitsa’s garden shed in Moscow, luckily surviving a fire
that subsequently destroyed it. The tightly rolled seismic
paper resulted in only the edges of the data being charred, a
feature that is clearly visible in the original record.
A problem for using seismic techniques to establish the ice

thickness around Antarctica is that the upper ~100 m of the
ice sheet consists of snow that is not yet compressed enough
to be classified as glacier ice. Sound waves do not travel well
through snow, which acts like a sound-proofing blanket, and
one has to drill down to at least 40 m into the dense glacier
ice, where the seismic explosion and seismometers can be
set. Thus, seismic investigations of ice sheets take a long

time to perform and are not well suited to surveying at a
continental scale.
During the 1970s, a United Kingdom-United States-Danish

consortium led by Gordon Robin (Scott Polar Research
Institute in Cambridge) performed a systematic airborne
radar sounding survey of the ice sheet base. Radar works by
the emission of a very high frequency VHF radio wave that is
transmitted down into the ice sheet and is reflected off layers
of contrasting electrical properties. Such boundaries are
found between air and ice at the surface, internal ice sheet
layers, and between ice and bedrock or water at the base of
the ice sheet. As in seismic sounding, radar can be used to
measure the thickness of ice by multiplying the two-way
travel time by the velocity of radio waves in ice. By stacking
the reflections from individual pulses of VHF radio wave
reflections in a time-dependent manner as one traverses
across the ice sheet, a pseudo-cross-section can be recorded.
Since the equipment is mounted on an aircraft, information

Figure 1. ERS-1 ice sheet surface elevation over, and upstream, of Vostok Subglacial Lake, with 1970s radio echo
sounding (RES) transects illustrated, showing evidence of the lake itself, and a series of small lakes in the Ridge B locale.
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about the ice base is recorded along a flight line at a speed of
~300 km h�1. Thus, airborne radar is a very efficient means
of surveying the Antarctic ice base.
The radar reflections off a subglacial lake surface are easily

distinguishable from those of the ice-bedrock interface [see
Wright and Siegert, this volume]. Specifically, subglacial
lake radar records are characterized by (1) very bright radar
returns due to the high reflectivity of radio waves at an ice-
water interface, (2) extremely constant reflected radar signal
strength over horizontal distances (because the lake surface
is very smooth, and therefore, the radio waves are not subject
to scattering associated with a rough surface), and (3) a
virtually straight and horizontal ice-water interface observed
in the radar-derived cross-section. In contrast, ice-bedrock
interfaces yield generally weak, variable radar reflections,
which are observed in cross section to undulate beneath the
ice sheet. Details of a number of small Antarctic subglacial
lakes were first reported from analysis of airborne radar in
1973 by Oswald and Robin. Soon after, a large expanse of
water was noticed in radar data close to Vostok Station and
the existence of Vostok Subglacial Lake discovered [Robin et
al., 1977]. Scientific interest in Vostok Subglacial Lake did
not follow its discovery, however. In fact, evidence of Vostok
Subglacial Lake was lost by many within the glaciological
literature for over a decade. For example, the Vostok ice
core’s depth-age chronology was first modeled assuming the
ice rested on the bed, rather than in water; an issue that was
corrected only in the late 1990s [Petit et al., 1999].
Accurate mapping of the ice sheet surface through the

altimeter of the European Space Agency’s ERS-1 was under-
taken in the early 1990s. Satellite altimetry provides very
accurate measurements of the Earth’s surface and is therefore
useful for mapping the flat ice sheet regions that occur above
subglacial lakes. Ridley et al. [1993] were able to use such
data to establish the general shape of a very flat region above
Vostok Subglacial Lake. The margins of the flat ice-surface
corresponded extremely well with the edge of the lake iden-
tified from radar measurements. Ridley and other’s investi-
gation of satellite altimetry of the ice surface led to a
reexamination of Kapitsa’s seismic data at Vostok Station,
the studying of Robin’s radar data across Vostok Subglacial
Lake, and, following this, an international conference on
Vostok Subglacial Lake to discuss these data sets (held in
Cambridge 1994), which in turn led to a seminal publication
by Kapitsa et al. [1996]. From these investigations, the lake
was shown to be 230 km in length, 50 km wide, and about
14,000 km2 in surface area (Figure 1). Vostok Station was
shown to lie over the southern extreme of the lake where the
depth of the water is 510 m.
The water within Vostok Subglacial Lake has been shown

to be extremely fresh. VHF radio wave penetration through

even 10 m of water, as demonstrated by Gorman and Siegert
[1999] in the shallow northern end of the lake, can be
achieved only if the conductivity of the water is unusually
low (i.e., very little salt content). Further, the manner in which
the ice sheet floats in the lake water is also indicative of a
water density consistent with fresh water (1000 kg m�3)
compared with salty water (density of sea water is
1025 kg m�3) [Kapitsa et al., 1996]. Small levels of salinity,
especially at depth, cannot be ruled out from analysis of the
radar data, however.
The age of Vostok Subglacial Lake can be thought about in

three ways: the age of the subglacial lake itself, the age of any
(preglacial) lake at the same site, and the age of the water
within the lake. The age of the subglacial lake is likely to be
the same as the age of the ice sheet, which could be as much as
14 million years [Sugden, 1992]. It is conceivable that a
preglacial lake, occupying the same basin, originates from
well before this time. The age of the lake water will be related
to the age of the ice that melts into it. The base of the Antarctic
ice sheet at Vostok Station is around 700,000 years old [Petit
et al., 1997]. Therefore, the age of water within the lake
cannot be less than 700,000 years old. The mean age of the
lake water will be controlled by how efficient the lake system
is at replacing old water with new water. Several processes
may occur that are important to this issue. First is the melting
rate of basal ice into the lake. Second is the drainage of water
out of the lake. Third is the rate of ice freezing to the base of
the ice sheet from the lake water. Fourth is the flow of water
from upstream regions into the lake. None of these processes,
bar the location and degree of basal refreezing, are known
with any certainty, however. We are left to estimate the
minimum age of the lake, based on the calculated age of the
ice sheet base, to be around 1 Ma [Siegert et al., 2001].

3. RECENT GEOPHYSICAL CAMPAIGNS

In recent years, concerted efforts have been made to map
the size and extent of Vostok Subglacial Lake. The results
(discussed in Section 4) have allowed an enhanced appreci-
ation of the lake’s physiography and the physical, biological,
and chemical processes that are likely to take place within it.

3.1. Italian Airborne Geophysics Campaign 1999–2000

In response to the enhanced scientific interest in Vostok
Subglacial Lake generated by the discovery of its water
depth [Kapitsa et al., 1996], Italian geophysicists undertook
the first radar sounding measurements of the lake and its
surrounding since the Scott Polar Research Institute RES
measurements in the 1970s [Tabacco et al., 2002]. In the
Austral summer of 1999–2000, 12 new RES transects were
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collected over the lake, including one continuous flight
across the long axis of the lake. The data were used to
confirm the findings of Kapitsa et al. [1996] and to better
define the aerial extent of the lake.

3.2. US Airborne Geophysics Campaign, 2000–2001

In order to further understand the physiographic setting,
geological framework, and ice dynamics of the Vostok Sub-

glacial Lake area, scientists from the U.S. Antarctic Program
carried out an aerogeophysical survey during the 2000–2001
Antarctic summer (Figure 2). The survey was designed to
simultaneously acquire laser altimeter, ice-penetrating radar,
gravity, and magnetic data and was complemented by ground
geophysical measurements of ice-surface velocities and
seismic monitoring. More than 20,000 line-km of aerogeo-
physical data were acquired by the U.S. National Science
Foundation’s Support Office for Aerogeophysical Research

Figure 2. Location of geophysical investigations. The legend is coded as follows: 1, Russian RES profiles; 2, US RES
flights; 3, Russian reflection seismic shots; 4, outline of the lake, based on Russian RES data; 5, subglacial lakes as given
by Siegert et al. [2005]; 6, subglacial lakes as given by Popov and Masolov [2007].
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during the 2000–2001 season with an instrumented De Ha-
villand DHC-6 Twin Otter aircraft [Studinger et al., 2003a;
Richter et al., 2001;Holt et al., 2006]. The main grid covered
an area of 157.5 � 330 km and was augmented by 12
regional lines, extending outside of the main grid between
180 and 440 km.

3.3. Russian Over-Snow-Based Geophysical Investigations,
1995–2008

Russian researchers began systematic investigation of Vos-
tok Subglacial Lake almost immediately after its outline had
been discovered [Ridley et al., 1993]. During the 1995/1996
field season, the Polar Marine Geosurvey Expedition began to
study the Vostok Subglacial Lake area by conducting reflec-
tion seismic sounding within the framework and under the
auspices of the Russian Antarctic Expedition. Since 1998, this
work has continued together with ground-based RES [Maso-
lov et al., 2001, 2006]. In 2008, an important stage of the
Russian investigations was completed; seismic and radio echo
studies aimed at mapping the lake bottom and its environment
were finished. The resulting data set (Figure 2) was used to
determine an appreciation of the bedrock landscape in the
Vostok Subglacial Lake area. In total, 318 seismic reflection
soundings were carried out, and 5190 km of RES were
acquired.

4. GEOPHYSICS RESULTS

4.1. Ice-Penetrating Radar

The ice thickness above Vostok Subglacial Lake has been
determined with unprecedented accuracy by combining ra-
dar data in the two major recent surveys (565,735 and
710,448 radar data points from the Russian and U.S. pro-
grams, respectively; Plate 1). By integrating information on
ice thickness with that of surface elevation, an enhanced map
of the bed elevation was also established. The result of this
data amalgamation is the most complete depiction of the
surface of Vostok Subglacial Lake and the surrounding to-
pography, to date.
The extent of the lake is 15,500 km2 (excluding 70 km2 of

“islands”), and the elevation of the lake surface varies be-
tween 800 m below sea level (bsl) in the south and 200 m bsl
in the north. The coastline of the lake is 1030 km long and is
complicated by numerous bays and peninsulas. Importantly,
two islands were found in the south-western part of the lake.
One is situated in 8 km south-westward from Vostok Station.
Its size is about 15 � 3 km. The other one is situated 48 km
away from the station and is about 11 � 4 km. The latter
island deserves special attention as it is located directly on

the ice flow line, which passes through borehole 5G-1. One
explanation for the mineral inclusions found in the lower
levels of the core is that they were captured by the glacier as
it flowed over the island [Jouzel et al., 1999] (see also
Section 5.4).
Over the lake, the ice is thicker in the north (up to 4300 m)

and thins to about 3700 m in the south. The 600 m change in
thickness of the floating ice is associated with a 60 m change
in ice-surface topography. On the southwestern shore of
Vostok Subglacial Lake, a 10 km wide and 30 km long
region with thicker ice and strong bright reflectors indicative
of subglacial water has been identified as an embayment
separated from the main lake by a narrow bedrock ridge.
The ice flowing into Vostok Subglacial Lake from Ridge B

in the west (Figure 1) is characterized by large thickness
variations along the western shoreline. In the north between
77-S and 76.5-S, the flank of the bounding topography is at
an average elevation of around 200 m bsl, 500 m above the
lake surface at 700 m bsl. In the south between 78-S and
77.5-S, a steep shoulder on the western side with average
elevations around 400 m above sea level rests almost 1000 m
above the lake surface at 550 m bsl.
The differences in surrounding topography and lake sur-

face elevation result in variations to the thickness of ice
flowing onto Vostok Subglacial Lake. This dominates the
melting and freezing pattern within the lake. Melting occurs
in regions with thicker ice, while accretion dominates in
regions with thinner ice [Tikku et al., 2004]. The thicker ice
in the north enters the lake through a depression in the
subglacial topography, while the thinner ice in the south
flows over a region with elevated topography. The bounding
topography on the eastern side is generally much steeper
than on the western side. The eastern side forms a straight
shoreline in contrast to the rugged western shoreline. The
subglacial topography on the west is very rugged with large
differences in elevation over short distances compared with
the relatively smooth topography east of the lake. This
change in roughness in the topography reflects a change in
subglacial geology [Studinger et al., 2003b]. The continuity
of the eastern shoreline as a straight segment over more than
200 km indicates that the bounding topography is fault
controlled.

4.2. Gravity

The free-air gravity anomaly reflects both the major geo-
logic and topographic structures and changes in the water
depth of Vostok Subglacial Lake. A pronounced north-south
trending gradient dominates the free-air gravity field (Plate
2a). This gradient parallels the eastern shore of Vostok Sub-
glacial Lake. The steep gradient separates an area of positive
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free-air anomalies (up to 50 mGal) in the east from negative
values (less than�120 mGal) over the lake. A gravity low in
the northern part of the lake (�90 mGal) is separated by a
saddle (�70 mGal) from the main gravity low over the
southern part of the lake (�120 mGal). West of the lake, the
free-air gravity field comprises positive anomalies ranging
from �40 to +20 mGal. To remove the gravitational effect of
the ice-bedrock density contrast, a complete Bouguer anom-
aly has been calculated using the ice surface and subglacial

topography grids. East of the lake, the amplitudes reach
�170 to �140 mGal, while west of the lake, the Bouguer
gravity shows amplitudes around �200 mGal in the north
and �220 mGal in the south. This step in Bouguer gravity
over a short distance of less than 100 km reflects a significant
change in crustal structure east and west of the lake that has
been interpreted as a thrust sheet emplacement onto an
earlier passive continental margin [Studinger et al., 2003b].
Minor normal reactivation of the thrust sheet offers a simple

Plate 1. Detailed map of the lake surface and surrounding topography from a combination of Russian and U.S.
geophysical data. The legend is coded as follows: 1, ice base, contours in meters; 2, sea level (WGS-84 surface); 3,
outline of the lake, based on Russian RES data.
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mechanism to explain the formation of the Vostok Subglacial
Lake basin.

4.3. Magnetics

The magnetic anomaly map and the regional lines show a
wide variety of characteristic wavelengths and amplitudes
indicating changes in subglacial geology (Plate 2b). In the
main grid, a pronounced north-south striking 900 nT anom-
aly dominates the magnetic field in the southeastern portion.
This linear anomaly is about 30 km wide and can be traced
outside the main grid on the two southern and four eastern
regional lines. This anomaly is bounded on its western side
by a linear low that follows closely the positive magnetic
anomaly up to 76.5-S. North of 76.5-S, the trend of the

magnetic low is oriented more to the west. The pair of linear
highs and lows parallels the eastern shore line of Vostok
Subglacial Lake. West of this structure, the magnetic field is
very smooth and comprises long-wavelength anomalies on
the order of 50 to 70 km and up to 350 nT with almost
entirely positive amplitudes. The distinct change in magnetic
character over Vostok Subglacial Lake from a short-wave-
length, high-amplitude field in the east to a long-wavelength
smooth field over the lake and the west is related to a change
in subglacial geology and is not an artifact of the change in
subglacial elevation. The long-wavelength anomalies in the
western part of the grid reflect sources located between
10 km depth and the Curie Point isotherm, while the high-
amplitude, short-wavelength anomalies in the eastern part
are likely to be dominated by near-surface sources.

Plate 2. Gravity and magnetic fields, and internal layer structures, over Vostok Subglacial Lake. (a) Free-air gravity in
mGal. Contour interval is 5 mGal (thin lines) and 10 mGal (thick, annotated lines). The data have been reduced from the
flight elevation down to sea level (free-air correction), and the predicted gravity for the latitude on the Geodetic Reference
System 1980 ellipsoid has been subtracted. (b) Total field magnetic anomaly (nT) in 3960 m elevation. Contour interval is
100 nT (thick, annotated lines) and 50 nT. (c) Depth of an internal layer in meters above sea level.

Plate 3. (opposite) Water depth of Vostok Subglacial Lake. (a) Water depth from seismic studies. The legend is coded as follows:
1, isobaths in meters; 2, outline of the lake, based on Russian RES data. (b) Bathymetry of Vostok Subglacial Lake. Hypsographic curves
are depicted in the inserts. The legend is as follows: 1, bedrock contours in meters; 2, sea level (WGS-84 surface); 3, outline of the lake,
based on Russian RES data. (c) Water depth of the cavity in meters determined from inversion of aerogravity data. White regions mark
locations where grounding is observed in the ice-penetrating radar data.
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4.4. Flow Field Derived From Internal Structures

The complex topography along the upstream shoreline is
preserved in the deep internal layers as the ice sheet traverses
the lake. Topographic peaks are preserved as ridges in the
internal layers, and topographic depressions are preserved as
troughs (Plate 2c). As ice flows over a topographic peak
along the shoreline, the silhouette of this peak is preserved
as vaults in the topography of the lake surface because the lee
side of such obstacles is filled with accreted lake ice, which
prevents ice flowing from the sides of the peak to fill this
cavity [Tikku et al., 2004]. These structures are resolved in
three distinct internal layers at depths between 900 and
3750 m. The flow field derived by structure tracking for
Vostok Subglacial Lake displays a large but gradual rotation
in the flow direction, from W-E in the northern end to NNW-
SSE in the southern end (Plate 2c). The observed rotation is
consistent with the general divergence associated with the ice
divide over the lake. Accretion ice, lake water frozen to the
bottom of the ice sheet, is preferentially imaged along flow
lines emanating from topographic ridges [Tikku et al., 2004].
The coincidence of the accretion ice reflector with the flow
lines both provides independent support for the flow field
and suggests focused accretion along the western shoreline.
It also testifies that the flow of ice over the lake has remained
largely unchanged for ~20,000 years (the approximate time
taken for ice to cross the lake).

4.5. Bathymetry

As mentioned in section 2, the principal problem with
reflection seismics in the interior of Antarctica concerns the
thick snow-firn layer where acoustic wave attenuation oc-
curs. During the 1995–1997 period, a new technique, using
five to six 75 m lines of a detonating cord as a simple
alternative to drilling a shot hole, was developed that ensured
both efficiency and reliable data acquisition [Popkov et al.,
1998].
The seismic data reveal the average depth of Vostok Sub-

glacial Lake to be about 410 m, and the volume of the water
body is about 6350 km3 (Plate 3a). Plate 3b shows the
bathymetry is divided into two different-sized basins. The
first (southern) part is the deepest (around 800m). The second
(northern) part is relatively shallow (at around 300 m)
[Masolov et al.,, 2008].
While seismic information provides accurate measure-

ments of the lake water depth, the results across the entire
lake area remain subject to interpolations between data-free
zones. The broad lake water depth can, however, be establis-
hed well by inverting the dense aerogravity data [Studinger
et al., 2004]. The free-air gravity anomaly field reflects

density variations related to both major geological and topo-
graphic structures including changes in the lake water depth.
The influence of the regional subglacial topography and the
geometry of the overlying ice sheet is well constrained from
ice-penetrating radar measurements and can be removed
from the observed gravity anomaly. The unknown parameter
that dominates the remaining gravity anomaly is the lake
water depth.
The estimated bathymetry of the gravity inversion is con-

sistent with the seismic results; Vostok Subglacial Lake con-
sists of two sub-basins (Plate 3c). The southern sub-basin is
much deeper and approximately twice the spatial area of the
smaller northern sub-basin. The two sub-basins are separated
by a ridge with very shallow (~200 m) water depths.
The distribution of melting and freezing at the base of the

ice sheet appears to be intimately linked to the two-basin
structure. The regions with basal melting and freezing have
been estimated from thickness changes between internal
layers along ice flow. The same pattern is visible in charac-
teristic signatures in the ice-penetrating radar data. The thin
layer of accreted ice at the base of the ice sheet is imaged as a
weak reflector in the radar data [Bell et al., 2002; Tikku et al.,
2004]. Regions of melting correlate with a fuzziness of the
ice-water interface in the radar data. Over the northern basin,
basal melting is dominant, while over the southern basin,
basal freezing characterizes the lake/ice interaction. The
intimate link between the regions of melting and freezing
and the bathymetric structure of the lake has important
ramifications for the water circulation. If the lake water is
fresh, basal meltwater in the northern basin would sink to the
bottom (section 5.4) [Siegert et al., 2001], and water ex-
change between the two basins will be limited. The two
separate basins may, therefore, have different chemical and
biological compositions. Furthermore, sediments released by
basal melting are likely to accumulate in the northern basin,
while preglacial sediments are more likely to be found in the
southern, deeper basin. The sampling strategy for the future
recovery of sediments from the lake bottom depends on the
type of sediments targeted.

5. PHYSICAL PROCESSES IN THE LAKE

Having established Vostok Subglacial Lake’s broad phys-
iographical setting, we are now able to consider the likely
chemical and physical processes within the lake. Vostok
Subglacial Lake has two obvious advantages for evaluating
such processes. First, it is a very large subglacial lake.
Because of this, large-scale processes within it are likely to
be more obvious and identifiable than in small subglacial
lakes. For example, there have been several models of water
circulation within Vostok Subglacial Lake, and these have
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been developed from large-scale ocean models, which have a
resolution of the order of kilometers. Second, by chance, the
Vostok ice core is located above the southern end of Vostok
Subglacial Lake, and this contains at its base some ice that is
refrozen from the lake water.

5.1. Details of Accretion Ice Acquisition

Several deep ice cores have been extracted from the ice
sheet at Vostok Station (at the southern end of Vostok Sub-
glacial Lake) since drilling began in the mid-1960s (the first
500 m deep dry borehole was extracted in 1965), providing
important information about the climate during the last gla-
cial cycle. The most recent and deepest (3623 m) ice core
terminated ~130 m from the base of the ice sheet [Masolov et
al., 2001]. The upper 3310 m of the ice core provides a
detailed paleoclimate record spanning the past 420,000 years
[Petit et al., 1997, 1999]. In addition, microbiological anal-
ysis of the ice core has revealed a range of microbiota,
including bacteria, fungi, and algae, some of which have
been reported to be culturable in the laboratory [Abyzov et
al., 1998; Priscu et al., 1999; Karl et al., 1999].
Typical glacier ice contains a record of gases and iso-

topes from which paleoclimate information is inferred. In the
Vostok ice core, this type of ice exists to a depth of 3310 m.
Lower layers of ice, between depths of 3310 and 3538 m, are
reported to have been reworked, making the extraction of pa-
leoclimate information difficult to establish. The basal 84 m
of the ice core, from 3539 to 3623 m, has a chemistry and
crystallography that are distinctly different from the “normal”
glacier ice above. The basal ice has an extremely low conduc-
tivity, huge (up to 1 m) crystal sizes, and sediment-particle
inclusions (in the upper half) [Jouzel et al., 1999]. Themineral
composition of ice-bound sediments below 3539 m is domi-
nated by micas and is clearly different than typical crustal
composition and particles within the overlying glacial ice
[Priscu et al., 1999]. Its isotopic composition, distinct from
the “meteoric” ice above, suggests that it formed by the
refreezing of lake water to the underside of the ice sheet.
Thus, there is ~210 m of accreted Vostok Subglacial Lake ice
beneath Vostok Station [Jouzel et al., 1999].

5.2. Microbiology

The accreted ice offered the first opportunity for aquatic
biologists and geochemists to investigate material derived
from a subglacial lake. Two recent independent studies of
accreted ice subsampled from different depths (3590 and
3603 m) near the base of the Vostok ice core (maximum
depth, 3623 m) have shown that these samples contain both
low numbers and low diversity of bacteria [Karl et al., 1999;

Priscu et al., 1999]. The low diversity (seven phylotypes)
may reflect the small sample size analyzed (~250 mL of
melt) and should be considered as a lower limit. Low con-
centrations of “growth nutrients” and evidence of minerali-
zation of 14C-labeled organic substrates were also found,
although activity was measured under potentially more be-
nign laboratory conditions of +3-C and 1 atm pressure [Karl
et al., 1999]. Since the accreted ice has been frozen from
Vostok Subglacial Lake water, the inference is that these
microbes were present in the lake water, at some point, and
viable prior to freezing. Priscu et al. [1999], using ice-water
partitioning coefficients from the permanently ice-covered
lakes in the McMurdo Dry Valleys, estimated that the bacte-
rial density within Vostok Subglacial Lake’s water column
could be on the order of 106 mL�1. Microbiological analyses
from the Vostok accreted ice are discussed in more detail by
Skidmore [this volume].

5.3. Geochemistry

Solutes are added to the lake water during ice melt and via
chemical weathering of debris in and around the base of
the lake. The average chemistry of the meltwater entering
Vostok Subglacial Lake can be inferred from Legrand et al.
[1988], assuming that ice from glacial periods makes up 85%
of the melt and that from interglacials makes up 15%. The
average initial meltwater is equivalent to a very dilute mix
of marine-derived aerosol, Ca-rich dust, and strong acids
(i.e., HNO3 and H2SO4). Solutes are rejected from the ice
lattice during refreezing [Killawee et al., 1998]; hence, there
should be an accumulation of nutrients, gases, and solutes in
the lake water over time. The isotopic and major ion com-
position of Vostok Subglacial Lake has been inferred from
the composition of the accreted basal ice in the Vostok ice
core. The accreted ice is enriched in 18O and 2H compared to
the Vostok precipitation line [Jouzel et al., 1999; Priscu
et al., 1999]. This is because there is isotopic fractionation
during water freezing, but none during melting [Souchez
et al., 1988, 2000]. The accreted ice has values of δ18O and
δD that differ from the time-averaged melting ice by only
60% of the theoretical fractionation, and it has been sug-
gested that 30% to 58% of unfractionated lake water is
entrained in the accreted ice during freezing, so helping to
maintain less extreme values of δD and δ18O [Souchez et al.,
2000].
Royston-Bishop et al. [2004] inspected the δD and δ18O

data to explore whether Vostok Subglacial Lake is in isotopic
steady state. A simple box model showed that the lake is
likely to be in steady state on timescales on the order of 104

to 105 years (three to four residence times of the water in the
lake), given our current knowledge of north-south and east-
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west gradients in the stable isotopic composition of precip-
itation in the vicinity of Vostok Station and Ridge B (where
the deepest ice originates from the surface). This suggests
that the lake has not been subject to any recent major pertur-
bations, such as volume changes. However, they also
showed that the lake may not be in perfect steady state,
depending on the precise location of the melting area, which
determines the source region of inflowing ice, and on the
magnitude of the east-west gradient in isotopic compositions
in the vicinity of Vostok Station and Ridge B.

5.4. Water Circulation and Water Balance

Borehole temperature measurements along the full length
of the Vostok ice core have been used to establish the energy
balance between the ice sheet and the lake [Salamatin et al.,
1998; Salamatin, 2000]. The mean basal temperature gradi-
ent is ~0.02-C m�1, which relates to a heat flux through the
ice from the lake ceiling of 46 mW m�2, indicating that the
rates of subglacial freezing above Vostok Subglacial Lake

are most likely to be ~4 mm yr�1 [Salamatin et al., 1998]. In
the extreme case where ice at �10-C flows over the western
lake margin, rates of melting and freezing beneath Vostok
Station will probably not be higher than about 11 mm yr�1

[Salamatin, 2000].
The spatial distribution of subglacial melting and freezing

can be estimated theoretically from isochronous internal
radar layering, by observing the loss or gain of basal ice
along a flow line. Using this technique, it has been shown
that subglacial melting occurs in the north of Vostok Subgla-
cial Lake [Siegert et al., 2000], and freezing (accretion) takes
place in the south [Bell et al., 2002]. Rates of melting and
freezing calculated from radar layering have been much
higher (of the order of centimeters) than those from the ice
core’s temperature record. It is possible that heat used for
melting can be taken from the lake water, but this requires a
dynamic water circulation system.
The zones of subglacial melting in the north and freezing

in the south of Vostok Subglacial Lake are thought to be
controlled by the slope of the ice-water interface, since the

Figure 3. Water circulation within Vostok Subglacial Lake. (a) Circulation assuming that the water is pure. The white
arrows show the bottom water circulation, and the black arrows denote the higher level circulation close to the ice base.
Dots refer to upwelling of lake water; crosses denote downwelling. Dark gray shading refers to predicted zones of
subglacial freezing; light gray shading indicates subglacial melting. (b) Circulation of Vostok Subglacial Lake thought to
occur as a result of saline conditions (i.e., 1.2‰–0.4‰). Adapted from Siegert et al. [2001].
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thickness of ice dictates the pressure melting temperature and
the density of meltwater. Melting and freezing induce circu-
lation in the lake, which itself will be influenced heavily by
the lake hydrochemistry.
There are two possible ways in which water within Vostok

Subglacial Lake could circulate (Figure 3). One is if the
lake contains pure water; the other is if the lake water is
slightly saline. These two end-member possibilities are de-
tailed below. In the first instance, circulation of pure water
is discussed.
Since the surface of Vostok Subglacial Lake is inclined,

the pressure melting point in the south will be slightly
(~0.3-C) less than that in the north. The circulation of pure
(nonsaline) water in Vostok Subglacial Lake will be driven
by the differences between the density of meltwater and lake
water. Geothermal heating will warm the bottom water to a
temperature higher than that of the upper layers. The water
density will decrease with increasing temperature because
Vostok Subglacial Lake is in a high-pressure environment,
resulting in an unstable water column [Wüest and Carmack,
2000]. This leads to convective circulation conditions in the
lake in which cold meltwater sinks down the water column
and water warmed by geothermal heat ascends up the water
column. However, a pool of slightly warmer and stratified
water may occur below the ice roof in the south, where the
ice sheet is thinner and subglacial freezing takes place [Wüest
and Carmack, 2000]. Here, the water would not be involved
in convective motion as heat is transferred from the ice
toward the lake (i.e., the temperature will decrease with
depth). There have been four models from which the circu-
lation of pure water in Vostok Subglacial Lake can be
evaluated [Mayer et al., 2003; Wüest and Carmack, 2000;
Williams, 2001; Thoma et al., 2010]. The models indicate
that meltwater will be colder and denser in the northern area
of Vostok Subglacial Lake, where the ice is thickest, than
both the surrounding lake water and meltwater in areas with
thinner ice cover. It appears therefore that this region is the
main zone of downwelling of pure water. However, the
circulation is complicated by the geometry of the lake cavity
and the Coriolis force. This means that circulation in Vostok
Subglacial Lake will include horizontal transfer and vertical
overturning. The models agree that northern meltwater will
sink and be transported horizontally to the south, via a
clockwise circulation system, to a region where the pressure
melting point is higher, allowing refreezing to occur.
An alternate point of view is that the lake is saline to a

small extent [Souchez et al., 2000]. The fresh glacier melt-
water will, therefore, be buoyant compared with the resident,
more saline lake water. The northern meltwater likely
spreads southward and upward, traveling into regions of
progressively lower pressure and displacing lake water in

the south if the horizontal salinity gradient (north-south) is
high enough to compensate for geothermal warming. The
possibility of such a regime is controlled by (1) the melting-
freezing rates, (2) the rates of mixing between the fresh
ascending meltwater layer and the underlying saline water,
and (3) vertical free convection driven by the geothermal
heating of water at the lake bottom. The cold northern water
will eventually enter a region where its temperature is at, or
below, the pressure melting point, if the heat flux from the
basal water is not sufficiently high. The water will then
refreeze back onto the ice sheet base some distance away
from where it was first melted into the lake. In this case, a
conveyor of fresh cool meltwater is established, which mi-
grates from north to south immediately beneath the ice sheet,
which causes displacement of warmer dense lake water from
south to north. In contrast, if the bulk salinity is not high
enough, a stable stratification will develop in the upper water
layers below the tilted lake ceiling, with more saline warmer
water in the south and fresher, cooler water in the north
[Wüest and Carmack, 2000]. The deep-water stratum will
be subject to vertical thermal convection because, for any
reasonable level of salinity, the temperature at the lake bot-
tom will be high enough to start the convection.
Royston-Bishop et al. [2005] studied the size-frequency

distribution of the microscopic particulates in accreted ice
from the Vostok ice core. They demonstrated that the particles
have similar distributions of major axis lengths, surface areas
and shape factors (aspect ratio and compactness) irrespective
of ice core depth, suggesting a common single process is
responsible for their incorporation in the ice. In addition,
Royston-Bishop et al. [2005] calculated Stokes settling ve-
locities for particulates of various sizes and showed that 98%
could float to the ice-water interface with upward water
velocities of only 0.0003 m s�1. This is well within the range
of water flow speeds predicted by circulation models of
Vostok Subglacial Lake [Mayer et al., 2003]. The presence
of larger particles in the ice (2%) and the uneven distribution
of observed particulates in the core suggest that periodic
perturbations to the lake’s circulation, involving increased
velocities, may have occurred in the past and are likely now.
Early models of water circulation in Vostok Subglacial

Lake have been mostly conceptual in nature owing to a lack
of observation to constrain the models. The models aimed at
understanding the basic physics of water circulation and
interaction between the lake water and the overlying ice
sheet. The definition of the lake cavity and distribution of
melting and freezing from geophysical soundings have en-
abled the next generation of numerical models with realistic
constraints on bathymetry, melting and freezing rates, and
other critical parameters. These models are coupled ice sheet
and water circulation models and attempt to realistically
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predict not only the water circulation in the lake, but also the
pattern of melting and freezing, the rates of melting and
freezing, and the interaction between ice flow and water
circulation in the lake (see Thoma et al. [2010], and refer-
ences therein).

6. SUMMARY

Vostok Subglacial Lake is the largest of more than 380
subglacial lakes in Antarctica, being more than 240 km in
length and 80 km wide. While its discovery, through air-
borne RES in the 1970s, was forgotten by many for more
than a decade, scientific interest was suddenly generated
following the discovery, in 1996, of its water depth being
more than 500 m. This led microbiologists to hypothesize
that Vostok Subglacial Lake is a viable habitat for life and
that such life may have developed in isolation from the rest
of the planet for as much as 14 million years [see Skidmore,
this volume]. This hypothesis received widespread media
and public interest, as well as further interest from scientists
aiming to undertake the geophysical and, ultimately, direct
exploration.
The first stage in the process of exploration was to conduct

a comprehensive survey of the lake, given that the data
collected in the 1970s comprised a mere handful of radio
echo transects. The first airborne geophysical reconnaissance
of Vostok Subglacial Lake since the 1970s was undertaken
by the Italian Antarctic Research Programme. Several RES
lines were flown, revealing the limits of the lake shoreline
and enhanced definition of the lake surface.
In the Austral summer of 2000–2001, U.S. geophysicists

acquired more than 20,000 line-km of data. Radio echo
sounding revealed detailed information about the lake sur-
face and its surrounding topography. These data were also
used to show that large-scale melting occurs in the north of
the lake and to reconfirm that freezing takes place in the
south, resulting in more than 200 m of ice accreted to the
underside of the ice sheet (as discovered in the ice core
extraction of accreted ice a year or two earlier). Magnetic
data revealed important information regarding the tectonic
structure in which the lake lies, and gravity data were used to
model the bathymetry of the lake, showing it to comprise two
discrete basins.
The distinction between northern melting and southern

freezing leads to circulation of the lake water, in a manner
dependent on the salinity of the water. For pure water, the
circulation behaves as in the very deep ocean, with cold
water descending and rising up the column after heating
from geothermal sources. For slightly saline water, melted
ice will be lighter than the lake water and so will rise up
the inclined ice-water interface. Both cases can account for

the large-scale freezing that takes place in the south, as
cold water will be transferred from north to south regard-
less of salinity. There has been much speculation about the
hydrochemistry of Vostok Subglacial Lake. Clearly, direct
access and sampling of the lake water will resolve this
speculation.
While airborne geophysical data are essential for defining

the ice sheet above the lake and its surface characteristics, its
bathymetry can be measured only by ground-based seismic
measurements. Russian scientists have been collecting such
data since the mid-1990s. These data were used in conjunc-
tion with the U.S. bathymetry data to first reveal, and later to
better define, the bathymetry of the lake. In addition, Russian
geophysicists have acquired more than 5000 km of radio
echo data of the ice sheet and lake surface. In combination
with U.S. data, we now have an excellent understanding of
Vostok Subglacial Lake’s physiographical setting and of the
physical processes operating within it.
As a consequence of the geophysical data collected to

date, the direct measurement and sampling of Vostok Sub-
glacial Lake can now be contemplated.
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Microbial Communities in Antarctic Subglacial Aquatic Environments

Mark Skidmore

Department of Earth Sciences, Montana State University, Bozeman, Montana, USA

Glaciological processes under ice masses, including ice sheets, produce condi-
tions favorable for microbes by forming subglacial aquatic environments (SAE)
through basal melting and providing nutrients and energy for microbes from
bedrock comminution. The abundance and interconnectivity of water beneath the
Antarctic Ice Sheet, largely demonstrated through remote sensing techniques,
indicates significant and varied SAE including lakes, saturated sediments and
channelized and linked cavity drainage systems. Microbes have been detected in
the two Antarctic SAE sampled to date; accreted ice from Vostok Subglacial Lake
in East Antarctica and saturated till from beneath ice streams draining the West
Antarctic Ice Sheet. Heterotrophic activity has been measured in these samples at
temperatures close to freezing in the laboratory, demonstrating that in situ
microbial activity in subglacial environments is plausible. Phylogenetic analysis
of 16S rRNA gene sequences suggests that organisms with Fe and S oxidizing
metabolisms may also be important members of the microbial community in
these environments. This is consistent with the geochemistry of the accreted ice
and till pore waters that indicates biologically driven sulfide oxidation coupled to
carbonate and silicate mineral weathering as a significant solute source. Explo-
ration of Antarctic SAE is in its infancy, and in a number of the unexplored SAE,
the lack of connectivity between oxygenated surface waters and the subglacial
environment and the extended water flow paths and water-rock residence times
may lead to anoxic conditions. Such anoxic conditions would favor anaerobic
microbial metabolisms similar to those documented in other deep terrestrial
subsurface environments.

1. INTRODUCTION

Research over the past 15 years has revealed abundant
water beneath the Antarctic Ice Sheet [e.g., Kapitsa et al.,
1996; Kamb, 2001; Engelhardt, 2004, Siegert, 2005; Llubes
et al., 2006; Wingham et al., 2006; Fricker and Scambos,
2009]. Over a similar time frame, there has been increasing
evidence that aqueous subglacial environments are inhabited
by active microbial communities that are involved in the

biogeochemical cycling of elements including C, Fe, S, N,
Si, and P [e.g., Sharp et al., 1999; Tranter et al., 2002;
Skidmore et al., 2005; Gaidos et al., 2009; Mikucki et al.,
2009]. Sampling of the microbial characteristics of subgla-
cial aquatic environments (SAE) beneath the Antarctic Ice
Sheet has been limited to two sites, the accreted ice from
Vostok Subglacial Lake in East Antarctica [e.g., Karl et al.,
1999; Priscu et al., 1999; Christner et al., 2006; Bulat et al.,
2009] and saturated till from beneath the Kamb Ice Stream,
West Antarctica [Lanoil et al., 2009]. Despite the limited
sampling of the subglacial environment in Antarctica, it has
been highlighted as potentially a large planetary reservoir of
both microbes and (microbially derived) organic carbon of
the same magnitude as that in the surface oceans [Priscu and
Christner, 2004; Priscu et al., 2008; Lanoil et al., 2009].
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This chapter will (1) briefly review microbially mediated
subglacial processes in the better studied Arctic and Alpine
systems, (2) provide a synthesis of the microbial ecology and
biogeochemistry of the two Antarctic SAE studied to date,
and (3) assess unexplored Antarctic SAE and their potential
microbial communities and processes.

1.1. Requirements for Life

Liquid water, carbon and energy sources, and certain key
nutrients (N for proteins, nucleic acids, P, for nucleic acids,
and S for amino acids, and a range of micronutrients, e.g., K,
Mg, Ca, Na, Fe, Cu, Mn, Mo, Ni, Se, W, Zn) are requirements
for an environment to support microbial life. Phototrophy is
not a potential energy source in subglacial systems where light
is lacking, thus microbes will have chemoorganotrophic or
chemolithotrophic metabolisms. Chemoorganotrophs gain en-
ergy from organic compounds, and chemolithotrophs gain
energy from inorganic compounds, which is released when
such compounds are oxidized either aerobically or anaerobi-
cally. Micronutrients such as Fe are required for enzymes
involved in cellular respiration, and Fe, Mo, and Ni are
essential elements in proteins required for nitrogen fixation.
Where ice masses are wet based, there is abundant water, and
glacial comminution of bedrock and sediments is a source for
a range of elements required for both energy generation and
as nutrient supply, including organic carbon. Gases, such as
O2, N2, and CO2 are supplied to the subglacial environment as
gas bubbles in the ice are released through basal melting. In
Antarctic SAE, this will be the only gas source with an
atmospheric origin, compared to valley glacier systems
where, in certain cases, surface meltwaters reach the glacier
bed providing an additional supply of dissolved gases from
the atmosphere. Additional gases such as CO2, CH4, H2S, and
H2 could be supplied to the SAE from crustal sources via
hydrothermal vent systems associated with subglacial volca-
nism [Blankenship et al., 1993]. A chemical potential is
required by microbes to utilize available free energy through

reduction and oxidation reactions (Table 1). The amount of
energy available depends on the redox couple. The hydrology
of the SAE is a key control on the rate of supply of carbon
and potential redox couples to a microbial community and
evacuation of microbial waste products.

1.2. Microbial Processes in SAE Beneath Alpine, Arctic,
and Antarctic Valley Glaciers

Studies on Alpine, Arctic, and Antarctic valley glaciers
have demonstrated that active and viable microbes can be
found in a range of SAE, including outflowing subglacial
waters, basal ice, and subglacial sediments (Table 2). Fine-
grained sediments at the bed of temperate-based ice masses
provide favorable conditions for bacterial activity, since
(1) the sediments are water-saturated as liquid water is pres-
ent from basal melting and from the delivery of surface
meltwater to the glacier bed, (2) sediments consist of freshly
comminuted chemically reactive debris that is susceptible to
colonization by microbes, and (3) contain organic carbon
from in-washed organic material from the glacier surface
[Boon et al., 2003], from overridden preglacial sediments
and soils by the ice mass [Skidmore et al., 2000] or generated
in situ by chemolithoautotrophs.
A range of metabolisms have been documented by enrich-

ment culturing of subglacial materials and by inference from
aqueous geochemical and isotopic data (Table 2). One can
typically only culture ~≤ 1% of the microbial population
from natural systems [Amann et al., 1995], thus culture-
independent analyses provide additional information on
the microbial diversity in a given environment. Culture-
independent analysis of the microbial communities in these
systems, e.g., using 16S rRNA gene sequences, has revealed
phylotypes closely related to aerobic heterotrophs, Fe- and
S-oxidizing microorganisms, Fe-reducing organisms, and
methanogens [Skidmore et al., 2005; Mikucki and Priscu,
2007; Boyd et al., 2010]. However, one must be cautious
with inferences made purely from phylogenetic data, but it has

Table 1. Potential Energy-Generating Reactions in Subglacial Systemsa

Microbial respiration (CH2O)n + O2 <=> CO2 + H2O <=> H+ + HCO3
�

Pyrite oxidation (oxic) FeS2 + 3.5O2 + H2O => Fe2+ + 2SO4
2� + 2H+

Nitrate reduction 2NO3
� + (CH2O)n => H+ + HCO3

� + 2NO2
�

Pyrite oxidation (anoxic) FeS2 + 14Fe3+ + 8H2O => 15Fe2+ + 2SO4
2� + 16H+

Iron reduction 4FeOOH + 7H+ + (CH2O)n => HCO3
� + 4Fe2+ + 6H2O

Sulfate reduction 0.5SO4
2� + (CH2O)n => HCO3

� + 0.5H2S
Methanogenesis CO2 + 4H2 => CH4 + 2H2O

CH3COOH => CH4 + CO2

aThe upper two metabolisms require oxygen and thus are present in aerobic systems. The lower five metabolisms do not require oxygen
and are found in anaerobic environments at both micro and macroenvironmental scales.
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utility, when used in conjunction with other methodologies
such as enrichment culturing, geochemical, and isotopic data.

1.3. Microbial Processes in Ice-Covered Lakes

A range of aerobic and anaerobic microbial metabolisms
have been documented in the water column and benthic
zones of permanently ice-covered lakes of the McMurdo Dry
Valleys, Antarctica [e.g., Ward and Priscu, 1997; Voytek
et al., 1999; Purdy et al., 2001; Karr et al., 2005, 2006;
Sattley and Madigan, 2007]. However, in these lakes, there is
significant carbon fixation by photosynthesis in the water
column and in benthic mats beneath the ice cover [e.g.,
Takacs et al., 2001; Lawson et al., 2004], thus this contrasts
with subglacial lake systems where photosynthesis is not a
viable process for carbon fixation.
The only subglacial lakes that have been investigated for

their microbiology and geochemistry outside of Antarctica are
those in Iceland [Ágústsdóttir and Brantley, 1994; Gaidos et
al., 2004, 2009]. Three subglacial lakes exist beneath the
Vatnajokull ice cap maintained by volcanic heat [Bjornsson,
2002]. The largest (20 km2) lies within the Grımsvotn calde-
ra, and two smaller (1 km2) lakes (western and eastern Skafta
lakes) occupy the glacial divide separating Grımsvotn and
the Badarbunga volcano [Gaidos et al., 2009]. These lakes
drain periodically via jökulhlaups (outburst floods), when
rising water levels create an outflow channel beneath an ice
barrier [Gaidos et al., 2009]. There are two key differences
between these subglacial lakes and those in the Antarctic Dry
Valleys. First, the ice cover is 200–300 m thick precluding
photosynthesis a mechanism for carbon fixation. Second, the
hydrothermal vents at the base of the lake provide a continu-
ing supply of reduced species and CO2 that can be utilized by
microbes as energy and carbon sources. Further, the inflow of
warm waters at the lake bottom creates a thermal circulation

within the lake. Anoxic bottom waters of the lake contained
5 � 105 cells mL�1, and whole-cell fluorescent in situ
hybridization (FISH) and polymerase chain reaction (PCR)
with domain-specific probes showed these to be essentially
all bacteria, with no detectable archaea [Gaidos et al., 2009].
Culture-independent analyses revealed that the microbial
assemblage was dominated by a few groups of putative
chemotrophic bacteria whose closest cultivated relatives use
sulfide, sulfur, or hydrogen as electron donors, and oxygen,
sulfate, or CO2 as electron acceptors [Gaidos et al., 2009].
The phylogenetic analysis revealed an abundant phylotype
closely related to Acetobacterium bakii (a psychrotolerant
homoacetogen) and, when combined with geochemical data,
suggests that acetogenesis, where bacteria extract energy
from the conversion of H2 and CO2 to acetate, may be
important in contributing organic carbon to this system [Gai-
dos et al., 2009].

2. MICROBIOLOGY AND BIOGEOCHEMISTRY
OF ANTARCTIC SAE

Water is abundant beneath the Antarctic Ice Sheet; how-
ever, there are only two sites where samples have been
analyzed for biogeochemical and microbiological parameters.
These sites are the accreted ice from Vostok Subglacial Lake
(hereinafter referred to as Lake Vostok) in East Antarctica
and saturated till from beneath the ice streams draining the
West Antarctic Ice Sheet (WAIS).

2.1. Lake Vostok Accreted Ice

The Vostok ice core (78-27′S, 106-52′E) was drilled ini-
tially to generate a climate record for interior East Antarctica
[e.g., Petit et al., 1999]. However, radar analysis of the
ice sheet in the area surrounding the Vostok ice core site

Table 2. Microbial Metabolic Processes That Have Been Documented by Enrichment Culturing of Subglacial Materials and by Inference
From Geochemical and Isotopic Data for Alpine, Arctic, and Antarctic Valley Glacier Systemsa

Metabolic Process Culture Geochemistry Isotope Geochemistry

Aerobic respiration 4, 7, 8, 12, 13 13, 15
FeS2 oxidation (oxic) 3 2, 5,10, 13 6
Nitrogen fixation 7
Nitrate reduction 4, 7 1, 2 14
FeS2 oxidation (anoxic) 5 6
Iron reduction 7 13 16
Sulfate reduction 4, 11 16 9
Methanogenesis 4, 17 17

aSources are as follows: 1, Tranter et al. [1994]; 2, Tranter et al. [1997]; 3, Sharp et al. [1999]; 4, Skidmore et al. [2000]; 5, Tranter et al.
[2002]; 6, Bottrell and Tranter [2002]; 7, Foght et al. [2004]; 8,Mikucki et al. [2004]; 9,Wadham et al. [2004]; 10, Skidmore et al. [2005];
11, Kivimaki [2005]; 12, Cheng and Foght [2007]; 13, Montross [2007]; 14, Wynn et al. [2007]; 15, Mitchell and Brown [2008]; 16,
Mikucki et al. [2009]; and 17, Boyd et al. [2010].
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indicated prominent flat reflectors at the base of the ice sheet
suggesting the presence of a subglacial lake [Kapitsa et al.,
1996]. Jouzel et al. [1999] confirmed this idea, reporting
approximately 200 m of accreted lake ice at the base of the
Vostok ice core based on physical and chemical properties of
the ice (Figure 1). The upper portion of the lake ice (termed
Type I accretion ice) has a greater crystal size, number of
sediment inclusions, and dissolved ionic species relative to
the glacier ice above it. There is also a marked change in dD
and d18O of the ice at the glacier/lake ice transition [Jouzel
et al., 1999]. Cores of the lake ice from 3538 to 3622 m
(below the ice surface) were retrieved in the late 1990s. and
microbial and biogeochemical measurements have been

made [e.g., Priscu et al., 1999; Karl et al., 1999; Abyzov
et al., 2001; De Angelis et al., 2004; Royston-Bishop et al.,
2005; Christner et al., 2006; D'Elia et al., 2009]. However,
in the past few years, a team of Russian and French scientists
restarted the drilling program and have retrieved cores from
deeper horizons, 3622–3659 m (see Figure 1) [Bulat et al.,
2009; Gabrielli et al., 2009].

2.1.1. Microbial biomass. Cell counts have been per-
formed on melted accretion ice samples using a range of
microscopic techniques [Priscu et al., 1999; Karl et al.,
1999; Abyzov et al., 2001; Christner et al., 2006; D'Elia
et al., 2008] and flow cytometry [Bulat et al., 2009]. Cell

Figure 1. The Vostok ice core. (a) Ice core stratigraphy. Ice core to 3623 m was recovered in the mid-1990s, ice core from
3623 to 3659 m in 2007–2008, below 3659 m, the ice remains uncored. (b) The southern shoreline of Lake Vostok. The ice
coring location is marked by a black circle. Solid white lines mark airborne radar echo profiles with lake reflections
[Studinger et al., 2003a]. The flow line through the Vostok ice core (black dashed line) has been derived by tracking
internal structures in the ice over the lake and the gradient of the ice surface over grounded ice [Bell et al., 2002]. Figure 1b
from Christner et al. [2006, p. 2487]. Copyright 2006 by the American Society of Limnology and Oceanography, Inc.
(c) Schematic cross section along the flow line shown in Figure 1b indicating possible sources for the accreted lake ice.
The Type I accretion ice with a high concentration of sediment inclusions is thought to form over the shallow embayment
waters, whereas Type II accretion with few sediment inclusions likely reflects formation over open waters in the main body
of Lake Vostok. Figures 1a and 1c modified from B. C. Christner (unpublished work).
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counts range from a few (2–12) cells mL�1 to 104 cells mL�1

in the more widely studied section of the ice core from 3538
to 3622 m. Only one study exists in the recently collected
lower part of the accreted ice, 3623–3659 m, and cell counts
are reported as 3–12 mL�1 [Bulat et al., 2009]. There is
considerable heterogeneity in physical and chemical para-
meters in ice from the Vostok core by depth [Souchez et al.,
2002]; thus, it is not surprising that there would be similar
variability in biological parameters (e.g., cell counts). It
appears that this variability also exists on a small scale at a
given core depth. For example, D'Elia et al. [2008] report
cell counts of 8 mL�1 with viable cells at 7 mL�1 for an ice
core section at 3582 m. However, for a parallel sample at
3582 m, they report 33 colonies mL�1 and 13 unique phy-
logenetic 16S rRNA gene sequences from the cultured or-
ganisms. Typically, one can only recover ~ ≤1 % of viable
microbes through culturing [Amann et al., 1995]; thus, this
would suggest in the subsample that produced 33 colonies
mL�1, the number of viable cells might be much higher,
possibly up to 3 � 103 mL�1. In a companion study on fungi
from the accretion ice, D'Elia et al. [2009] see similarly
higher numbers of fungal colonies per milliliter than they
report for viable cells in the 3582 m sample. They interpret
this to indicate heterogeneity in these samples possibly
reflecting a high concentration of microbes adhering to
mineral inclusions entrapped in the ice [D'Elia et al., 2009].

2.1.2. Microbial viability and diversity. Karl et al. [1999]
and Christner et al. [2006] demonstrated that cells from ac-
cretion ice at a variety of depths were viable and capable of
respiring radiolabeled acetate and glucose at 3-C and 10-C,
respectively. Further, viable cells existed at all sample depths
of accretion ice analyzed via fluorescent microscopy [Christ-
ner et al., 2006; D'Elia et al., 2008]. Aerobic heterotrophs
were isolated from ice at 3593 m at 25-C that were also
capable of growth down to 4-C [Christner et al., 2001] and
from a range of ice depths at temperatures from 4-C to 22-C
[D'Elia et al., 2008]. Amplification and sequencing of 16S
rRNA genes from extracted DNA and heterotrophic isolates
from the accretion ice imply the lake is inhabited by bacteria
related to the Proteobacteria (alpha, beta, gamma, and delta
subdivisions), Firmicutes (low GC Gram positive), Actino-
bacteria (high GC Gram positive), and Bacteroidetes [Priscu
et al., 1999; Christner et al., 2001, 2006; Bulat et al., 2004]
(Figure 2). Likewise, 18 unique bacterial rRNA gene phylo-
types, from the Proteobacteria (alpha subdivision), Firmicutes,
and Actinobacteria, were determined using 16S–23S rRNA
gene intergenic spacer region sequences from heterotrophic
isolates cultured from the accretion ice [D'Elia et al., 2008].
D'Elia et al. [2009] have also cultured numerous fungi

from the accretion ice, with 270 colonies, 38 of which were

selected for sequence analysis of ribosomal internal tran-
scribed spacers (ITS) region, yielding 28 unique fungal ri-
bosomal DNA sequences. All sequences were obtained
directly from cultured isolates as attempts to PCR amplifying
fungal ITS DNA directly from ice core melt water were
unsuccessful [D'Elia et al., 2009]. Sequences closest to Rho-
dotorula mucilaginosa were the most frequently observed.
Rhodotorula isolates showed optimal growth at 22-C but
also grew well at 15-C and 4-C, indicative of cold tolerance
[D'Elia et al., 2009].
The uncultured microbial community, based on partial 16S

rRNA gene sequences, amplified from melted accretion ice
at various depths, shows evidence for putative chemotrophic
metabolisms (Figure 2) [Bulat et al., 2004; Christner et al.,
2006; Lavire et al., 2006]. The partial 16S rRNA gene
sequences cluster among bacterial species with metabolisms
dedicated to iron and sulfur respiration or oxidation (Figure 2)
[Christner et al., 2006] and are closely related to H2 oxidiz-
ing chemoautotrophs [Bulat et al., 2004; Lavire et al., 2006].
Christner et al. [2006] note that phylogenetic relationships
to cultured species especially those that are distant and/or
based on partial 16S rRNA gene sequence coverage do not
provide robust information on physiology, and therefore,
such inferences are equivocal. However, even with such
caveats, the data does suggest that in addition to carbon,
iron, sulfur, and hydrogen may play a role in the bioenerget-
ics of microorganisms that occur in Lake Vostok [Bulat et al.,
2004; Christner et al., 2006]. The results from both culturing
and culture-independent methods indicate that there is
potentially a reasonably diverse microbial assemblage in
the accretion ice and thus by inference in Lake Vostok.

2.1.3. Aqueous geochemistry and particulate materials.
Concentrations of solute derived from mineral weathering,
e.g., Ca2+, Mg2+, and SO4

2� are significantly higher in Type
I accretion ice (3539–3609 m) than in the glacial ice above
the accreted ice or the Type II accretion ice below (3610–3622
m), Christner et al. [2006] (Figure 1 and Table 3). Similarly,
concentrations of rare earth elements, also sourced from
weathering of crustal material, are on average an order of
magnitude higher in the Type I accretion ice relative to the
Type II accretion ice [Gabrielli et al., 2009]. Type I accretion
ice contained mineral particulates ranging from 0.1 to 45 μm
[Royston-Bishop et al., 2005]. Some of these particulates
were aggregated into larger “inclusions” up to a few milli-
meters in diameter, as observed by Priscu et al. [1999] and
Souchez et al. [2002]. The deepest accretion ice (3622 m) of
Type II had the lowest total particle count of all accretion ice
samples [Christner et al., 2006]. A substantial decrease in
mineral particulates at depths below 3610 m is consistent
with the model that the ice accreted over a deep part of the
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water column east of the bedrock ridge that separates the
shallow embayment from the main lake (Figure 1) [Bell et
al., 2002]. Concentrations of cells, nonpurgeable organic
carbon (NPOC, analogous to dissolved organic carbon
(DOC)), and solutes for the uppermost waters of Lake Vostok
have been estimated using partition coefficients from Lake
Bonney, another permanently ice-covered lake in Antarctica
(Table 3) [Christner et al., 2006]. Christner et al. [2006]

characterize Lake Vostok as ultraoligotrophic with a total
NPOC pool of <250 μmol L�1. Based on this and other
calculations, Christner et al. [2006] argue that this would
only support reproductive growth based on heterotrophy for
a proportion of the estimated lake microbial community, and
thus, chemolithoautotrophic primary production could be a
viable supplement to the microbial food web. This is consis-
tent with aspects of the phylogenetic data that imply that the

Figure 2. Phylogenetic analysis of β, γ, and d proteobacterial small subunit rRNA sequences amplified from DNA in the
3622 m Vostok accretion ice sample. The sequences obtained were aligned on the basis of secondary structure [Ludwig
et al., 2004] and an 820-nucleotide mask (552–1370, Escherichia coli 16S rRNA gene numbering) of unambiguously
aligned positions was constructed. Clones are in bold font and designated by the depth of recovery, the concentration of
meltwater added to each initial PCR reaction, the reverse primer used for amplification, and the clone number (i.e., Vostok
clone 3622-10/1391-1 is clone no. 1 amplified from sample recovered at 3622 m with the use of 10 mL of meltwater for the
template and the small subunit rRNA nucleotide primers 515F and 1391R). GenBank accession numbers are listed in
parentheses, followed by percent identity to the nearest Vostok clone. The maximum likelihood tree was generated by
fastDNAml [Olsen et al., 1994], and the scale bar indicates 0.1 fixed substitutions per nucleotide position. The 16S rRNA
gene sequences of Aquifex pyrophilus and Methanobacterium thermoautotrophicum were used as outgroups. From
Christner et al. [2006, p. 2495]. Copyright 2006 by the American Society of Limnology and Oceanography, Inc.
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most closely related organisms to sequences in the gamma
subdivision of proteobacteria are Fe and S chemoauto-
trophs (Figure 2) [Christner et al., 2006].
Clathrates of various compositions of atmospheric gases

have been proposed for Lake Vostok based on theoretical
calculations using pressure and temperature estimates and a
variety of lake water residence times [McKay et al., 2003].
McKay et al. [2003] calculations indicate the lake waters
may be supersaturated with oxygen and that incorporation
of 1% CO2 into the clathrates would increase their density
resulting in their sinkage from the ice-water interface. How-
ever, there are numerous unknowns in these calculations,
related to both gas production and consumption by biologic
processes and also by mineral weathering of sulfides, sili-
cates, and carbonates and the associated chemical oxygen
demand and/or dissolved inorganic carbonate production.
Direct sampling of the lake waters is required to determine
the actual dissolved gas concentrations.

2.2. Basal Sediments (Till) Beneath WAIS Ice Streams
(Kamb and Bindschadler)

Forty-three and 68 cm long cores were recovered from the
sediments underlying the Kamb Ice Stream (KIS), and
Bindschadler Ice Stream (BIS), respectively, during a 2000/
2001 expedition by Kamb and colleagues (Figure 3) [Vogel
et al., 2005]. The goal of the research was to investigate
geophysical aspects of the sediment in relation to motion of
the ice streams [Vogel et al., 2005]. The ice at the base of KIS
was estimated at ≥20,000 and <100,000 years based on the ice

stratigraphy [Siegert and Payne, 2004; Catania et al., 2005;
Lanoil et al., 2009]. This location was also most likely ice
covered and isolated from the atmosphere for at least the past
400,000 years [Scherer et al., 1998]. The cores were not taken
with the goal of microbial analysis; however, since these were
the only sediment samples that existed frombeneath theWAIS
ice streams, they were subject to some basic analyses of the
microbial community (KIS only) and pore water geochemis-
try (KIS and BIS) [Lanoil et al., 2009; Skidmore et al., 2010].

2.2.1. Microbial biomass. Cell counts via fluorescence
microscopy were 2.7 ± 0.1 � 107 and 1.5 ± 0.1 � 107 cells
g�1 wet sediment in the upper and lower halves of the KIS
sediment core, respectively [Lanoil et al., 2009]. It was
estimated that the organisms within the KIS sediment core
may have undergone a maximum of 4.1 doublings during
core storage, at 4-C for 15 months prior to sampling [Lanoil
et al., 2009]. Thus, the in situ cell abundance in these sub-ice
sheet sediments is likely in the range 2–4 � 105 cells g�1,
similar to values seen in subglacial sediments in Svalbard,
2.1–5.3 � 105 cells g�1, and less than those observed for
New Zealand glaciers, 2.3–7.4 � 106 cells g�1 [Foght et al.,
2004; Kastovska et al., 2007; Lanoil et al., 2009].

2.2.2. Microbial viability and diversity. Approximately
0.005% of cells (1.5 ± 1.1 � 103 cells g�1) from the upper
half of the sediment core were culturable aerobically at room
temperature on R2A plates. Incubation at 4-C increased
culturability to ~ 0.2% and 0.1% (5.6 ± 0.8 � 104 and
1.8 ± 0.9 � 104 cells g�1) in the upper and lower halves,

Table 3. NPOC, Biomass, and Major Ion Concentrations in Glacial Ice and Accretion Ice From the Vostok 5G Boreholea

NPOC Biomass Concentration μmol L�1
Total Dissolved

Solids

Constituent μmol L�1 Cells mL�1 Na+ K+ Ca2+ Mg2+ Cl� SO4
2� mmol L�1

Glacial ice (average) 16 120 2.4 0.4 1.1 0.4 2.8 1.8 0.009
Type I accretion ice
(average)

65 260 22.0 0.3 6.8 5.8 17.0 9.1 0.061

Type II accretion ice
(average)

35 83 0.9 0.1 1.0 0.2 0.9 0.2 0.003

Embayment waterb,c 160 460 10,000.0 14.0 2,600.0 2,700.0 7,300.0 11,000.0 34.0
Main lake waterc,d 86 150 430.0 5.9 370.0 69.0 400.0 180.0 1.5
Surface seawater
(average)

40–80 0.05–5 � 105 48,000.0 10,000.0 10,000.0 54,000.0 560,000.0 28,000.0 710.0

aModified from the work of Christner et al. [2006, p. 2498]. Copyright 2006 by the American Society of Limnology and Oceanography,
Inc. Predicted concentrations for lake water were derived as described in the work of Christner et al. [2006]. Average seawater
concentrations of the various analytes are provided for comparison.

bPrediction on the basis of average Type I accretion ice composition.
cPartitioning coefficients for NPOC, biomass, Na+, K+, Ca2+, Mg2+, Cl�, and SO4

2� are 0.40, 0.56, 0.0021, 0.022, 0.0026, 0.0022,
0.0023, and 0.00083, respectively.

dPrediction on the basis of average Type II accretion ice composition.
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respectively [Lanoil et al., 2009]. The higher culturability at
4-C is consistent with adaptation to growth at the low, stable
temperatures in the subglacial environment or to adaptation
during storage at 4-C. No growth was observed at either
temperature under anaerobic conditions on R2A, indicating
either a lack of viable fermenters or insufficient electron
acceptors in the medium [Lanoil et al., 2009]. Sixty-three
isolates from the aerobic 4-C plates all grew well at 9-C; 42%
of these also grew at 25-C, while the other 58% were unable
to grow at this elevated temperature, further supporting cold
tolerance and/or cold adaptation of these isolates [Lanoil et
al., 2009]. All isolates fell into three groups based on their

16S rRNA gene sequences (at >98% similarity within each
group). The most abundant isolate was closely related to
Betaproteobacteria (designated Comamonas-like) environ-
mental clone T93 from the KIS sediments and environmental
clones and isolates obtained from other subglacial and polar
environments (Figure 4) [Foght et al., 2004; Skidmore et
al., 2005; Lanoil et al., 2009]. Three sequence clusters, all
within the Betaproteobacteria class, were observed in clone
libraries of 16S rRNA gene sequences from both the upper
and lower sediment samples (Figure 4) [Lanoil et al., 2009].
No observable differences were found between the two clone
libraries in either group presence or group representation

Figure 3. (a) The Siple Coast Ice Streams, West Antarctica, with sampling locations of subglacial sediment cores on Kamb
and Bindschadler ice streams. (b) Schematic three-dimensional cross section of the ice stream and the underlying
substrate. Flow vectors in the ice and till are also shown. (c) Subglacial sediment core from beneath Kamb Ice Stream.
Core is ~26 cm in length. Figure 3a from http://icestories.exploratorium.edu/dispatches/mission-form-siple-dome/.
Figure 3b modified from D. D. Blankenship (unpublished work). Figure 3c courtesy of S. Vogel.

Figure 4. (opposite) Neighbor-joining phylogenetic tree showing the relationship of sequences obtained from KIS sediment samples (bold
and labeled KIS) to sequences from other subglacial systems (bold) and other sequences from public databases. Characterized isolate names
are italicized; uncultivated clone sequences or uncharacterized isolates are in plain text. GenBank accession numbers are included after the
names. Bootstrap values (100 replications) generated by the neighbor-joining method are shown above relevant nodes, and those generated
by maximum-parsimony analysis are shown below; only bootstrap values above 50 are shown. Scale bar indicates five conserved
nucleotide changes per 100 base pairs. The tree is rooted with E. coli (J01695). Modified from the work of Lanoil et al. [2009].
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[Lanoil et al., 2009]. Interestingly, these sequences were
closely related to groups of organisms (Comamonas, Gallio-
nella, and Thiobacillus) previously observed as abundant
groups in Alpine and Arctic subglacial systems and progla-
cial soils (FJ, BG, and JEG (John Evans Glacier) sequences
in (Figure 4) [Foght et al., 2004; Skidmore et al., 2005;
Nemergut et al., 2007; Lanoil et al., 2009]. Lanoil et al.
[2009] analysis suggests a relatively simple microbial com-
munity in this assemblage, likely enriched relative to the in
situ environment through incubation at 4-C for 15 months,
with both heterotrophs and chemolithoautotrophs. The clos-
est cultured relatives of sequences from the clone libraries
are neutrophilic iron oxidizers (i.e., Gallionella) and acido-
philic iron or sulfur oxidizers (i.e., Thiobacillus) (Figure 4)
implying that iron and sulfide oxidation may be important in
the KIS sediments. Microbial sulfide oxidation is a possible
energy source for Lake Vostok [Christner et al., 2006] and
has been proposed as a significant process in sulfate gener-
ation in subglacial sediments at Bench Glacier, Alaska,
where a similar microbial community composition to the
KIS sediments has been documented [Skidmore et al.,
2005]. If these groups of microorganisms are also prevalent
in situ in KIS sediments, such lithotrophic metabolism, com-
bined with autotrophic carbon fixation, could provide the
energetic basis of the microbial community and its persis-
tence over the long time period this system has been isolated
from direct interaction with the atmosphere [Lanoil et al.,
2009]. There is also organic carbon of unknown origin in the
sediments (0.5–1.5 wt %) sufficient to support heterotrophic
microbial activity, presuming it is in a usable form [Lanoil et
al., 2009]. Heterotrophic activity could be carried out by
organisms similar to those isolated from the sediments at 4-C
on heterotrophic media [Lanoil et al., 2009] and/or inferred
present based on the culture-independent analyses.

2.2.3. Aqueous geochemistry and particulate materials.
Data for the chemistry of pore waters collected from till
beneath the KIS and BIS are compared with those of waters
collected from a jökulhlaup near Casey Station, Antarctica
[Goodwin, 1988] (Table 4). Also included in Table 4 are the
compositions of typical glacial runoff [Brown, 2002], basal
waters from Haut Glacier d’Arolla (HGA), European Alps
[Tranter et al., 2002], concentrated late season waters from
Robertson Glacier (RG), Canadian Rockies [Sharp et al.,
2002], and early season waters from JEG, Canadian High
Arctic [Skidmore and Sharp, 1999]. The waters from these
glaciers have been in longer-term storage at the bed in
environments with high rock/water ratios, presumably com-
parable to the basal tills of the KIS and BIS [Skidmore et al.,
2010]. The chemistry of pore waters found in the proglacial
zone of Finsterwalderbreen, Svalbard [Cooper, 2003] are
also included as examples of waters that may be in till pore
waters beneath smaller glaciers.
The BIS and KIS pore waters are more concentrated than

all but those from FIN and Casey Station by at least an order
of magnitude, and additionally have significantly different
proportions of ions (Table 4) [Skidmore et al., 2010]. The
KIS pore waters are more dilute than the BIS pore waters, but
they have similar proportional ion concentrations (Table 4).
Cl� and Na+ concentrations are ~0.2%–0.4 % and 1.4%–

7.4% of seawater, compared with <0.01% for most glacial
runoff. The pore waters cannot be a direct dilution of marine
water or dissolution of common marine evaporite minerals,
since Na+ ≫ Cl�, thus excluding sea salt and SO4

2� ≫ Ca2+,
excluding evaporite gypsum as primary solute sources
[Skidmore et al., 2010]. The sub-ice stream pore water type
is Na-SO4-Ca-Mg-HCO3, compared with the Ca-HCO3-
SO4-Mg type previously measured in most glacial runoff,
including concentrated runoff from HGA and RG [Skidmore

Table 4. The Concentration of Major Ions in Typical Glacial Runoff; Concentrated Runoff From Robertson Glacier, Canadian Rockies;
John Evans Glacier, Canadian High Arctic, Basal Waters From Haut Glacier d’Arolla (HGA), Switzerland, Waters Draining a SW Sector
of the Antarctic Ice Sheet Near Casey Station and Pore Waters in Till in the Proglacial Zone of Finsterwalderbreen (FIN), Svalbard and
Beneath the Kamb and Bindschadler Ice Streams (KIS and BIS), West Antarcticaa

Glacier pH Na+ K+ Ca2+ Mg2+ Cl� SO4
2� HCO3

� ∑+

Typical runoff 7.5 0.1 0.02 0.2 0.1 0.1 0.1 0.4 0.7
Robertson 8.3 0.02 0.01 1.7 0.5 0.01 1.0 2.6 3.4
John Evans 8.3 0.3 0.04 1.3 0.3 0.1 1.5 0.4 3.5
HGA 7.4 0.02 0.02 0.9 0.1 0.01 0.4 0.6 2.0
FIN (Pore) ND 0.08 0.03 3.1 1.8 0.06 4.1 0.8 9.9
Casey Station 8.4 6.6 0.2 0.5 0.1 2.2 0.3 3.5 8.0
KIS (Pore) 6.5 20.0 0.6 6.4 3.1 1.1 17.0 4.1b 39.6
BIS (Pore) 6.5 35.0 0.7 9.0 8.6 2.0 31.0 7.5b 70.9

aModified from the work of Skidmore et al. [2010]. Published by Wiley-Blackwell. Units are mmol/L (except for pH), values rounded to
1 significant decimal figure and ∑+ denotes the sum of the positive charge in meq/L. Data sources are given in the text. ND, no data;

bDerived from charge balance.

70 MICROBIAL COMMUNITIES IN ANTARCTIC SAE



et al., 2010]. The pore water type is similar to that reported
for high-latitude groundwaters and permafrost, where sili-
cate weathering and sulfide oxidation are argued to be
significant solute-generating processes [Parnachev et al.,
1999; Stotler et al., 2009].
Subglacial biogeochemical weathering is the most likely

process to generate the observed water chemistry for BIS

and KIS pore waters (Table 4) [Skidmore et al., 2010]. In the
ice sheet sediments, carbonate and silicate hydrolysis is
followed by carbonate dissolution driven by protons from
sulfide oxidation and/or the oxidation of organic matter (Ta-
ble 1) [Skidmore et al., 2010]. Carbonate saturation is rarely
reached in melt waters beneath smaller ice masses, since
the residence time of the waters is relatively short (0.01–

Plate 1. Locations and volume-range estimates for 124 active lakes under the Antarctic ice sheet, shown as points color
coded by the volume range. Background grayscale shading shows a combination of satellite-radar-derived surface
velocities [Joughin et al., 1999, 2006] and balance velocities [Bamber et al., 2008]. White outlines filled in magenta
represent previously published lake locations: outlines are drawn for Vostok subglacial lake [Studinger et al., 2003b], the
Recovery Glacier lakes [Bell et al., 2007], and active lakes mapped with radar altimetry in Adventure Trench [Wingham
et al., 2006] and with interferometric synthetic aperture radar on Kamb Ice Stream [Gray et al., 2005]. Lakes mapped from
airborne radar are represented by circles of diameter equal to the published lake length [Siegert, 2005; Carter et al., 2007;
Popov and Masolov, 2007]. Blue shaded boxes, 1–4. Areas with extensive saturated sediments in the subglacial
environment as reported by 1, Anandakrishnan et al. [1998]; Bell et al. [1998]; Blankenship et al. [2001]; Studinger
et al. [2001]; Peters et al. [2007]; 2, Bamber et al. [2006]; 3, Le Brocq et al. [2008]; 4, Smith and Murray [2009]. Red
shaded boxes, five to six areas with hydrologically dynamic components involving significant water volume changes
(1 km3) over annual time frames. Note the shaded boxes are illustrative and contain the extensive saturated sediments and
hydrologically dynamic features; however, they do not imply that the entirety of the shaded area contains a specific feature.
Modified from the work of Smith et al. [2009]. Reprinted from the Journal of Glaciology with permission of the
International Glaciological Society.
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10 years). However, this may not be the case beneath ice
sheets, where water residence times can be >103 years [Tu-
laczyk et al., 2000; Wadham et al., 2010]. The BIS and KIS
waters are approaching saturation with respect to carbonates,
likely inhibiting further carbonate dissolution, and so allow-
ing protons generated by the oxidation of sulfides and organic
matter to be used for silicate weathering [Skidmore et al.,
2010]. Research on the microbes present in glacial till, to
date, is consistent with the above conceptual model. Mi-
crobes appear to catalyze sulfide oxidation in subglacial
environments [Sharp et al., 1999; Skidmore et al., 2005;
Mikucki et al., 2009], and the closest cultured organisms

relative to the phylotypes from KIS till clone libraries, i.e.,
Gallionella and Thiobacillus, have Fe- and sulfide-oxidizing
physiologies [Lanoil et al., 2009]. Further, biologically driv-
en sulfide oxidation has been proposed as a significant sulfate
source at Bench Glacier, Alaska, an environment with a
similar microbial community composition to that from KIS
sediments [Skidmore et al., 2005].
Further evidence consistent with sub-ice stream microbial

activity is provided by features of the mineral grains from till
beneath the neighboring Whillans Ice Stream [Tulaczyk
et al., 1998]. Sand-sized grains in the till show little indica-
tion of fresh crushing and have predominantly rounded
edges. The surfaces of the grains bear evidence of extensive
chemical weathering, such as prominent etch pits, which
have partially removed the morphological evidence of com-
minution. These features on aluminosilicate minerals are
evidence of microbial activity [Barker et al., 1998]. The
microbiological data on the KIS sediments, the proposed
geochemical reaction series, and the till morphology all
strongly indicate an important role for microbes in driving
biogeochemical weathering processes in the KIS till.

3. UNEXPLORED SAE BENEATH THE ANTARCTIC
ICE SHEET

Subglacial hydrology has a first-order impact on the oxy-
gen content, and therefore oxygen and redox potential (Eh),
of the subglacial environment [Tranter et al., 2005]. The
adage, where there is water there is life, holds in subglacial
environments as well as other extreme environments at the
Earth’s surface [Priscu et al., 1998; Rothschild and Manci-
nelli, 2001]. Microbes are normally associated with subgla-
cial debris [Sharp et al., 1999; Rothschild and Mancinelli,
2001], since the debris contains potential sources of energy,
carbon, and nutrients. Currently, direct observations of sub-
glacial hydrological conditions have only been made in a few
locations beneath the Antarctic Ice Sheet. Gow et al. [1968]
report evidence for a thin film of liquid water beneath ~ 2000
m of ice at the base of the Byrd ice core, West Antarctica.
Similarly, Boereboom et al. [2007] note subglacial water
entering the base of the 2774 m deep EPICA ice core bore-
hole in Dronning Maud Land, East Antarctica. Drilling by
the CalTech research group on the WAIS revealed saturated
sediments beneath the Whillans, Kamb, and Bindschadler ice
streams (former ice streams B, C, and D) and subglacial
water pockets beneath Kamb Ice Stream C [e.g., Engelhardt
et al., 1990; Vogel et al., 2003; Vogel, 2004].
There is a range of unexplored SAE beneath the Antarctic

Ice Sheet: (1) subglacial lake waters, (2) subglacial lake
sediments, (3) saturated sediments in non-lake settings,
(4) systems connecting subglacial lakes and saturated

Plate 2. Images of a thin section of ice prepared with MilliQ water,
50 ppm sodium fluorescein, and 106 Sporosarcina sp. B5 cells mL�1,
treated with DAPI (4′,6-diamidino-2-phenylindole, a fluorescent stain
that binds strongly to DNA), at �10-C. (a) Liquid water veins are
highlighted by the presence of high concentrations of fluorescein.
(b) DAPI-stained image of the same field of view highlighting higher
DAPI concentrations and thus by inference higher Sporosarcina sp.
B5 cell concentrations at the triple junctions in the liquid vein net-
work. Scale bar = 100 µm on both images. Sporosarcina sp. B5 was
isolated from basal ice from Taylor Glacier, Antarctica. Image credit:
Tim Brox, Skidmore lab group.
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sediments: hydrologic, with flowing water, conduit, or linked
cavity system and solid phase, basal ice, and the liquid water
therein as films on particles and vein networks. Freeze-on in
upstream locations and melting in downstream locations
results in transport of microbes and sediments from poten-
tially contrasting environments. The distribution of some of
these SAE is documented in Plate 1. Here follows a brief
description of what is known about the distribution of these
SAE and potential microbial metabolisms that may exist in
these environments.

3.1. Subglacial Lakes and Subglacial Lake Sediments

Accreted lake ice from the base of the Vostok Core, East
Antarctica confirms the presence of Lake Vostok and pro-
vides samples for inference about lake conditions [e.g., Petit
et al., 1999; Priscu et al., 1999; Karl et al., 1999]. The
remainder of our knowledge of subglacial hydrology in Ant-
arctica is via remote sensing techniques. These analyses have
revealed a large number of subglacial lakes with 386 as the
current best estimate, [Wright and Siegert, this volume].
However, the authors note there is inherent bias in their
inventory, due to the available data coverage. There is poten-
tial for sediment accumulation at the base of all the subglacial
lakes discovered, to date, and it has been estimated that there
may be 300–400 m of unconsolidated sediments in the dee-
pest lake, Lake Vostok [Filina et al., 2008].
Subglacial Antarctic lakes can be characterized into three

main types followingWright and Siegert [this volume]. Type
1 lakes are those in the ice sheet interior. These can be
(1) lakes in areas of low relief, thus with little depth potential
for the size of their surface area; (2) lakes that occupy
topographic depressions with the elongate, rectilinear mor-
phology characteristic of tectonically controlled features [Ta-
bacco et al., 2006]; and (3) lakes situated on the flanks of
subglacial mountain ranges that are characteristically small
(<10 km long) features constrained within steep local topog-
raphy. Type 2 lakes are associated with the onset of enhanced
ice flow features. These lakes can be both small (<10 km
long) [Dowdeswell and Siegert, 2002] or larger, up to
(1000 km2) [Bell et al., 2007]. Type 3 lakes are beneath the
trunks of ice streams. These are generally of smaller size and
are more transient in nature, with large proportions of their
water volume filling and draining on an annual or semi-
annual basis [Smith et al., 2009].
Given the wide range of lake size and type, it is difficult to

characterize a singular model for potential aqueous and benthic
microbial communities. However, where there is basal melting
of meteoric ice, there is supply of gases to the subglacial
environment of atmospheric composition (at the time of ice
formation), thus including ~21% oxygen. The process of lake

ice accretion to the base of the ice sheet results in the rejection
of gases into the lake waters. Thus, where basal melting and
refreezing occur in the same lake system, e.g., at Lake Vostok,
there is a process concentrating oxygen into the lake waters.
This supply of atmospheric oxygen and DOC would facilitate
aerobic heterotrophic microbial processes in the upper parts of
the water column and the rate of oxygen consumption down the
water column would be determined by both chemical and
biological oxygen demand. Based on inferences from the ac-
cretion ice from Lake Vostok, this lake would be considered
ultraoligotrophic, i.e., highly nutrient limited [Christner et al.,
2006]; however, the authors note that inputs of DOC and other
nutrients that are supplied from lake marginal environments by
subglacial processes are not accounted for in this analysis.
Priscu et al. [2008] suggest that chemolithoautotrophs may
also be an important source of new organic carbon in subglacial
lake systems. The same would also hold true in other subglacial
environments. The new carbon produced by this process can
then provide a substrate to support heterotrophic activity. Clath-
rates of various compositions of atmospheric gases have been
proposed for Lake Vostok based on theoretical calculations
using pressure and temperature estimates [McKay et al.,
2003], but their existence and thus possible more widespread
distribution, i.e., in other subglacial lakes remains unknown.
One also has to consider the possibility that some of the

lakes could be highly stratified with concentrated brines
overlain by a freshwater cap, as are some of the permanently
ice-covered lakes in the McMurdo Dry Valleys (see review
by Green and Lyons [2009]). Brines can be as high as 3�
seawater in the base of these McMurdo Dry Valley lakes
such as at Lake Vida [Doran et al., 2003]. If this is the case,
then microbes in waters at these lower levels would need to
be halotolerant or halophilic [Mondino et al., 2009]. Where
sediments do accumulate in these lakes, one can envisage
that there may be an oxygen gradient in the sediments if
oxygen is still present in the water column at the sediment-
water interface. Oxygen concentrations would likely de-
crease with sediment depth as a function of both chemical
and biological oxygen demand as in subaerial freshwater
lakes and in marine sediments [Wetzel, 2001; Fry et al.,
2008]. As oxygen is depleted, organisms with metabolisms
that do not require oxygen (Table 1) would be favored as in
freshwater and marine sediments.

3.2. Subglacial Sediments Not Associated With Subglacial
Lakes

Significant subglacial sediment thicknesses have been in-
ferred for certain regions of the Antarctic Ice Sheet that are
not necessarily linked to the presence of subglacial lakes
(Plate 1). The sediment accumulations are often dependent
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on the underlying bedrock geometry. Sediment thicknesses
of 400–600 m have been reported beneath an ice stream
draining the WAIS [Anandakrishnan et al., 1998] with
thicknesses of 1–2.4 km in the ice stream onset region [Bell
et al., 1998], and up to 5 km have been inferred in the
deepest basins beneath the WAIS [Blankenship et al., 2001;
Studinger et al., 2001]. Similarly in East Antarctica, sedi-
ment thicknesses of up to 3 km are reported in subglacial
troughs in the onset area of an enhanced flow unit, Slessor
Glacier, Coats Land [Bamber et al., 2006]. Further, Le Brocq
et al. [2008] note the potential for a large subglacial basin
more than 1500 m below present-day sea level, beneath the
Recovery Glacier and its catchment in East Antarctica that
may contain substantial thicknesses of saturated sediment.
The discoveries of these large volumes of subglacial sedi-
ment have occurred in regions where there is available data.
However, as noted by Bamber et al. [2006], there is a lack of
appropriate geophysical data for the interior of the East
Antarctic Ice Sheet (EAIS) and limited studies addressing
the relationship between ice dynamics and geological bound-
ary conditions in these regions. Smith and Murray [2009]
note a patchwork of basal conditions beneath the Rutford Ice
Stream and the mobile nature of these saturated sediments. In
the deep troughs, the bed consists of spatially extensive areas
of soft sediment, deforming to a depth of at least a few
meters, whereas on the bed high point in the center of the
ice stream, regions of basal sliding and bed deformation
co-exist adjacent to one another [Smith and Murray, 2009].
The significant sediment thicknesses described above

would also likely be depleted of oxygen in the upper portion
of the sediment package, thus favoring anaerobic metabo-

lisms in the likely greater anoxic lower portion (Table 1).
Here one could envisage similar anaerobic metabolisms as
documented in other deep terrestrial and marine sedimentary
environments (Table 5). Whether the low rate of water
circulation and thus the relatively high isolation time for
organisms in these deep sediments may lead to ecosystems
with extremely low diversity microbial communities, as has
been documented in a terrestrial system [Chivian et al.,
2008] is unknown, but is certainly a possibility.
Temperatures at depth in the sedimentary package would

be above 0-C due to the Earth’s background geothermal
heat flux. In certain sub-ice locations, where there is evi-
dence of sub-ice sheet volcanism [Blankenship et al., 1993;
Behrendt et al., 1998], the heat flux may be elevated and
may also be accompanied by hydrothermal fluids. These
fluids are often rich in reduced metals and gases such as H2,
CO2, and H2S that are potential chemical energy sources
that could be introduced into either the subglacial sediments
or lake waters depending on connectivity. If the hydrother-
mal fluid input is in a subglacial lake setting, then the basal
waters of Icelandic subglacial lakes may serve as a reason-
able analog. Acetoclastic organisms are implied as an abun-
dant member of the microbial community in one of the
Icelandic subglacial lakes (Table 5) [Gaidos et al., 2009].
This is interesting, as few other Earth surface systems have
niche environments, where acetoclastic organisms can out-
compete methanogens. These volcanic gases could support
a microbial ecosystem driven purely by crustal sources of
H2 and CO2 that are used as energy and carbon sources,
which is independent of photosynthetic carbon [Pedersen,
2000].

Table 5. Metabolisms Measured and Inferred in Deep Terrestrial and Marine Subsurface Lithoautotrophic Microbial Ecosystems and a
Subglacial Volcanic Lakea

Environment
Depth
(km)

Maximum
T (-C)

Maximum
Cell Count mL�1 Metabolisms Methods Ref

Marine (mudrocks) 1.6 100 1.5 � 106 Methanogenesis, ANME 16S rRNA
geochemistry

1

Terrestrial (shale) 2.7 76 1 � 105 FeRB, SRB, fermentation Culture 2
Terrestrial (granite) 5.3 75 ND Fermentation, FeRB (possible) Culture 3
Terrestrial (quartzite) 1.4 40 5 � 105 SRB, acetogenesis, methanogenesis 16S rRNA

geochemistry
4

Terrestrial
(subglacial lake)

0.4 4 5 � 105 SRB, FeRB, fermentation,
acetogenesis, S, and H2 oxidation

16S rRNA
geochemistry,
FISH, culture

5

aReferences are as follows: 1, Roussel et al. [2008]; 2, Onstott et al. [1998]; 3, Szewzyk et al. [1994]; 4, Lin et al. [2006]; 5, Gaidos et al.
[2009]. Metabolism abbreviations are as follows: FeRB, iron reduction; SRB, sulfate reduction; ANME, anaerobic methane oxidation.
Method abbreviations are as follows: 16S rRNA, metabolism inferred based on similarity in 16S rRNA gene sequence with known
organisms with that metabolism or group in the case of ANME; Geochemistry, a metabolism inferred based on aqueous geochemical
measurements and, in some cases, stable isotope geochemistry; FISH, fluorescent in situ hybridization with group specific probes targeting
the 16S rRNA gene.

74 MICROBIAL COMMUNITIES IN ANTARCTIC SAE



3.3. Subglacial Lakes and Their Hydrological Connections

One hundred and twenty-four active subglacial lakes were
detected from laser altimetry data between 2003 and 2008
and estimates of volume changes for each lake made [Smith
et al., 2009]. Lakes sometimes appear to transfer water from
one to another, but also often exchange water with distrib-
uted sources undetectable from the laser altimetry data,
suggesting that the lakes may provide water to, or withdraw
water from, the hydrologic systems that lubricate glacier
flow [Smith et al., 2009]. Previous studies of subglacial
lakes [Gray et al., 2005; Wingham et al., 2006; Fricker and
Scambos, 2009] have concluded that subglacial lakes are
hydrologically linked, especially when the surface displace-
ments for adjacent lakes suggested draining upstream and
filling downstream. The water volumes and timescales for
these lake drainage events can be considerable. Wingham et
al. [2006] document 1.8 km3 of water travelling a distance
of 290 km over 16 months beneath the EAIS. Similarly,
Fricker and Scambos [2009] document 0.1 to 2 km3 drain-
ing over a range of timescales from several months to years
beneath the WAIS. Smaller water volumes and shorter time-
frames for these events have also been noted. For example,
Gray et al. [2005] measured 0.01 and 0.02 km3 for the BIS
and KIS, respectively, moving in under a month. However,
it remains unknown what the morphology of the drainage
system is between these lakes, whether it is via single or
multiple arterial channels, or distributed channels or cavi-
ties, or some combination thereof. Peters et al. [2009]
model for the Adventure Trench outburst notes a single
conduit is viable for water drainage; however, Carter et al.
[2009] note a distributed system is also consistent with the 3
month delay between water release at the source lake and
water arrival at the destination lake. Observations of inter-
mittent flat bright bed reflections in radar data acquired
along the flow path are consistent with the presence of a
broad shallow water system [Carter et al., 2009]. Geomor-
phological evidence of some of these components, e.g.,
large channelized systems, exists in current ice-free areas
in the Labyrinth in the Wright Valley, Antarctica [Lewis et
al., 2006]. A key hydrological difference exists between the
Antarctic Ice Sheet and the Greenland Ice Sheet, the other
large ice sheet on Earth. At present, there is no evidence for
significant surface meltwater input to the subglacial hydro-
logical system around the margins of the Antarctic Ice Sheet
as for the Greenland Ice Sheet [Box and Ski, 2007; Das et
al., 2008].
Movement of large volumes of water subglacially, as

documented above, has the ability to significantly change
the geochemistry and microbial ecology of the upstream
source environments, transitional environments in the flow

path, and the downstream environment, often another lake
or depending on proximity to the ice margin, the ocean.
Statham et al. [2008] note that the release of subglacially
derived aqueous iron, likely generated through biogeo-
chemical weathering processes, into the coastal oceans
around Antarctica and Greenland, may be an important
nutrient in these waters. The greatest impact of this source
of glacial meltwater iron is anticipated to be in Antarctic
high nutrient, low chlorophyll waters, where phytoplankton
productivity is typically limited by availability of iron [Sta-
tham et al., 2008]. The estimated total dissolved meltwater
iron input for Antarctic waters is about 10% of that sug-
gested to come from sea ice melting, but glacial inputs
continue throughout the austral summer ablation period
after sea ice melt is complete [Statham et al., 2008]. Fur-
ther, it is likely that in many cases, significant sediment
movement is associated with these large subglacial hydro-
logic events. Subglacial sediments contain significant mi-
crobial biomass as documented in all subglacial systems
investigated, to date [e.g., Sharp et al., 1999; Foght et al.,
2004; Skidmore et al., 2005] and thus, these hydrologic
events have the potential to move large quantities of bio-
mass beneath the ice sheet.

3.4. Basal Ice

Basal ice is ice that forms by freeze-on at the glacier base
(see recent review by Hubbard et al. [2009]) and can be up to
~89 m thick in ice sheets [Simoes et al., 2002]. It often has a
significantly higher sediment content than the overlying me-
teoric ice. Basal ices are a component of the subglacial aquatic
system, since they form by freeze-on in certain places but may
melt in downstream locations when the basal thermal regime
changes. Laboratory experiments demonstrate the liquid vein
network in polycrystalline ice prepared at �10-C and show it
as a viable microbial habitat (Plate 2). Thus, the liquid vein
network in basal ices, close to the freezing point (>�10-C)
[Siegert, 2005], are an additional SAE.
Antarctic ice cores show a range of debris-rich basal ice

thicknesses, with 4–5 m in the Byrd ice core [Gow et al.,
1968], 2 m at Siple Dome [Gow and Meese, 2007], 10 m at
the Kamb Ice Stream [Vogel et al., 2003], and up to 89 m in
the Vostok core [Simoes et al., 2002]. Debris in the basal ice
of the Byrd core included bands of silt, sand, and pebbles,
with scattered larger fragments, all interspersed with ice
[Gow et al., 1968]. Most of the particles identified as pebbles
in the Byrd core actually consisted of sedimentary aggregates
composed of clay, silt, and sand that disintegrated upon
melting. Similarly, it was found that many of the sand-sized
particles entrained in the basal ice at Siple Dome were also
composed of frozen aggregates of silt and clay [Gow and
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Meese, 2007]. The glacial flour in the 89 m of basal ice in the
Vostok core is also all silt and clay sized particles, largely in
the 1–10 μm range.
The basal ice of the world glaciers and ice sheets has

higher concentrations of sediment, solute, nutrients, and
cells relative to the overlying glacier ice [e.g., Sharp et al.,
1999; Skidmore et al., 2000; Souchez et al., 2006; Miteva
et al., 2009], and biogeochemical weathering of the sedi-
ments provides significant chemical and energy sources
for microbes. The fine-grained sediments also provide sig-
nificant surface area for trapping unfrozen water at sub-
freezing temperatures on mineral surfaces [Price, 2007]
also enhancing these environments as microbial habitat.
Anomalous gas concentrations in the basal ice zones of
terrestrial ice masses at temperatures of �11-C or warmer
are argued to be the product of in situ microbial activity
under both aerobic and anaerobic conditions [Campen
et al., 2003; Tung et al., 2005; Miteva et al., 2007; Rohde
et al., 2008]. These arguments are plausible, as certain
organisms have been documented growing aerobically at
�10-C and �12-C in liquid cultures in laboratory studies
[Bakermans et al., 2003; Breezee et al., 2004]. However, no
study has demonstrated or quantified microbial respiration
or autotrophy in situ in these basal ices. Basal ice is
certainly a viable SAE; however, organisms that would be
active in these environment systems would need to be
adapted to the high solute content of the liquid veins or
films and the slightly lower environmental temperatures of
the basal ice than other Antarctic SAE.

4. SUMMARY

There are some common findings in the two Antarctic
SAE explored to date, Lake Vostok accretion ice and BIS
and KIS subglacial sediments and pore waters:

1. Aerobic heterotrophs have been cultured and growth
and activity of these organisms demonstrated at 4-C in the
laboratory.

2. 16S rRNA gene sequences imply iron and sulfur
oxidizers may be important, raising the potential for autotrophy

3. The aqueous geochemistry is consistent with carbonate
and silicate dissolution driven by protons derived from
sulfide oxidation and carbonic acid
Significant research on anaerobic metabolisms has not been
undertaken for these environmental samples; thus, it remains
largely unknown the role such organisms may have in these
systems. Fungi have been isolated from the Lake Vostok
accretion ice and thus may be a component of the microbial
food web in this ecosystem, but their presence has not been
analyzed in the WAIS ice stream tills, the only other Antarctic
SAE sampled to date.

There are a range of unexplored SAE in Antarctica; includ-
ing the ~384 lakes documented to date and their sediments,
saturated sediments in non-lake settings, hydrologically dy-
namic components, including channelized drainage and
linked cavity systems and debris-rich basal ice. Given the
volume and depth of sediments in Antarctic subglacial basins,
suboxic and anoxic conditions are likely. Therefore, a range
of anaerobic metabolisms, iron reduction, sulfate reduction,
acetogenesis, methanogenesis, fermentation, and anaerobic
methane oxidation, may exist and should be investigated in
future research. The role of viruses in both the explored
and unexplored Antarctic SAE remains unknown, but is
likely important based on our knowledge of other microbially
dominated ecosystems. Given there is only data for microbial
and biogeochemical processes in SAE from two sites for
10 million km2 of the Antarctic Ice Sheet, this indicates the
relative infancy of our knowledge on this topic and provides
significant opportunities for advancement of our scientific
understanding of Antarctic SAE over the coming decades.

Acknowledgments. Research related to this topic in my labora-
tory has been supported by the National Science Foundation, grants
EAR 0525567 and OPP 0636770. T. Brox provided Plate 2 and B.
Christner and D. Blankenship provided components for Figures 1
and 3 from unpublished work. S. Vogel provided the photograph in
Figure 3c. An anonymous review improved the clarity of the
manuscript.

REFERENCES

Abyzov, S. S., I. N. Mitskevich, M. N. Poglazova, N. I. Barkov,
V. Y. Lipenkov, N. E. Bobin, B. B. Koudryashov, V. M.
Pashkevich, and M. V. Ivanov (2001), Microflora in the basal
strata at Antarctic ice core above the Vostok Lake, in Space
Life Sciences: Living Organisms, Biological Processes and the
Limits of Life, edited by Y. Mogami et al., Adv. Space Res., 28,
701–706.

Ágústsdóttir, A. M., and S. L. Brantley (1994), Volatile Fluxes
Integrated over 4 Decades at Grimsvotn Volcano, Iceland,
J. Geophys. Res., 99, 9505–9522.

Amann, R. I., W. Ludwig, and K.-H. Schleifer (1995), Phylogenetic
identification and in situ detection of individual microbial cells
without cultivation, Microbiol. Rev., 59, 143–169.

Anandakrishnan, S., D. D. Blankenship, R. B. Alley, and P. L.
Stoffa (1998), Influence of subglacial geology on the position of
a West Antarctic ice stream from seismic observations, Nature,
394, 62–65.

Bakermans, C., A. I. Tsapin, V. Souza-Egipsy, D. A. Gilichinsky,
and K. H. Nealson (2003), Reproduction and metabolism at-10
degrees C of bacteria isolated from Siberian permafrost, Environ.
Microbiol., 5, 321–326.

Bamber, J. L., F. Ferraccioli, I. Joughin, T. Shepherd, D. M. Rippin,
M. J. Siegert, and D. G. Vaughan (2006), East Antarctic ice

76 MICROBIAL COMMUNITIES IN ANTARCTIC SAE



stream tributary underlain by major sedimentary basin, Geology,
34, 33–36.

Bamber, J. L., J. L. Gomez-Dans, and J. A. Griggs (2008), A new
1 km digital elevation model of the Antarctic derived from
combined satellite radar and laser data - Part 1: Data and methods,
Cryosphere Discuss., 2, 811–841.

Barker, W. W., S. A. Welch, S. Chu, and J. F. Banfield (1998),
Experimental observations of the effects of bacteria on alumino-
silicate weathering, Am. Mineral., 83, 1551–1563.

Behrendt, J. C., C. A. Finn, D. Blankenship, and R. E. Bell (1998),
Aeromagnetic evidence for a volcanic caldera(?) complex be-
neath the divide of the West Antarctic Ice Sheet, Geophys. Res.
Lett., 25, 4385–4388.

Bell, R. E., D. D. Blankenship, C. A. Finn, D. L. Morse, T. A.
Scambos, J. M. Brozena, and S. M. Hodge (1998), Influence of
subglacial geology on the onset of a West Antarctic ice stream
from aerogeophysical observations, Nature, 394, 58–62.

Bell, R. E., M. Studinger, A. A. Tikku, G. K. C. Clarke, M. M.
Gutner, and C. Meertens (2002), Origin and fate of Lake Vostok
water frozen to the base of the East Antarctic ice sheet, Nature,
416, 307–310.

Bell, R. E., M. Studinger, C. A. Shuman, M. A. Fahnestock, and I.
Joughin (2007), Large subglacial lakes in East Antarctica at the
onset of fast-flowing ice streams, Nature, 445, 904–907.

Bjornsson, H. (2002), Subglacial lakes and jokulhlaups in Iceland,
Global Planet. Change, 35, 255–271.

Blankenship, D. D., R. E. Bell, S. M. Hodge, J. M. Brozena, J. C.
Behrendt, and C. A. Finn (1993), Active volcanism beneath the
West Antarctic Ice-sheet and implications for Ice-sheet stability,
Nature, 361, 526–529.

Blankenship, D. D., D. L. Morse, C. A. Finn, R. E. Bell, M. E.
Peters, S. D. Kempf, S. M. Hodge, M. Studinger, J. C. Behrendt,
and J. M. Brozena (2001), Geological controls on the initia-
tion of rapid basal motion for West Antarctic ice streams: A
geophysical perspective including new airborne radar sounding
and laser altimetry results, in The West Antarctic Ice Sheet:
Behavior and Environment, Antarct. Res. Ser., vol. 77, edited
by R. B. Alley and R. A. Bindschadler, pp. 105–121, AGU,
Washington, D. C.

Boereboom, T., D. Samyn, S. Kipfstuhl, F. Wilhelms, and J. L. Tison
(2007), Gas properties of EPICA Dronning Maud Land (EDML)
basal refrozen water, Geophys. Res. Abstr., 9, EGU2007-A-00897

Boon, S., M. Sharp, and P. Nienow (2003), Impact of an extreme
melt event on the runoff and hydrology of a high Arctic glacier,
Hydrol. Processes, 17, 1051–1072.

Bottrell, S. H., and M. Tranter (2002), Sulphide oxidation under
partially anoxic conditions at the bed of the Haut Glacier d’Arolla,
Switzerland, Hydrol. Processes, 16, 2363–2368.

Box, J. E., and K. Ski (2007), Remote sounding of Greenland
supraglacial melt lakes: Implications for subglacial hydraulics,
J. Glaciol., 53, 257–265.

Boyd, E. S., M. Skidmore, C. Bakermans, A. Mitchell, and J. W.
Peters (2010), Methanogenesis in subglacial sediments, Environ.
Microbiol. Rep., 2(5), 685–692.

Breezee, J., N. Cady, and J. T. Staley (2004), Subfreezing growth of
the sea ice bacterium “Psychromonas ingrahamii”,Microb. Ecol.,
47, 300–304.

Brown, G. H. (2002), Glacier meltwater hydrochemistry, Appl.
Geochem., 17, 855–883.

Bulat, S., et al. (2004), DNA signature of thermophilic bacteria
from the aged accretion ice of Lake Vostok, Antarctica: Implica-
tions for searching for life in extreme icy environments, Int. J.
Astrobiol., 3, 1–12.

Bulat, S. A., I. A. Alekhina, V. Y. Lipenkov, V. V. Lukin, D. Marie,
and J. R. Petit (2009), Cell concentrations of microorganisms in
glacial and lake ice of the Vostok ice core, East Antarctica,
Microbiology, 78, 808–810.

Campen, R. K., T. Sowers, and R. B. Alley (2003), Evidence of
microbial consortia metabolizing within a low-latitude mountain
glacier, Geology, 31, 231–234.

Carter, S. P., D. D. Blankenship, M. E. Peters, D. A. Young, J. W.
Holt, and D. L. Morse (2007), Radar-based subglacial lake clas-
sification in Antarctica, Geochem. Geophys. Geosyst., 8, Q03016,
doi:10.1029/2006GC001408.

Carter, S. P., D. D. Blankenship, D. A. Young, M. E. Peters, J. W.
Holt, and M. J. Siegert (2009), Dynamic distributed drainage
implied by the flow evolution of the 1996–1998 Adventure Trench
subglacial lake discharge, Earth Planet. Sci. Lett., 283, 24–37.

Catania, G. A., H. Conway, C. F. Raymond, and T. A. Scambos
(2005), Surface morphology and internal layer stratigraphy in the
downstream end of Kamb Ice Stream, West Antarctica, J. Glaciol.,
51, 423–431.

Cheng, S. M., and J. M. Foght (2007), Cultivation-independent and
-dependent characterization of Bacteria resident beneath John
Evans Glacier, FEMS Microbiol. Ecol., 59, 318–330.

Chivian, D., et al. (2008), Environmental genomics reveals a single-
species ecosystem deep within earth, Science, 322, 275–278.

Christner, B. C., E. Mosley-Thompson, L. G. Thompson, and J. N.
Reeve (2001), Isolation of bacteria and 16S rDNAs from Lake
Vostok accretion ice, Environ. Microbiol., 3, 570–577.

Christner, B. C., G. Royston-Bishop, C. M. Foreman, B. R. Arnold,
M. Tranter, K. A. Welch, W. B. Lyons, A. I. Tsapin, M. Studinger,
and J. C. Priscu (2006), Limnological conditions in subglacial
Lake Vostok, Antarctica, Limnol. Oceanogr., 51(6), 2485–2501.

Cooper, R. J. ( 2003), Chemical denudation in the proglacial zone
of Finsterwalderbreen, Svalbard. Ph.D. thesis, Univ. of Bristol,
Bristol, U. K.

Das, S. B., I. Joughin, M. D. Behn, I. M. Howat, M. A. King, D.
Lizarralde, and M. P. Bhatia (2008), Fracture propagation to the
base of the Greenland Ice Sheet during supraglacial lake drain-
age, Science, 320, 778–781.

De Angelis, M., J. R. Petit, J. Savarino, R. Souchez, and M. H.
Thiemens (2004), Contributions of an ancient evaporitic-type
reservoir to subglacial Lake Vostok chemistry, Earth Planet. Sci.
Lett., 222, 751–765.

D'Elia, T., R. Veerapaneni, and S. O. Rogers (2008), Isolation of
microbes from Lake Vostok accretion ice, Appl. Environ. Micro-
biol., 74, 4962–4965.

SKIDMORE 77



D'Elia, T., R. Veerapaneni, V. Theraisnathan, and S. O. Rogers
(2009), Isolation of fungi from Lake Vostok accretion ice, Myco-
logia, 101, 751–763.

Doran, P. T., C. H. Fritsen, C. P. McKay, J. C. Priscu, and E. E.
Adams (2003), Formation and character of an ancient 19-m ice
cover and underlying trapped brine in an “ice-sealed” east Ant-
arctic lake, Proc. Natl. Acad. Sci. U. S. A., 100, 26–31.

Dowdeswell, J. A., and M. J. Siegert (2002), The physiography of
modern Antarctic subglacial lakes, Global Planet. Change, 35,
221–236.

Engelhardt, H. (2004), Thermal regime and dynamics of the West
Antarctic ice sheet, Ann. Glaciol., 39, 85–92.

Engelhardt, H., N. Humphrey, B. Kamb, and M. Fahnestock (1990),
Physical conditions at the base of a fast moving Antarctic ice
stream, Science, 248, 57–59.

Filina, I. Y., D. D. Blankenship, M. Thoma, V. V. Lukin, V. N.
Masolov, and M. K. Sen (2008), New 3D bathymetry and sedi-
ment distribution in Lake Vostok: Implication for pre-glacial
origin and numerical modeling of the internal processes within
the lake, Earth Planet. Sci. Lett., 276, 106–114.

Foght, J., J. Aislabie, S. Turner, C. E. Brown, J. Ryburn, D. J. Saul,
and W. Lawson (2004), Culturable bacteria in subglacial sedi-
ments and ice from two Southern Hemisphere glaciers, Microb.
Ecol., 47, 329–340.

Fricker, H. A., and T. Scambos (2009), Connected subglacial lake
activity on lower Mercer and Whillans ice streams, West Antarc-
tica, 2003–2008, J. Glaciol., 55, 303–315.

Fry, J. C., R. J. Parkes, B. A. Cragg, A. J. Weightman, and G.
Webster (2008), Prokaryotic biodiversity and activity in the deep
subseafloor biosphere, FEMS Microbiol. Ecol., 66, 181–196.

Gabrielli, P., F. Planchon, C. Barbante, C. F. Boutron, J. R. Petit, S.
Bulat, S. Hong, G. Cozzi, and P. Cescon (2009), Ultra-low rare
earth element content in accreted ice from sub-glacial Lake
Vostok, Antarctica, Geochim. Cosmochim. Acta, 73, 5959–5974.

Gaidos, E., B. Lanoil, T. Thorsteinsson, A. Graham, M. Skidmore,
S. K. Han, T. Rust, and B. Popp (2004), A viable microbial
community in a subglacial volcanic crater lake, Iceland, Astrobi-
ology, 4, 327–344.

Gaidos, E., et al. (2009), An oligarchic microbial assemblage in the
anoxic bottom waters of a volcanic subglacial lake, ISME J., 3,
486–497.

Goodwin, I. D. (1988), The nature and origin of a jokulhlaup near
Casey Station, Antarctica, J. Glaciol., 34, 95–101.

Gow, A. J., and D. Meese (2007), Physical properties, crystalline
textures and c-axis fabrics of the Siple Dome (Antarctica) ice
core, J. Glaciol., 53, 573–584.

Gow, A. J., H. T. Ueda, and D. E. Garfield (1968), Antarctic ice
sheet: Preliminary results of first core hole to bedrock, Science,
161, 1011–1013.

Gray, L., I. Joughin, S. Tulaczyk, V. B. Spikes, R. Bindschadler, and
K. Jezek (2005), Evidence for subglacial water transport in the
West Antarctic Ice Sheet through three-dimensional satellite radar
interferometry, Geophys. Res. Lett., 32, L03501, doi:10.1029/
2004GL021387.

Green, W. J., and W. B. Lyons (2009), The Saline Lakes of
the McMurdo Dry Valleys, Antarctica, Aquat. Geochem., 15,
321–348.

Hubbard, B., S. Cook, and H. Coulson (2009), Basal ice facies: A
review and unifying approach, Quat. Sci. Rev., 28, 1956–1969.

Joughin, I., L. Gray, R. Bindschadler, S. Price, D. Morse, C. Hulbe,
K. Mattar, and C. Werner (1999), Tributaries of West Antarctic
ice streams revealed by RADARSAT interferometry, Science,
286, 283–286.

Joughin, I., J. L. Bamber, T. Scambos, S. Tulaczyk, M. Fahnestock,
and D. R. MacAyeal (2006), Integrating satellite observations
with modelling: Basal shear stress of the Filcher-Ronne ice
streams, Antarctica, Philos. Trans. R. Soc. A, 364, 1795–1814.

Jouzel, J., J. R. Petit, R. Souchez, N. I. Barkov, V. Y. Lipenkov, D.
Raynaud, M. Stievenard, N. I. Vassiliev, V. Verbeke, and F.
Vimeux (1999), More than 200 meters of lake ice above subgla-
cial Lake Vostok, Antarctica, Science, 286, 2138–2141.

Kamb, B. (2001), Basal zone of the West Antarctic ice streams and
its role in lubrication of their rapid motion, in The West Antarctic
Ice Sheet: Behavior and Environment, Antarct. Res. Ser., vol. 77,
edited by R. B. Alley and R. A. Bindschadler, pp. 157–200,
AGU, Washington, D. C.

Kapitsa, A. P., J. K. Ridley, G. d. Q. Robin, M. J. Siegert, and I. A.
Zitikov (1996), A large deep freshwater lake beneath the ice of
central East Antarctica, Nature, 381, 684–686.

Karl, D. M., D. F. Bird, K. Bjorkman, T. Houlihan, R. Shackelford,
and L. Tupas (1999), Microorganisms in the accreted ice of Lake
Vostok, Antarctica, Science, 286, 2144–2147.

Karr, E. A., W. M. Sattley, M. R. Rice, D. O. Jung, M. T. Madigan,
and L. A. Achenbach (2005), Diversity and distribution of sul-
fate-reducing bacteria in permanently frozen Lake Fryxell,
McMurdo Dry Valleys, Antarctica, Appl. Environ. Microbiol.,
71, 6353–6359.

Karr, E. A., J. M. Ng, S. M. Belchik, W. M. Sattley, M. T. Madigan,
and L. A. Achenbach (2006), Biodiversity of methanogenic and
other Archaea in the permanently frozen Lake Fryxell, Antarc-
tica, Appl. Environ. Microbiol., 72, 1663–1666.

Kastovska, K., M. Stibal, M. Sabacka, B. Cerna, H. Santruckova,
and J. Elster (2007), Microbial community structure and ecology
of subglacial sediments in two polythermal Svalbard glaciers
characterized by epifluorescence microscopy and PLFA, Polar
Biol., 30, 277–287.

Kivimaki, A.-L. (2005), Presence and activity of microbial popula-
tions in glaciers and their impact on rock weathering at glacial
beds, Ph.D. thesis, Univ. of Bristol, Bristol, U. K.

Lanoil, B., M. Skidmore, J. C. Priscu, S. Han, W. Foo, S. W.
Vogel, S. Tulaczyk, and H. Engelhardt (2009), Bacteria be-
neath the West Antarctic Ice Sheet, Environ. Microbiol., 11,
609–615.

Lavire, C., P. Normand, I. Alekhina, S. Bulat, D. Prieur, J. L.
Birrien, P. Fournier, C. Hanni, and J. R. Petit (2006), Presence
of Hydrogenophilus thermoluteolus DNA in accretion ice in the
subglacial Lake Vostok, Antarctica, assessed using rrs, cbb and
hox, Environ. Microbiol., 8, 2106–2114.

78 MICROBIAL COMMUNITIES IN ANTARCTIC SAE



Lawson, J., P. T. Doran, F. Kenig, D. J. Des Marais, and J. C. Priscu
(2004), Stable carbon and nitrogen isotopic composition of ben-
thic and pelagic organic matter in lakes of the McMurdo Dry
Valleys, Antarctica, Aquat. Geochem., 10, 269–301.

Le Brocq, A. M., A. Hubbard, M. J. Bentley, and J. L. Bamber
(2008), Subglacial topography inferred from ice surface terrain
analysis reveals a large un-surveyed basin below sea level in
East Antarctica, Geophys. Res. Lett., 35, L16503, doi:10.1029/
2008GL034728.

Lewis, A. R., D. R. Marchant, D. E. Kowalewski, S. L. Baldwin,
and L. E. Webb (2006), The age and origin of the Labyrinth,
western Dry Valleys, Antarctica: Evidence for extensive middle
Miocene subglacial floods and freshwater discharge to the South-
ern Ocean, Geology, 34, 513–516.

Lin, L. H., et al. (2006), Long-term sustainability of a high-energy,
low-diversity crustal biome, Science, 314, 479–482.

Llubes, M., C. Lanseau, and F. Remy (2006), Relations be-
tween basal condition, subglacial hydrological networks and
geothermal flux in Antarctica, Earth Planet. Sci. Lett., 241,
655–662.

Ludwig, W., et al. (2004), ARB: A software environment for se-
quence data, Nucleic Acids Res., 32, 1363–1371.

McKay, C. P., K. P. Hand, P. T. Doran, D. T. Andersen, and J. C.
Priscu (2003), Clathrate formation and the fate of noble and
biologically useful gases in Lake Vostok, Antarctica, Geophys.
Res. Lett., 30(13), 1702, doi:10.1029/2003GL017490.

Mikucki, J. A., and J. C. Priscu (2007), Bacterial diversity associ-
ated with blood falls, a subglacial outflow from the Taylor
Glacier, Antarctica, Appl. Environ. Microbiol., 73, 4029–4039.

Mikucki, J. A., C. M. Foreman, B. Sattler, W. B. Lyons, and J. C.
Priscu (2004), Geomicrobiology of Blood Falls: An iron-rich
saline discharge at the terminus of the Taylor Glacier, Antarctica,
Aquat. Geochem., 10, 199–220.

Mikucki, J. A., A. Pearson, D. T. Johnston, A. V. Turchyn, J.
Farquhar, D. P. Schrag, A. D. Anbar, J. C. Priscu, and P. A. Lee
(2009), A contemporary microbially maintained subglacial fer-
rous “ocean”, Science, 324, 397–400.

Mitchell, A. C., and G. H. Brown (2008), Modeling geochemical
and biogeochemical reactions in subglacial environments, Arct.
Antarct. Alp. Res., 40, 531–547.

Miteva, V., T. Sowers, and J. Brenchley (2007), Production of N2O
by ammonia oxidizing bacteria at subfreezing temperatures as a
model for assessing the N2O anomalies in the Vostok ice core,
Geomicrobiol. J., 24, 451–459.

Miteva, V., C. Teacher, T. Sowers, and J. Brenchley (2009), Com-
parison of the microbial diversity at different depths of the GISP2
Greenland ice core in relationship to deposition climates, Envi-
ron. Microbiol., 11, 640–656.

Mondino, L. J., M. Asao, and M. T. Madigan (2009), Cold-active
halophilic bacteria from the ice-sealed Lake Vida, Antarctica,
Arch. Microbiol., 191, 785–790.

Montross, S. N. (2007), Geochemical evidence for microbially
mediated subglacial mineral weathering, M.Sc. thesis, Mont.
State Univ., Bozeman.

Nemergut, D. R., S. P. Anderson, C. C. Cleveland, A. P. Martin,
A. E. Miller, A. Seimon, and S. K. Schmidt (2007), Microbial
community succession in an unvegetated, recently deglaciated
soil, Microb. Ecol., 53, 110–122.

Olsen, G. J., H. Matsuda, R. Hagstrom, and R. Overbeek (1994),
FastDNAml: A tool for construction of phylogenetic trees of
DNA sequences using maximum likelihood, Comput. Appl.
Biosci., 10, 41–48.

Onstott, T. C., et al. (1998), Observations pertaining to the origin
and ecology of microorganisms recovered from the deep subsurface
of Taylorsville Basin, Virginia, Geomicrobiol. J., 15, 353–385.

Parnachev, V. P., D. Banks, A. Y. Berezovsky, and D. Garbe-
Schonberg (1999), Hydrochemical evolution of Na-SO4-Cl
groundwaters in a cold, semi-arid region of southern Siberia,
Hydrogeol. J., 7, 546–560.

Pedersen, K. (2000), Exploration of deep intraterrestrial microbial
life: Current perspectives, FEMS Microbiol. Lett., 185, 9–16.

Peters, L. E., S. Anandakrishnan, R. B. Alley, and A. M. Smith
(2007), Extensive storage of basal meltwater in the onset
region of a major West Antarctic ice stream, Geology, 35,
251–254.

Peters, N. J., I. C. Willis, and N. S. Arnold (2009), Numerical
analysis of rapid water transfer beneath Antarctica, J. Glaciol.,
55, 640–650.

Petit, J. R., et al. (1999), Climate and atmospheric history of the past
420,000 years from the Vostok ice core, Antarctica, Nature, 399,
429–436.

Popov, S. V., and V. N. Masolov (2007), Forty-seven new subglacial
lakes in the 0-110 degrees E sector of East Antarctica, J. Glaciol.,
53, 289–297.

Price, P. B. (2007), Microbial life in glacial ice and implications
for a cold origin of life, FEMS Microbiol. Ecol., 59, 217–231.

Priscu, J. C., and B. C. Christner (2004), Earth’s icy biosphere,
in Microbial Biodiversity and Bioprospecting, edited by A. T.
Bull, pp. 130–145, Am. Soc. for Microbiol. Press, Washington,
D. C.

Priscu, J. C., C. H. Fritsen, E. E. Adams, S. J. Giovannoni, H. W.
Paerl, C. P. McKay, P. T. Doran, D. A. Gordon, B. D. Lanoil, and
J. L. Pinckney (1998), Perennial Antarctic lake ice: An oasis for
life in a polar desert, Science, 280, 2095–2098.

Priscu, J. C., et al. (1999), Geomicrobiology of subglacial ice above
Lake Vostok, Antarctica, Science, 286, 2141–2144.

Priscu, J. C., S. Tulaczyk, M. Studinger, M. C. Kennicutt, II, B.
Christner, and C. M. Foreman (2008), Antarctic subglacial water:
Origin, evolution, and ecology, in Polar Lakes and Rivers, edited
by W. F. Vincent and J. Laybourn-Parry, pp. 119–135, Oxford
Univ. Press, Oxford, U. K.

Purdy, K. J., I. Hawes, C. L. Bryant, A. E. Fallick, and D. B.
Nedwell (2001), Estimates of sulphate reduction rates in Lake
Vanda, Antarctica support the proposed recent history of the lake,
Antarct. Sci., 13, 393–399.

Rohde, R. A., P. B. Price, R. C. Bay, and N. E. Bramall (2008), In
situ microbial metabolism as a cause of gas anomalies in ice,
Proc. Natl. Acad. Sci. U. S. A., 105, 8667–8672.

SKIDMORE 79



Rothschild, L. J., and R. L. Mancinelli (2001), Life in extreme
environments, Nature, 409, 1092–1101.

Roussel, E. G., M. A. Cambon-Bonavita, J. Querellou, B. A. Cragg,
G. Webster, D. Prieur, and R. J. Parkes (2008), Extending the
sub-sea-floor biosphere, Science, 320, 1046.

Royston-Bishop, G., J. C. Priscu, M. Tranter, B. Christner, M. J.
Siegert, and V. Lee (2005), Incorporation of particulates into
accreted ice above subglacial Vostok Lake, Antarctica, Ann.
Glaciol., 40, 145–150.

Sattley, W. M., and M. T. Madigan (2007), Cold-active acetogenic
bacteria from surficial sediments of perennially ice-covered Lake
Fryxell, Antarctica, FEMS Microbiol. Lett., 272, 48–54.

Scherer, R. P., A. Aldahan, S. Tulaczyk, G. Possnert, H. Engelhardt,
and B. Kamb (1998), Pleistocene collapse of the West Antarctic
ice sheet, Science, 281, 82–85.

Sharp, M., J. Parkes, B. Cragg, I. J. Fairchild, H. Lamb, and M.
Tranter (1999), Widespread bacterial populations at glacier beds
and their relationship to rock weathering and carbon cycling,
Geology, 27, 107–110.

Sharp, M., R. A. Creaser, and M. Skidmore (2002), Strontium
isotope composition of runoff from a glaciated carbonate terrain,
Geochim. Cosmochim. Acta, 66, 595–614.

Siegert, M. J. (2005), Lakes beneath the ice sheet: The occurrence,
analysis, and future exploration of Lake Vostok and other
Antarctic subglacial lakes, Annu. Rev. Earth Planet. Sci., 33,
215–245.

Siegert, M. J., and A. J. Payne (2004), Past rates of accumulation
in central West Antarctica, Geophys. Res. Lett., 31, L12403,
doi:10.1029/2004GL020290.

Simoes, J. C., J. R. Petit, R. Souchez, V. Y. Lipenkov, M.
De Angelis, L. B. Liu, J. Jouzel, and P. Duval (2002), Evidence
of glacial flour in the deepest 89 m of the Vostok ice core, Ann.
Glaciol., 35, 340–346.

Skidmore, M. L., and M. J. Sharp (1999), Drainage behaviour of a
high Arctic polythermal glacier, Ann. Glaciol., 28, 209–215.

Skidmore, M. L., J. M. Foght, and M. J. Sharp (2000), Microbial
life beneath a high Arctic glacier, Appl. Environ. Microbiol., 66,
3214–3220.

Skidmore, M., S. P. Anderson, M. Sharp, J. Foght, and B. D. Lanoil
(2005), Comparison of microbial community compositions of
two subglacial environments reveals a possible role for microbes
in chemical weathering processes, Appl. Environ. Microbiol., 71,
6986–6997.

Skidmore, M., M. Tranter, S. Tulaczyk, and B. Lanoil (2010),
Hydrochemistry of ice stream beds—evaporitic or microbial
effects?, Hydrol. Processes, 24, 517–523.

Smith, A. M., and T. Murray (2009), Bedform topography and basal
conditions beneath a fast-flowing West Antarctic ice stream,
Quat. Sci. Rev., 28, 584–596.

Smith, B. E., H. A. Fricker, I. R. Joughin, and S. Tulaczyk (2009),
An inventory of active subglacial lakes in Antarctica detected by
ICESat (2003–2008), J. Glaciol., 55, 573–595.

Souchez, R., J. R. Petit, J. Jouzel, J. Simöes, M. de Angelis, N.
Barkov, M. Stiévenard, F. Vimeux, S. Sleewaegen, and R. Lorrain

(2002), Highly deformed basal ice in the Vostok core, Antarctica,
Geophys. Res. Lett., 29(7), 1136, doi:10.1029/2001GL014192.

Souchez, R., J. Jouzel, A. Landais, J. Chappellaz, R. Lorrain, and
J.- L. Tison (2006), Gas isotopes in ice reveal a vegetated central
Greenland during ice sheet invasion, Geophys. Res. Lett., 33,
L24503, doi:10.1029/2006GL028424.

Statham, P. J., M. Skidmore, and M. Tranter (2008), Inputs of
glacially derived dissolved and colloidal iron to the coastal ocean
and implications for primary productivity, Global Biogeochem.
Cycles, 22, GB3013, doi:10.1029/2007GB003106.

Stotler, R. L., S. K. Frape, T. Ruskeeniemi, L. Ahonen, T. C.
Onstott, and M. Y. Hobbs (2009), Hydrogeochemistry of ground-
waters in and below the base of thick permafrost at Lupin,
Nunavut, Canada, J. Hydrol., 373, 80–95.

Studinger, M., R. E. Bell, D. D. Blankenship, C. A. Finn, R. A.
Arko, D. L. Morse, and I. Joughin (2001), Subglacial sediments:
A regional geological template for ice flow in West Antarctica,
Geophys. Res. Lett., 28, 3493–3496.

Studinger, M., et al. (2003a), Ice cover, landscape setting, and
geological framework of Lake Vostok, East Antarctica, Earth
Planet. Sci. Lett., 205, 195–210.

Studinger, M., G. D. Karner, R. E. Bell, V. Levin, C. A. Raymond,
and A. A. Tikku (2003b), Geophysical models for the tectonic
framework of the Lake Vostok region, East Antarctica, Earth
Planet. Sci. Lett., 216, 663–677.

Szewzyk, U., R. Szewzyk, and T. A. Stenstrom (1994), Thermo-
philic, anaerobic-bacteria isolated from a deep borehole in granite
in Sweden, Proc. Natl. Acad. Sci. U. S. A., 91, 1810–1813.

Tabacco, I. E., P. Cianfarra, A. Forieri, F. Salvini, and A. Zirizotti
(2006), Physiography and tectonic setting of the subglacial lake
district between Vostok and Belgica subglacial highlands
(Antarctica), Geophys. J. Int., 165, 1029–1040.

Takacs, C. D., J. C. Priscu, and D. M. McKnight (2001), Bacterial
dissolved organic carbon demand in McMurdo Dry Valley lakes,
Antarctica, Limnol. Oceanogr., 46(5), 1189–1194.

Tranter, M., G. H. Brown, A. Hodson, A. M. Gurnell, and M. J.
Sharp (1994), Variation in the nitrate concentration of glacial
runoff in alpine and sub-polar environments, IAHS Publ., 223,
299–311.

Tranter, M., M. J. Sharp, G. H. Brown, I. C. Willis, B. P. Hubbard,
M. K. Nielsen, C. C. Smart, S. Gordon, M. Tulley, and H. R.
Lamb (1997), Variability in the chemical composition of in situ
subglacial meltwaters, Hydrol. Processes, 11, 59–77.

Tranter, M., M. J. Sharp, H. R. Lamb, G. H. Brown, B. P. Hubbard,
and I. C. Willis (2002), Geochemical weathering at the bed of
Haut Glacier d'Arolla, Switzerland—a new model, Hydrol. Pro-
cesses, 16, 959–993.

Tranter, M., M. Skidmore, and J. Wadham (2005), Hydrological
controls on microbial communities in subglacial environments,
Hydrol. Processes, 19, 995–998.

Tulaczyk, S., B. Kamb, R. P. Scherer, and H. F. Engelhardt (1998),
Sedimentary processes at the base of a West Antarctic ice stream:
Constraints from textural and compositional properties of sub-
glacial debris, J. Sediment. Res., 68, 487–496.

80 MICROBIAL COMMUNITIES IN ANTARCTIC SAE



Tulaczyk, S., B. Kamb, and H. Engelhardt (2000), Basal mechanics
of Ice Stream B, West Antarctica 2. Undrained plastic bed model,
J. Geophys. Res., 105, 483–494.

Tung, H. C., N. E. Bramall, and P. B. Price (2005), Microbial origin
of excess methane in glacial ice and implications for life on Mars,
Proc. Natl. Acad. Sci. U. S. A., 102, 18,292–18,296.

Vogel, S. W. (2004), The basal regime of the West Antarctic Ice
Sheet. Interaction of subglacial geology with ice dynamics, Ph.D.
thesis, Univ. of Calif. at Santa Cruz, Santa Cruz.

Vogel, S. W., S. Tulaczyk, and I. R. Joughin (2003), Distribution of
basal melting and freezing beneath tributaries of ice stream C:
Implication for the Holocene decay of the West Antarctic ice
sheet, Ann. Glaciol., 36, 273–282.

Vogel, S. W., S. Tulaczyk, B. Kamb, H. Engelhardt, F. D. Carsey,
A. E. Behar, A. L. Lane, and I. Joughin (2005), Subglacial
conditions during and after stoppage of an Antarctic ice stream:
Is reactivation imminent?, Geophys. Res. Lett., 32, L14502,
doi:10.1029/2005GL022563.

Voytek, M. A., J. C. Priscu, and B. B. Ward (1999), The distribution
and relative abundance of ammonia-oxidizing bacteria in lakes
of the McMurdo Dry Valley, Antarctica, Hydrobiologia, 401,
113–130.

Wadham, J. L., S. Bottrell, M. Tranter, and R. Raiswell (2004),
Stable isotope evidence for microbial sulphate reduction at the
bed of a polythermal high Arctic glacier, Earth Planet. Sci. Lett.,
219, 341–355.

Wadham, J. L., M. Tranter, M. Skidmore, A. J. Hodson, J. Priscu,
W. B. Lyons, M. J. Sharp, P. Wynn, and M. Jackson (2010),
Biogeochemical weathering under ice: Size matters, Global Bio-
geochem. Cycles, 24, GB3025, doi:10.1029/2009GB003688.

Ward, B. B., and J. C. Priscu (1997), Detection and characterization
of denitrifying bacteria from a permanently ice-covered Antarctic
lake, Hydrobiologia, 347, 57–68.

Wetzel, R. G. (2001), Limnology: Lake and River Ecosystems,
3rd ed., Academic Press, San Diego, Calif.

Wingham, D. J., M. J. Siegert, A. Shepherd, and A. S. Muir (2006),
Rapid discharge connects Antarctic subglacial lakes, Nature,
440, 1033–1036.

Wright, A., and M. J. Siegert (2011), The identification and
physiographical setting of Antarctic subglacial lakes: An update
based on recent discoveries, in Antarctic Subglacial Aquatic Envi-
ronments, Geophys. Monogr. Ser., doi: 10.1029/2010GM000933,
this volume.

Wynn, P. M., A. J. Hodson, T. H. E. Heaton, and S. R. Chenery
(2007), Nitrate production beneath a High Arctic Glacier, Sval-
bard, Chem. Geol., 244, 88–102.

M. Skidmore, Department of Earth Sciences, Montana State
University, Bozeman, MT 59717, USA. (skidmore@montana.edu)

SKIDMORE 81



Subglacial Lake Sediments and Sedimentary Processes:
Potential Archives of Ice Sheet Evolution, Past Environmental Change,

and the Presence of Life

M. J. Bentley,1 P. Christoffersen,2 D. A. Hodgson,3 A. M. Smith,3 S. Tulaczyk,4 and A. M. Le Brocq1,5

The development of funded programs to drill into deep continental Antarctic
subglacial lakes means that there is an imminent prospect of retrieving the first
sediments from isolated and unexplored aquatic environments beneath Earth’s largest
ice sheet. Here we demonstrate how these sediments are potential archives of
information on past ice sheet configurations, paleoenvironmental change, and the
presence of life in the deep, dark, and cold setting of subglacial lakes. We review
what is known about the physical characteristics of subglacial lake sediments,
indirectly from remote geophysical surveys of modern and former subglacial lakes
and directly from sampling of sediments in former subglacial lakes emerging at the
margin of the Antarctic ice sheet and terrestrial settings elsewhere. We show that
mean sedimentation rates in subglacial lakes can vary from near zero to several
millimeters per year and that the thickness of sedimentary sequences in subglacial
lakes ranges from a few centimeters to several hundred meters. The most important
control on sedimentation rate and sediment thickness is likely to be the amount of
sediment-laden water delivered by regional basal water systems. Episodic lake
discharge will also likely have a significant impact on some sedimentary sequences.
On the basis of our review and previously documented limnological and glaciolog-
ical processes, we propose a conceptual model of subglacial lake sedimentation that
we apply to lakes Vostok, Ellsworth, andWhillans.We discuss the implications of the
likely sediment physical characteristics for designing coring technologies and for the
choice of analytical procedures to examine sediment samples from subglacial lakes.

1. INTRODUCTION

It has long been recognized that sedimentary sequences
preserved in Antarctic subglacial lakes will likely record
information on past environmental change. For example, the
early inference, from seismic evidence, of thick sediments
beneath Vostok Subglacial Lake (hereinafter referred to as
Lake Vostok) was used to discuss the potential for retrieving
long paleoenvironmental records potentially dating back to
at least the Late Cenozoic [Siegert et al., 2001].
There are three primary interests in retrieving and analyzing

such sediments [Siegert et al., 2006]. First, the sediments may
record changes over time (cyclic or otherwise) in conditions
at the base of the ice sheet. For example, it is possible that the
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composition of subglacial lake sediments may vary in re-
sponse to the succession of glacial-interglacial cycles, with
changes in both the volume of sediments, and in sedimentary
composition. Second, some lakes may preserve nonglacial
sediments deposited during intervals of ice sheet retreat or
collapse. For example, the presence of marine sediment units
in sediment cores from subglacial lakes beneath the West
Antarctic Ice Sheet (WAIS) might be reasonably interpreted
as evidence of former WAIS collapse events. A major attrac-
tion of using subglacial sediments to infer paleoenvironmental
or ice sheet change is that many lakes are thought likely to
contain sediments substantially older than the maximum
length of the record provided by ice cores (currently ~780 ka
[e.g., Augustin et al., 2004]). In fact, because much of the
sediment is derived from the ice sheet base, the sedimentary
record “should pick up where the ice cores leave off ” [Doran
et al., 2004]. For example, it has been speculated that the
sedimentary record in Lake Vostok (Figure 1) may extend
back to, and perhaps even predate, the initiation of East Ant-
arctic Ice Sheet (EAIS) growth at >30 Ma [Siegert et al.,
2001]. A third justification for the study of subglacial sedi-
ments is that direct detection of organic geochemical and geo-
chemical fingerprints in the sediments may provide evidence
of life surviving in subglacial environments, particularly at the
relatively nutrient-rich sediment-water interface, and the sedi-
ments may also record changes in these microbial communi-
ties through time [Siegert et al., 2006].
Understanding of sediments and sedimentary processes in

deep subglacial aquatic environments is so far based either
on remote geophysical measurements of lake sediments, or
on lake sediments with inferred subglacial origin. Although
the exact nature of sedimentary sequences in subglacial lakes
will not be fully established until sediment samples from
modern lakes are available, there is a growing body of evi-
dence emerging from the geophysical surveys of modern
subglacial lakes and paleoanalogs and from sampling of
lakes previously overridden by glaciers or ice sheets. Here
we bring together the results from these studies, along with a
knowledge of limnological processes with the aim to develop
a conceptual model of sedimentation in subglacial lakes.
At present, there are three funded programs to drill into

subglacial lakes. The lakes targeted for direct exploration are
Lake Vostok (Russian-led) under the EAIS and Subglacial
Lake Whillans (hereinafter referred to as Lake Whillans)
(U.S.-led WISSARD project, www.wissard.org) and Ells-
worth Subglacial Lake (hereinafter referred to as Lake Ells-
worth) (U.K.-led Ellsworth Consortium, www.geos.ed.ac.
uk/ellsworth) under the WAIS (Figure 1). The latter two of
these projects have specifically identified subglacial sedi-
ment retrieval as a priority objective, and so we focus on the
likely sediment characteristics in these lakes. The Lake Vos-

tok program currently has no published plans to penetrate the
sedimentary sequence on the lake floor. However, the existing
geophysical surveys of the deep sediment deposits, along
with important questions about the long-term environmental
history of the EAIS make Lake Vostok a likely long-term
target for future coring, so we include it in the discussion of
sedimentary processes in this review.

2. SUBGLACIAL LAKE SEDIMENTS AS ARCHIVES
OF PALEOENVIRONMENTAL CHANGE

Aerogeophysical surveys have been carried out in the Ant-
arctic since the International Geophysical Year in 1957–1958,
and it was surveys from the 1960s that led to the discovery of
subglacial lakes beneath the ice sheet [Oswald and Robin,
1973]. Subsequent studies of these lakes were intermittent, but
interest in subglacial Antarctic lakes increased after microor-
ganisms were detected in the accreted ice layer over Lake
Vostok [Jouzel et al., 1999; Karl et al., 1999; Siegert, 2000].
A second stimulus came from satellite imaging of surface
elevation change showing lake interconnections and rapid
hydrological discharge [Gray et al., 2005; Wingham et al.,
2006; Fricker et al., 2007]. Recent research has focused large-
ly on (1) the nature and sustainability of living organisms in
the dark and atmospherically decoupled subglacial aquatic
environment [Christner et al., 2006], (2) bathymetry and cir-
culation of water masses [Mayer et al., 2003; Studinger et al.,
2004; Thoma et al., 2007, 2008b], and (3) ice accretion and the
physical interaction of lakes with the overlying ice sheet [Bell
et al., 2002; Tikku et al., 2004; Pattyn et al., 2004; Pattyn,
2008; Thoma et al., 2010]. Sedimentary sequences in subgla-
cial lakes are central to all three of these foci for subglacial lake
research. First, the lake floor is a key site for future biological
investigations because studies of oligotrophic (nutrient-poor)
subaerial lakes show that sedimentary biomass and activity
rates are generally much higher than those in the overlying
water column. Second, geochemical analyses of lake sedi-
ments may yield evidence of past changes in water composi-
tion and circulation. Third, the physical properties and lateral
distribution of lake sediments can be used to identify hydro-
logic and physical interactions with the overlying ice sheet.

2.1. Subglacial Lake Sediments Inferred From Antarctic
Geophysical Surveys

Airborne surveys have been carried out with the specific
intent to elucidate the setting and physiography of subglacial
lakes [Bell et al., 2002; Studinger et al., 2003, 2004; Tikku et
al., 2004; Carter et al., 2007; Vaughan et al., 2007; Filina et
al., 2008]. These surveys have identified ice flow directions
over subglacial lakes, constrained the rates of melting and
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freezing of the ice-water interface, and produced estimates
of lake water residence time. However, the potential of
subglacial lakes to act as proxy for climatic and other envi-
ronmental processes relies on sedimentary processes and the
preservation of sediment accumulations on the lake floor.
Whereas excellent new constraints on subglacial lake phys-
iography have been derived from recent surveys, the detailed
extent and thickness of sedimentary sequences remain largely
unknown. This conspicuous lack of information is related to
the need for ground-based seismic investigations, which are
difficult and logistically challenging undertakings in remote
polar regions, but nonetheless central to the elucidation of
subglacial sediment characteristics.
Seismic soundings have, however, been carried out over

Lake Vostok for several decades, and these reveal the possible
presence of several hundreds of meters of unconsolidated
sediments below the main body of water [Masolov et al.,
2006; Filina et al., 2007]. Filina et al. [2008] integrated these
soundings in a gravity model that includes the presence of
unconsolidated lake sediment with assumed density of 1850
kg/m3. The model was developed from airborne geophysical
data collected in 2000/2001. The same data set was used in
previous gravity models, but unconsolidated lake sediment
was not included in the earlier studies, which focused either
on the tectonic setting of the lake [Studinger et al., 2003] or
simply the bathymetry of the lake itself [Studinger et al.,
2004]. The integration of unconsolidated lake sediment in a
gravity model shows that Lake Vostok may contain 2600 km3

of such sediment, including sequences in excess of 300 m
thick [Filina et al., 2008]. The modeled distribution of uncon-
solidated sediment and the associated lake bathymetry are
shown in Plate 1. Although gravity modeling offers a novel
means to examine the possible presence and thickness of a
sedimentary body, it does not inform us of the physical char-
acter of sedimentary units or sequences within the body.
The physical character and lateral distribution of subglacial

sediments can be inferred from seismic experiments. Seismic
reflections have been successfully used to identify soft till
with a porosity of 40% beneath Antarctic ice streams [Blan-
kenship et al., 1986, 1987]. Till cores sampled from boreholes
subsequently confirmed this porosity [Engelhardt et al.,
1990], and the close match between seismic estimate and
direct observations showed that seismic facies can be success-
fully converted to physical properties. Seismic profiling has
more recently been used in Antarctica to determine the lateral
distribution of sediment beneath ice streams [Smith, 1997;
Anandakrishnan et al., 1998; Peters et al., 2008], observe the
formation of subglacial sedimentary landforms [Smith et al.,
2007; King et al., 2009; Smith and Murray, 2009], and exam-
ine subglacial hydrologic systems [Peters et al., 2007; Smith
et al., 2007; Winberry et al., 2009]. Peters et al. [2008] used

seismic investigations to determine the extent and depth of a
subglacial lake near the South Pole. Figure 2 shows a seismic
profile across Lake Ellsworth. This 10 km long and 3 kmwide
lake is situated in a topographic depression and below more
than 3 km of ice in central West Antarctica [Siegert et al.,
2004; Vaughan et al., 2007]. These seismic profiles reveal a
water column up to 156 m [Woodward et al., 2010] and the
presence of underlying unconsolidated lake sediments [Smith
et al., 2008]. The seismic character of sediment in Lake Ells-
worth is not yet fully established, but it includes reflectors
from geological boundaries at and below the lake floor and
along shorelines. The seismic profiles from Lake Ellsworth
differ from profiles of subaerial lakes because the lack of
direct sampling means that the acoustic properties cannot be
directly calibrated and interpreted.

2.2. Subglacial Paleolakes as Analogs of the Modern
Environment

The widespread presence of subglacial lakes below the
Antarctic ice sheet suggests that geological remains of for-
mer subglacial lakes (henceforth referred to as subglacial
paleolakes) should exist in previously glaciated regions.
Identification and investigations of subglacial paleolakes are
important because their exposed state offers a means to
determine the extent and composition of sedimentary sequences

Figure 1. Location map. Background is a hillshade of a modified
version of the digital elevation model of Bamber et al. [2009].
Circles and lake outline mark contemporary subglacial lakes dis-
cussed in text. Diamonds mark former subglacial lakes. Coastline is
from MOA (T. Haran et al., MODIS mosaic of Antarctica (MOA)
image map, National Snow and Ice Data Center, Boulder, Colorado,
2005, available at http://nsidc.org/data/nsidc-0280.html).
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formed in subglacial aquatic environments. Geophysical sur-
veys and sediment samples from these paleoanalogs provide
a means to guide the interpretation of seismic facies from
geophysical surveys over modern subglacial lakes because
the absence of ice cover improves the resolution and quality
of seismic reflection data. Accurate interpretations of seismic
facies are crucial because they inform the choice of drill sites
for direct exploration. Moreover, the analysis of subglacial
paleolakes offers a cost-effective opportunity to test hypoth-
eses relating to subglacial biological activity and the coloni-
zation, succession, and extinction of microorganisms in
subglacial environments. They may also serve as testing
grounds for the technology needed for direct exploration of
deep continental subglacial lakes.
The presence of low energy subglacial lacustrine environ-

ments beneath former ice sheets has been inferred from
geological studies in southern Norway [Gjessing, 1960],
eastern Ireland [McCabe and Ó Cofaigh, 1994], central
Europe [van Rensbergen et al., 1999], and southwest Canada
[Munro-Stasiuk, 2003; Russell et al., 2003]. These observa-
tions yield important insights into sedimentary processes
associated with subglacial meltwater. Geological evidence

Plate 1.Maps showing (left) bathymetry and (right) thickness of unconsolidated sediment from gravity modeling of Lake
Vostok. Bathymetry has been calculated with respect to the ice sheet base as a datum, and so it shows water column
thickness. Red line is the lake coastline from radar data. Modified from Filina et al. [2008], reprinted with permission
from Elsevier.

Figure 2. Seismic profile across Lake Ellsworth showing water
depth up to approximately 150 m. Strong reflectors mark lake
ceiling and lake floor and their ghosts (labeled “multiples”). Dashed
circles highlight internal seismic indicators of sedimentary features
on and below the lake floor.
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in these studies was, however, found along the relatively
warm margins of former ice sheets or in Alpine regions, and
these settings are unlikely to offer a true analog of Antarctic
subglacial lakes (see section 3).
Better analogs of Antarctic subglacial aquatic environments

should ideally be found beneath the central parts of former ice
sheets. Previous studies suggested that subglacial lakes may
have existed in Hudson Bay, Canada [e.g., Shoemaker, 1991],
but subsequent work suggested that evidence of subglacial
floods at this location was caused by abrupt drainage of the
proglacial lakes Agassiz and Ojibway 8500 years ago and is
not associated with subglacial lakes [Clarke, 2003; Lajeu-
nesse and St-Onge, 2008]. Christoffersen et al. [2008] pro-
posed that an ideal analog of modern subglacial Antarctic
lakes may be found in the deep troughs located in the east
arm of the Great Slave Lake, Canada. The deepest of these
troughs is Christie Bay, where the lake floor is situated 620 m

below the lake’s surface and 480 m below sea level. The
location of this 100 km long trough (and the comparably deep
and adjacent McCloud Bay) is tectonically linked to brittle
splay faults from the Great Slave Lake shear zone. This shear
zone is a striking magnetic anomaly on the Canadian shield,
and it is the ancient root of a continental transform fault that
cut through the entire crust approximately 1.9 billion years
ago [Hoffman, 1987]. The geology and tectonic setting of
Christie and McCloud Bay is similar to the gravity-modeled
setting of Lake Vostok [Studinger et al., 2003].
The geological setting of the Great Slave Lake and the

formation of the >4 km thick Keewatin Ice Dome over the
Slave region during the Last Glacial Maximum [Dyke et al.,
2002; Peltier, 2002] make Christie and McCloud Bays ideal
candidates for finding Pleistocene environmental analogs of
deeply buried and tectonically associated subglacial lakes on
the central East Antarctic continent [Studinger et al., 2003;

Figure 3. Seismic profiles showing (a–c) subglacial lake sediment in the Great Slave Lake, Canada, and (d) Palmer Deep,
Antarctica. Figures 3a and 3b show transect across 620 m deep lake trough where 150 m of subglacial lake sediments
forms a seismically stratified sedimentary body. Figures 3c and 3d show seismically stratified and deltaic subglacial
sediments. Figures 3a–3c are modified from Christoffersen et al. [2008]. Figure 3d is modified from Rebesco et al. [1998],
reprinted with permission from Elsevier.
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Bell et al., 2006]. Seismic surveys of Christie Bay have
identified a 150 m thick sequence of fine-grained sediments
below a 20 m thick drape consisting of varves of late glacial
and postglacial sediments (Figures 3a and 3b). The lower
sequence was interpreted to represent material accumulated
from sediment-laden turbidity currents (underflows) in a
subglacial aquatic environment where ambient lake water
was warmer and lighter than subglacial meltwater [Christof-
fersen et al., 2008]. The sedimentary sequence imaged in the
Great Slave Lake is similar to seismically inferred sediments
in the >1400 m deep Palmer Deep basin on the western side
of the Antarctic Peninsula (Figures 3c and 3d). Here Rebesco
et al. [1998] estimated that a 200 m thick sequence of silt and
clay was deposited in a subglacial cavity. This interpretation
is supported by geomorphologic constraints, which further
indicate that the lake was up to 800 m deep and contained
about 30 km3 of water [Domack et al., 2006]. Another
similar sequence of sediments is found in the >800 m deep
Hektoria basin, exposed after the collapse of the Larsen B ice
shelf in 2002: sediment samples from this site may be avail-
able in 2010 (E. Domack, personal communication, 2009).
Christoffersen et al. [2008] used the seismic profiles of the
Great Slave Lake sedimentary sequences to interpret a
change in dominant depositional mechanism from underflow
to suspension settling due to the transition from subglacial to
proglacial setting. This transition may be more complex:
underflows may, for example, remain the dominant deposi-
tional mechanism if dissolved or suspended sediment loads
make inflowing water denser than the ambient lake water.
The underflows in proglacial lakes should, however, produce
different sedimentary sequences compared to underflows in
subglacial lakes because seasonal variations in the produc-
tion of surface meltwater and lake-ice cover are likely to
produce rhythmically laminated structures such as varves
[e.g., Lewis et al., 2002]. Varves are unlikely to exist in
sedimentary sequences in deep subglacial lakes unaffected
by surface processes. A transition from dominant deposition
by underflows to suspension settling within subglacial lakes
may, on the other hand, occur if sediment load of meltwater is
small and if the ice cover is less than a critical limit. As
pointed out by Wuest and Carmack [2000], there is a thresh-
old of ice thickness that fundamentally defines the circulation
regime of subglacial lakes. In deep subglacial lakes where ice
cover is greater than ~3 km, the water column should be
convectively unstable such that warming increases buoyancy
and causes cold water at the ice-water interface to sink.
Sedimentation is thus likely to be underflow-dominated. In
cases where the ice cover is less than this critical limit, the
water column can become stratified because the temperature-
buoyancy relationship reverses so that geothermally heated
bottom water becomes denser than cold meltwater at the lake

ceiling. In this case, the water column should become strat-
ified, and the stratification should strengthen with decreasing
water column height owing to the increased effect from
geothermal heat [Thoma et al., 2008b; Williams, 2001]. Sed-
imentation within stratified lakes may be influenced by sus-
pension settling, although this would require a small sediment
load of the subglacial meltwater. Lake Vostok has >3 km of
ice overburden, but Lake Whillans has ~1 km. The implica-
tion of Wuest and Carmack’s [2000] model is that lakes
beneath thinner ice, such as Whillans, may experience differ-
ent sedimentation mechanisms (overflows). Lake Ellsworth is
unique in that the critical thermodynamic boundary (where the
thermal expansivity of water changes sign) actually lies within
the lake [Woodward et al., 2010]. Potential consequences of
this for water circulation and sedimentation are uncertain, but
the processes may be different to both deeper and shallower
subglacial lakes.

3. DIRECT INFORMATION FROM SURFACE
EXPOSURES AND SEDIMENT CORES ACQUIRED

FROM SUBGLACIAL PALEOLAKES

A great deal is known about the physical properties of
subglacial sediments from the reworked and discharged de-
posits found in glacial forelands and in glaciomarine sedi-
ments offshore of most of the world’s major ice sheets. In
contrast, very little is known about sediments accumulating
in deep continental subglacial lakes. This dearth of informa-
tion is related to the fact that subglacial lakes have not yet
been directly explored, and there have been only a few
opportunities for direct studies of subglacial lake sediments
exposed in previously glaciated terrain or around the margin
of an existing ice sheet. To our knowledge, there are only two
environments in Antarctica where direct sampling and anal-
ysis of former subglacial lakes have been achieved (Palmer
Deep has been interpreted as a former subglacial lake, but
coring has not penetrated into the subglacial sediment units
[Domack et al., 2006]). The first of these is in shallow
subglacial lakes emerging from under the margins of the
EAIS near Larsemann Hills (e.g., Progress Lake [Hodgson
et al., 2006]), and the second is around the margins of the
Antarctic Peninsula Ice Sheet on Alexander Island (e.g.,
Hodgson Lake [Hodgson et al., 2009b, 2009a]). These lakes
have emerged from under the retreating margins of the ice
sheet since the Last Glacial Maximum and retain lake sedi-
ment records deposited when they were overridden by the
maximum ice sheet.
In Progress Lake, the most marked feature of the subgla-

cial sediment was the very low volume of deposition, with
4 cm deposited during the onset of glaciation after Marine
Isotope Stage 5e, <1 cm deposited under subglacial
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conditions, and 6 cm deposited during Termination 1 before
the lake once again was exposed by retreating ice in the late
Holocene and accumulated >16 cm of sediment. On the
basis of the <1 cm of accumulated subglacial sediments and
the near absence of fossil and biogeochemical markers of
biological activity, the lake appears to have experienced a
near-hiatus in biological activity and sediment deposition
for a period of approximately 90,000 years, with the ex-
ception of a few submillimeter thick sand layers. Although
an erosional unconformity cannot be ruled out, it is unlikely
because the Marine Isotope Stage 5e deposit consists of soft
decayed compressed cyanobacterial mats, which would
have been easily removed on ice contact and thus suggests
that the stratigraphy is intact.
In contrast, in Hodgson Lake, which today remains sealed

beneath thick perennial lake ice (Plate 2), a more active
overriding ice sheet delivered sediment at a faster rate with
3.8 m of sediment accumulating during the last approximately
93 ka. This has enabled detailed physical, chemical, and
biological analysis to be carried out on samples of subglacial
lake sediments [Hodgson et al., 2009b, 2009a]. These analy-
ses revealed (Figure 4) that the sediment is composed of fine-
grained sediments together with sands, gravels, and small
clasts whose changing relative abundances were interpreted
as tracking changes in the subglacial depositional environment
linked principally to changing glacier dynamics and mass

transport and indirectly to climate change. There was no
evidence from sediment cores of overriding glaciers being in
contact with the bed, reworking the stratigraphy or eroding
this sediment, suggesting that the lake existed through the last
glaciation in a subglacial cavity. To confirm this, however,
requires geophysical data or more cores from the site to
determine the size and potential temporal variability of the
subglacial cavity by looking for unconformities in the sedi-
ment stratigraphy.
As there have been no direct observations from subglacial

lakes to date, we cannot yet directly compare the sedimen-
tary characteristics of Progress Lake and Hodgson Lake with
observations from any modern deep continental subglacial
lake. However, the demise of ice sheets in the Northern
Hemisphere has, as pointed out above, exposed sedimentary
environments inferred as being derived from subglacial pa-
leolakes. For example, the preglacial McGregor and Tee Pee
Valleys in south-central Alberta, Canada, contain a complex
sequence of deposits that record the regional glacial history
from initial Laurentide Ice Sheet advance through to degla-
ciation. It has been suggested from these deposits that large
volumes of water accumulated as subglacial lakes in the
preglacial valleys, that acted as a large-scale interconnected
cavity system that both stored and transported water during
occupation by the Laurentide Ice Sheet [Munro-Stasiuk,
2003]. Unlike the sedimentary sequence in the 620 m deep

Plate 2. Hodgson Lake (72-00.55′S, 068-27.71′W), center, has emerged from >300 m of overlying glacial ice during the
last few thousand years. The modern geomorphology and limnology are described by Hodgson et al. [2009b]. The
paleolimnology was studied through analysis of a 3.8 m long sediment core extracted at a depth of 93.4 m below the ice
surface. The core was dated using a combination of radiocarbon, optically stimulated luminescence and RPI dating
incorporated into a chronological model.
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east arm of the Great Slave Lake [Christoffersen et al.,
2008], the inferred subglacial lake sediments in south-central
Alberta are now exposed at the surface and can therefore be
sampled directly. Analyses of these sediments showed that
they consist of massive silty diamictons composed of ap-
proximately 55% silt, approximately 30% sand, and approx-
imately 15% clay, which in various stratigraphic units
include blocks of clayey diamicton; small soft sediment
clasts; diamicton and silt couplets with large, rounded, soft-
sediment clasts silt/clay couplets; and rippled silt and sand
beds. These document a subaqueous environment subject to
a range of sedimentary processes including gravity flow,
water transport, and suspension settling. During the early
stages of lake existence, numerous sets of shear planes in

the sedimentary beds indicate that the base of the ice often
contacted the bed. During the later stages of lake existence,
the lake environment was relatively stable and accumulated
fine-grained sediments. Gradual drainage of the lake resulted
in lowering of the ice onto the lake beds resulting in subgla-
cial till deposition. Drainage was not a single continuous
event, but was characterized by multiple phases of near total
drainage (till deposition), followed by water accumulation
(lake sedimentation). Water accumulation events became
successively less significant, reflected by thinning of lake
beds and thickening of till beds higher in the stratigraphic
sequence [Munro-Stasiuk, 2003]. Since subglacial lake sed-
imentation appears to be restricted to the subglacial valleys,
it has been suggested that these acted as major routes of

Plate 3. Estimated catchment sizes for lakes Vostok, Ellsworth, and Whillans. The maps use BEDMAP topography [Lythe
and Vaughan, 2001] and the ice sheet digital elevation model from Bamber et al. [2009]. Coastline is fromMOA (T. Haran
et al., MODIS mosaic of Antarctica (MOA) image map, National Snow and Ice Data Center, Boulder, Colorado, 2005,
available at http://nsidc.org/data/nsidc-0280.html). Catchments are calculated using the approach of Wright et al. [2008].
(a) Lake Ellsworth, (b) Location map, (c) Lake Whillans, and (d) Lake Vostok. See text for discussion.
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water flow beneath the southern Laurentide Ice Sheet. How-
ever, this interpretation of the Alberta Lakes has been chal-
lenged by Evans et al. [2006], who suggest that the
sedimentary sequences could be the product of proglacial
rather than subglacial lakes. The work by Evans et al. [2006]
highlights one of the major difficulties with inferring subgla-
cial lake sediments, namely, that we do not have well-studied
modern analogs from which to determine characteristic fa-
cies models. Without these, there is always the risk of circu-
lar reasoning: inferring subglacial sediment characteristics
from sedimentary sequences assumed to be subglacial. The
retrieval of sediment cores from active subglacial lakes will
begin to address this problem.
McCabe and Ó Cofaigh [1994] also inferred a former

subglacial lake as part of the subglacial drainage network
identified in Enniskerry, eastern Ireland. Many of their sedi-
ment exposures were associated with meltwater efflux (entry)
points into the lake and are characterized by complex se-
quences of coarse unsorted material up to and including
boulder-sized deposits, overlain by finer (sand to clay-sized)
material with sedimentary structures recording deposition
from waning flows. They noted the lack of Gilbert-type
deltas and suggested that this therefore may be a former
subglacial, rather than proglacial, lake site. The implication
of the McCabe and Ó Cofaigh [1994] study is that the
margins of subglacial lakes will accumulate a complex record,

containing significant coarse material. There is a relatively
small volume of fine-grained (silt-clay) sediment in the En-
niskerry example: this has been attributed to a continuously
active subglacial throughflow, which is also supported by the
presence of unidirectional paleoflow indicators in the center
of the basin [McCabe and Ó Cofaigh, 1994]. Instead, there
are numerous layers of interfingered winnowed diamict. Like
the Lake McGregor example in Canada, the Enniskerry sedi-
ment has been periodically deformed by the drag of the ice
roof, especially in exposures where there is evidence for
substantial accumulations of sediment at efflux points, and
which may have shoaled upward to reach the basal ice. In
places, these sequences pass upward into basal till.
The subglacial lake environments from beneath former ice

sheets are useful in the sense that they have identified im-
portant sedimentary processes and products. However, for
the reasons outlined above, it is not immediately clear that
they can be demonstrably classed as subglacial lake sedi-
ments or that they offer a true analog of deep continental
subglacial lakes in the Antarctic interior. For instance, cli-
mate reconstructions show that the southern margin of the
Laurentide Ice Sheet was warm and wet [Bromwich et al.,
2004, 2005], so it is likely that surface meltwater and pre-
cipitation falling as rain at rates up to several millimeters per
day during summer months [Bromwich et al., 2005] fed
subglacial water systems including lakes constrained by

Figure 4. Sedimentological data from the 3.8 m long Hodgson Lake sediment core. The sediments in zones A to C, which
date from the last glacial, consist of fine-grained sediments together with sands, gravels, and small clasts. In zone D, there
is a transition to finer grained sediments characteristic of lower-energy delivery, which is interpreted as the beginning of
the Holocene interglacial sediment regime [Hodgson et al., 2009a].
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valley topography in ice marginal settings. This environment
resembles modern conditions in Greenland, where surface
meltwater penetrates to the bed during warm summer months
[Zwally et al., 2002; Das et al., 2008; Shepherd et al., 2009]
and possibly the environment on the Antarctic Peninsula
where subglacial lakes may have existed in Palmer Deep and
in Hektoria Basin. In stark contrast, subglacial lakes in East
andWest Antarctica are isolated from the atmosphere and fed
exclusively by subglacial water forming from relatively slow
rates of basal melting (a few millimeters per year or less).
From these three examples, it can be seen that deposition

in former inferred subglacial environments ranges from what
appears to be a highly restricted deposition seen in the
passive environment of Progress Lake (sedimentation rate
close to zero), to several meters of undisturbed subglacial
sedimentation observed in Hodgson Lake at an average
linear rate of 0.04 mm yr�1, through to the highly dynamic
subglacial environments in the Palmer Deep, Great Slave
Lake, McGregor Lake, and Enniskerry, producing as much
as 100 m thick subglacial lake sedimentary sequences at
estimated linear rates >1 mm yr�1. These respective rates of
sediment accumulation will influence the composition and
resolution of paleoenvironmental records potentially stored
in subglacial lake sediments.

4. SEDIMENTARY PROCESSES
IN SUBGLACIAL LAKES

Since there are no direct measurements of processes in
Antarctic subglacial lakes, we have to use a combination of
indirect geophysical information and models, the known
composition of accreted ice above Lake Vostok and theoret-
ical understanding of water column stability and general
circulation. It is, in addition, important to draw on analogies
from a comprehensive literature on glacial and lacustrine
processes. Here we use such information to speculate on the
most likely processes and to develop a conceptual model of
subglacial lake sedimentation.

4.1. Water Circulation

The geophysical surveys over Lake Vostok have signifi-
cantly improved the boundary conditions of numerical mod-
els used to simulate the circulation of water in subglacial
lakes. The stability of the water column and the circulation of
water masses are geologically important because vertical
mixing and current velocity control the partitioning of sedi-
mentary particles in suspension and those deposited on the
lake floor. Early studies suggested that water in Lake Vostok
would be convectively unstable because the temperature of
maximum density of subglacial lake water is lower than the

freezing point when the overlying ice sheet is thicker than
3 km [Wuest and Carmack, 2000]. Meltwater forming at the
lake ceiling may sink because it is colder and therefore
denser than the ambient lake water. Application of a modi-
fied ocean general circulation model confirmed this potential
for vertical mixing, but showed that a stable circulation
pattern can be maintained only by temperature-induced den-
sity contrasts resulting from variations of the freezing point
along the inclined lake ceiling [Mayer et al., 2003]. Im-
proved boundary conditions and model physics have since
showed that water circulation in Lake Vostok is likely more
stable than previously thought [Thoma et al., 2007, 2008b].
Whereas the magnitudes of geothermal heat and conductive
heat loss into the overlying ice sheet affect the rates and
spatial distribution of melting and freezing, they exert little
effect on the turbulent kinetic energy of water in circulation.
Salinity, however, influences the freezing point and stabilizes
the water column because it reduces the density contrast
between cold fresh meltwater and less dense ambient lake
water. Geochemical analyses of accreted ice over Lake Vos-
tok indicate that salinity is unlikely to be higher than a few
per mille [Souchez et al., 2000] and probably between 1/20th
and 1/470th of seawater values [Christner et al., 2006], but
even small variations in salinity can modulate circulation and
potentially cause a change in the style of sedimentation. The
dampening effect of salinity on circulation is evident in the
numerical experiments of Thoma et al. [2008b], where tur-
bulent kinetic energy of water with 2‰ salinity is only half
of that of freshwater circulation.

4.2. Sediment Pathways

There are five likely sediment sources for subglacial lakes.
The first two are (1) material originally deposited on the ice
sheet surface and transported downward via surface accumu-
lation and flow to reach the lake ceiling and eventually “rain-
out” [Siegert, 2000] and (2) subglacially eroded material
frozen into basal layers of the ice sheet and melted out at the
ice-water interface. Both of these pathways deliver sediment
at the lake ceiling and only where the base of the ice sheet is
melting (often indicated by a very sharp basal reflector on
radar profiles). (3) A third source is transport of sediment in
subglacial water systems. An active hydrological network
beneath ice sheets has long been predicted by theory [e.g.,
Shreve, 1972; Nye, 1973] and shown under and at the mar-
gins of former ice sheets by geomorphologists [e.g., Sugden
et al., 1991; Lowe and Anderson, 2003; Sawagaki and Hir-
akawa, 1997]. An active subglacial hydrological system
beneath the Antarctic ice sheet has now been demonstrated
by satellite measurements of transient surface elevation
changes [Gray et al., 2005; Wingham et al., 2006; Fricker et
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al., 2007]. On the basis of analogy with studies of glacier
hydrology and sedimentation beneath and at the margins of
contemporary glaciers [Ashley et al., 1985], this latter path-
way may be highly effective in flushing large volumes of
sediment into subglacial lakes through influx points and
subsequent dispersal through the lake. Indeed, it is possible
that it may be volumetrically dominant over the subglacial
melt out of basal debris and rain-out of englacial and supra-
glacial debris. (4) Advection of subglacial sediment into
lakes may occur where the ice sheet is underlain by easily
deformable sediment, such as below ice streams. This will
not be present for lakes surrounded by bedrock. (5) The role
of chemical sedimentation within subglacial lakes is difficult
to assess, and although it is likely to be volumetrically minor,
it may create distinctive authigenic minerals. The potential
for chemical sedimentation will depend strongly on the lake
waters, on biogeochemical weathering processes [Skidmore
et al., 2010], and whether the lake is a closed hydrological
system and relatively rapid concentration and saturation can
occur.
Estimating the relative contribution of these sediment

pathways can be attempted with a knowledge of ice compo-
sition and flow, basal topography, and basal thermal regime.
For the supraglacial material (mostly dust), the sediment flux
into the lake will depend primarily on the flux onto the ice
surface (and thus dust concentration in the ice) and melt rates
at the ice sheet base. This source is likely to be volumetri-
cally very small, as shown by an order of magnitude estimate
from the dust content of ice cores. For example, the dust
content of the EPICA ice core mostly lies in the range 10 to
1000 ng dust/g of ice [Lambert et al., 2008]. Thoma et al.
[2008a] estimate a melt rate at the ceiling of Lake Vostok of
2.65 ± 0.10 cm yr�1. With an ice density of 0.9 g cm�3, this
suggests a dust flux of 20 to 2000 ng cm�2 yr�1. If all the
material is clay (ρ ≈ 2 g cm�3), this is equivalent to a
maximum sedimentation rate of ~0.01 μmyr�1, or 10 cmMa�1.
This rate would likely be slightly higher in West Antarctica,
where dust concentrations in ice tend to be higher. The supra-
glacial fluxmay contain extraterrestrial material: micrometeor-
ites have been observed in Lake Vostok accretion ice [Doran
et al., 2004]. This means that the sediments are likely to
contain meteorites, micrometeorites, and cosmic dust, and so
subglacial lake sediments may offer an opportunity to measure
long-term flux of extraterrestrial material [Doran et al., 2004].
For the subglacially eroded material, the flux into the lake

will depend primarily on the melt rate at the lake ceiling and
the concentration of basal debris in the ice sheet. The latter is
dependent on the basal thermal regime: the presence of
subglacial water promotes erosion, regelation, and freeze-on
of the sediment-bearing basal water film, but recent observa-
tions under glaciers show that the water is not necessarily a

requirement [Cuffey et al., 2000]. In broad terms, it might be
speculated that the larger the area of basal melting directly
upstream of a lake, the greater the likely delivery of subgla-
cially eroded material into the lake. Deposition of the sub-
glacially eroded material will probably be concentrated close
to the up-flow margin of the lake because progressive melt-
ing as the ice flows across the lake will exhaust the basal ice
layer. The lack of any coarse sediment material in that part of
the Vostok ice core at the base of the ice sheet (immediately
above accretion ice) shows that any subglacial debris layer in
Vostok has been completely melted out by the time it flows to
this point [Christner et al., 2006].
Thoma et al. [2008a] estimate that only 36% of the Lake

Vostok upper surface area is in contact with meteoric ice (i.e.,
64% of ceiling is accretion ice). This means that there will be
a correspondingly small area of the lake affected by direct
rain-out sedimentation. In the case of lakes Ellsworth and
Whillans, no accretion ice layer has yet been detected, al-
though [Woodward et al., 2010] discuss one model that
suggests there may be an area of accretion ice at the down-
stream end of Lake Ellsworth. In these lakes, the area of
melting/meteoric ice may be up to 100%, in which case rain-
out might affect most if not all of the lake area.
Estimating the volume of sediment from subglacial hydro-

logical transport is more difficult. It will be dependent on the
rate of erosion of bedrock and any preexisting sediments in
the hydrological catchment of the lake (itself a function of the
basal thermal regime, flow velocity, and the erosive power of
water flow), as well as the velocity and thus stream power
[Knighton, 1999] of the subglacial drainage network. The
subglacial network seems to operate episodically [Wingham
et al., 2006; Smith et al., 2009], and as yet we do not have
sufficient time series to understand whether the drainage
events of individual lakes are periodic. This, together with
a lack of knowledge on flow conduit dimensions, means that
providing firm estimates of “background” and peak flow is
challenging.
Subaerial stream catchments show a positive (log-log)

relationship between catchment size and sediment discharge
(mass per unit time) [Hay, 1998]. If such a relationship exists
for subglacial catchments, then estimating the size of catch-
ment might be instructive for estimating relative sediment
discharge. We have used the approach ofWright et al. [2008]
to estimate the catchment sizes of Lake Vostok, Lake Ells-
worth, and Lake Whillans (Plate 3). Using the BEDMAP
topography [Lythe and Vaughan, 2001] and the ice sheet
surface digital elevation model of Bamber et al. [2009], it is
possible to calculate the basal drainage network and to par-
tition this into catchments for each lake. From this we esti-
mate the hydrological catchment sizes: Vostok, 70,925 km2;
Whillans, 1500 km2; and Ellsworth, 450 km2. Although this
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is only a crude estimate, it nonetheless illustrates that there
are more than 2 order-of-magnitude differences in catchment
size that may translate into differences in sediment discharge
from meltwater. In detail, the sediment flux estimates at a
particular point in each lake will be affected by the number of
discharge points, lake area, and bathymetry. There will also
be other controls on hydrologically delivered sediment to
lakes, including how and where sediment is stored in catch-
ments, its composition, and whether peak flows from up-
stream lake discharge would be enough to flush sediment
storage areas.

4.3. Analogous Processes in Subaerial Lakes

There is a rich literature on limnology and the processes
operating in lakes and coastal environments, including lakes
and fjords in contact with an ice margin (proglacial) and those
fed by meltwater (glacier-fed). Comprehensive reviews are
provided in a number of volumes [e.g., Ashley et al., 1985;
Drewry, 1986; Benn and Evans, 1998; Hambrey, 1994]. From
these we can reasonably infer the likely sedimentary processes
occurring in subglacial lakes.
One of the dominant controls on the style of sedimenta-

tion delivered via inflow into lakes or fjords is the level at
which sediment is introduced into the water column. There
are three possibilities, namely, near the lake surface (over-
flows), at midlevels (interflows), or at the lake bed (under-
flows). The level of inflow is controlled by the relative
density of the incoming sediment-laden water and the lake
water/seawater itself, so that, for example, meltwater with a
relatively small sediment load arriving in seawater will
spread as an overflow, while a meltwater plume with high
sediment load will spread through a fresh lake as an under-
flow [Ashley et al., 1985; Drewry, 1986]. Lamoureux and
Gilbert [2004] have quantified the variation in density of
fresh waters with suspended sediment load and showed that
the suspended sediment load dominates over temperature-
and dissolved load-driven density variations. In subglacial
lakes, salinities are thought to be relatively low [Souchez et
al., 2000; Christner et al., 2006; Vaughan et al., 2007].
Direct measurement of the waters in formerly subglacial
Lake Hodgson shows that conductivity is 0.02 mS cm�1,
with anions and cations just higher than concentrations
recorded in continental rain [Hodgson et al., 2009b]. For
these reasons, the dominant sedimentation mechanism for
subglacial lakes will be underflows (also called hyperpyc-
nal flows) along the lake floor. Overflows will occur only
when clean, sediment-poor waters flow into the lake and
thus are not likely to be sedimentologically important.
Limited evidence for this also comes from the relative lack
of sediment in the accreted ice zone immediately above

Lake Vostok [Christner et al., 2006]: if overflows did exist
in the lake, then coarser sediment inclusions at this high
level might be expected.
Observations of underflows in glacier-fed and proglacial

lakes have demonstrated that underflows can travel more than
6 km in Lillooet Lake, British Columbia [Ashley et al., 1985],
possibly up to 60 km in Lake Wakatipu, New Zealand [Pick-
rill and Irwin, 1982] and shown to transport fine sand over 15
km in Lake Geneva [Houbolt and Jonker, 1968]. Underflows
in glacial settings including subglacial lakes are inferred from
sediment core samples from Lake Zurich [Lister, 1984] and
seismic profiles of Lake Le Bourget in the European Alps
[van Rensbergen et al., 1999]. Descending underflows may
often behave as turbidity currents where particles are sus-
pended by turbulent suspension. Turbidity currents deposit a
well-known sequence (“Bouma cycle”) of sediment with a
basal erosional unconformity overlain by normally graded
fine gravels, sand, and silt, with a clay drape on top [Bouma,
1962]. However, the full Bouma sequence is unlikely to be
recorded by lacustrine turbidites, and we might expect to see
only the graded top part of the sequence. Measured underflow
velocities are mostly a few centimeters to tens of centimeters
per second [Ashley et al., 1985; Crookshanks and Gilbert,
2008], but at least two studies have reported sporadic under-
flow velocities in excess of 1 m s�1 (e.g., 1 km from mouth of
Rhine in Lake Constance [Lambert, 1982] and quasi-continuous
flows up to 0.6 m s�1 [Gilbert and Crookshanks, 2009]. Such
strong flows are capable of sediment scouring and are the
likely cause of subaqueous channels (some with levees) in
glacier-fed lakes [Ashley et al., 1985]. Underflows can persist
for several days, and measurements in several lakes have
demonstrated that underflows are also directed by lake
floor topography [Ashley et al., 1985] such that dominant
sediment transport paths can develop along the lake bottom,
and high points can be starved of sediment. Underflows are
also deflected by the Coriolis effect [Smith, 1978], causing
sedimentation to be concentrated along the right hand side of
the lake (relative to dominant throughflow) in Northern
Hemisphere lakes. Thus, we might expect sedimentation
focused along the left hand side of Antarctic subglacial lakes.
Underflows can also be pulsed, even in the presence of a
constant input source and thus lead to complex stratigraphic
deposits [Best et al., 2005]. Observations from former sub-
glacial lakes are consistent with a dominant underflow sedi-
mentation mechanism (see section 3).

4.4. Sediment-Landform Associations at the Grounding Line

Depending on the delivery rate of sediment, stability of the
influx point, and stability of lake level, various landforms can
develop at the influx point of proglacial and glacier-fed lakes.
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In some respects, these can act as analogs for what may be
deposited at the grounding line (margin) of subglacial lakes.
One critical difference, however, is that subglacial lacustrine
landforms cannot grade to the water level to form a subaerial
landform such as a delta; such vertical aggradation will be
prevented when sedimentation eventually reaches the lake
ceiling, in which case deposition will be forced to move
laterally or sediment will prograde. This shoaling of sedi-
mentation has been described for the Enniskerry former
subglacial lake [McCabe and Ó Cofaigh, 1994].
Possible sediment-landform associations that might occur

along the grounding line at the margin of subglacial lakes
include morainal banks and grounding-line fans. These are a
continuum of landforms deposited at the grounding line
[Benn and Evans, 1998]. Grounding-line fans are isolated
landforms, developed at meltwater efflux points. They are
analogous to the subaqueous fans described by [Houbolt and
Jonker, 1968], who suggested that they are formed where
there is a stable efflux point, and thus, persistent underflows
will eventually develop fans with a system of distributary
channels, levees, and lobes. McCabe and Ó Cofaigh [1994]
described exposures of subaqueous fans in the Enniskerry
Lake. Morainal banks are elongate masses of sediment de-
posited at the grounding line, sometimes formed by amal-
gamation of grounding-line fans. They can be very small
where sedimentation is low; for example, Evans [1990]
reported subaqueous moraines <1 m high in northern Elles-
mere Island, Arctic Canada, and yet which mark the former
Last Glacial Maximum position of the ice sheet.
The Salpausselkä moraines in Finland constitute a 600 km

long set of narrow, sinuous landforms deposited at the east-
ern margin of the Fennoscandian ice sheet when it was
grounded in the proglacial Baltic Ice Lake during deglacia-
tion [Hambrey, 1994]. This landform belt has been inter-
preted as a coalesced series of grounding-line landforms
ranging from large individual deltas with braided tops built
up to water level (conduit-focused sedimentation); lower,
narrower coalescing grounding-line fans of finer material
(distributed drainage system); and small laterally overlap-
ping subaqueous fans (unstable subglacial conduits) [Fyfe,
1990]. We can do no more than speculate at this point, but it
is possible that linear landform belts similar to Salpausselkä
may exist along the margins of some Antarctic subglacial
lakes. Clearly any change in size of subglacial lakes will also
lead to changes in the position of such belts of grounding-
line landforms, and so if these could ever be imaged with
geophysical methods or directly sampled, then the position
of such landforms could yield insights into the long-term
history of the lake.
The margins of some subglacial lakes are analogous to the

grounding line of an ice sheet, such as along the Siple Coast,

where ice streams flow into the Ross Ice Shelf. Here ground-
ing zone wedges (sometimes called grounding-line wedges
[Benn and Evans, 1998] or “till deltas” [Alley et al., 1987;
Larter and Vanneste, 1995]) develop from the delivery of
(deforming) sediment at the base of the ice stream [Anandak-
rishnan et al., 2007; Alley et al., 2007], which is redeposited
by gravity flows down the front of the wedge. Overriding of
the grounding zone wedge will lead to erosion of the top
surface by the active deforming layer and progradation of
“foresets” of freshly deposited or reworked sediment on the
front face of the wedge [Alley et al., 1989]. Retreat will
preserve this sequence, while oscillation of the ice margin
will be recorded by interbedding of subglacial (deformation
till) and subaqueous (debris flow) deposits [Benn and Evans,
1998]. Grounding zone wedges are characteristic of areas
where meltwater discharge is small; as meltwater influence
increases, a grounding-line fan or morainal bank will form
[Benn and Evans, 1998]. This analogy is most appropriate
for those subglacial lakes beneath ice streams where there is
rapid ice flow and delivery of abundant deforming sediment
at the grounding line or lake margin (e.g., Lake Whillans).
The gravity flows at the margins of lakes, and the deposits

they produce could be spatially and temporally variable. For
example, in subaerial settings, Middleton and Hampton
[1976] developed a fourfold classification of gravity flows,
each producing a distinctive stratigraphic sequence. These
can include both normal and reverse-graded deposits and a
wide range of grain sizes and sorting characteristics. Pro-
cesses operating on steep fans have also been detailed by
[Nemec, 1990]. The field criteria for recognizing deposits of
these flows are beyond the scope of this review but have been
detailed in a wide range of publications (see references in
Nemec [1990] and Eyles et al. [1983]).

4.5. Distal Sedimentation

There will be a decrease in flow competence away from
the influx point, such that sediment grain sizes will progres-
sively decrease with distance. Lake floor sedimentation will
be dominated by the progressive settling out of distal sedi-
ment from underflows, turbidity, or slump-derived currents
[Ashley et al., 1985]. These distal sediments will show a
transition from cross-laminated sand and silt deposits with
occasional gravel layers through to planar laminated silt and
clay deposits. The laminated deposits will develop as silt-
clay couplets. These are normally graded, relating to waning
flow after each underflow current. In many subaerial lakes,
these couplets derive from the annual cycle of sedimentation
(varves), but in subglacial lakes, annual variations are highly
unlikely, and so individual couplets will be related to indi-
vidual underflows from episodic hydrological input or
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gravitational failures. A key difference to varved lake sedi-
ment is that the thickness of the silt and clay components will
be in proportion to one another (in varves, the silt layer
thickness can vary, but the clay layer thickness is uniform
across the lake). The total thickness of these couplets will
decrease away from the source region and will likely be in
the range of a few centimeters (proximal) to millimeters
(distal). Successive couplets will be separated by a sharp
contact, representing an interval of nondeposition between
flows. The deposition of the finest grain sizes will depend on
turbulent flow or circulation within the lake. In the case of
Lake Vostok, one of the few studies of subglacial lake sedi-
ment relates to this finest sediment. The accreted ice at the
base of the Lake Vostok ice core contains fine sediment
particles up to ~23 μm [Royston-Bishop et al., 2005]. Calcu-
lations of Stokes settling velocities, corrected for particle
shape, have shown that 98% of these particle sizes could be
maintained in the water column by vertical current velocities
of 0.0003 m s�1, and the coarsest 2% by velocities of up to
0.0013 m s�1. There are variations in the grain size within the
accretion ice, and these imply perturbations in vertical veloc-
ity [Royston-Bishop et al., 2005], perhaps related to individ-
ual hydrological “flushing” events. The suspension of
particles in the <20 μm range has led some to suggest that
the water column in Lake Vostok will be turbid/cloudy and
analogous to the water found in montane glacier-fed lakes
[Wuest and Carmack, 2000]. However, more recent work has
shown that primary particles can flocculate into large aggre-
gations in lakes [Hodder and Gilbert, 2007], with the impli-
cation that settling velocities may be greater than suggested
from particle size measurements of individual grains. The
presence of flocs has been used to explain the observation
that the water column appears to clear over the winter in
some deep arctic lakes [Lamoureux and Gilbert, 2004]. The
mechanism for incorporation of fine sediment into basal ice
above subglacial lakes may be analogous to the sediment
incorporation into sea ice by “suspension freezing” [Nürn-
berg et al., 1994], which requires formation of either frazil or
anchor ice. In smaller lakes with persistent throughflows,
there may be less finer grained sedimentation because of the
continuous influence of coarser underflows and gravity
flows, as suggested for subglacial paleolake Enniskerry
[McCabe and Ó Cofaigh, 1994].

4.6. Preglacial Sediments

Many Antarctic subglacial lakes will contain a lower se-
quence of preglacial sediments. In some cases, the basins are
well below sea level, even when glacially unloaded (e.g.,
Lake Ellsworth), and so preglacial sediments will be marine.
In Lake Vostok, a rift valley origin for the basin has been

suggested [Siegert et al., 2001; Studinger et al., 2003], and
so preglacial sediments may contain rift sequences. The total
sediment thickness in Lake Vostok has been suggested to be
up to 300 m [Filina et al., 2008], 500 m [Wuest and Car-
mack, 2000] or as much as 2 km [Studinger et al., 2003]. In
the case of Vostok, it has been suggested that the preglacial
sediments may date to before EAIS initiation, >30 Ma [Sie-
gert et al., 2001], and thus could provide a mid-Cenozoic
record for the interior of the continent. However, a major
unknown aspect is the degree to which preglacial sediments
survived early glacial inundation during ice sheet growth
[Doran et al., 2004]. Shearing of sediment in inferred subgla-
cial paleolakes shows that the early stages of lake formation
may be accompanied by substantial erosion and deformation
[Munro-Stasiuk, 2003].
In the case of West Antarctic subglacial lakes (e.g., Ells-

worth), there is the potential for preservation of a record of ice
sheet collapse, in the form of nonglacial/marine sediment in
presently ice-covered locations. For example, Scherer [1993]
and Scherer et al. [1998] used the 10Be and microfossil
content of subglacial sediment from beneath Whillans Ice
Stream to argue for Pleistocene collapse of the ice sheet. This
has been disputed [Burckle, 1993], partly because of the
difficulty of dating deforming subglacial sediment, but the
future retrieval of continuous sedimentary sequences from
subglacial lakes raises the prospect of being able to date ice
sheet collapse events more easily [Siegert et al., 2006]. How-
ever, as with ice sheet initiation over Lake Vostok, the effect
of ice sheet retreat and regrowth on the sedimentary se-
quences in West Antarctic subglacial lakes is not yet known.
As well as preglacial sediments, subglacial lakes may contain
glacial sediments derived from proglacial or direct subglacial
sedimentation prior to (re)formation of a subglacial lake.

4.7. A Conceptual Model for Sedimentation
in Subglacial Lakes

With an understanding of the likely processes operating in
and around subglacial lakes, we can develop a conceptual
model of the nature and spatial distribution of sediments
(and lake-floor landforms) in subglacial lakes. In Figure 5,
we illustrate this model, modified for the likely processes
operating in each of the three lakes considered: Vostok,
Whillans, and Ellsworth. We present this model here as a
hypothesis that can be tested during direct exploration of
subglacial lakes and in some cases by further geophysical
data acquisition. These models are drawn on the basis of a
single influx point for hydrological flushing events. If there
are multiple influx points, perhaps even on different sides of
the lake, then there will be complex interactions between the
proximal-distal sedimentary sequences for each site, leading
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to more complex sediment distribution with the potential for
interfingering deposits. Differences in geometry, setting, and
stability will promote different sedimentation conditions in
different subglacial lakes. Lakes Vostok and Ellsworth are
both located beneath thick ice (>3 km) in the deep interior of
the Antarctic ice sheet, but whereas the former has formed
on an ancient craton reminiscent of the Canadian Shield, the
latter is located in a more mountainous subglacial setting on
the edge of the Ellsworth-Whitmore block. Whillans Lake is
located beneath a fast flowing ice stream and below relatively
thin ice (~1 km).
In Lake Vostok (Figure 5a), the upstream side of the lake is

likely to be affected by rain-out of supraglacial, englacial,
and subglacial material, but this rain-out stops when melting
of the ice roof ceases and water starts to accrete onto it.

Dropstones and coarser rain-out sediment should be found
concentrated along the upstream shoreline because this ma-
terial will have to come from basal ice layers, which are finite
in thickness and quickly lost by basal melting. For instance, a
10 m thick basal ice layer would be lost in roughly 500 years
and within a few kilometers of the shoreline, assuming that
the modeled average rate of melting is correct (2 cm yr�1

[Thoma et al., 2008a]). At the grounding line, meltwater
efflux points and subglacial rain-out may be building a
grounding-line fan, composed of subaqueous outwash, and
mass flow diamictons. If this is prograding, then it may lead
to gravitational instability and thus result in episodic under-
flows. If grounding-line deposition is occurring along much
of the upstreammargin, then a Salpausselkä-type feature may
be present. If so, then past fluctuations of the lake margin will

Figure 5. Conceptual model of sedimentation in subglacial lakes: (a) Lake Vostok, (b) Lake Whillans, and (c) Lake
Ellsworth. See text for detailed discussion of the basis for these models.
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have created multiple landforms in this zone. The laterally
continuous distribution of unconsolidated sediment reported
by Filina et al. [2008] shows widespread and even deposition
of sediments. These sediments may be brought to the lake
floor in underflows affecting large areas of the lake bed and
with a small component of rain-out from the ice roof. The
finest material is kept in suspension and incorporated into
the accreted ice of the lake ceiling [Souchez et al., 2000;
Royston-Bishop et al., 2005].
In Lake Whillans (Figure 5b), the transport of deforming

sediment into the upstream part of the lake may be creating a
grounding zone wedge, similar to those along the Siple
Coast. Fluctuations in lake position (and sediment supply)
may have created a complex architecture within the wedge.
Prior estimates of subglacial till fluxes beneath Whillans Ice
Stream fall mostly within the range of 10 to 100 m3 yr�1 per

meter width of ice stream [e.g., Tulaczyk et al., 2001]. Taking
the width of Lake Whillans as ~5 km, the anticipated till
input rate into the basin is then 0.05 to 0.5 km3 yr�1. The
other major mode of sediment input into Lake Whillans
should be influx of sediments with water entering during
the filling phase of this active subglacial lake. Available
ICESat elevation data suggest that subglacial water enters
Lake Whillans at the rate of ~0.1 km3 yr�1 [Fricker and
Scambos, 2009]. Sediment concentrations in glacial streams
vary significantly, and we choose the broad range of 0.01 to
1% volume fraction to arrive at an estimate of 0.00001 to
0.001 km3 yr�1 as the possible average glaciofluvial input
into Lake Whillans. Previous modeling studies indicate that
the lower part of Whillans Ice Stream experiences basal
freezing of several millimeters per year [Joughin and Pad-
man, 2003; Joughin et al., 2004]. Basal freezing should

Figure 5. (continued)
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be even stronger locally over Lake Whillans, where basal
shear heating goes to nil. In the prior modeling work, basal
shear heating in the area contributed heat equivalent to 2 to
4 mm yr�1 of basal freezing. Hence, the ice ceiling over Lake
Whillans may be experiencing freezing at a rate of about
1 cm yr�1, even when one neglects any additional ice accretion
owing to supercooled subglacial water entering the lake from
upstream. This is a fundamental difference between Lake
Whillans and lakes Vostok and Ellsworth, which are located
beneath 3 to 4 km thick ice cover, which acts as an effective
thermal insulator. The conductive heat loss from the deep
lakes into the overlying ice is smaller than any reasonable
input of geothermal heat, so that the lake basins are generally
in a positive heat balance resulting in sediment input from
melting of the debris-laden basal ice. For Lake Whillans,
basal freezing should be predominant, and we do not expect

basal melting to provide an appreciable input of sediments.
One implication of this is that coarser debris (dropstones)
deposited directly from basal debris layers will be rare or
absent. This leaves influx of deforming subglacial till from
upstream and subglacial glaciofluvial fluxes as the two main
mechanisms of sediment delivery to the lake. Both processes
are paced by temporal transients beneath Whillans Ice
Stream. The subglacial till deformation rates will vary on the
same time scales as ice stream velocity, which is changing on
tidal scales [e.g., Bindschadler et al., 2003] and experiences
long-term deceleration [Joughin et al., 2002]. Inflation and
deflation of Lake Whillans, which are interpreted as changes
in subglacial water influx/drainage rates, are constrained
only since 2003, and over this period, the lake experienced
two cycles, which had similar periods to within about 1 year
[Fricker and Scambos, 2009]. These deformational and

Figure 5. (continued)
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hydrological transients may be recorded in the lacustrine
sediments accumulated in Lake Whillans. Our facies model
envisions a grounding-zone-type till wedge on the upstream
side of the lake that is shedding poorly sorted subaqueous
debris flows, which may expand across the lake basin. The
subglacial water input will likely enter the lake in one or
more discrete points where subglacial channel(s) intersects
the basin. Sand and gravel are likely to accumulate in fans
proximal to the channel outlet(s), with silts and clays travel-
ing to more distal parts of the basin. The (quasi) periodic
inflation/deflation of Lake Whillans will produce a zone of
deformational modification of lake sediments at least in areas
proximal to the basin boundaries where the ice ceiling has
grounded on the sediments during deflation.
In Lake Ellsworth (Figure 5c), the narrow nature, and

likely connection to a drainage network upstream [Ross et
al., this volume], may mean that hydrological inputs play a
strong role [Vaughan et al., 2007]. If the upstream lake(s)
episodically drains into the lake, then they may create a
grounding-line fan or morainal bank. Drainage of Lake Ells-
worth itself through the efflux point may cause erosion of
sediments at the downstream end. Rain-out sedimentation of
supraglacial material will occur throughout the lake, and
subglacial material including dropstones will be deposited
close to the upstream end. The proportion of fine sediment
will be dependent on the strength of the hydrological
throughflow and whether it is maintained continuously. A
strong, continuous throughflow will lead to coarser sedi-
ments in the distal parts of the lake and to unidirectional
sedimentary indicators of paleocurrents. Recent geophysical
surveys of Lake Ellsworth have demonstrated a maximum
water column thickness of 156 m [Woodward et al., 2010].
Thermodynamic modeling of the water cavity suggests that
Lake Ellsworth may have both zones of melting and freez-
ing, although this result is dependent on the assumption of
the lake being a closed hydrological system [Woodward et al.,
2010]. This assumption may not be valid, given the lake’s
position in a cascade of lakes [Ross et al., this volume].

5. SEDIMENTARY ARCHIVES OF LAKE FORMATION
AND HYDROLOGICAL DISCHARGE

The discussion of subglacial lake sedimentation has high-
lighted the crucial role of hydrological inputs and outputs. A
key question for each of the sequences that could be sampled
is in what way they may have been affected by lake drainage
events. For example, the seismic data sets from the Great
Slave Lake, Palmer Deep, and Hektoria Basin contain later-
ally continuous internal reflectors, which show substantial
changes in the size or character of subglacial lake sediment.
The cause of these transitions is not yet known, but they are

consistent with variations in subglacial hydrological condi-
tions and/or environmental change associated with glacial-
interglacial transitions. Christoffersen et al. [2008] suggest
that densely spaced bottom reflectors in the Great Slave Lake
sediment represent a high-energy environment in the early
phase of subglacial lake formation, and that stronger, but less
densely spaced reflectors, higher in the sequence, are asso-
ciated with coarse-grained material deposited during the Last
Glacial Maximum, i.e., when the inflow of water and sedi-
ments from subglacial conduits was particularly high. The
latter could be related to enlargement of the subglacial catch-
ment feeding the lake and an increased extent and magnitude
of basal melting in response to ice sheet growth during
marine-isotope stage 2, about 18 to 22 ka BP. Domack et al.
[2006] report a similar sequence of events from seismic
surveys of Palmer Deep, which also contains evidence of ice
sheet grounding during the most extreme phase of sea-level
lowering in Marine Isotope Stage 2. Christoffersen et al.
[2008] found no evidence of ice contact after subglacial lake
formation, indicating direct transition from subglacial to
proglacial lake. Whereas the Palmer Deep subglacial lake
formed by entrapment of water, originally part of an ice-shelf
cavity, the Great Slave subglacial lake appears to have
formed subglacially, from ice-growth-induced basal melting
in a central part of the Laurentide Ice Sheet. The different
evolution indicates that formation and decay of subglacial
lakes depend on whether they are centrally positioned within
the ice sheet or located near ice sheet margins. Results from
numerical modeling and the common occurrence of lakes in
the deep interior of Antarctica [Dowdeswell and Siegert,
2003; Siegert et al., 2005] indicate that the interior lakes
filled when ice viscosity and surface slopes were low, i.e.,
when the ice sheet was in full expansion [Pattyn, 2008].
Subglacial lakes in ice marginal settings may evolve from
ice-shelf cavities, as proposed by Alley et al. [2006].
The model experiments by Pattyn [2008] illustrate the

crucial role of ice surface gradients in controlling subglacial
lake stability. The main control on stability is the air-ice
surface slope, which prescribes the hydrological gradient
and determines whether subglacial water will pool or flow
out of topographic depressions. The higher surface slopes
near ice sheet margins may cause subglacial lakes in this
setting to fill and drain frequently, as observed in several
satellite remote sensing studies [Gray et al., 2005; Wing-
ham et al., 2006; Fricker et al., 2007]. Theory suggests that
interior lakes may also drain episodically [Evatt et al.,
2006], and numerical modeling predicts that lakes in central
regions, e.g., Lake Ellsworth and Vostok, might drain eas-
ily. Numerical experiments suggest that smaller lakes drain
slower than larger ones and not completely [Pattyn, 2008].
Thus, the deepest parts of lakes could remain water-filled if
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drainage events are not complete, and this may protect
distal sedimentary records from erosion by ice contact with
the bed, while yielding complex sequence of erosion and
deposition around lake margins where the water is shal-
lower. This inherent instability is exacerbated by ice vis-
cosity changes in warm interglacial periods including the
Holocene and the present day [Pattyn, 2008]. It is clear that
subglacial lake sediment may therefore contain evidence of
drainage events as well as environmental change during
glacial-interglacial periods.

5.1. Potential Sedimentary Archives of Hydrological
Discharge in Lakes Vostok, Ellsworth, and Whillans

The sensitivity experiments by Pattyn [2008] suggest that
large lakes, shallow ice, small surface slopes, and fast ice
flow increase lake water retention. An implication is that
small lakes under thick ice with slow flow, such as Lake
Ellsworth, may be particularly sensitive to hydrological out-
flow. This connectivity to a regional water system could
yield geological evidence in the form of compaction of
previously unconsolidated lake sediment from periods when
the ice sheet and the lake floor are in contact. However, the
acoustic characteristics of the sediment in Lake Ellsworth
suggest that it is unconsolidated [Smith et al., 2008], similar
to deep ocean sediment, and thus unlikely to have been
subject to overriding ice making contact with the bed. How-
ever, it might be feasible that there has been partial drainage
[Pattyn, 2008] of Lake Ellsworth on occasion, but that the
lake floor remained free of grounded ice.
The large size of Lake Vostok makes it less sensitive to

changes in surface slope, but modeling suggests that drain-
age of large lakes occurs faster than drainage of shallower
lakes. This indicates that truly immense subglacial floods
may occur. A subglacial flood from Lake Vostok should
occur less frequently than drainage events in smaller lakes
as restoration of the lake volume will take longer. The
available topographic constraints suggest that the subglacial
catchment feeding meltwater to Lake Vostok is 71,000 km2

and assumed melting of 1 mm yr�1 yield annual inflow on
the order of 0.07 km3. The water volume is estimated to
5000 km3 [Filina et al., 2008; Studinger et al., 2004], so
filling the lake with the assumed annual inflow would take
about 70,000 years, if melting and freezing of the lake ceiling
are in balance, or 38,000 years if modeled net ice loss of
0.06 km3 yr�1 is taken into account [Studinger et al., 2004;
Thoma et al., 2008a]. The similar values of catchment inflow
and local melt are coincidental, but indicate potentially even
contributions.
An important question remains: What proportion of the

lake volume would be discharged in the case of a subgla-

cial drainage event in Lake Vostok? Evatt et al. [2006] use
Nye’s [1976] theory for subglacial floods through tunnels
and veins to show that Antarctic subglacial lakes may flood
catastrophically, despite their clustered location near ice
divides where the ice sheet surface becomes flat. Their
subglacial outburst flood model suggest that 600 km3 of
water could drain from Lake Vostok in about 4 years, with
peak discharge of 105 m3 s�1. Such a flood would be
several orders of magnitude larger than the observed dis-
charge between subglacial lakes in the Adventure subgla-
cial trough [Wingham et al., 2006]. The recurrence of such
an event is most likely limited by the lake refilling time, as
discussed above.
Seismic records of subglacial lake sediment may contain

evidence of these floods, e.g., by presence of detectable
seismic reflections from sedimentary flood deposits or
strong reflectors from consolidated sediment strengthened
from ice sheet contact after lake drainage. In this case, the
accumulated thickness of sediment between these reflectors
is an indicator of sedimentation rate and possibly lake re-
filling time. It is important to consider the possibility of
erosion if periodic drainage causes ice to be in direct contact
with the lake floor or a portion of the lake floor. To minimize
the influence of erosion, core samples should be collected in
the deepest part of subglacial lakes or where the water
column is thickest. Ice sheet contact will, on the other hand,
yield valuable information about past subglacial hydrology,
e.g., flood recurrence intervals and magnitudes. Geological
evidence of past hydrology may thus be present in the
littoral zone where ice-bed contact is more likely to occur
and create unconformities but with unknown amounts of
erosion during events. Interpreting such a record from core
data alone would be challenging and would probably require
some detailed geophysical surveys of sedimentary architec-
ture. The disturbance of sediments in a ring around most or
all of a lake would serve as a source of gravity processes
initiated by the disturbance, and so the deep-water record,
distal from influx points, may contain a continuous record of
the frequency and magnitude (amount of lowering of ice
ceiling) of the draining events. Grounding-line landforms
may also record changes in lake position. Large-scale sub-
glacial flood landforms eroded into bedrock (e.g., the Lab-
yrinth, Transantarctic Mountains) [Sugden et al., 1991]
demonstrate how powerful the erosive power of flood events
might be.
The setting of subglacial lakes beneath fast flowing ice

streams is distinctly different to the setting of deep continen-
tal lakes. The large glaciers along the Siple Coast including
Kamb and Whillans ice streams are particularly dynamic
features in the Antarctic ice sheet. Kamb Ice Stream stopped
150 years ago, and Whillans Ice Stream is in the process of
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shutting down too [Bougamont et al., 2003a; Joughin et al.,
2005]. The cause of these major discharge fluctuations has
been a matter of debate. Anandakrishnan and Alley [1997]
proposed that the stoppage of Kamb Ice Stream was caused
by diversion of subglacial meltwater to a neighboring ice
stream (Whillans). Tulaczyk et al. [2000] proposed that non-
linear bed properties induce ice stream instability. The nature
of this instability was examined theoretically in subsequent
studies [Bougamont et al., 2003a, 2003b; Christoffersen and
Tulaczyk, 2003], but the processes controlling the flow
switches that characterize the Siple Coast ice streams are still
not fully established. The duration of active and stagnant
phases is not known, and this causes uncertainty in predic-
tions of ice sheet mass balance [Joughin and Tulaczyk, 2002].
The planned drilling to Lake Whillans is likely to answer
important questions related to the transient state of ice stream
flow. For instance, direct investigations will determine whether
sub-ice stream lakes are transient or semipermanent features,
identify the factors that control their formation and elucidate
the impact they have on ice stream dynamics.

6. TECHNOLOGIES FOR EXPLORATION AND
ANALYSIS OF SUBGLACIAL LAKE SEDIMENTS

Sediment coring at several kilometers water depth is a
near-daily occurrence in the world’s oceans, but the technol-
ogies used will have to be substantially adapted for use in
subglacial lakes. Their deployment needs to be preceded by
drilling an access hole through the overlying (several kilo-
meters) glacial ice, which must be kept open for the duration
of the drilling operation. Two main types of marine sediment
retrieval are commonly used: (1) coring by propulsion of a
sediment corer barrel into the sediment by gravity, percus-
sion hammering, or vibrating; and (2) drilling using a rotat-
ing drill such as that used by ANDRILL at Cape Roberts.
Corers currently under development for subglacial lakes
include percussion corers that are lowered to the lake bed
and then use a self-propelled hammer weight to achieve
penetration. To achieve a sufficient depth of penetration will
require a design compromise between corer diameter
(a narrow corer penetrates further into [older] sediment),
corer weight (greater weight gives greater penetration but
requires a stronger cable to retrieve), and a consideration of
the amount of sediment needed from each depth interval for
robust sediment analysis (corer-diameter-related). However,
in all cases, if coarse clasts are present, then penetration will
be compromised. Retrieval and retention of the sediment
core in the (lined) core barrel are typically achieved through
the use of core catchers at the lower end and a closing valve
at the upper end. However, these are not fail-safe where very
flocculent sediments, sandy sediments, or clathrates are pres-

ent. The latter is a particular problem as the core is suscep-
tible to degassing as it loses pressure during transit to the
surface. In order to detect life at very low concentrations and
to prevent contamination of subglacial lake environments,
these corers also need to be designed to allow for sterilization
and cleaning.
The use of a conventional rotating drill, such as the wire-

line system with a drill derrick that was deployed at Cape
Roberts (Drilling) Project between 1997 and 1999 and the
ANDRILL project in 2008, has not yet been seriously con-
sidered in subglacial lake settings, largely because of logistic
difficulty and cost. However, this type of system has proved
capable of recovering more than 1000 m long drill cores and
offers the potential, where deep subglacial sediments are
present, to reconstruct the full glaciation history of continen-
tal Antarctica and its impact on the world’s oceans currents
and the atmosphere. As such sediments have been inferred
from seismic evidence at Lake Vostok [Siegert et al., 2001],
wireline drilling of subglacial sedimentary sequences must
remain a top future priority for Antarctic geologists as it will
allow the Cenozoic history of the interior of the continental
ice sheet to be reconstructed in situ rather than indirectly
from reworked and redeposited sediments deposited at con-
tinental margins.
There is a wide range of analytical methods that can be

applied to sediments retrieved from subglacial lakes once the
essential chronological analyses have been carried out.
These will be applied to address the three areas of interest,
namely, past ice sheet configurations, paleoenvironmental
change, and the presence of life (Table 1).

6.1. Establishing a Chronology in Subglacial
Lake Sediments

Establishing a geochronology for subglacial sedimentary
deposits will be one of the major technological challenges to
be addressed in interpreting the paleoenvironmental infor-
mation contained in sediment cores. A number of the con-
ventional methods used in lake sediment analyses such as
radiocarbon dating will not be applicable in subglacial en-
vironments as the provenance of the carbon will be unknown
and likely dominated by the signal from old CO2 in meteoric
ice. Similarly, exposure dating methods such as optically
stimulated luminescence dating of quartz grains and analysis
of cosmogenic isotopes (e.g., 10Be and 3He) will, in most
cases, be compromised because of the unknown provenance
of the material being dated. However, they do have an
important application in identifying when the sediments
were last exposed to light or cosmogenic isotope bombard-
ment and hence may have the potential to constrain the age
(s) of ice sheet inception.
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Methods based on the magnetic properties of the sedi-
ments offer the potential to establish a sediment chronology.
These methods work by collecting oriented samples at mea-
sured intervals throughout core sequences and measuring the
polarity of fine-grained magnetic minerals <17 μm that fall
through the water column, orient themselves with Earth’s
magnetic field, and preserve this orientation within the sedi-
ments. These orientations can be measured through a sedi-
mentary sequence and the resultant time series compared
with independently dated reference curves, which include
marked excursions and reversals in the Earth’s magnetic
field, in order to create a chronology. The first application of
relative paleomagnetic intensity (RPI) dating in the subgla-

cial sediments of Hodgson Lake [Hodgson et al., 2009a]
identified at least one major excursion that was linked to a
reference excursion at subaerial Mono Lake, providing a
proof of concept for RPI dating methods in subglacial lake
settings. A further benefit of RPI dating is its relationship to
variations in cosmogenic isotopes (especially 10Be) in ice
cores [e.g., Leduc et al., 2006; Zimmerman et al., 2006].
Meteoric 10Be concentrations measured in ice cores are
inversely related to RPI because the increased production of
cosmogenic nuclides, such as 10Be, in the atmosphere has
been shown to increase at times of reduced solar irradiance
and hence weakened geomagnetic field [Beer et al., 1990;
Bond et al., 2001]. Relative paleomagnetic intensity and

Table 1. Examples of Analytical Methods for Subglacial Lake Sediments

Measurement Result Potential Outcome

Detecting past ice sheet configurations and paleoenvironmental change
Relative paleomagnetic intensity dating identifying magnetic excursions and

polarity reversals
provides a chronology

Exposure dating methods such as optically
stimulated luminescence and analysis of
cosmogenic isotopes such as 10Be, 3He

identifying when the sediments were last
exposed to light and measuring rates
of cosmogenic isotope bombardment

constraints on the age(s) of ice sheet inception

Radiometric U-Th dating of sediment if
carbonates present

identifying quaternary age sedimentary
deposits

dating quaternary periods of (West Antarctic)
ice sheet loss

Mineralogy (XRD and XRF) and
grain size

mineralogical classification of sediment
and identification of extraterrestrial
material

sediment flux/source origin and information
on age if grain size changes follow glacial
cycles

Scanning electron microscopy and
micromorphology

morphology of sediment distinguish aeolian (dust) vs. subglacially
transported grains

Radiometric Nd-Sr provenance of sediment identification of sediment delivery pathways
Carbonate isotopes environmental conditions in lake requires presence of carbonate precipitate in

closed system (difficult), but might find
ikaite (cf. calcite or aragonite)

Bedrock sample local geology provides information on the geological
setting of the lake

Sedimentology and microfossil analysis identification of subglacial and marine
sediment units

determines when the West Antarctic Ice
Sheet last collapsed

Oxygen isotope analysis of microfossils
and minerals

oxygen isotope stratigraphy comparison with marine oxygen isotope
stack to provide age constraints

Detecting life
Microscopy (LM and SEM) enumeration and description of

morphological remains
list of morphologically recognizable
life forms

Nucleic acid staining determination of total cell numbers in
lake sediments

estimate of biological production

Lipid analysis total cell number determinations estimate of biological production
Molecular biological analyses determination of phylogenetic groups,

metabolic activity, and biogeochemical
pathways

identification of biological assemblages,
functional groups, and biological
interactions

Sediment geochemistry detection of changes in sediment
geochemistry attributed to biological
activity

identification of biological interactions with
bedrock and sediment
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polarity excursion data from otherwise undateable subglacial
lake sediments could therefore potentially allow global or at
least intrahemispheric correlation of ice, marine, and subgla-
cial lake sedimentary records. In subglacial settings where
marine sediments have been identified, the concentration of
meteoric 10Be, which adheres to marine particles in the
surface waters and is subsequently deposited on the seafloor,
can also provide an approximate age for the marine detritus
[Scherer et al., 1998] and can be compared with the concen-
trations measured in Antarctic ice [Raisbeck et al., 1987].
Finally, if marine sediments are encountered in subglacial
sediments from beneath the marine-based WAIS, and micro-
fossils are present, then biostratigraphic methods may help
establish a chronology (e.g. see Scherer et al. [1998]). These
rely on assigning relative ages to the sediment units by
correlating the fossil assemblages contained within them to
dated geological deposits elsewhere.

6.2. Detecting Past Ice Sheet Configurations
and Paleoenvironmental Change

Sediments from subglacial lakes, especially where not
extensively reworked or sheared by overriding ice, have the
potential to provide a record of the evolution of the EAIS and
WAIS, particularly the transition to full ice sheet conditions
in the Miocene. For the marine-based WAIS, the presence of
marine deposits beneath the ice sheet would provide evi-
dence of previous periods of WAIS collapse [cf. Scherer
et al. 1998], and changes in the mineralogy and grain size
composition may provide evidence of the succession of
glacial interglacial cycles because subglacial hydrology is
fundamentally tied to the geometry, flow rates, and the ther-
mal state of the ice sheet. The latter has been demonstrated in
models and in Lake Hodgson, where a change from fine-
grained sediments together with sands, gravels, and small
clasts to finer grained sediments characteristic of lower en-
ergy delivery marks the transition from a glacial to an inter-
glacial sedimentation regime [Hodgson et al., 2009a];
(Figure 4). Some of the methods that could be applied to
dating and identifying changes in ice sheet configuration are
discussed by Siegert et al. [2006] and listed in Table 1.

6.3. Detecting Evidence of Life

A lot of research has been carried out on life in subglacial
environments in general, but none has been carried out in the
sediments of deep continental subglacial lakes, and very little
has been carried out on sediments in the more recently
sampled and accessible subglacial lakes at the margins of the
ice sheet. As discussed elsewhere in this volume, the evi-
dence of biological activity comes in two forms: direct evi-

dence such as microscopic identification, DNA, or other
molecular biological fingerprints, and indirect evidence such
as changes in sediment geochemistry that can be attributed to
biological activity (Table 1). Preliminary studies of this na-
ture were carried out on the subglacial sediments from Lake
Hodgson [Hodgson et al., 2009a]. Light microscopy revealed
no microfossil evidence of life: a few diatom frustules were
present, but these were at levels consistent with the very low
diatom concentrations (∼34 cells L�1) found in filtered gla-
cial ice from Antarctica [Kellogg and Kellogg, 1996; Scherer
et al., 1998] or incorporation from catchment soils (possibly
during a previous interglacial) eroded into the lake under the
glaciers. Further electron microscopy and DNA fingerprint-
ing of Lake Hodgson sediments are under way. Of the geo-
chemical markers measured, total organic carbon varied from
0.2% to 0.6%, and there were some changes in δ13C and C/N.
These measurements were consistent with local reference
measurements of catchment gravel and fine-grained sedi-
ments. Thus, these measurements of the carbon chemistry
could not be unequivocally linked to in situ biological activ-
ity as some of the signal could simply be a result of the
incorporation of catchment soils and gravels and possibly old
CO2 in meteoric ice. Even if life were present in these
samples, the carbon measurements suggest that it would be
in extremely low concentrations [cf. Christner et al. 2006].
Nevertheless, it is anticipated that the application of mo-

lecular biological methods (see Table 1 and Skidmore [this
volume]) will reveal a subglacial lake biota including in-
stances of, for example, chemoautotrophic bacteria, proteo-
bacteria (anaerobes commonly found in rocks), and small
autotrophic eukaryotes such as those present in glacial ice
[Lanoil et al., 2004]. A range of direct methods is available
for their detection, together with indirect studies of sediment
geochemistry. For example, geochemical interactions such
as microbial acquisition of dissolved organic carbon from
bedrock [Hodson et al., 2008] and the identification of
potential biogeochemical pathways that could use this car-
bon to support heterotrophic metabolisms, for example, that
use O2, NO3

�, SO4
2�, S0, or Fe

2m as electron acceptors, can
reveal what forms of life might be present (Table 1) [Priscu
et al., 2008]. Efforts will concentrate particularly on analyz-
ing evidence of life at the sediment-water interface and in
the surface sediments of modern subglacial environments
where metabolic activity and bacterial diversity are pre-
dicted to be focused. This is among the most likely sites for
life on account of the biogeochemical interactions at the
sediment-water interface that can supply the necessary car-
bon, nutrients, and electron acceptors. There are several
recent reviews on life detection technologies in subglacial
environments [Siegert et al., 2006; Hodson et al., 2008] and
within accreted subglacial ice [Christner et al., 2006].
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7. CONCLUSIONS

Subglacial sediments have long been recognized as a
potential source of paleoenvironmental and biological infor-
mation beneath ice sheets and possibly extending this infor-
mation to timescales beyond those of ice cores. Physical
characteristics of subglacial lake sediments can be inferred
from geophysical surveys of lakes beneath the Antarctic ice
sheet and from the accretion ice above Lake Vostok. We
have also demonstrated the potential of using sedimentary
sequences deposited from subglacial lakes inferred beneath
the former Northern Hemisphere ice sheets as analogs, but
sound a cautionary note on using such sediments until they
have been independently demonstrated to have formed in
subglacial lake settings. Former subglacial lakes, emerging
from or outside the present margin of the Antarctic ice sheet,
have been sampled by coring and provide useful data on
potential sedimentary environments. We have identified five
sediment pathways for subglacial lakes and discussed their
likely relative contributions in terms of composition, distri-
bution, and volume: Sediment derived from subglacial melt-
water is likely to be dominant in many subglacial lake
settings, and advection of subglacial sediment may be im-
portant for sub-ice stream lakes such as Whillans. Melt-out
of basal debris may be locally important especially on the
up-flow side of lakes. Supraglacial rain-out and authigenic
chemical sedimentation will likely be volumetrically much
less significant, but these components could contain impor-
tant information such as extraterrestrial dust flux or infor-
mation on lake water chemistry. From the sedimentary
analogs, emerging subglacial lakes, and a review of glacio-
lacustrine processes, we have developed conceptual models
for sedimentation in lakes Vostok, Whillans, and Ellsworth.
These are aimed at providing hypotheses that can be tested
by direct sampling and detailed geophysical surveys. Land-
forms associated with subglacial lakes and their margins
have largely been ignored in the literature to date, but we
have described here some likely sediment-landform assem-
blages and suggested how they might record changes in the
lakes through time. In particular, we have discussed the
possible effects of lake drainage and filling cycles and that
such variability is likely to be recorded by sediment erosion
around the littoral zone of lakes and by pulsed sedimentation
events in the deeper, distal parts of lakes.
The nature of the sediments partly dictates the most ap-

propriate coring technology: variants of percussion corers
are being developed for use in the forthcoming lake access
experiments at Ellsworth and Whillans. When sediments are
finally sampled from such lakes, their analysis will include
significant challenges, especially determining a full chronol-
ogy. The most effective chronological technique is likely to

be geomagnetic dating. Following the establishment of a
chronology, there is a range of analyses that can be applied
to understand the environmental history of the lake and
complement the biological, physical, and geochemical mea-
surements on lake water.
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The Geomorphic Signature of Massive Subglacial Floods
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We describe a landscape in the Dry Valleys area consisting of channels, potholes,
plunge pools, stripped bedrock, and scabland created by subglacial outburst floods
on a scale similar to that of the massive outbursts of Lake Missoula in Washington,
United States. The features are dated to the mid-Miocene and occurred when a
thicker East Antarctic ice sheet overrode this part of the Transantarctic Mountains.
Ice sheet modeling is used to reconstruct potential source areas for meltwater
discharge. Results suggest that meltwater from Lake Vostok, or other interior
basins, would have bypassed the Dry Valleys area and instead flowed out beneath
the troughs of David and Byrd glaciers, north and south of the Dry Valleys,
respectively. A more likely source might have been lakes on the inner flank of the
Transantarctic Mountains, with periodic outbursts associated with local breaches in
the cold-based rim of the ice sheet. The efficacy of erosion by such outbursts is
remarkable. The most concentrated effects were in the labyrinth on the bed of the
formerWright outlet glacier. Such outbursts are likely to contribute to the erosion of
present-day outlet glacier troughs.

1. INTRODUCTION

The aim of this article was to examine the geomorphol-
ogy of meltwater landforms formed by massive outburst
floods beneath a formerly more extensive Miocene Antarc-
tic ice sheet in Victoria Land. The scale of the features is of

the same order of magnitude as the ice-dammed Lake Mis-
soula outbursts that created the channeled scablands of east-
central Washington [Bretz, 1923, 1969]. A difference is that,
unlike the Missoula floods, the Antarctic features were formed
subglacially.
The geomorphology of subglacial meltwater features is

one approach to the study of water flow at the base of ice
sheets. Theoretical work, backed up by observations mainly
in the Northern Hemisphere, has shown that subglacial melt-
water is fundamental to the dynamics of ice flow. Meltwater
can form major subglacial rivers with predictable networks
and routes [Shreve, 1972]. Moreover, meltwater controls the
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Figure 1. Landsat image of southern Victoria Land plotted with place names and locations for figures and plates in this
article. Nv, Njord Valley; BP, Battleship Promontory.
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presence or absence of basal slip between ice and rock
[Weertman, 1957]; influences the processes of erosion, abra-
sion, and plucking [Iverson, 1991; Nye, 1976; Röthlisberger,
1972]; and evacuates and mobilizes subglacial sediment
[Boulton, 1996], and its seasonal evolution influences the
spatial pattern, timing, and magnitude of ice flow [Iken et al.,

1983; Nienow et al., 2005]. In the case of Antarctica, most
meltwater activity is hidden from view beneath the ice sheet,
and inferences can be made on the basis of changes in the ice-
surface elevation as subglacial lakes fill and drain [Wingham
et al., 2006; Smith et al., 2009] or from direct observations of
meltwater outflows [Goodwin, 1988]. Marine geophysical

Plate 2. Dolerite boulders up to 35 cm across in a ripple on the crest of an area of corrugated bedrock, Coombs Hills. Two
such boulders from the same area have been exposed on the surface for at least 9 Ma and, allowing for modest erosion,
probably for ~14 Ma [Margerison et al., 2005].

Plate 1. Corrugated bedrock in a sandstone basin located in the Coombs Hills. Aerial view is toward the northwest. The
overriding ice passed northeastward across Mount Brooke and then through the area of the photograph from left to right.
Note that there is a transition from stripped bedrock with plunge pools and irregular patches of regolith (bottom right),
through corrugated bedrock with no regolith, corrugated bedrock with residual ripples on the crests, corrugations wholly in
regolith, and finally to undisturbed regolith (top left). Field of view at base of photograph is ~500 m. Adapted from Denton
and Sugden [2005].
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surveys have revealed complex, anastomosing networks of
channels on the seafloor beneath formerly more extended
outlet glaciers, especially in the Amundsen Sea [Lowe and
Anderson, 2003; Graham et al., 2009], and off the West
Coast of the Antarctic peninsula [Domack et al., 2006;
Ó Cofaigh et al., 2002]. Other channel networks have
been described crossing peninsulas in the South Shetland
Islands [Sugden and John, 1971]. In all such cases, it has
been difficult to date the channels and assess their full
significance.
The McMurdo sector of the Transantarctic Mountains,

including the mountain blocks of the Royal Society Range,
Dry Valleys, and the Convoy Range, is unusual in that it
comprises a large ice-free area in Antarctica that was
formerly the bed of a more extensive ice sheet (Figure 1).
As such, it is possible to study the meltwater landforms in
detail, assess the possible discharges responsible, and date
them. This article brings together different observations in
the area and discusses their possible significance.
The Transantarctic Mountains comprise a faulted, uplifted,

and tilted shoulder of the West Antarctic rift system. The
topography forms an escarpment face that rises steeply from
the coast of the Ross Sea to elevations of 2000 m in the Dry
Valleys and Convoy blocks and 4000 m in the Royal Society
block. The upland surface of the escarpment falls gently
inland beneath the present East Antarctic ice sheet. The
whole area, with the possible exception of the higher sum-
mits in the Royal Society Range, has been overridden by a
thicker ice sheet flowing in an overall SW-NE direction, as
indicated by the orientation of glacially scoured landforms,
striations, plucked faces, and subglacial meltwater channels
[Denton et al., 1984, 1993; Sugden and Denton, 2004]. A
chronology on the basis of multiple 39Ar/40Ar analyses of

Plate 3. Ripples in regolith adjacent to undisturbed regolith with contraction-crack polygons. The step up to the
undisturbed regolith is 2 to 3 m and close to the angle of repose. Erosion postdates deposition of the regolith, which may
be the age equivalent of Sirius Group deposits [e.g., Denton et al., 1993]. Field of view at base of photograph is ~400 m.

Plate 4. Corrugations in sandstone and regolith in the western
Olympus Range. Aerial view is to the NNW. Overriding ice passed
from left to right across the sandstone shoulder in the foreground.
As is consistently the case, corrugations, with rippled crests marked
by regolith, occur on the lee side of obstacles overrun by ice. Field
of view at base of photograph is ~300 m. Adapted from Denton and
Sugden [2005].



volcanic ashes in the Dry Valleys places the overriding in the
middle Miocene about 14 Ma ago [Marchant et al., 1993a,
1993b; Lewis et al., 2006, 2007].
There are two groups of meltwater features distinguished

on the basis of scale. In many areas of glacial scouring, for
example, on the seaward flanks of the Royal Society Range,
are channels typically 20 m deep and hundreds of meters
long, situated on north-facing lee slopes and cutting across
saddles and other topographic convexities [Sugden et al.,
1999]. Such channels are common throughout the world’s
glaciated areas and explained in terms of normal meltwater
flow beneath warm-based glaciers [Shreve, 1972]. In addi-
tion, there is a suite of features comprising channels
hundreds of meters deep and tens of kilometers long, pot-
holes and plunge pools tens of meters across and in depth,
and scabland comprising shallow saucer-like depressions
and irregular conical hillocks extending over areas tens of
square kilometers. These tell of massive meltwater outbursts
and are the focus of this article.

2. MELTWATER LANDFORMS

The landforms have been described and mapped in sepa-
rate publications on the Convoy Range [Denton and Sugden,
2005; Sugden and Denton, 2004], in Wright Valley [Lewis et
al., 2006], and in the Asgard Range [Sugden et al., 1991].
Here we bring together the observations and describe fea-
tures associated with stripped bedrock, channel systems, and
scabland. In reality, the three forms overlap with one another,
but they are a helpful basis for discussion.

2.1. Stripped and Corrugated Bedrock

A curious feature of the Dry valleys and Convoy blocks is
the presence at high elevations of stripped bedrock surfaces,
often marked by corrugations. The stripping is demonstrated
by the pattern and preservation of adjacent residual regolith
and till and the disruption of till stratigraphies that are oth-
erwise continuous throughout local areas [Marchant et al.,

Figure 2. Geomorphic map showing the stripped bedrock, channels, and potholes on the sandstone escarpment at
Battleship Promontory. Additional details are provided in Plates 5 and 6. See Figure 3 for location.
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1993a, 1993b; Lewis et al., 2007]. In plan view, stripped
areas may be oval or spatulate or have intricate outlines.
They range in area from 100 m2 to several square kilometers.
It is typical to find that channels in stripped bedrock areas are
oriented at right angles to the corrugations. Typically, chan-
nels lead into such areas of stripped bedrock.
Plate 1 shows such a surface in the Coombs Hills on the

upland surface inboard of the Convoy Range. The aerial view
shows corrugated bedrock in sandstone, and the direction of
flow of overriding ice was approximately from left to right.
The corrugations have wavelengths of 25 to 50 m and ampli-
tudes of 2 to 6 m. There is a transition from stripped bedrock
with occasional dolerite clasts dotted on the surface (lower
right), through bedrock corrugations with coarse, crescentic
ripples of dolerite on the crests (Plate 2), to corrugations
wholly in regolith, and finally to undisturbed regolith. In the
midst of the stripped bedrock areas is a channel with an arcuate
cliff of 10 m overlooking a plunge pool. Plate 3 shows the
remarkably sharp junction between rippled drift and undis-
turbed regolith complete with contraction-crack polygons, at
the northern end of the stripped bedrock area. In the nearby
Allan Hills, corrugations are cut into bedrock and also into
Sirius Group till deposits [Sugden and Denton, 2004].
A similar suite of bedrock corrugations and remnant drift

patches are found at high elevations throughout the Dry Valleys
block [Marchant et al., 1993a, 1993b]. At any single locality,
the severity of erosion typically increases from southwest to
northeast, grading from the margins of intact drift sheets, to
isolated patches of scoured debris, to rippled drift exhibiting
wavelengths of ~20 m, and ultimately to widespread scour and
corrugated sandstone bedrock. Where best expressed, as near
the breached headwall of Njord Valley in the Asgard Range,
channel-and-pothole sequences typically lead directly into
areas with rippled drift and/or scoured bedrock [Ackert, 1990].
The style and extent of erosion are correlated with topog-

raphy. Erosion is greatest on the northeastern lee slopes of
overridden divides and mountain saddles. Saddles exhibit
stoss-and-lee morphology, with inferred flow to the north-
east, and typically grade directly into exposed bedrock with
well-defined channels and potholes. The greatest extent of
stripped rock surfaces in the western Dry Valleys region
occurs within the shallow open-ended valleys of the Olym-
pus Range, where patches of rippled drift are concentrated in
the lee of isolated buttes, mesas, and inselbergs (Plate 4). In
places, this rippled drift is seen emerging from beneath the
margin of cold-based glacier ice. In the case where valleys
are encircled by near-continuous headwalls, stripping is min-
imal and may simply be manifested as the local removal of
stacked drifts from shallow basins that fail to reach bedrock
[Marchant et al., 1993b]. Where bedrock in such basins is
reached, however, the overburden is transported a minimal

distance, typically to the northeast, and deposited directly on
preexisting colluvium unaffected by subglacial scour or melt-
water flow [e.g., Nibelungen till ofMarchant et al. (1993b)].

2.2. Channels, Potholes, and Plunge Pools

Spectacular channel systems are associated with valleys or
troughs in the main escarpment front over a distance of
150 km between the Allan Hills in the Convoy Range and
Friis Hills near the head of Taylor Valley. The scale of the
channels and their associated potholes and plunge pools is
remarkable. The 30+ km channel-and-pothole system cross-
ing Battleship Promontory in the Convoy Range is a fine
example. Three channels, one of which is 150 m deep, cross
the interfluve at the crest of the mountains, converge, and fall
800 m as they extend 8 km down valley. Here the channels
diverge as they cross the 200 m high sandstone escarpment
of Battleship Promontory by means of a staircase of potholes
50 to 140 m across and 12 to 38 m deep (Figure 2 and
Plates 5 and 6; see also Figure 3 for location). At the foot of
the promontory, the channel continues with an undulating
long profile with wavelengths of 100 to 300 m and ampli-
tudes of 12 to 40 m. Another similar system runs down
Greenville Valley, some 25 km to the north. Here, several
channels cross the mountain crest and fall 1500 m via three
tiers of secondary escarpments, each with arcuate headwalls
overlooking plunge pools. The lowest plunge pool at the foot
of the converging pattern of channels is 1.4 × 0.9 km across,
~200 m deep, and excavated into bedrock. In contrast, the
neighboring and similarly oriented valley immediately to the
north, Towle Valley, has regolith-covered rectilinear slopes
with little evidence of meltwater erosion.
The labyrinth channel-and-pothole system in Wright val-

ley, including scabland in central Wright Valley [Lewis et al.,
2006], is over 50 km long and has individual channels and
canyons 600 m wide and 250 m deep (Plate 7). Typically, the
channels have sinuous anastomosing patterns with ungraded
confluences and irregular convex long profiles; they are
studded with potholes more than 35 m deep at confluences,
on downslope leeside slopes, and sometimes on channel
interfluves. Some potholes display imbricated blocks of dol-
erite up to ~2 m across. In places are plunge pools with an
arcuate cliff overlooking one side of a bedrock basin. De-
tailed mapping reveals three distinct erosional surfaces in the
labyrinth. The upper- and intermediate-elevation surfaces
(ES 1 and ES 2) both exhibit shallow bedrock channels and
stoss-and-lee morphology suggestive of typical erosion be-
neath wet-based ice. The lowermost surface (ES 3), however,
displays the complex network of deep, anastomosing bed-
rock channels and U-shaped canyons that truncate both the
upper and intermediate surfaces (Plate 7).
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A similar, although less extensive network of channels
and potholes occurs in valley troughs immediately north and
south of the Friis Hills massif near the head of Taylor
Glacier. The bedrock channels, tens of meters deep, are
suggestive of flow that wraps around the lower slopes of the
massif and into incipient troughs that open to central Taylor
Valley. The channels are incised in Ferrar Dolerite as well as
in underlying basement rocks of granitic composition. As
for the case with the labyrinth, channel floors lack apprecia-
ble sediment, it being restricted to minor patches of colluvium
at the base of channel walls. The cold-based, lateral margin
of Taylor Glacier occupies the heads of several channels
along the inland portion of the system.

2.3. Channelled Scabland

Scabland is used here to describe irregular bedrock surfaces
eroded into sandstone, siltstone, and dolerite on the high
plateau inland of the mountain crest. Scabland is widespread
in the Convoy Range, Allan Hills, and Coombs Hills, and

details are tabulated by Sugden and Denton [2004; Table 2]
(Figure 3). The common features are scallops in bedrock tens
to hundreds of meters across and tens of meters deep. Irreg-
ular and pointed buttes abound, while sharp-crested ridges are
associated with upstanding dikes. Bedrock surfaces are
stripped and feature corrugations with a wavelength of 25 to
50 m and an amplitude of 2 to 6 m. In the case of the conical
Mount Brooke, rising some 600 m above the surrounding
plateau, the corrugations fan out from the summit toward the
north and east. To the north, they lie at right angles to an
orientation of 10°E, whereas to the east, the equivalent orien-
tation is 43°E. Irregular channels tens of meters deep with
potholes up to hundreds of meters across are common. Scal-
loped basins are most common on south and east-facing (up-
glacier) slopes, whereas channels and potholes are most
frequent on north and west (down-ice) slopes. The channels
start in saddles, which they sometimes breach, and converge
downslope toward the north and west.
There is continuity and even overlap between the chan-

nelled scabland and channel systems described above. Parts

Plate 5. Oblique aerial view looking to the southeast across Battleship Promontory. From right to left, note the dolerite
scablands, sandstone escarpment with channels and potholes, spatulate scour zone and transverse corrugations, and rippled
drift in Alatna Valley. The bracket opens onto the view of Battleship Promontory shown in Plate 6. See also Figure 3 for
the general location of Battleship Promontory within the Convoy Range.
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of Greenville Valley, Battleship Promontory itself, and parts
of the labyrinth could be classified as scabland. However, the
dominance of scalloped bedrock basins and buttes on the
upland areas seems distinctive.

3. CHRONOLOGY

The meltwater features have been dated to the mid-
Miocene using two independent methods. In the first method,
40Ar/39Ar dates of ~12.5 and 12.44 Ma on pristine ashfall that
stratigraphically overlies terrain scoured by ice and meltwater
in the western Asgard and western Olympus ranges provide
minimum ages for meltwater incision [Marchant et al., 1993b;
Lewis et al., 2007]. In addition, pristine drifts that drape across
scoured terrain likewise provide minimum ages for meltwater
incision (Plate 8). Further, if one assumes that meltwater
incision occurred during glacial overriding, then a date of
14.8 Ma, on an in situ ash layer found beneath till drawn out
from a bedrock hollow in Nibelungen Valley [Marchant et al.,
1993a, 1993b], provides a maximum age for meltwater inci-
sion. Taken together, the radiometric dates bracket meltwater
incision at high elevations in the Dry Valleys to sometime

between 14.8 and ~12.5 Ma. A closer fix on the timing of
meltwater incision comes from radiometric ages on pristine
and reworked tephra in the labyrinth. A date of 12.37 ± 0.66
Ma on pristine ashfall on ice-scoured bedrock provides a
minimum age for meltwater incision [Lewis et al., 2006]. A
date of 14.36 ± 0.43 Ma on reworked tephra found within
stratified deposits provides a maximum age for at least one
meltwater event. Taken together, the radiometric data call for
at least one meltwater flood inWright Valley trough sometime
between ~14.3 and ~12.3 Ma [Lewis et al., 2006].
The second independent method was the use of cosmo-

genic 3He to date the dolerite flood deposits at an elevation of
2000 m in the Coombs Hills [Margerison et al., 2005]. Three
dolerite clasts within 15 m of each other were selected from a
flat corrugated sandstone surface well distant from any pos-
sible slope activity. The clasts were undisturbed since depo-
sition in that their upper surfaces were pockmarked with 4 cm
deep solution holes due to chemical weathering, a conclusion
subsequently confirmed by comparing analyses of their upper
and lower surfaces. Assuming scaling factors appropriate for
Antarctica and no erosion, the analysis showed that the three
clasts had been exposed to cosmic rays for at least 8.6 to

Plate 6. Oblique aerial view of the sandstone escarpment at Battleship Promontory. View is to the west. The sandstone
escarpment is 200 m high. Huge plunge pools occur at the base of the cliff. The area just above the cliff is pockmarked with
giant potholes. Battleship Promontory makes up part of an extensive 34 km long channel-and-pothole system that begins
at a summit divide (partially seen in background) and drops 1000 m in elevation.
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10.4 Ma. Allowing for an erosion rate of ~0.03 m Ma�1,
calculated from other samples and a rate typical for the region
[e.g., Summerfield et al., 1999; Staiger et al., 2006; Schäfer
et al., 1999; Balco et al., 2008], then an exposure age of ~14Ma
is likely for the oldest clast. The analysis supports the hypoth-
esis that the clasts were deposited by a flood ~14 Ma ago and
have remained undisturbed ever since.

4. INTERPRETATION

Following the arguments outlined in the work of Denton
and Sugden [2005], we interpret the stripped bedrock sur-
faces, channels, potholes, plunge pools, and scabland as the
result of high-magnitude subglacial floods. The continuity,
sinuosity, and confluence pattern of the channels and their
association with potholes are features best explained by the

action of water. There are several characteristics that demon-
strate the features were cut subglacially under hydrostatic
pressure. These include irregular, convex, long profiles of
channels, their anastomosing pattern cut in bedrock, and their
overall orientation parallel to ice flow, often across the grain
of the underlying topography. In the latter case, many chan-
nels and other features reflect flow northeastwardly across
the mountains, a direction indicated by streamlined land-
forms of ice erosion. This orientation is reflected in the
northeastward flow of channels in scabland on the upper
plateau and, in areas of more relief, in the location of chan-
nels in saddles in the underlying topography. The Convoy
Range channel systems originate in saddles in the main
mountain crest and are a good example of the latter relation-
ship. In deeper valleys, such as Wright and Taylor valleys,
the channel systems are more constrained by topography and

Figure 3.Geomorphic map highlighting scabland topography, major channels, and large potholes in the Convoy Range;
also shown is the location of Battleship Promontory and Figure 2. GV, Greenville Valley; TV, Towle Valley. Adapted
from Sugden and Denton [2004].
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are oriented E-W down valley. This pattern is typical of
subglacial meltwater flow driven by ambient pressures
within the ice as a result of primarily the surface slope of the
overriding ice and secondarily the shape of the underlying
topography.
It seems as though the ice between the meltwater forms

was cold-based. This is exemplified by the widespread pres-
ervation of preexisting regolith and till patches immediately
adjacent to the meltwater features. The preservation of un-
disturbed premeltwater volcanic ash in the Asgard Range
[Marchant et al., 1993b; see also Lewis et al., 2007, 2008]
demonstrates near-perfect preservation of antecedent sedi-
ments outside scour zones. In the Allan Hills, Sirius Group
and related deposits, thought to reflect the earliest glaciation
of this part of the Transantarctic Mountains, have been
preserved in patches immediately adjacent to flood ripples
(Plate 2). Indeed, the corrugations have actually exposed the
deposit in places. Cosmogenic isotope analysis has shown
that cold-based ice can override clasts without removing
them [Briner et al., 2006; Sugden et al., 2005], and thus, it
is reasonable to suggest that the overriding ice was cold-
based, at least over the high mountain rim, and may have
been in response to cooling in the mid-Miocene [Lewis et al.,
2007, 2008]. Thus, the juxtaposition of such deposits and
flood features is best explained by a subglacial flood breach-
ing a cold-based ice sheet covering the mountains.
An unusual feature of the meltwater landforms in the Dry

Valleys area is the relative lack of sediment. The Missoula
flood routes are associated with sediment deposition at certain
locations, and the undulations on the bed may consist of giant
ripples topped by dunes. Sediment in the Dry Valleys area is
confined to boulders and patches of coarse gravel in parts of
the labyrinth and to crescentic ripples topping some of the
bedrock corrugations in otherwise stripped bedrock areas.
What is missing is evidence of eskers, valley trains, and
outwash fans that are so typical of the beds of former
Northern Hemisphere ice sheets. Perhaps much of the sedi-
ment froze on to the bottom of the ice sheet and was trans-
ported offshore by normal processes of ice flow. The location
of distinct spatulate-shaped patches of stripped bedrock
downstream of channels, as in the case of the Asgard Range
and Battleship Promontory, could indicate such a process
[Marchant et al., 1993b]. Perhaps the sediments were trans-
ported offshore into the Ross Sea embayment by meltwater
and have been deposited as deltas near the ice edge. In support
of such an idea is the recording of mid-Miocene gravel deltas
and channels within the till sequences on the floor of the Ross
Sea [Chow and Bart, 2003; Haywood et al., 2008].
There are three arguments to suggest that the meltwater

features were cut by megafloods. First, the sheer scale of the
landforms is similar to those known from other huge floods,

such as the floods across Northwest Washington, caused by
the sudden drainage of Lake Missoula with a volume of
2600 km3 through its ice dam [Baker, 2009]. The 150 km
width of the mountain front affected by flood features in the
Dry Valleys area compares to an equivalent figure of 50 to
100 km for the Missoula floods. Moreover, individual chan-
nels in both areas are several kilometers long and hundreds of
meters deep. The plunge pools in the Convoy Range are
kilometers across with backing cliffs of 100 to 200 m and
are the equivalent of the similarly sized coulees inWashington.
Second, the landform assemblage is similar. Bretz [1923]

coined the word scabland to describe areas of bedrock from
which the loess cover had been stripped by water. In Wa-
shington, the “usual development is small channels and rock
basins surrounding buttes and mesas with a typical relief of
30 to 100 m. The rock basins range in scale from shallow
saucers or deep potholes, 10 to 100 m in width, to Rock
Lake, a huge inner channel that is 11 km long and 30 m
deep” [Baker, 2009]. Such words are excellent descriptions
of the scabland in Antarctica. Furthermore, the association of
Washington scabland with potholes, cataracts or plunge
pools, longer channels, and transverse bedforms, 2 to 3 m in
amplitude and a spacing of up to 60 m, all have counterparts
in Antarctica. Such features are typical of separated flow at
high flow velocities in rock channels [Hancock et al., 1998;
Baker, 1978]. The concentration of potholes on lee slopes, as
in the Dry Valleys area, is characteristic. The transverse
corrugations are linked to standing waves typical of high
velocities [Allen, 1971].
The third argument in favor of a massive outburst flood is

that even approximate calculations suggest the discharges
are in excess of 1 million m3 s�1 and thus can be classified
as megafloods. In the case of Antarctica, minimum estimates
on the basis of (1) the 1.8 × 1.8 m face dimensions of
transported dolerite blocks in the labyrinth and (2) the as-
sumption that the flood did not overfill the channels yield
discharges of 1.6 to 2.2 million m3 s�1 [Lewis et al., 2006].
If, as is possible in view of potholes existing on channel
interfluves, the flood overfilled the channels, then the dis-
charge could have been much higher. Working in a location
where the upper flood surface can be estimated, discharges of
~17 million m3 s�1 have been calculated for some Washing-
ton flood peaks [Waitt, 1985; O’Connor and Baker, 1992].

5. GLACIOLOGICAL MODELING

Radio echo sounding has revealed that there are many
subglacial lakes beneath the East Antarctic ice sheet [Siegert,
2000]. Lake Vostok near the center of the East Antarctic ice
sheet beneath Dome C is comparable in size to the Great
Lakes of North America and measures 260 � 80 km and has
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a depth of over 500 m. Lake Ellsworth in West Antarctica
lies in an overdeepened trough and is around 10 km long and
at least tens of meters deep [Siegert et al., 2004]. Observa-
tions from past and present ice sheets show that such lakes
can drain suddenly. Evatt et al. [2006] calculate that Antarc-
tic subglacial lakes can repeatedly drain suddenly, and satel-
lite observations of ice-surface elevation changes as a result
of one subglacial lake draining and flowing rapidly down
glacier to another subglacial lake basin have demonstrated
the process in action [Wingham et al., 2006]. The route of the
flood follows the ambient pressures within the ice and thus

reflects the dominant role of ice-surface gradient and lesser
role of subglacial topography. The interval between floods
may be hundreds to thousands of years and depends on such
factors as the size of the lake catchment and the rate of basal
melting. Under the present ice sheet, meltwater from Lake
Vostok with a total volume of 6� 1011 m3 would find its way
to the Ross Sea embayment via the Byrd glacier trough,
which breaches the Transantarctic Mountains 350 km south
of Taylor Valley [Evatt et al., 2006].
The meltwater features in the wider Dry Valleys area

formed beneath a former expanded ice sheet, and Sugden

Plate 7. Digital elevation models (DEMs) of the labyrinth; data from a joint NSF/NASA/USGS effort, with basic
processing at the Byrd Polar Research Center, The Ohio State University; north is to the top, and scale bar is applicable
to all DEMs. (a) Shaded relief DEM of Wright Upper Glacier, the labyrinth, and central Wright Valley (see Figure 1 for
location). (b) Erosion surfaces (ES 1, ES 2, and ES 3) comprising the labyrinth; white circle and diamond show locations
for in situ and reworked ashfall, respectively, that provide chronologic control for the most recent flood event between
12.37 ± 0.66 and 14.36 ± 0.43 Ma (see text). (c) Channels, depicted as black lines, and location of longitudinal profiles
(1 and 2) depicted as dashed lines. Individual channels feature potholes at tributary junctions, with plunge pools, blind
terminations, and reverse gradients. (d) Longitudinal profiles for channels 1 and 2 as indicated in (c); adverse slopes, up to
30 m in relief, occur within some of the largest channels. North Fork and South Fork basins, on opposing sides of the Dais,
are as much as 800 m deep and carved by glaciers during headword erosion of Wright Valley. (e) Joint orientations in
bedrock displayed on rose diagram (note similarity with overall channel pattern within the labyrinth). (f ) Photograph of
channels in the labyrinth; view to the east. VE, vertical exaggeration. Adapted from Lewis et al. [2006].
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and Denton [2004] showed a model of such an ice sheet.
They pointed out that the surface flow lines ran from Vostok
across the area and wondered whether the source of the
meltwater could indeed have been Lake Vostok. In such a
case, the water might have flowed progressively and slowly
down glacier, perhaps in a number of stages, until it eventu-

ally reached the cold-based rim over the mountain axis.
Once it was able to lift the overlying ice and breach the
dam, the water drained catastrophically to form the flood
features in the lee of the mountain crest. Alternatively, the
adverse slopes along the interior flank of the Transantarctic
Mountains would most likely have provided the requisite

Plate 8. (top) Oblique aerial view (looking southeast) showing pristine alpine drifts (<1 m thick) that drape across scabland
topography in the Olympus Range (foreground) and the upper erosion surface of the labyrinth (background). (bottom)
Interpretive sketch highlighting cross-cutting relations and relative chronology. The alpine drifts, undated at present,
clearly postdate meltwater incision. In addition, the pristine nature of the drift sheets and moraines suggest that aeolian
processes in recent times have not been sufficient to remove thin regolith and expose underlying sandstone bedrock. The
latter is consistent with a nonuniformitarian process, e.g., massive floods, as a likely cause for the observed scabland
features. Field of view at base of photograph is ~300 m.
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glaciological conditions for subglacial meltwater ponding
[Clarke et al., 2005]. Particularly favorable locations would
be the troughs on the inner flank of the mountains revealed
by radar remote sensing [Calkin, 1974], which were proba-
bly cut by local mountain ice caps at an early stage of
Antarctic glaciation [Jamieson and Sugden, 2008]. The
cross-cutting channels and erosion surfaces of the labyrinth
call for repeated failure of such an ice dam and multiple
discharge events. We explore this possibility in general terms
using an ice sheet model.
In order to analyze subglacial drainage in the region of the

Dry Valleys, we use models of hydraulic potential at the base
of both the present-day ice sheet and an ice sheet that is
~1000 m thicker over the inland end of Wright Valley. BED-
MAP data from Lythe et al. [2001] provides the topographic
and surface elevations for the modern analysis. The thicker
ice sheet configuration is based on modeled data used to
reconstruct past basal processes and water flow over wider
regions of Antarctica [Jamieson and Sugden, 2008; Jamieson
et al., 2010]. The thicker ice is generated using the GLIM-
MER community ice sheet model with the assumption that
the slopes of the bedrock and of the ice surface are shallow

and therefore that longitudinal stress components are negli-
gible [Rutt et al., 2009]. The geometry of the modeled ice
mass is determined by patterns of ice flow, accumulation,
ablation, and basal melting. A 20 km resolution, isostatically
rebounded version of the BEDMAP bedrock data provides
the initial boundary condition, and it is assumed that precip-
itation patterns are similar to present but that intensity is
dependent on elevation. This enhances snowfall and helps
to produce a thickened steady state ice sheet over the Dry
Valleys region.
The hydraulic potential is calculated for both the present-

day and thicker ice sheets, assuming, as others have done
[Evatt et al., 2006], that basal water pressures are equal to ice
overburden pressure. The resultant surface allows tracking of
dominant subglacial water pathways with flow perpendicular
to the pressure gradient. Hydraulic potential and therefore
paths of subglacial flow are most strongly controlled by ice-
surface gradient with the influence of bed slope being felt to
a lesser extent unless at a local scale [Shreve, 1972]. Thus,
the locations of potential lakes, where hydraulic gradients
converge inward, are often, although not always, aligned
with topographic overdeepenings. The locations of these

Figure 4. Predicted subglacial pathways (white lines) (left) without and (right) with potential lakes (white areas) beneath
the present-day East Antarctic ice sheet. Hydraulic potential was calculated using BEDMAP ice-surface and bed data
[Lythe et al., 2001]. White circle, labyrinth; white triangle, Lake Vostok; gray shading, hill-shaded subglacial bed
topography; black lines, 500 m ice-surface contours.
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potential lakes are robust. However, their extents are partic-
ularly sensitive to the smoothness of the ice surface and, in
this case, are maximum estimates.
Figure 4 shows predicted subglacial meltwater flow paths,

with and without potential lake basins, beneath a large sector
of the present East Antarctic ice sheet, and covers the Dry
Valleys and Lake Vostok and the area in between. The
pattern is of radiating dendritic flow from the central dome
of the ice sheet near Vostok (Dome C). At a macroscale, it is
evident that the Transantarctic Mountain blocks concentrate
both ice and subglacial water flow into the Byrd and David
glacier troughs that breach the barrier at the present day. In
the north, there is freer and more direct flow toward the coast
of Oates Land. The Dry Valleys area emerges as a zone of
divergence with meltwater from the ice sheet interior being
diverted north and south around the mountain blocks. This is
expected in view of the fact that the ice sheet is not suffi-
ciently thick to cover the mountains except for a few outlets
such as Ferrar and Mackay glaciers. The dendritic flow
connects chains of potential subglacial lake sites, where the
equipotentials are zero or reversed.

Figure 5 shows a modeled thicker ice sheet with surface
elevations over the Dry Valleys area 1000 m higher at around
2500 to 3000 m. Encouragingly, the direction of ice flow,
perpendicular to the surface contours, shows ice flowing
across the mountains in a northeasterly direction. This is in
good agreement with the evidence of ice molding and the
orientation of subglacial meltwater flow. The broad pattern
of flow of subglacial meltwater is similar to that of the
present-day reconstruction in that it radiates out from Dome
C. However, in this case, it is more focused on outlet glaciers
breaching the Transantarctic Mountains, and there is a larger
area draining toward the Oates coast. Moreover, Lake Vos-
tok, if it drains, is likely to go to the Wilkes coast due to the
size and position of a palaeo-Dome C. A persistent feature is
that the Dry Valleys area still encourages interior water to
diverge around the mountain blocks.
We carried out sensitivity tests in order to identify whether

a lack of detail in the basal topography could be important in
understanding the flow routing in the region of the Dry
Valleys. Although BEDMAP data were collected at a rela-
tively high resolution over the adjacent Taylor Dome, it is

Figure 5. Reconstruction of subglacial pathways (white lines) (left) without and (right) with potential lakes (white areas)
beneath a thickened East Antarctic ice sheet. Hydraulic potential was calculated using ice-surface and bed data from an ice
sheet model that predicts ice 1000 m thicker than present over the Dry Valleys region [Jamieson and Sugden, 2008]. White
circle, labyrinth; white triangle, Lake Vostok; gray shading, hill-shaded subglacial bed topography; black lines, 500 m ice-
surface contours.
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possible that the detail of key topographic ridges, hollows, or
troughs may be poorly represented in the model. The sensi-
tivity tests made topographic conditions as favorable as pos-
sible to the hypothesis that water draining from the interior of
East Antarctica could be routed through the Dry Valleys.
Tests included lowering the mountains of the Dry Valleys
area by 500 m to simulate possible tectonic activity or ice
thickening and blocking the surrounding Byrd and David
troughs at the elevation of the adjacent mountains to cover
the possibility that they had not been fully excavated by the
mid-Miocene. In none of these experiments did we induce
meltwater from interior East Antarctica to cross themountains
in the Dry Valleys area. However, in these experiments, the
original modeled ice-surface elevation is retained, and given
the importance of ice-surface gradient in driving hydraulic
potential, we cannot rule out the hypothesis that water may
have been directed through the Dry Valleys if the Byrd and
David breaches were blocked. Nevertheless, there is a strong
tendency for water to drain preferentially through the vicinity
of the Byrd and David glaciers due to their adjacent mountain
elevation, size, depth, significant inland catchment areas, and
the influence on ice-surface gradients. Not only do these
troughs and their hinterlands offer natural funnels, but also
they force ice-surface gradients to such an extent that ice flow
and hydraulic potential diverge behind the Dry Valleys block.
So we are left with a puzzle. The evidence tells of a huge

lake draining subglacially and catastrophically over the
mountains in the area, and yet there is no obvious route from
the deep interior. So what are the possible explanations for an
apparent mismatch between the model output and the field
evidence? First, there is the question of whether the resolu-
tion of the model and of the topography is sufficient to pick
out a relatively narrow meltwater route across the mountains.
This is a distinct possibility because the model simulates ice
sheet behavior on a much coarser resolution (20 km) than the
BEDMAP data (5 km), and this will have the effect of
smoothing the topography and reducing high and low points.
Also, the model generalizes the surface gradients of the ice
and assumes an equilibrium state. During glacial cycles,
there would have been periods of thinner ice over the moun-
tains, and in such a case, ice-surface gradients could have
been steeper. Further, there is the observational evidence that
Wright outlet glacier had sufficient ice flux to excavate an
overdeepened trough 800 m deep and 7 km wide in Wright
Valley (Plate 7), which shows that the glaciological condi-
tions and topography did permit focused ice flow across the
mountain rim. Such ice flow would favor subglacial meltwa-
ter flow in the same direction.
A second possibility is that the topography, especially the

Byrd and David troughs, has been modified since the mid-
Miocene. It is easy to imagine that outlet glaciers breaching

the mountains are continuing to deepen their troughs and are
thus changing the subglacial hydrology. Such an idea under-
lay the idea of infilling in the troughs in one sensitivity test
and requires further work to explore fully. Nonetheless, the
experiment showed that it was the overall geometry and
elevation of the mountain rim rather than the depth of the
troughs that were more significant. Moreover, it is likely that
the troughs exploited preexisting river valleys that had al-
ready cut down to sea level by the Miocene and that a low
level route to the sea already existed [Sugden and Denton,
2004]. At present, this seems an unlikely explanation.
Perhaps a third and the most likely explanation is that there

is a local source for the lake on the inland slopes of the
mountains. Experience has shown that even extremely large
topographic features can remain hidden below the ice [Le
Brocq et al., 2008] and that perhaps a trough cut by local ice
might exist and offer a location for a massive lake to accu-
mulate. In such a case, the ice gradients on the peripheries of
the ice sheet would be the main drivers of the subglacial flow
across the mountain rim. Perhaps the lake outbursts could be
influenced by mid-Miocene glacial cycles and relate to pe-
riods when the overlying ice thins and ice-surface gradients
steepen. Such a local source avoids the problem of diver-
gence suggested by the model for meltwater flow from the
deep ice sheet interior.
These three possible explanations all relate to our knowl-

edge of past and present topography. Given the importance
of ice-surface gradients on hydraulic potential, any defi-
ciency will be magnified by ice surfaces generated using ice
sheet models. Therefore, it seems likely that one or more of
these alternatives holds the key to explaining the source and
routing of the meltwater outbursts and landforms in the Dry
Valleys area. At present, our preferred hypothesis is that
meltwater accumulated subglacially in a bedrock basin on
the inner flanks of the Transantarctic Mountains and that on
more than one occasion, and possibly on many occasions, it
breached the cold-based ice sheet rim and flowed beneath the
ice as a megaflood toward the northeast and the sea.

6. CONCLUSIONS

1. We describe a landscape in the Dry Valleys area con-
sisting of channels, potholes, plunge pools, stripped bedrock,
and scabland created by subglacial outburst floods on a scale
similar to that of the massive outbursts of Lake Missoula in
Washington, United States.
2. The features are dated to the mid-Miocene and formed

when a thicker East Antarctic ice sheet overrode this part of
the Transantarctic Mountains.
3. Ice sheet modeling suggests that meltwater from Lake

Vostok or other interior basins would have bypassed the Dry
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Valleys area and instead would flow out the troughs beneath
the Byrd and David glaciers.
4. It is likely that the source of the massive subglacial lake

is a trough excavated by local glaciers on the inner flank of
the mountains and that periodically the lake breached the
cold-based rim of the ice sheet and drained suddenly.
5. The efficacy of erosion by such outbursts is remarkable.

The most concentrated effects were in the labyrinth on the
bed of the former Wright outlet glacier. Such outbursts are
likely to contribute to the erosion of present-day outlet gla-
cier troughs.

Acknowledgments. This research was supported by the Division
of Polar Programs of the U.S. National Science Foundation and by
the U.K. Natural Environment Research Council. We are indebted
to George Denton for many stimulating and creative discussions in
the field and subsequently. We thank Jeff Kargel and an anonymous
reviewer for helpful comments on the initial manuscript.

REFERENCES

Ackert, R. P., Jr. (1990), Surficial geology and geomorphology of
the western Asgard Range, Antarctica; implications for late Ter-
tiary glacial history, unpublished M.Sc. thesis, 147 pp., Univ. of
Maine, Orono.

Allen, J. R. L. (1971), Transverse erosional marks of mud and rock:
Their physical basis and geological significance, Sediment. Geol.,
5, 167–385.

Baker, V. R. (1978), Paleohydraulics and hydrodynamics of Scab-
land floods, in The Channelled Scabland, edited by V. R. Baker
and D. Nummedal, pp. 59–79, NASA, Washington, D. C.

Baker, V. R. (2009), The Channelled Scabland: A retrospective,
Annu. Rev. Earth Planet. Sci., 37, 393–411.

Balco, G., J. O. Stone, N. A. Lifton, and T. J. Dunai (2008), A
complete and easily accessible means of calculating surface
exposure ages or erosion rates from 10Be and 26Al measure-
ments, Quat. Geochronol., 3, 174–195.

Boulton, G. S. (1996), The origin of till sequences by sediment
deformation beneath mid-latitude ice sheets, Ann. Glaciol., 22,
75–84.

Bretz, J. H. (1923), The Channelled Scabland of the Columbia
Plateau, J. Geol., 31, 617–649.

Bretz, J. H. (1969), The Lake Missoula floods and the Channelled
Scabland, J. Geol., 77, 505–543.

Briner, J. P., G. H. Miller, P. Davis, and R. C. Finkel (2006),
Cosmogenic radionuclides from fjord landscapes support differ-
ential erosion by overriding ice sheets, Geol. Soc. Am. Bull., 118,
406–420.

Calkin, P. E. (1974), Subglacial geomorphology surrounding the
ice-free valleys of southern Victoria Land, Antarctica, J. Glaciol.,
13, 415–429.

Clarke, G. K. C., D. W. Leverington, J. T. Teller, and A. S. Dyke
(2005), Fresh arguments against the Shaw megaflood hypothesis:

A reply to comments by David Sharpe on “Paleohydraulics of the
last outburst flood from glacial Lake Agassiz and the 8200 B.P.
cold event”, Quat. Sci. Rev., 24, 1533–1541, doi:10.1016/j.
quascirev.2004.12.003.

Chow, J. M., and P. J. Bart (2003), West Antarctic Ice Sheet grounding
events on the Ross Sea outer continental shelf during the Middle
Miocene, Palaeogeogr. Palaeoclimatol. Palaeoecol., 198, 169–186.

Denton, G. H., and D. E. Sugden (2005), Meltwater features that
suggest Miocene ice-sheet overriding of the Transantarctic Moun-
tains in Victoria Land, Antarctica, Geogr. Ann., Ser. A, 87, 67–85.

Denton, G. H., M. L. Prentice, D. E. Kellogg, and T. B. Kellogg
(1984), Late Tertiary history of the Antarctic Ice Sheet: Evidence
from the Dry Valleys, Geology, 12, 263–267.

Denton, G. H., D. E. Sugden, D. R. Marchant, B. L. Hall, and T. I.
Wilch (1993), East Antarctic ice sheet sensitivity to Pliocene
climatic change from a Dry Valleys perspective, Geogr. Ann.,
Ser. A, 75, 155–204.

Domak, E., D. Amblas, R. Gilbert, S. Brachfeld, A. Camerlenghi,
M. Rebesco, M. Canals, and R. Urgeles (2006), Subglacial mor-
phology and glacial evolution of the Palmer deep outlet system,
Antarctic Peninsula, Geomorphology, 75, 125–142.

Evatt, G. W., A. C. Fowler, C. D. Clark, and N. Hulton (2006), Sub-
glacial floods beneath ice sheets, Philos. Trans. R. Soc. A, 364,
1769–1794.

Goodwin, I. D. (1988), The nature and origin of a jökulhlaup near
Casey Station, Antarctica, J. Glaciol., 34, 95–101.

Graham, A. G. C., R. D. Larter, K. Gohl, C.-D. Hillenbrand, J. A.
Smith, and G. Kuhn (2009), Bedform signature of a West Ant-
arctic paleo-ice stream reveals a multi-temporal record of flow
and substrate control, Quat. Sci. Rev., 28, 2774–2793.

Hancock, G. S., R. S. Anderson, and K. X.Whipple (1998), Beyond
power: Bedrock river incision processes and form, in Rivers and
Rock, Geophys. Monogr. Ser., vol. 107, edited by K. J. Tinkler
and E. E. Wohl, pp. 35–60, AGU, Washington, D. C.

Haywood, A. M., et al. (2008), Middle Miocene to Pliocene history
of Antarctica and the Southern Ocean, Dev. Earth Environ. Sci.,
8, 401–463, doi:10.1016/S1571-9197(08)00010-4.

Iken, A., H. Röthlisberger, A. Flotron, and W. Haeberli (1983), The
uplift of Unteraargletscher at the beginning of the melt season—
A consequence of water storage at the bed?, J. Glaciol., 29, 28–47.

Iverson, N. R. (1991), Potential effects of subglacial water-pressure
fluctuations on quarrying, J. Glaciol., 37, 27–36.

Jamieson, S. S. R., and D. E. Sugden (2008), Landscape evolution
of Antarctica, in Antarctica: A Keystone in a Changing World —

Proceedings of the 10th International Symposium on Antarctic
Earth Sciences, edited by A. K. Cooper et al., pp. 39–54, Natl.
Acad. Press, Washington, D. C.

Jamieson, S. S. R., D. E. Sugden, and N. R. J. Hulton (2010), The
evolution of the subglacial landscape of Antarctica, Earth Planet.
Sci. Lett., 203, 1–27.

Le Brocq, A.M., A. Hubbard, M. J. Bentley, and J. L. Bamber (2008),
Subglacial topography inferred from ice surface terrain analysis
reveals a large un-surveyed basin below sea level in East Antarctica,
Geophys. Res. Lett., 35, L16503, doi:10.1029/2008GL034728.

126 GEOMORPHIC SIGNATURE OF MASSIVE SUBGLACIAL FLOODS



Lewis, A. R., D. R. Marchant, D. E. Kowalewski, S. L. Baldwin,
and L. E. Webb (2006), The age and origin of the Labyrinth,
western Dry Valleys, Antarctica: Evidence for extensive middle
Miocene subglacial floods and water freshwater discharge into
the Southern Ocean, Geology, 34, 513–516.

Lewis, A. R., D. R. Marchant, A. C. Ashworth, S. R. Hemming, and
M. L. Machlus (2007), Major middle Miocene global climate
change: Evidence from East Antarctica and the Transantarctic
Mountains, Geol. Soc. Am. Bull., 119(11/12), 1449–1461.

Lewis, A. R., et al. (2008), Mid-Miocene cooling and the extinction
of tundra in continental Antarctica, Proc. Natl. Acad. Sci. U. S. A.,
105(31), 10,676–10,689, doi:10.1073/pnas.0802501105.

Lowe, A. L., and J. B. Anderson (2003), Evidence for abundant
subglacial meltwater beneath the paleo-ice sheet in Pine Island
Bay, Antarctica, J. Glaciol., 49, 125–138.

Lythe, M., D. G. Vaughan, and B. Consortium (2001), BEDMAP: A
new ice thickness and subglacial topographic model of Antarc-
tica, J. Geophys. Res., 106, 11,335–11,352.

Marchant, D. R., G. H. Denton, and C. C. Swisher, III (1993a),
Miocene-Pliocene-Pleistocene glacial history of Arena Valley, Quar-
termain Mountains, Antarctica, Geogr. Ann., Ser. A, 75, 269–302.

Marchant, D. R., G. H. Denton, D. E. Sugden, and C. C. Swisher, III
(1993b), Miocene glacial stratigraphy and glacial landscape evo-
lution of the western Asgard Range, Geogr. Ann., Ser. A, 75,
303–330.

Margerison, H. R., W. M. Phillips, F. M. Stuart, and D. E. Sugden
(2005), Cosmogenic 3He concentrations in ancient flood deposits
from the Coombs Hills, northern Dry Valleys, East Antarctica:
Interpreting exposure ages and erosion rates, Earth Planet. Sci.
Lett., 230, 163–175.

Nienow, P. W., A. L. Hubbard, B. P. Hubbard, D. M. Chandler,
D. W. F. Mair, M. J. Sharp, and I. C. Willis (2005), Hydrolog-
ical controls on diurnal ice flow variability in valley glaciers,
J. Geophys. Res., 110, F04002, doi:10.1029/2003JF000112.

Nye, J. F. (1976), Water flow in glaciers: Jökulhlaups, tunnels, and
veins, J. Glaciol., 17, 181–207.

Ó Cofaigh, C., C. J. Pudsey, J. A. Dowdeswell, and P. Morris
(2002), Evolution of subglacial bedforms along a paleo-ice
stream, Antarctic Peninsula continental shelf, Geophys. Res.
Lett., 29(8), 1199, doi:10.1029/2001GL014488.

O'Connor, J. E., and V. R. Baker (1992), Magnitudes and implica-
tions of peak discharge from Lake Missoula, Geol. Soc. Am.
Bull., 104, 267–279.

Röthlisberger, H. (1972), Water pressure in intra- and subglacial
channels, J. Glaciol., 11, 177–203.

Rutt, I. C., M. Hagdorn, N. R. J. Hulton, and A. J. Payne (2009),
The Glimmer community ice sheet model, J. Geophys. Res., 114,
F02004, doi:10.1029/2008JF001015.

Schäfer, J. M., S. Ivy-Ochs, R. Wieler, I. Leya, H. Baur, G. H.
Denton, and C. Schlüchter (1999), Cosmogenic noble gas
studies in the oldest landscape on Earth: Surface exposure
ages of the Dry Valleys, Antarctica, Earth Planet. Sci. Lett.,
167, 215–226.

Shreve, R. L. (1972), Movement of water in glaciers, J. Glaciol., 11,
205–214.

Siegert, M. J. (2000), Antarctic subglacial lakes, Earth Sci. Rev., 50,
29–50.

Siegert, M. J., R. Hindmarsh, H. Corr, A. Smith, J. Woodward, E. C.
King, A. J. Payne, and I. Joughin (2004), Subglacial Lake Ells-
worth: A candidate for in situ exploration in West Antarctica,
Geophys. Res. Lett., 31, L23403, doi:10.1029/2004GL021477.

Smith, B. E., H. A. Fricker, I. R. Joughin, and S. Tulaczyk (2009),
An inventory of active subglacial lakes in Antarctica detected by
ICESat (2003–2008), J. Glaciol., 55, 573–595.

Sugden, D. E., and G. H. Denton (2004), Cenozoic landscape
evolution of the Convoy Range to Mackay Glacier area, Trans-
antarctic Mountains: Onshore to offshore synthesis, Geol. Soc.
Am. Bull., 116, 840–857, doi:10.1130/B25356.1.

Sugden, D. E., and B. S. John (1971), Raised marine features and
phases of glaciation in the South Shetland Islands, Br. Antarct.
Surv. Bull., 24, 45–111.

Sugden, D. E., G. H. Denton, and D. R. Marchant (1991), Subgla-
cial meltwater channel systems and ice sheet overriding, Asgard
Range, Antarctica, Geogr. Ann., Ser. A, 73, 109–121.

Sugden, D. E., M. A. Summerfield, G. H. Denton, T. I. Wilch, W. C.
McIntosh, D. R. Marchant, and R. H. Rutford (1999), Landscape
development in the Royal Society Range, southern Victoria
Land, Antarctica: Stability since the mid-Miocene, Geomorphol-
ogy, 28, 181–200.

Sugden, D. E., G. Balco, S. G. Cowdery, J. O. Stone, and L. C. Sass,
III (2005), Selective glacial erosion and weathering zones in the
coastal mountains of Marie Byrd Land, Antarctica, Geomorphol-
ogy, 67, 317–334, doi:10.1016/j.geomorph.2004.10.007.

Staiger, J. W., D. R. Marchant, J. M. Schaefer, P. Oberholzer, J. V.
Johnson, A. R. Lewis, and K. M. Swanger (2006), Plio-Pleistocene
history of Ferrar Glacier, Antarctica: Implications for climate and
ice sheet stability, Earth Planet. Sci. Lett., 243, 489–503.

Summerfield, M. A., F. M. Stuart, H. A. P. Cockburn, D. E. Sugden,
G. H. Denton, T. Dunai, and D. R. Marchant (1999), Long-term
rates of denudation in the Dry Valleys region of the Transantarc-
tic Mountains, southern Victoria Land based on in-situ produced
cosmogenic 21Ne, Geomorphology, 27, 113–129.

Waitt, R. B. (1985), Case for periodic, colossal jökulhlaups from
Pleistocene glacial Lake Missoula, Geol. Soc. Am. Bull., 96,
1271–1286.

Wingham, D. J., M. J. Siegert, A. P. Shepherd, and A. S. Muir
(2006), Rapid discharge connects Antarctic subglacial lakes,
Nature, 440, 1033–1036.

Weertman, J. (1957), On the sliding of glaciers, J. Glaciol., 3, 33–38.

S. S. R. Jamieson, Department of Geography, DurhamUniversity,
Science Laboratories, South Road, Durham DH1 3LE, UK.
D. R. Marchant, Department of Earth Sciences, Boston

University, Boston, MA 02215, USA. (marchant@bu.edu)
D. E. Sugden, School of GeoSciences, University of Edinburgh,

Edinburgh EH8 9XP, UK.

MARCHANT ET AL. 127



Subglacial Environments and the Search for Life Beyond the Earth

Charles S. Cockell,1 Elizabeth Bagshaw,2 Matt Balme,1 Peter Doran,3 Christopher P. McKay,4

Katarina Miljkovic,1 David Pearce,5 Martin J. Siegert,6 Martyn Tranter,2 Mary Voytek,7 and Jemma Wadham2

One of the most remarkable discoveries resulting from the robotic and remote
sensing exploration of space is the inferred presence of bodies of liquid water under
ice deposits on other planetary bodies: extraterrestrial subglacial environments.
Most prominent among these are the ice-covered ocean of the Jovian moon,
Europa, and the Saturnian moon, Enceladus. On Mars, although there is no current
evidence for subglacial liquid water today, conditions may have been more favor-
able for liquid water during periods of higher obliquity. Data on these extraterres-
trial environments show that while they share similarities with some subglacial
environments on the Earth, they are very different in their combined physicochem-
ical conditions. Extraterrestrial environments may provide three new types of
subglacial settings for study: (1) uninhabitable environments that are more extreme
and life-limiting than terrestrial subglacial environments, (2) environments that are
habitable but are uninhabited, which can be compared to similar biotically influ-
enced subglacial environments on the Earth, and (3) environments with examples
of life, which will provide new opportunities to investigate the interactions between
a biota and glacial environments.

1. INTRODUCTION

The robotic exploration of the solar system has revealed an
increasing number of glacial environments. They include, for
example, glacial deposits on Mars [Head and Marchant,

2003], which were originally thought to be restricted to the
polar regions but have now been identified at lower latitudes;
oceans under ice covers on moons orbiting Jupiter, including
Europa, Ganymede, and Callisto [Carr et al., 1998; Baker
et al., 2005]; and moons orbiting Saturn, including Encela-
dus [Parkinson et al., 2008] and, potentially, Titan [Grindrod
et al., 2008].
Of the known extraterrestrial glacial environments, in one

case, the subglacial environment has been sampled. The icy
plumes produced in the southern polar regions of Enceladus
were sampled in a flyby by the Cassini spacecraft in 2005
and found to contain water ice, CO, CO2, N2, CH4, organics
[Waite et al., 2006, 2009; Matson et al., 2007], and more
recently, NH3 has been interpreted [Waite et al., 2009]. It is
not known at what depth these plumes emanate.
At the time of writing, liquid water has only been indirectly

measured in some of these subglacial environments. The
most substantial liquid water body associated with an extra-
terrestrial subglacial environment is the ocean of Europa
[Carr et al., 1998], which, based on the volume of the moon,
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contains more water than the terrestrial oceans. Here we
review the various subglacial environments (any environ-
ments under ice sheets or glaciers) that are likely to exist in
the solar system.
Scientific interest in extraterrestrial subglacial environ-

ments stems from two motivations. The first is the interest
in understanding the major physical and chemical processes
that drive surface and subsurface evolution on other plane-
tary bodies. The melting, refreezing, and movement of ices,
which entrain volatiles and salts, are the result of, or result in,
geologically active processes. The investigation of these
environments provides insights into the early conditions in
the solar system. The second motivation is the search for life.
Liquid water is presumed to be a basic requirement for life
(in addition to many other requirements, such as an energy
source). The discovery of glacial environments on other
planetary bodies that may harbor subglacial liquid water
suggests promising possibilities for the search for extrater-
restrial life. However, the habitability of these environments
can only be properly assessed when the presence of liquid
water has been confirmed and their physical and chemical
conditions have been determined.
Extraterrestrial environments might yield three new types

of subglacial environments for study:
1. These environments could be completely different from

those known on the Earth and could be uninhabitable. Many
extraterrestrial subglacial environments are likely to have very
different physical and chemical conditions to subglacial en-
vironments on the Earth. Different redox environments, dif-
ferent absolute and fluctuating conditions of radiation
(ionizing and UV radiation), temperature, and pH will yield
different environmental conditions. These environments will
expand the known physical and chemical parameter space of
subglacial environments and improve knowledge of the
known boundaries for habitability.

2. These environments could be habitable but uninhab-
ited. A habitable subglacial environment in a planetary
location where there is no life to take advantage of it (a
plausible example could be a localized and transient impact
melting of glacial ice on Mars) would allow biogeoche-
mists to examine how geochemical cycles operate in gla-
cial environments without a biota. This research might
therefore provide “control” environments in which only
geochemical cycles occur without the influence of a biota,
which can be compared to terrestrial environments to un-
derstand better the role of a biota in shaping glacial envi-
ronments on the Earth.

3. These environments could be inhabited. These envir-
onments would provide new data points to study the inter-
action of a biota and its subglacial environment and to
investigate new examples of life.

These three possibilities are conceptually illustrated in
Figure 1.
In this chapter, our objectives are to (1) briefly review what

we know about subglacial environments on the Earth and
their major physical, chemical, and biological characteristics,
(2) review the current state of knowledge of some of the
major extraterrestrial subglacial environments that have been
examined to date, (3) discuss parallels between analog en-
vironments on the Earth and extraterrestrial subglacial envi-
ronments, and (4) summarize current plans for the future
exploration of extraterrestrial subglacial environments.

2. DISTRIBUTION AND BIOLOGICAL POTENTIAL
OF SUBGLACIAL HABITATS ON THE EARTH

Ice covers between 11% and 18% of the Earth’s surface
during Quaternary glacial cycles and may have been even
more widespread in ancient periods of the Earth’s history such
as the Neoproterozoic [Schrag and Hoffman, 2001]. The
Antarctic Ice Sheet (>80% of world glacier area) and Green-
land Ice Sheet (10% of world glacier area) currently dominate
the distribution of subglacial environments on Earth.
In contrast to other parts of the biosphere, the composition

and function of microbial communities in deep, cold envi-
ronments is poorly understood, since they were once be-
lieved to be devoid of life, and direct access is hampered
by the overlying ice cover. The temperature profile and
substrate of the basal environment of glaciers and ice sheets
has a major bearing on the rates and pathways of microbial
activity. The most biologically active subglacial environ-
ments are those where liquid water is present. Here physical
erosion of the bedrock may also promote the accumulation of
reactive debris, which acts as a substrate for microbes, in
addition to a source of energy, organic carbon, and nutrients
[Tranter et al., 2005;Wadham et al., 2010]. Temperate valley
glaciers have ice at the pressure melting point throughout and
possess dynamic subglacial hydrological systems. Here sig-
nificant concentrations (104–107 cells/mL) of active micro-
organisms have been reported [Sharp et al., 1999; Skidmore
et al., 2000, 2005; Botrell and Tranter, 2002; Foght et al.,
2004]. Colder polar systems may present a more challenging
environment for microbial communities, since a proportion
of glacier bed ice is below the pressure melting point, and
there are restrictions on the availability of liquid water.
Small, thin polar glaciers are entirely composed of “cold”
ice, and there is little or no free liquid water at the glacier bed.
The larger “polythermal” systems display a layer of cold ice
at the surface and around the margins [Paterson, 1994]. Here
microbial activity prevails in the “warm” core of the glacier,
where ice at the pressure melting point and liquid water is
present [Skidmore et al., 2000, 2005; Wadham et al., 2004].
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In certain cases, the basal liquid water can be brine, support-
ing microbial communities, as at Taylor Glacier, Antarctica
[Mikucki and Priscu, 2007; Mikucki et al., 2009]. Less is
known about microbial communities in sub-ice sheet envi-
ronments, despite their large areal extent on Earth. Satellite
and geodetic data have begun to reveal the nature of sub-ice
sheet hydrological environments, demonstrating the wide-
spread presence of liquid water at the ice sheet bed. For
example, there is rapid drainage of surface meltwater to the
bed in Greenland [Zwally et al., 2002; Das et al., 2008], and
the transfer of kilometer cubed volumes of meltwater be-
tween Antarctic subglacial lakes [Wingham et al., 2006;
Fricker et al., 2007]. A mounting body of data demonstrates
the existence of microbial communities beneath ice sheets
[Miteva and Brenchley, 2005; Lanoil et al., 2009], though
further information regarding their composition, distribution,
and function awaits direct access of subglacial aquatic envir-
onments (e.g., Antarctic subglacial lakes) [Priscu et al., 2005;
Lake Ellsworth Consortium, 2007] via deep drilling cam-
paigns. A major control on the diversity of these microbiolog-
ical communities and the biogeochemical processes they

are involved with is the prevalent redox environment at
the bed.
Redox conditions at glacier beds, as in any aquatic envi-

ronment at or near the Earth surface, are controlled by the
rate of supply of oxidants versus the rate of oxidation [Tran-
ter, 2004]. The types of oxidants that can be supplied at
glacier beds include O2, Fe(III), Mn(IV), NO3

�, and SO4
2�.

The main electron donors are often sulfides and organic
matter [Wadham et al., 2008].
Oxidants are derived from any surface meltwaters, which

reach the glacier bed, basal ice melt, and comminuted rock
flour. Oxygenated water flows from the surface during peri-
ods of snow and ice melting through moulins, crevasses, and
other englacial channels to the bed in many smaller ice
masses and near the margins of most of the larger ice masses
[Tranter et al., 2005]. The oxygen content of the waters
depends on the altitude from which the waters were sourced
and any overpressuring via interactions with entrained air
that may occur during descent to the bed. The type of
drainage system receiving these waters at the bed is usually
a channelized or low-pressure drainage system, which is

Figure 1. Conceptual illustration of the contribution of the study of extraterrestrial environments to subglacial studies.
Extraterrestrial subglacial environments might be so extreme as to be uninhabitable and lie outside the boundaries of
habitable conditions, providing new insights into the physical and chemical conditions suitable for life. They might
provide new examples of extreme but habitable subglacial environments. If they are inhabited, then they will provide new
examples of subglacial life to study. If they are habitable but are uninhabited, then they might be used as “control”
environments to study geochemical cycles in habitable environments without the influence of life.
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characterized by relatively short residence times (hours to
days) and low rock-water ratios (<1 g/L). Water flow rates
are also relatively high (~1 m/s), and so much of the fine
sediment to which the biomass is attached is suspended in
the water column. Hence, waters flowing through channel-
ized drainage systems are usually oxic because of the high
oxygen supply relative to the potential for oxidation [Tranter
et al., 2002]. Lower oxygen levels may be found in the
channel marginal zone that flanks the main channels. Here
water floods the subglacial till during rising water levels and
drains out during falling levels. Hence, the water residence
time is higher, the rock-water ratio is higher. Reduced com-
pounds such as organic matter, Fe (II), and Mn (II) on the
surfaces of comminuted mineral grains and sulfide minerals,
such as pyrite, become depleted over time by microbial
activity, although surface organic matter may be washed in
during rising water levels [Tranter et al., 2005].
The channelized or low-pressure drainage system and its

marginal zone (similar to the hyporeic zone in streams and
rivers) are flanked by the much more pervasive distributed, or
high-pressure, drainage system. Water flows approximately
in the direction of ice flow in the low-pressure drainage
system, whereas it flows across the direction of ice flow in a
high-pressured drainage system. Waters flow quite slowly in
the distributed drainage system (<0.1 m/s), and so rock-water
contact times are higher. Glaciers and ice sheets often have
areas of the bed that are draped with subglacial till, and where
this is unfrozen, flow within the water-laden till is part of the
distributed drainage system. Hence, rock-water ratios are also
higher in the distributed system, and so too is the biomass as a
consequence. Oxidation of organic matter and sulfide miner-
als with molecular oxygen is the most thermodynamically
favorable redox reaction to occur in till-rich environments
within the distributed drainage system. Should organic matter
and sulfide minerals, which are reducing agents, be plentiful,
microbially catalyzed reactions may deplete the oxygen
along the water flow path to such an extent that all the waters
become anoxic and other oxidizing agents, such as NO3

�,
Fe(III), Mn (IV), and SO4

2�, are utilized to oxidize organic
matter and sulfide minerals. Should sufficient reactive organ-
ic matter be present, for example, in the form of overridden
paleosoils, then methanogenesis may occur [Tranter et al.,
2002, 2005; Wadham et al., 2008].
Sulfides are common components of many rocks, and

Fe(II) is a common component of many primarily silicate
minerals. Hence, glacial comminution of bedrock produces a
ready supply of reducing agents. Organic matter is also found
in many rocks. Beneath the interior of ice sheets, where no
surface meltwater reaches the bed, it is highly probable that
the supply of O2 (and other oxidizing agents such as NO3

�

and SO4
2�) from the melting of basal ice, either as a conse-

quence of geothermal heating, frictional/deformational heat-
ing or regelation, is less than the supply of reducing agents
from subglacial comminution. Hence, it is likely that water
flowing through subglacial till beneath thick ice becomes
anoxic and that the biomass is dominated by communities
capable of existing at low Eh conditions [Wadham et al.,
2008]. Types of anoxic environments might include the till
beneath ice streams [Tulaczyk et al., 2000] and in the areas
between hydrologically connected subglacial lakes, which
may transmit water periodically and at least partially freeze
between connection events [Wingham et al., 2006]. By con-
trast, the larger, hydrologically closed subglacial lakes, such
as Vostok Subglacial Lake, are more likely to be oxic, since
the input of comminuted glacial debris is more limited, and
there is continual oxic recharge of the lake with meteoric ice
melt [Siegert et al., 2003], although biotic and abiotic sinks
for O2 do not rule out anoxia even in these systems. Hence,
ice sheet beds are likely to display a wide spectrum of redox
conditions, that are connected to the type of drainage system
and the quantity and nature of the till present. Consequently,
ice sheet beds are also likely to be colonized by a diverse
spectrum of microorganisms [Miteva and Brenchley, 2005;
Skidmore et al., 2005; Tung et al., 2005; Christner et al.,
2008; Lanoil et al., 2009; Mikucki et al., 2009; Skidmore
et al., 2010].

3. EXTRATERRESTRIAL SUBGLACIAL
ENVIRONMENTS

3.1. Mars

3.1.1. Introduction. Mars is the fourth planet from the Sun
with an equatorial radius of 3397 km.Mars is rocky with a thin
(~6 mbar; about 1/200th that of the Earth) with an atmosphere
comprised primarily of CO2. The absence of a thick atmo-
sphere means that Martian surface temperatures are highly
variable: daytime temperatures can be higher than 20-C at the
equator, but nighttime temperatures are tens of degrees Celsius
below zero. A similar latitudinal control of temperature exists
as the Earth, with polar regions being the coldest. At about
25.1-, Mars’ obliquity is similar to that of the Earth, meaning
that Mars also experiences seasonal climate variations.
In many ways, Mars is the most similar planet in the solar

system to Earth, and decades of research have allowed a
detailed picture of Mars’ geological history to be con-
structed. A particular focus of Mars missions has been trac-
ing the history of water, and Mars is thought to have once
been “warmer and wetter” than today, as demonstrated by
observations of ancient valley networks [e.g., Fanale et al.,
1992; Mangold et al., 2004], outflow channels [Baker,
1982], possible deltas [Pondrelli et al., 2008], and in situ
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identifications of minerals interpreted to have formed by
groundwater processes [Squyres et al., 2004]. Mars might
also have once possessed a frozen ocean [Parker et al., 1989;
Taylor Perron et al., 2007] that occupied its low-standing
northern hemisphere, although debate over the existence of
such an extensive, long-lived body of water is still ongoing
[e.g., Carr and Head, 2003].
The upper few kilometers of the Martian crust contains

large amounts of water-ice [Squyres et al., 1992]. At high
latitudes, the surface regolith can contain more than 50% ice
[Boynton et al., 2002; Feldman et al., 2004] by volume and
is covered by only a few centimeters of ice-rich dust [Smith
et al., 2009]. Models (summarized by Squyres et al. [1992])
suggest that such ice persists to depths of several kilometers,
at which point the melting isotherm (the depth at which the
geothermal temperatures are high enough to melt ice) causes
the ice to become liquid water. Nearer the equator, the top of
the ice table is driven deeper, but the base of the ice table is
shallower, because of warmer year-round surface tempera-
tures [Fanale, 1976].
The most recent high-resolution imaging data from Mars

have shown that the action of liquid water on the surface has
not been confined to the ancient past. Images of fluvial-like
gullies [e.g., Malin and Edgett, 2000], geologically recent
outflow channels [Burr et al., 2002b], and low-latitude peri-
glacial landforms [Balme and Gallagher, 2009; Page, 2007]
have demonstrated the action of liquid water at the surface in
the past few millions years. Further studies [e.g., Costard et
al., 2002] have linked gully formation with changes in the
Martian climate, which are driven, in turn, by changes in
Mars’ obliquity [Head et al., 2003a; Kieffer and Zent, 1992;
Schorghofer, 2007]. The Martian obliquity varies periodically
by more than 20- in an ~125,000-year cycle [Laskar et al.,
2004]. This suggests that recent cycles of deposition, removal,
and even perhaps thaw of ice have controlled the Martian
surface environment over the past few million years. Recently,
a variety of hydrated minerals have been identified on Mars
that provide further evidence for groundwater [Gendrin et al.,
2005; Poulet et al., 2005].

3.1.2. Physicochemical conditions and the prospects for
life. Mars hosts a range of terrains and environments that, in
a similar way to the Earth, have evolved over geological
time, often leaving only morphological or geological traces
of their existence. Therefore, it is impossible to summarize
all the possible habitats that might have come and gone over
the planet’s history. Chemically, the Martian crust is poorly
documented, for a blanket of fine dust, dominated by sili-
cates and iron, calcium, aluminum, and magnesium oxides,
drapes much of the surface and makes remote sensing studies
difficult.

Martian environments under ice covers, such as lake ice
covers, have for a long time been recognized to be potential
habitats for life, based on studies of analogous ice-covered
habitats on Earth [McKay et al., 1985]. One subsurface
candidate for a stable subglacial environment is the location
of the melting isotherm, several kilometers beneath the sur-
face of the Martian cryosphere. This perhaps provides the
environment most conducive for life, for water here could
remain liquid for geologically significant time periods. Sec-
ond, Mars’ extensive, kilometer-thick perennial polar caps
[Phillips et al., 2008] are mainly water-ice, and it has been
suggested that pressure-induced melting or geothermal ac-
tion could lead to the formation of pockets of liquid at the
base of the ice [Clifford, 1987], in a similar way to the
preservation of subglacial lakes in the Antarctic. Indeed, it
has also been suggested that Chasma Boreale, a large reen-
trant and valley system within the north polar cap, was
formed by catastrophic flooding from just such a subglacial
liquid reservoir [Clifford, 1987; Fishbaugh and Head, 2003].
Although simulations suggest that pressure melting is un-
likely [Greve et al., 2004], the presence of salts that depress
the melting point of water (such as perchlorates, recently
discovered at the Phoenix Landing site) [Hecht et al.,
2009] could allow melt to form. If this were the case, then
the margins of the north polar cap would form an attractive
target for study of past subglacial environments.
Radar studies of massive ice deposits on Mars have not

revealed liquid water [e.g., Holt et al., 2008]. It is plausible
that the Martian water table is hidden and that attenuating
material within ice might hide aquifers beneath ice deposits
[Farrell et al., 2009]. However, at the time of writing, it
seems that most Martian ice deposits are more similar to cold
terrestrial polar glaciers with little, if any, water in the sub-
glacial environment. However, thin layers of water at the
base of glaciers would not be easily visible to radar analysis.
Near-surface candidate subglacial environments can be

split into either (1) locations beneath extant surface ice or
(2) regions in which ice was recently present at the surface
but has since been removed. Although there is good evidence
for extant surface ice (usually dust or debris covered) in the
form of tropical mountain glaciers [Head and Marchant,
2003], ice-rich and glacier-like flows [Lucchitta, 1981;
Pierce and Crown, 2003], midlatitude ice-rich dust mantles
[Mustard et al., 2001], and high-latitude patterned ground
[e.g., Mangold, 2005], most authors have found no evidence
for liquid water in these systems. For example, the Martian
glaciers seen today are inferred to be cold-based with no
basal melting [Head and Marchant, 2003; Shean et al.,
2005], similar to cold polar glaciers on the Earth (section 3).
The evidence for recent wet-based glaciers in Mars’ past is

also somewhat equivocal. Observations of possible eskers
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(ridge-like landforms caused by deposition of sediments in
sub- or intraglacial fluvial channels) and associated land-
forms in highlands surrounding the Argyre and Hellas im-
pact basins point to possible wet-based glaciation [e.g.,
Banks et al., 2008; Kargel and Strom, 1991], although it is
likely that these features are a billion years old or more in
age.
Another example of a surface morphology that might indi-

cate a recent subglacial environment comes from the recent
description of an equatorial “frozen sea” in the Elysium
Planitia region of Mars [Murray et al., 2005]. These depos-
its occur at the end of what is probably the youngest, large-
scale outflow channel on Mars (Athabasca Vallis), which
might have been active only a few million years ago [Burr
et al., 2002b]. Although some authors have argued that the
“sea” is now occupied by flood lavas, the pattern of inter-
linked basins and channels in which it sits strongly suggest
that there was a water-filled basin here at some point
[Balme et al., 2010]. Like many other flood channels, Atha-
basca Vallis was carved by liquids emanating from a deep
tectonic fracture [Burr et al., 2002a; Head et al., 2003b].
Given that the source of the floods is probably long-lived,
subsurface aquifers, the slowly freezing water that occupied
the basin at the termination of the channel could plausibly
have provided a transient subglacial habitat for any organ-
isms that were once present in the aquifer, deep below
ground.
The only geologically recent environments in which ice

and water are likely to coexist near the surface appear to be
periglacial, rather than subglacial. Evidence for very recent
thaw of ground ice on Mars is amassing [e.g., Balme and
Gallagher, 2009; Balme et al., 2009; Costard et al., 2002;
Levy et al., 2009; Page, 2007; Soare et al., 2008] and
includes both the well-known gullies and also more contro-
versial features such as thermokarst, pingos, and sorted pat-
terned ground. Again, though, these environments probably
only contain(ed) transient liquid water, and in many cases,
the actual amount of water was likely to be very small.
Periods of higher obliquity in the past may also have caused
glacial melting [Jakosky et al., 2003]. Although these envi-
ronments may not be conducive to life today, they might be
plausible sites to search for past life on Mars.
Currently, there are no extant subglacial Martian environ-

ments that can be easily observed. The astrobiologically
most promising subglacial habitats are at the base of the
polar ice caps and deep within the crust, at the base of the
cryosphere. It is likely that deep drilling will be required to
analyze either of these environments. Debris-rich basal ice in
the marginal zones of the ice caps, especially the North Polar
cap, are also promising from an astrobiological perspective
and do not require deep drilling [Skidmore et al., 2000].

Assuming that melting can, or could, occur in Martian
subglacial environments, then they are likely to be anaerobic,
consistent with Martian atmospheric composition. There-
fore, the closest terrestrial analogs in terms of available redox
couples are likely to be anaerobic zones in subglacial envi-
ronments (section 3). A range of electron acceptors found in
terrestrial subglacial environments (section 3) are available
on Mars including Fe(III) and probably Mn(IV), both from
comminuted oxidized basaltic rocks. Despite the probable
lack of photosynthesis to create a ready supply of other
oxidized elements for use as electron acceptors, there are
plentiful supplies of sulfate in salts detected across the Mar-
tian surface [Clark et al., 1982; Rieder et al., 1997; Gendrin
et al., 2005; Langevin et al., 2005; Squyres et al., 2006].
Perchlorate, identified in the Martian soil by the Phoenix
Lander [Hecht et al., 2009], is also a microbial electron
acceptor. Electron donors in subglacial environments could
plausibly include Fe(II), again produced from comminuted
Martian basalts, and possibly organic material delivered
exogenously in meteorites and either directly delivered into
the subsurface through glaciers or leached there by melting
in the past.
Other elements required for life are likely to be present in

Martian subglacial environments, including trace elements
such as Zn, Cu, Ni, and other elements found in glacially
comminuted basaltic rocks and phosphorus from apatite.
More uncertain is the source of nitrogen to sustain a Martian
subglacial biota. Without a biological nitrogen cycle, fixed
nitrogen will be produced in low abundance on the present-
day subsurface or surface. However, fixed nitrogen could
have been produced by volcanic or impact processing in the
early history of the planet [Segura and Navarro-Gonzalez,
2005; Summers and Khare, 2007; Manning et al., 2009],
with nitrate-containing minerals subsequently made avail-
able by glacial comminution.
The limited, or lack of, supraglacial melting today would

limit the movement of water through glaciers to generate the
flow paths of nutrients observed in present-day subglacial
settings on the Earth (section 3), meaning that subglacial
environments on present-day Mars are more likely to reach
chemical equilibrium and have unfavorable conditions for
the persistence or replenishment of redox couples for life.
These considerations show that Martian subglacial envi-

ronments would be favorable places for life at any point in
time at which melting could occur, driving fluid movement
to supply nutrients and generate chemical disequilibria in
analogy to present-day subglacial environments on the Earth.
Although these conditions cannot be ruled out today, they are
more likely to have occurred during geologically recent
obliquity changes or in the more distant past history of the
planet. Thus, the search for extant life in Martian subglacial
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environments is a valid objective, but subglacial environ-
ments are also particularly favorable locations to search for
past life on Mars.

3.2. Europa

3.2.1. Introduction. At least three of the Jovian moons
may harbor liquid water oceans (Callisto, Ganymede, and
Europa) [Baker et al., 2005]. The extent of any putative
oceans or their state (frozen or liquid) in Ganymede or
Callisto is not known [Spohn and Schubert, 2003]. Greatest
attention has been given to Europa, which will be discussed
in detail here. Europa is the sixth moon of Jupiter and has a
radius of 1550 km. The moon was discovered in 1610 by
Galileo Galilei. It is the smallest of the four Galilean moons.
Europa has a similar bulk composition to the terrestrial
planets. The surface has a high albedo caused by water ice
and few surface impact craters, suggesting a young reworked
surface, possibly of 20 to 180 million years old.
Europa has a variety of features, which suggest a relatively

active geology. The moon’s surface is crisscrossed with lines
(lineae), which are dark streaks across its surface (Figure 2).
The lines appear to be cracks in the ice on either side of
which sheets of ice move relative to one another. Cross-
sections of these features reveal a ridge-like morphology.
Chaos terrain, differently interpreted as the result of diapir-
ism or melting of the ice, is observed on the surface [Riley et
al., 2000; Greeley et al., 2004].
Europa is thought to host a liquid water ocean beneath its

icy crust, a supposition resulting from three observations: (1)
the presence of an induced magnetic field as the moon passes
through Jupiter’s magnetic field, detected by the Galileo
spacecraft provides evidence for a conducting medium
[Khurana et al., 1998; Kivelson et al., 2000], (2) the active

geological nature of its surface, which suggests a mobile
medium beneath the ice [Carr et al., 1998], and (3) the
asynchronous rotation of Europa, which suggests a decou-
pling of its silicate core and icy surface. The extent of the
ocean remains debated. The ice layer above it may be kilo-
meters to tens of kilometers thick and the ocean about 80–
170 km deep [Anderson et al., 1998; Turtle and Pierazzo,
2001; Greeley et al., 2004]. Nevertheless, even with lower
estimates, the ocean would still contain substantially more
water than the Earth’s oceans.

3.2.2. Physicochemical conditions and the prospects for
life. The physical conditions at the surface of the Europan ice
are better constrained than the ocean. It is comprised primar-
ily of water ice and has temperatures of 86–132 K. Particle
bombardment from Jupiter’s magnetosphere delivers H, S,
and O, and also drives complex chemistry resulting in the
formation of compounds such as O2, SO2, and H2O2 [Kargel,
1998; Carlson et al., 1999, 2002; Hand et al., 2006], which
have been observed. The radiolysis of water contributes to
the formation of oxygen at the surface of Europa. The en-
trapment of oxygen within the surface ice and its exposure to
radiation may also generate O3, but the spectral feature of
this compound has remained controversial [Johnson et al.,
2003] because it may be mixed with other absorption fea-
tures such as those caused by –OH or organics [Johnson
et al., 2003].
Models suggest that sulfuric acid, hydrated salts, and other

compounds should be present. Different lines of evidence
support the presence of sulfates on Europa and in its oceans.
The infrared signatures on Europa’s surface can be explained
with sulfates [McCord et al., 2002], and sulfate might be
produced radiolytically [Johnson et al., 2003]. The sulfate
concentrations of Europa’s oceans were modeled by McKin-
non and Zolensky [2003]. They derive an upper limit of 10%.
Other chemical parameters of the Europan ocean are poorly
constrained. For example, the pH of the ocean is unknown; it
may have a low pH [Kargel et al., 2000].
In addition to salts, simple organic molecules should also

be produced on the surface, and the dark lineations on the
surface of the ice may well contain more complex organic
chemistry. Meteoritic and cometary infall to the surface
would be expected to deliver organic molecules [Pierazzo
and Chyba, 1999, 2002].
The presence of a subsurface ocean on Europa has made

the moon the focus of many astrobiological investigations as
a potential habitat for life [Reynolds et al., 1983; Jakosky and
Shock, 1998; Gaidos et al., 1999; Greenberg et al., 2000;
Chyba and Hand, 2001; Chyba and Phillips, 2001; 2002;
Schulze-Makuch and Irwin, 2002; Pierazzo and Chyba,
2002]. The various potential habitats that could exist in and

Figure 2. Conamara Chaos on Europa. Visible are cracks in the ice
of the Europan ice shell. The image is about 100 km across.
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under the Europan ice sheet have led to a proposed taphon-
omy of Europa, with suggestions on the best locations to
search for preserved life [Lipps and Rieboldt, 2005].
Assessing the ocean as an abode for life depends critically

on knowledge of the physicochemical properties and their
many factors, important for biochemistry, which are still
poorly constrained. A number of studies have attempted to
assess potential sources of energy in a Europan ocean. En-
ergy might come from the surface in the form of organics or
oxidants produced during interactions of radiation with the
surface [Chyba, 2000; Chyba and Hand, 2001; Cooper et al.,
2001, 2003]. These forms of energy would require an active
connection between the surface and the Europan ocean.
In the ocean, phototrophy would be unlikely, since solar-

derived light will be reduced to below the minimum required
for photosynthesis in the first few meters of the Europan ice
layer [Cockell, 2000], although phototrophy could plausibly
occur using geothermal energy from hydrothermal vent-like
environments [Beatty et al., 2005].
Depending on the oxidation state of the ocean, life might

be able to use a variety of other redox couples available in the
Europan ocean. There are a diversity of plausible candidates
including H2 and CO2 used in methanogenesis. H2 would be
derived from serpentinization of ultramafic rocks in the
Europan silicate core and CO2 derived from the primordial
inventory. Fe3+ and H2 could act as a redox couple for iron
reduction, with Fe3+ derived from the silicate core [Schulze-
Makuch and Irwin, 2002].
McKinnon and Zolensky [2003] point out the critical lack

of information on sulfur evolution in Europa, which has
implications for the assessment of its habitability. The oxi-
dation state of the sulfur in the ocean and its concentration
will have an important influence on the extent to which the
ocean is in direct circulatory contact with a silicate core. For
example, if sulfur is present as thick beds of sulfur at the
bottom of the ocean, these beds would impede any possibil-
ity of life analogous to hydrothermal vents in the Earth’s
deep oceans.
Schultze-Makuch and Irwin [2002] considered speculative

organisms other than those that use traditional redox couples
as possible inhabitants of a Europan ocean. Their study was
an investigation of unconventional energy acquisition path-
ways that organisms might evolve in an environment where
chemical energy is limited. They considered organisms using
thermal energy, kinetic energy, osmotic gradients, magnetic
fields, and gravitational energy. Of these various potential
energy sources, they concluded that kinetic energy and os-
motic energy might be the most promising candidates
[Schultze-Makuch and Irwin, 2002].
A critical parameter still not well constrained is the tem-

perature within the ocean. Marion et al. [2003] investigated

temperature and salinity in model Europan oceans and sug-
gested that temperatures within the ocean might be too low
for life (<253 K) and salinity high. Thermal diapirs within
the ice crust might yield more favorable environments for
life [Ruiz et al., 2007].
All of these studies illustrate that at the current time, there

is insufficient data on the ocean composition and that future
missions will dramatically improve the basis with which to
assess the habitability of Europa.
Accessing the subglacial environment on Europa to search

for life will be hugely challenging on account of the need to
penetrate the ice layer that may be many kilometers thick.
However, if ocean-surface connection exists in lineae and
chaotic terrains, then biosignatures might be sought on the
surface of Europa [Dalton et al. 2003].

3.3. Enceladus

3.3.1. Introduction. Enceladus is a small Saturnian moon
with a mean radius of 252 km. It was first observed in 1789
by William Herschel. The first investigations of the moon
were carried out by the Voyager robotic craft, which deter-
mined it had a high albedo, probably caused by water ice,
and an association with the Saturnian E ring. Voyager 2 also
determined that the surface of the moon was comprised of
terrains of different ages.
The Cassini spacecraft, which first visited the moon in

2005, revealed the presence of multiple gas plumes emanat-
ing from the south polar terrain of the moon, which coalesce
into a giant plume over 80 km from the surface of the moon.
It was this phenomenon that heightened astrobiological in-
terest in the moon.
The region from which the plumes are ejected has charac-

teristic “stripes” (named “tiger stripes,” Figure 3), several
hundred meters wide and hundreds of kilometers long. They
are morphologically analogous to the ridges observed in the
ice sheet of Europa. The plumes are associated with an
anomalous source of heat suggesting temperatures near the
plumes in the near surface of 190 K and ~6 GW of energy
[Spencer et al., 2006], implying even higher temperatures
(250–273 K) [Parkinson et al., 2008] in the deeper subsur-
face. The plume material is responsible for the formation of
the Saturnian E ring.

3.3.2. Physicochemical conditions and the prospects for
life. Active geological turnover within the plume-generating
region could occur. If the tiger stripes are formed in a mech-
anism analogous to the spreading at terrestrial mid-ocean
ridges, then a regional heat flux sufficient to generate the
observed thermal anomaly could be created (~250 mW
m�2), with recycling of the crust on a 1 to 5 Ma time scale,
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in which case, the heat source would occur from within the
ice. An alternative hypothesis is that the heat is generated
within a silicate core [Castillo-Rogez et al., 2007], and it
might be driven by tidal heating of the moon by Saturn. At
the current time, the exact source of the heat and its geolog-
ical history is not well understood. The extent of differenti-
ation of the moon is also not fully known. The core might be
~150 km in diameter [Parkinson et al., 2008].
The composition of the plumes provides tantalizing in-

sights into the possible composition of Enceladus’ interior
(Figure 4). The plumes contain water ice and vapor (91%),
which may come from a subsurface (subglacial) ocean, or it
may be ice entrained from the surface of the moon [Porco et
al., 2006; Kieffer et al., 2006].
Intriguing is the observation of N2 (~4%) and CH4

(~1.6%) in the plume. There are many plausible explanations
for the presence of these gases [Waite et al., 2006, 2009;
Matson et al., 2007; Glein et al., 2008]. The gas production
may be linked to ancient sources including primordial ther-
mal degradation of ammonia into N2 and organics into CH4,
which would be consistent with the presence of propane and
acetylene in the plumes, although the latter could also be
formed by photolysis of methane [Parkinson et al., 2008].
Alternatively, these gases are primary in source but are
trapped within the ice as clathrates and are steadily released
in the plumes. Although there were originally no reports of
ammonia in the present-day plumes (Figure 4), new studies
of the data suggest it is present [Waite et al., 2009].

From an astrobiological point of view, a significant obser-
vation is the lack of salts in the plumes, since that might imply
a lack of available cations and anions required as nutrients in
life. However, as McKay et al. [2008] point out, this may
reflect preferential retention of salts in deeper water bodies
with ices nearer the surface remaining “fresher,” analogous to
perennially ice-covered lakes in Antarctica, whose ice covers
are low in salt but whose deeper layers contain salts. The same
situation has also been proposed for Vostok Subglacial Lake
[McKay et al., 2003], where gas buildup in the lake may occur
as a consequence of gassed water input to the lake via mete-
oric ice and the removal of water as pure ice into the ice base
accretion [Siegert et al., this volume].
Many of the discussions on habitability elaborated for

Europa apply to Enceladus. At the time of writing, there are
many key unknowns about the moon that preclude accurate
modeling of the conditions for life on Enceladus. Key among
these questions are the following: (1) Is there exchange be-
tween the surface of Enceladus and its subsurface? (2) Are
there salts in the deeper layers of ice or in deep water bodies?
(3) How can point 2 be reconciled with the presence of a sili-
cate core, and is a core linked to any putative subsurface water
body? (4) What are the sources and sinks of redox couples?
McKay et al. [2008] discuss a range of possible terrestrial

analogous ecosystems for Enceladus. The production of
methane from CO2 and H2 by methanogens is one plausible
reaction scheme. The CO2 would be derived from primordial
CO2 entrained within the ice (which is observed in the
plumes) [Matson et al., 2007] and the H2 from serpentiniza-
tion reactions occurring in Enceladus’ core. Ultimately, the
recycling of these redox couples would be achieved by
thermal degradation of the methane produced.

Figure 3. Tiger stripes in the southern polar region of Enceladus.

Figure 4. Composition of the plumes of Enceladus showing range
of cometary values (N2 is not included).
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Indeed the discussions by McKay et al. [2008] underline,
as with all subglacial environments, how critical the link is
between subglacial liquid water and silicate rocks for life.
Silicate cores open other possibilities for the generation of
redox couples [Parkinson et al., 2007], including the radio-
lytic production of H2 from H2O [Lin et al., 2006], which can
be used in methanogenesis as above or in sulfate reduction
(Figure 5).
Aside from redox couples, silicate rocks provide a range of

other elements (Mg, Ca, K, etc.) required by all organisms on
the Earth and trace elements (Ni, Cu, Zn, Mo, etc.), which
are used by organisms. It is beyond the scope of this paper to
speculate on what “other” life would use among the range of
available elements, but it can be assumed that at least some
subset of them is required to do any meaningful complex
biochemistry.
If the plumes on Enceladus are directly emanating from

subsurface liquid water reservoirs, then the lack of observed
salts suggests that at least the water observed is not directly
in contact with the silicate core and is depauperate in bio-
logically useful elements. However, organisms can use ex-
tremely low levels of elements. Further, many organisms can
extract essential nutrients from silicate grains. Even if the
silicate content of the plumes was less than 1% [Parkinson et
al., 2008], then they would provide a source of many ele-
ments. However, if the grains were covered in almost pure
water ice, then silicate grains would be difficult to detect. A
thorough investigation of habitability awaits a more com-
plete and detailed inventory of elements within the plumes
and their component ices/grains.
Unlike Europa, the supraglacial environment of Enceladus

is not as heavily processed by radiation. However, Parkinson

et al. [2008] propose a mechanism whereby water in the
Saturnian E ring (itself from Enceladus) would be affected
by UV radiation and ionizing radiation to generate oxidants
such as H2O2, which would then be swept up by the moon on
its surface. Whether these compounds would have any astro-
biological significance would depend on their circulation
into the interior of the moon.
One important factor that distinguishes the environment of

Enceladus from terrestrial subglacial environments is the
possible presence of ammonia in the ice at over 10% mass
[Squyres et al., 1983]. Ammonium is used as an effective
biologically available source of N by terrestrial organisms,
and in some subglacial environments, nitrate is ultimately
produced by N fixation and nitrification in the supraglacial
environment (section 3). However, the effects of long-term
concentrations of high ammonia concentrations to biochem-
ical systems are not well known.
The ejection of plumes into outer space from Enceladus

offers remarkable possibilities for future astrobiology mis-
sions, since they provide an opportunity for technically
“easy” sampling of an extraterrestrial subglacial environ-
ment with the minimum chance for forward contamination
of the environment (see below). Already, the data we have on
these plumes was achieved by a flyby with the Cassini
spacecraft, which was not designed for this task, showing
the readily achieved sampling of the plumes. Future missions
dedicated to astrobiology might study the isotopic composi-
tion of the CH4 in the plumes to attempt to determine a biotic
or abiotic source [McKay et al., 2008]. An investigation of
higher carbon compounds would also yield information on
pathways of organic complexification in the subsurface of
Enceladus.

Figure 5. Hypothetical scheme for sulfate reduction in a subglacial environment using the radiolysis of water to generate
hydrogen as an electron donor and oxidants to regenerate sulfate [after McKay et al., 2008].
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3.4. Titan

3.4.1. Introduction. Titan is the largest Saturnian moon
with a radius of 2575 km. It was first observed in 1655 by
Christian Huygens. Titan is composed primarily of rock and
water ice and hosts lakes of liquid hydrocarbons, the only
body other than the Earth known to possess stable liquid on
its surface. The atmosphere of the moon is 98.4% nitrogen,
the remainder is comprised of methane and trace gases
including ethane, diacetylene, methylacetylene, acetylene,
and propane [Nieman et al., 2005]. The surface pressure is
~1.5 bar. The atmosphere is opaque to many wavelengths,
and a complete reflectance spectrum of its surface cannot be
obtained from present space measurements.

3.4.2. Physicochemical conditions and the prospects for
life. Fortes [2000] presents a model for a Titan with a water-
ammonia ocean early in its history. The formation of a thick
N2 atmosphere combined with loss of other atmospheric
components would cause this ocean to roof over with frozen
volatiles. The depth of any putative ocean is uncertain;
estimates have ranged from an initial depth of 50 km to a
present-day depth of 200 km [Grasset and Sotin, 1996]. The
temperature of this putative ocean may be ~235 K, set by the
eutectic temperature of the H2O–NH3 system. It is not clear
that if an ocean was present, it would be in contact with a
silicate core. Titan is thought to have such a core, but the
ocean could be separated from it by a thick layer of H2O–
NH3 ice.
Fortes [2000] examines a range of physical and chemical

parameters that might be found in a Titan subglacial ocean.
These considerations are similar to those that have more
recently been applied to Europa and Enceladus. Nutrients
are presumed to be made available from early chondritic
input, including the input of major elements and organic
carbon. The latter was suggested to provide a potential
source of energy for heterotrophs.
Insofar as the reaction of acetylene, ethane, and organic

solids with hydrogen is thermodynamically favorable, these
substrates could also provide a redox couple for any pro-
posed Titan biosphere [McKay and Smith, 2005]. The detec-
tion of life on Titan could focus on the use of carbon isotopic
analysis of organic material or methane [e.g., Fortes, 2000]
or the anomalous depletion of gases in the atmosphere or on
the surface [McKay and Smith, 2005].

4. TERRESTRIAL ANALOGS: PARALLELS
AND LIMITATIONS

Finding analogs on the Earth with which to assess the
habitability of extraterrestrial subglacial environments is se-

verely limited by a lack of comprehensive information on the
physicochemical conditions in extraterrestrial subglacial en-
vironments.Marion et al. [2003] consider the case of Europa
and split their discussion into three sections: the ice layer, the
brine ocean, and the seafloor environment. They point out
that the choice of analog environment depends upon the
biological factor under consideration, suggesting that deep
ice cores might be good analogs for understanding the pres-
ervation of biosignatures in Europan ice, but that ecosystem
structure and constraints to life in ice are best investigated in
the perennially ice-covered lakes of Antarctica. Assuming
that salinity, acidity, and temperature will be three of the
most important factors limiting life in aqueous environments,
Marion et al. [2003] list a number of analogs for understand-
ing different types of brine systems and their influence on a
biota. Deep brine basins such as Orca Basin, the Gulf of
Mexico, and Mediterranean deep brine basins are suggested
as possible analog environments for investigating Europan
ocean seafloor environments.
Analog environments can provide a set of observations

concerning life that can be tested by exploring extraterrestrial
subglacial environments, and they can also be used as tech-
nology test beds for developing methods to be used to
explore extraterrestrial environments.
Greatest attention has been given to the most extreme

terrestrial environments as analogs. Subglacial lakes have
previously been investigated as analogs for extraterrestrial
subglacial water bodies. For example, Vostok Subglacial
Lake, located ~4 km deep in the East Antarctic ice sheet and
isolated from the atmosphere for ~15 Ma (although ancient
atmospheric gases are continuously being delivered to the
lake through basal pressure melting) has previously been
discussed as an analog for extraterrestrial subglacial envi-
ronments [e.g., Karl et al., 1999; Lipps and Rieboldt, 2005;
Siegert et al., this volume]. Deep ice core drilling has yielded
organisms and environmental data from the accretion ice just
above the lake. The accretion ice had two- to sevenfold
higher bacterial numbers than the ice above it, suggesting
that the lake is a source of bacteria. Members of the beta,
gamma, and delta subdivisions of “Proteobacteria” were
identified [Christner et al., 2006]. In addition to a focus on
biological data, the study of Vostok Subglacial Lake has
focused on many of its physical characteristics, which influ-
ence the biota [Wells and Wettlaufer, 2008]. For example, the
extent of mixing is important for determining the nutrients
and redox couples available to life. The lake also receives
mineral and biological input from the Antarctic ice. Models
developed for understanding the mixing regimen in subgla-
cial lakes will prove valuable for calculating the mixing
regimens in extraterrestrial water bodies when sufficient data
exists to constrain them [see Siegert et al., this volume].
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The drilling of a subglacial volcanic lake in Iceland (under
the Vatnajokull ice cap) provided evidence of a community
containing a diversity of chemolithotrophs using sulfide,
sulfur, or hydrogen as electron donors or oxygen, sulfate, or
CO2 as electron acceptors [Gaidos et al., 2004]. The lake
water is fresh and slightly acidic, and the lake chemistry is
dominated by glacial melt. Between 1922 and 1991, 78% of
the lake water is estimated to have been supplied by basal
melting of the ice sheet. Microbial numbers in the water
column were 2 � 104 mL�1. The microbial diversity was
explained by the mixing of sulfidic and oxygenated water.
Some of these redox couples could provide analogies to
extraterrestrial redox couples. However, insofar as the oxy-
genated water is linked to the surface aerobic environment,
the lake chemistry and its biota is strongly coupled to the
terrestrial aerobic biosphere and is likely to limit the analog
[Gaidos et al., 1999].
It is also clear that the best analogs for extraterrestrial

subglacial environments may not be subglacial environments
on the Earth. Prieto-Ballesteros et al. [2003] describe Tirez
Lake, a briny lake in La Mancha, Spain. The lake contains a
Mg-Na-SO4-Cl brine. Although the lake contains a photo-
trophic population, which is not considered relevant to Eu-
ropa, it also contains a population of sulfate reducers and
methanogens, which the authors discuss as a potential analog
for the anaerobic use of the sulfate or methanogenesis in a
Europan ocean.
It is possible that no environment on the Earth can truly

represent analogous conditions to any extraterrestrial subgla-
cial environments (Table 1). Apart from putative ecosystems
operating entirely independently from the surface photosyn-
thetic biosphere, on the Earth, even anaerobic subglacial
environments are linked to the availability of redox couples,
e.g., sulfate and nitrate, generated, in large part, in the aerobic
biosphere (section 3). Understanding fluxes of solutes into
and out of extraterrestrial subglacial environments can only
be properly achieved by directly taking measurements in situ;
only then can their astrobiological potential be assessed.
A case in point is again the Europan ocean. Gaidos et al.

[1999] discuss the biotic potential of the ocean. Many of the
redox couples associated with terrestrial subglacial environ-
ments may be difficult or impossible to sustain. For example,
more reducing conditions in the silicate core of Europa may
mean that carbon is primarily outgassed as methane rather
than carbon dioxide, preventing methanogenesis (although
other substrates such as acetate and methanol can support
methanogenesis. Furthermore, methane is itself a substrate
for methanotrophy). Similarly, sulfur, produced as sulfides,
might deny life a source of oxidized electron acceptors. If
turnover with the icy surface of the moon, where radiation
bombardment could produce electron acceptors such as per-

oxide, is insufficient, then the Europan ocean may provide an
extremely energy-poor environment for life. The turnover
within the ocean will also determine the extent to which any
redox couples reach equilibrium or whether geochemical
disequilibria can be maintained over geologically long time
scales to provide energy and nutrients for life. It is not yet
clear to what extent this is the case for many of the extrater-
restrial subglacial environments discussed here.

5. RISK OF CONTAMINATION

Concern about the contamination of extraterrestrial bodies
that might be capable of sustaining life has led to substantial
considerations on measures to prevent forward contamina-
tion. Apart from the threat to an indigenous biota, it is
conceivable that extraterrestrial subglacial environments
might locally have habitable conditions for life, but these
environments are not inhabited because life has not origi-
nated on that body, been transferred to it, or had the
opportunity to move into highly localized conditions for
habitability (e.g., transient liquid water). Contaminating
these sites might prejudice an ability to study habitable but
abiotic environments.
For Mars, detailed consideration has been given to the

environmental parameters that would define regions as “spe-
cial regions,” i.e., locations in which conditions might be
suitable for the replication of terrestrial organisms. To ad-
dress what these parameters are, an extensive workshop was
held to synthesize our existing knowledge of the limits of
terrestrial life with a special focus on low temperature and
water activity limits [Kminek et al., 2010]. It was concluded
that any region experiencing temperatures >�25-C for a few
hours a year and a water activity >0.5 can potentially allow
the replication of terrestrial microorganisms. These con-
straints were based on the addition of a 5-C buffer to a range
of data that suggest that metabolic activity, let along repro-
duction, does not occur below ~�20-C and the known limits
of water activity in microorganisms, which generally cannot
grow at water activities below ~0.6. Physical features on
Mars that can be interpreted as meeting these conditions
constitute a Mars Special Region. Based on current knowl-
edge of the Martian environment and the conservative nature
of planetary protection, these regions include gullies and
bright streaks associated with them, pasted-on terrain, deep
subsurface, dark streaks only on a case by case basis, and
others to be determined. The deep subsurface could include
subglacial environments.
Insofar as this study considered available knowledge on the

low temperature and water activity limits for life, then
its conclusions apply to other extraterrestrial subglacial envi-
ronments, accepting, of course, that life needs muchmore than
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just high water activity and liquid water above�25-C to grow.
In the absence of detailed information on the chemistry of the
Europan ocean or the source of the plumes of Enceladus, then
initial missions to characterize these moons that involve direct
contact with the surfaces will require stringent planetary pro-
tection protocols to prevent forward contamination.

Perhaps one of the most useful contributions of subglacial
exploration on the Earth is the development of technologies that
will improve the ability to access and explore extraterrestrial
subglacial environments. Doran and Vincent [this volume],
discuss the growing procedures and guidelines developed for
responsible stewardship of subglacial environments on Earth.

Table 1. Some Differences and Similarities Between Terrestrial and Extraterrestrial Subglacial Environmentsa

Factor Comments Consequences for Life
Example Subglacial

Environment Reference

Differences
Ammonia High ammonia concentrations

in some extraterrestrial
subglacial environments

High concentrations of
ammonia potentially
toxic

Enceladus and Titan Fortes [2000], Mitri
et al. [2008], and
McKay et al. [2008]

Highly reducing
conditions

Lack of source of oxidants Shortage of electron
acceptors

Europa Gaidos et al. [1999]
and Schulze-Makuch
and Irwin [2002]

Lack of organics No biological input of
exogenous organics

Heterotrophic modes of
production limited

Potentially many
extraterrestrial
subglacial
environments

Gaidos et al. [1999]

Thick ice covers Reduced geochemical exchange
with supraglacial environment
and reduced light penetration
to liquid water below

Limitation in supply of useful
compounds, e.g., meteoritic
organics and radiation-
formed oxidants; prevention
of phototrophy

Enceladus and Europa Anderson et al. [1998]
and Turtle and
Pierazzo [2001]

Low temperatures Temperatures may be well
below limit of metabolic
activity in organisms

Low-temperature limitation
to life

All extraterrestrial
subglacial
environments

Marion et al. [2003]

Salt concentrations Briny conditions may create
water activity below
minimum in which
metabolic activity can occur

Water activity limit to life Europa Marion et al. [2003]

Similarities
Connection to
silicate surfaces

Silicate minerals weather to
produce redox couples and
nutrients/trace elements

Large range of elements/
mineral available to drive
redox reactions and
biochemistry

Mars, Europa, and
Enceladus

Parkinson et al.
[2008]

Geological activity Turnover in environments with
subglacial oceans in contact
with a silicate core

Prevents system running to
equilibrium with respect
to redox couples

Europa and Enceladus Parkinson et al.
[2008]

Organic input Meteoritic input in
extraterrestrial environments

Source of basic organic
compounds and source
of electron donors

Potentially all
extraterrestrial
subglacial
environments

Pierazzo and Chyba
[1999, 2002]

Liquid water Indirect evidence for presence
of liquid water in many
extraterrestrial subglacial
environments

Required for biochemical
reactions

Potentially all
extraterrestrial
subglacial
environments;
Mars at higher
obliquity than today

Carr et al. [1998],
Parkinson et al.
[2008], and McKay
et al. [2008]

aFor Encaladus, Titan, and Europa, the table refers to the ocean environment.
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Doran et al. [2008] developed an entry approach for a pristine
ice-sealed lake in the McMurdo Dry Valleys that used a
combination of filtration and UV radiation to cleanly enter the
lake for the first time [Doran et al., 2008]. Gaidos et al.
[2004] discuss the mitigation of exogenous contamination of
the Grímsvötn volcanic caldera by the use of hot water in their
water drilling operation. The use of UV radiation to kill
microorganisms within a water stream during hot water dril-
ling, filter sterilization of drilling water, and other approaches
to minimize contamination, for example, those proposed to be
used to access the Ellsworth Lake, will provide further in-
sights into methods for accessing extraterrestrial subglacial
environments. Similar entry techniques are currently being
developed for the United States-planned sampling during the
Whillans Ice Stream Subglacial Access Research Drilling
project (P. Doran, personal communication, 2010).

6. PLANS FOR EXPLORATION

The possible astrobiological significance of extraterrestrial
subglacial environments has encouraged interest in their
exploration. A number of missions have been proposed for
the exploration of these environments, and development of
tools and strategies has begun. Martian subglacial environ-
ments have received little attention. However, ice drilling at
the Martian poles was considered in the mid-1970s using
designs based on Viking technology [Staehle et al., 1976,
1977]. The growing recognition of the wide distribution of
glacial environments on Mars and the possibility that they
might harbor liquid water during periods of high obliquity is
likely to encourage greater efforts to explore them. In 2009,
the Phoenix Lander was the first craft to characterize a
Martian supraglacial environment [Smith et al., 2009;Mellon
et al., 2009].
At the time of writing, the greatest efforts have been

directed toward Europa and Enceladus.

6.1. Europa Jupiter System Mission (EJSM)

In early February 2009, NASA and the European Space
Agency (ESA) announced a joint mission to Jupiter’s system
including the Laplace mission and NASA’s mission studies.
From this date, the mission has been referred to as the EJSM
[Lebreton, 2009]. The EJSM would consist of a Jupiter Gan-
ymede Orbiter (JGO), developed by ESA, and a Jupiter Euro-
pa Orbiter (JEO), developed by NASA. It is possible that
JAXA, the Japanese Space Agency, will also contribute with
a Jupiter Magnetospheric Orbiter (JMO) for the investigation
of plasma physics in the Jupiter system. The mission could
also be enhanced by a Russian Lander mission [Martynov et
al., 2009] and/or a penetrator.

In the mission proposal by Blanc et al. [2009a], three key
questions were emphasized: How was the Jupiter system
formed? How does it work? Does Europa belong to the
habitable zone (including, does it harbor life)? These ques-
tions were formulated into the EJSM mission science objec-
tives according to Lebreton [2009] as (1) the investigation
of the subsurface oceans and their relation to a deeper inte-
rior; (2) characterization of the ice shell and subsurface water,
including heterogeneity of ice and the surface-ice-ocean ex-
change; (3) deep internal structure, differentiation history,
and the magnetic field of Ganymede; (4) exospheres, plasma
environments, and magnetic interactions; global surface
composition and chemistry, especially related to habitability;
and (5) formation of subsurface features and sites of recent or
current activity to help identify candidate sites for future in
situ exploration. JEO and JGO would explore and character-
ize different objects and parts in the Jupiter system, which
will allow comparative science (Europa versus Ganymede
versus Callisto) [Blanc et al., 2009b]. According to the
currently planned trajectory, it will then take 6 years for the
spacecraft to reach the Jovian system. Upon arrival, the JGO
should tour the Jupiter system for ~28 months and include 21
Callisto flybys, 9 Ganymede flybys, and a Ganymede orbital
phase of 260 days. The JEO tour should last 30 months in the
Jupiter system, out of which 4 Io, 6 Ganymede, 6 Europa,
and 9 Callisto flybys are planned, in addition to a 9-month
orbital phase around Europa, first at 200 km and then at
100 km orbital altitudes [Clark et al., 2009].

6.2. Titan Saturn System Mission (TSSM)

After Cassini-Huygens mission revealed the amazing two
worlds, Titan and Enceladus, a mission called the Titan and
Enceladus Mission (TandEM) to investigate these Saturnian
moons in greater detail was proposed. In January 2009,
ESA’s TandEM merged with NASA’s Titan Explorer 2007
study to create the TSSM [NASA/European Space Agency,
2009]. The TSSM mission includes a Titan orbiter, Titan in
situ elements such as a hot air balloon (~265 kg), three probe/
landers (~500 kg each), as well as minipenetrators and an
Enceladus penetrator to be deployed to the geologically
active south polar region on Enceladus. The orbiter would
perform several flybys of both moons and in the early mis-
sion would deliver landers/penetrators.
The scientific objectives at Enceladus encompass the in-

vestigations of origin, nature and properties of the plume,
subsurface liquid water, surface, interior, and global dynam-
ics as well as signs of past and/or present life that includes
organic inventory, molecular chirality, etc. It is also important
to investigate the influence of Enceladus on the magneto-
sphere, other satellites, and ring structure. At Titan, the
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primary science goals are to study its atmosphere, image,
sample, and analyze the surface features such as hydrocarbon
lakes, dunes, rivers, impact craters, mountain ranges, and
volcanoes and determine if there is a subsurface liquid ocean.
On both Enceladus and Titan, it is important to determine the
pre- and protobiotic chemistry and to understand the origin
and evolution of these bodies both individually and in the
Saturnian system as a whole [Coustenis et al., 2009]. Since
NASA and ESA jointly announced that the EJSM would be
the candidate for the first L mission, the studies concerning
the TandEM mission concept within ESAwere halted.

7. CONCLUSION

Extraterrestrial environments in the inner and outer solar
system host a diversity of icy substrates that offer the oppor-
tunity to expand the known physical and chemical conditions
that can be produced in subglacial environments. The robotic
and human exploration of these environments is immensely
challenging, but their investigation will yield new insights
into the potential for life elsewhere and the physical and
chemical parameters that define the boundaries of habitabil-
ity in subglacial environments. Although mission designs,
including those reviewed here, will change in the future,
there can be little doubt in saying that the exploration of
extraterrestrial subglacial environments will play an increas-
ingly important role in space exploration. Insofar as most
extraterrestrial environments of biological interest are cold
(Mars, Europa, Enceladus, etc.), then the search for extrater-
restrial life is a development of glaciology and its allied
sciences. Terrestrial analog environments will provide valu-
able insights into the physics, chemistry and biology of
extraterrestrial subglacial environments. Ultimately, however,
a comparison can only be made by directly sampling extrater-
restrial subglacial environments.
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Environmental stewardship is a guiding principle of the Antarctic Treaty System.
Efforts began in the 1990s to generate specific guidelines for stewardship of many
terrestrial environments, including surface lakes and rivers. The relatively recent
documentation of widespread subglacial aquatic environments, and planning for
acquiring samples from them, has generated a need for stewardship guidelines for
these environments. In response to a request from the U.S. National Science
Foundation, the National Research Council of the National Academies of Sciences
(NAS) created the Committee on the Principles of Environmental and Scientific
Stewardship for the Exploration and Study of Subglacial Environments. The
committee made 13 recommendations and a decision tree as a framework and flow
chart for environmental management decisions. The committee report was also
largely the basis of a Code of Conduct (CoC) for the exploration of subglacial
environments formulated by a Scientific Committee on Antarctic Research Action
Group. Both the NAS report and CoC have been used as guidance, to varying
degrees, by subglacial research currently in progress.

1. INTRODUCTION

Antarctic subglacial aquatic environments (SAEs) have
been documented for some time using remote sensing, geo-
physical techniques, but only very recently have there been
plans devised and implemented to sample and study these
environments directly. The long lead up to the sampling of
these lakes is largely related to the logistical difficulty of
penetrating their thick ice caps, but also due to the cautious
approach warranted by the pristine nature of the environ-
ments and their almost completely unknown capacity to
sustain viable ecosystems.

Environmental stewardship is one of the central principles
of the Antarctic Treaty System. Although the initial treaty
did not deal with environmental issues directly, the “Protocol
on” Environmental Protection to the Antarctic Treaty (also
known as the Madrid Protocol) adopted in 1991, extends
wide environmental protection over the continent. The pro-
tocol codified all the many recommendations on environ-
mental management and proposed specific approaches for
various tools like environmental impact assessments. The
protocol also provides for the establishment of a Committee
for Environmental Protection (CEP) to advise the Antarctic
Treaty Consultative Meeting (ATCM), requires the develop-
ment of contingency plans to respond to environmental
emergencies and provides for the elaboration of rules relating
to liability for environmental damage (details at the Antarctic
Treaty System website: http://www.ats.aq/e/ep.htm).
In this chapter we first review the leading initiatives to

protect surface aquatic environments in continental and

Antarctic Subglacial Aquatic Environments
Geophysical Monograph Series 192
Copyright 2011 by the American Geophysical Union
10.1029/2010GM000947

149



maritime Antarctica. We then describe the findings of a
committee formed by the National Research Council (NRC)
of the National Academies of Sciences (NAS), United States
to address standards of responsible exploration of SAEs in
Antarctica. The detailed recommendations of that commit-
tee, summarized below, subsequently formed the basis for a
“Code for Conduct for the Exploration and Research of
Subglacial Aquatic Environments,” which was developed by
a Scientific Committee on Antarctic Research (SCAR) Ac-
tion Group for submission to the Antarctic Treaty System.
We conclude the chapter by briefly describing current sub-
glacial exploration projects and their approaches toward
environmental stewardship.

2. PROTECTION OF ANTARCTIC SURFACE WATERS

The Protocol on Environmental Protection to the Antarctic
Treaty lays down general principles and specifies the legal
obligations and procedures for environmental stewardship
throughout the Antarctic region. From the 1990s onward,
efforts have been made to adapt and apply these require-
ments specifically to Antarctic lakes and their catchments.
This work has resulted in site-specific management plans and
Codes of Conduct (CoCs) to minimize the impacts of human
activities and to preserve environmental properties of surface
lakes and rivers at several locations in maritime and conti-
nental Antarctica.
Some of the earliest work on environmental protection of

Antarctic lakes and their catchments took place in the
McMurdo Dry Valleys. This is the largest ice-free region of
Antarctica (about 4800 km2) and contains deep, perennially
ice-capped lakes fed by glacial meltwater streams that flow
for several weeks each summer [Priscu, 1998]. Initial dis-
cussions about conservation issues in Antarctica noted that
such lakes are useful sites for monitoring environmental
change, including natural variations in the past and present,
but that they are also highly vulnerable to disturbance by
human activities, including scientific research [Parker,
1972]. The latter concern was explicitly addressed in two
workshops in the 1990s convened by the National Science
Foundation (NSF) of the United States of America that
brought together international experts from many disciplines,
including microbiology, marine biology, geomorphology,
terrestrial ecology, geochemistry, glaciology, hydrology, en-
vironmental law, and tourism, to identify the key environ-
mental values to be protected and potential strategies to
ensure success. The recommendations from these workshops
depended on full support from the science community as well
as the national programs [Harris, 1998]. They were fully
endorsed by the two main operators in the region, NSF Office
of Polar Programs, and the New Zealand Antarctic Program,

which led to their rapid acceptance and implementation by
the Antarctic Treaty System.
The proceedings of the first NSF workshop on environ-

mental protection of the McMurdo Dry Valleys concluded
that there was an urgent need for an ecologically integrated
management plan that recognized all of the activities in the
region, and that set guidelines and zoning regulations to
minimize long-term degradation as well as to avoid immedi-
ate impacts [Vincent, 1996]. This workshop also resulted in
the first draft of an Environmental CoC for all visitors to the
region. The second workshop focused specifically on envi-
ronmental protection of the lakes and streams and further
contributed to the development of the management plan and
CoC [Wharton and Doran, 1999]. These efforts came to
fruition with designation of the McMurdo Dry Valleys in
2004 as an Antarctic Specially Managed Area (ASMA no. 2
under the terms of the Madrid Protocol). The purpose of an
ASMA is to assist in coordination and planning of activities
within an area, minimize conflict and improve cooperation
between various Antarctic programs, and minimize environ-
mental impacts. The Dry Valley ASMAwas accompanied by
a hortatory internationally agreed management plan (avail-
able online at: http://www.ats.aq/documents/recatt/Att208_e.
pdf), and an associated Environmental CoC. The manage-
ment plan specifically states that

All operators in the Area shall ensure that all personnel in their
programs visiting the Area have been briefed on the requirements of
the Management Plan and in particular on the Environmental Code of
Conduct that applies within the Area.

The McMurdo Dry Valleys Code of Conduct (CoC) aims to
educate visitors to the region about the special environ-
mental values that require their care and protection; the
more recent development of a code for exploration and
stewardship of subglacial waters took a similar approach
(see below). The McMurdo CoC begins as follows:

Why are the McMurdo Dry Valleys considered to be so important?
The McMurdo Dry Valleys ecosystem contains geological and
biological features that date back thousands to millions of years.
Many of these ancient features could be easily and irreversibly
damaged by human actions. Unusual communities of microscopic life
forms, low biodiversity, simple food webs with limited trophic
competition, severe temperature stress, aridity and nutrient limitations
are other characteristics that make the McMurdo Dry Valleys unique.
This ancient desert landscape and its biological communities have
very little natural ability to recover from disturbance. Research in such
systems must aim to minimize impacts on land, water and ice to
protect them for future generations.

The code then provides a series of general procedures (e.g.,
“Everything taken into the Area should be removed and
returned to the appropriate national program station for
proper handling”) followed by specific requirements (e.g.,
“Explosives should not be used on a lake; Avoid walking in
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the streambed at any time to avoid disturbing the stream
biota”). Some of these recommendations may seem
intuitively obvious, yet explosives were routinely used for
many years on the ice at Lake Vanda, for example, and few
visitors to the valleys had realized the unique biological
communities that coated the stream beds. A McMurdo Dry
Valley management team, with membership from the United
States, New Zealand, and Italy, was largely responsible for
implementing the formation and awareness of the ASMA,
including production of a pocket-sized field guide to the
McMurdo Dry Valleys that contains maps from the
management plan and the CoC.
One of the conservation elements of the McMurdo Dry

Valleys management plan of particular relevance to future
stewardship of Antarctic subglacial lakes (see below) is the
designation of specific areas as reference sites in which
scientific activities are by permit only and limited to min-
imal access. An area of 325 km2 at Barwick and Balham
valleys was originally designated as a Site of Special
Scientific Interest based on a proposal by the United States
of America that this was “one of the least disturbed and
contaminated of the Dry Valleys of Victoria Land” and
therefore a valuable reference location for measuring
changes in comparable ecosystems elsewhere in McMurdo
Dry Valleys where scientific investigations are more regu-
larly undertaken. The current management plan for the
Barwick-Balham site (Antarctic Specially Protected Area
No. 123; details are at http://www.ats.aq/documents/recatt/
Att390_e.pdf ) notes the presence of lakes and streams and
that “Protection on a catchment basis serves to provide
greater representation of the ecosystem features, and also
facilitates management of the Area as a geographically dis-
tinct and integrated ecological system.”
The importance of preserving surface lake and stream

ecosystems and their catchments has also been recognized
elsewhere in Antarctica and has led to specific requirements
within other ASMAs or at more localized sites designated
Antarctic Specially Protected Areas (ASPAs, including all
sites previously called Sites of Special Scientific Interest
and those designated as Specially Protected Areas). ASPA
no. 143 is for Marine Plain Mule Peninsula, in the Vestfold
Hills, itself a region of numerous lakes with unusual geo-
chemical and biological properties. The ASPA (details are
at http://www.ats.aq/documents/recatt/Att193_e.pdf) states
that

The meromictic and saline Burton Lake, together with several smaller
lakes and ponds in the ASPA, provide important examples in the
spectrum of hypersaline to fresh water lake types in the Vestfold Hills
and present the opportunity for important geochemical and limnolo-
gical research. The interrelationships between environment and
biological communities in lakes such as Burton, provide considerable
insights into the evolution of the lake environments and consequently,

Antarctic environmental development. It is currently the only
meromictic lagoon that has been protected within East Antarctica.

The ASPA prohibits entry into the Area except in accordance
with a Permit issued by an appropriate national authority and
with several conditions including those that relate specifically
to the lakes, for example: “motorised boats are not to be used
on Burton Lake,” and researchers must undertake steps
“ensuring equipment is washed before entry to the ASPA to
prevent contamination from other lakes.”
The Larsemann Hills is an oasis of ice-free land that lies

80 km from the Vestfold Hills and includes about 150 lakes
and ponds, most of which contain luxuriant benthic mats of
cyanobacteria. This region has experienced a number of
environmental effects associated with the construction and
occupation of three national bases, including pronounced
hydrological impacts on lakes caused by road construction
[Burgess and Kaup, 1997]. It has now been designated
ASMA no. 6, (details at http://www.ats.aq/documents/
recatt/Att358_e.pdf). The management plan explicitly notes
“The lakes and streams provide a series of habitats that
contain a rich and varied fauna very typical of the Antarctic
region,” as well as unusual microbial communities:

The most obvious biotic feature observed in almost all the lakes are
extensive blue-green cyanobacterial mats, which have accumulated
since ice retreat, in places being up to 130 000 years old. These
cyanobacterial mats are found to exceptional thicknesses of up to
1.5 m, not normally observed in other Antarctic freshwater systems,
and are also widely distributed in streams and wet seepage areas.

The management plan includes a CoC, with several
precautions that specifically address the aquatic environ-
ments, including the following:

Minimise the use of liquid water and chemicals that could
contaminate the isotopic and chemical record within lake or glacier
ice; Scrupulously clean all sampling equipment to avoid cross-
contamination between lakes; To prevent lake contamination, or toxic
effects on the biota at the surface, avoid reintroducing large volumes
of water obtained from lower in the water column.

In maritime Antarctica, Deception Island has been designated
ASMA no. 4, and includes lakes and streams (details at http://
www.ats.aq/documents/recatt/att290_e.pdf ). Protection of
these waters has been given little attention in the management
plan, although it is noted: “Freshwater streams or lakes, or
vegetated areas, shall not be used to dispose of human
wastes.” One of the richest lake districts in the maritime
region, and perhaps in all of Antarctica, is Byers Peninsula,
Livingston Island, in the South Shetland Islands [Toro et al.,
2007]. This is now designated ASPA no. 126 under the
Antarctic Treaty System. This seasonally ice-free area contains
60 lakes, many ponds and streams, extensive cyanobacterial
mats, and an unusually diverse fauna of aquatic invertebrates
including three crustacean species, a benthic cladoceran, two
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species of chironomids (midges) and an oligochaete (fresh-
water worm). The ASPA management plan (available at http://
www.nsf.gov/od/opp/antarct/aca/nsf01151/aca2_spa126.pdf)
provides considerable information about the freshwaters and
their biota but no specific protection measures that make
reference to these ecosystems. The plan does, however, put
forward a number of general protection measures: access is by
permit (like all ASPAs), with the conditions that “All movement
should be undertaken carefully so as to minimize disturbance to
animals, soils, geomorphological features and vegetated
surfaces, walking on rocky terrain or ridges if practical to avoid
damage to sensitive plants, patterned ground and the often
waterlogged soils.” It addresses biological contamination by
stating that “Of concern are microbial or plant introductions
sourced from other Antarctic sites, including stations, or from
regions outside Antarctica. All sampling equipment or markers
brought into the Area shall be cleaned or sterilised.”
In summary, considerable effort has been made toward

protection of surface waters at many sites in Antarctica. A
broad, albeit nonstandardized, range of requirements has
been put into effect at each of these sites, and these provided
useful starting points and guidance for the development of
subglacial lake protocols, within the terms and spirit of the
Madrid Protocol.

3. NAS COMMITTEE AND REPORT
BUILDING PROCESS

With increasing interest in subglacial systems expressed
by Earth scientists and biologists, combined with the need
for caution, the U.S. NSF requested guidance from the Na-
tional Academies to address standards of responsible explo-
ration. In response, the National Research Council of the
National Academies created the Committee on the Principles
of Environmental and Scientific Stewardship for the Explo-
ration and Study of Subglacial Environments (herein referred
to as “the committee”). The committee was asked to (1) define
levels of “cleanliness” for equipment or devices entering
SAEs, (2) develop a sound scientific basis for contamination
standards recognizing that different stages of exploration may
be subject to differing levels of environmental concern, and
(3) recommend the next steps needed to define an overall
exploration strategy.
The committee was also charged to consider contamina-

tion potential of current technology and to bring to light
potential needs for technological development or studies
needed to reduce contamination. Other goals were to assess
the scientific benefit of immediate study versus waiting and
to identify potential targets among the many Antarctic SAEs.
The NAS was established in 1863 to “investigate, exam-

ine, experiment, and report upon any subject of science or

art” whenever called upon to do so by any department of the
government. Most of the National Academy’s science policy
and technical work is carried out by its operating arm, the
NRC, created in 1916. The NAS and NRC work outside the
framework of government to ensure independent advice on
matters of science, technology, and medicine (http://www.
nasonline.org).
As with other NRC studies, before personnel selection

began for the committee, the study was defined by NAS
personnel and the sponsor, in this case NSF. Committee
members were then carefully selected to provide a group
with an appropriate range of expertise and a balance of
perspectives. Each committee member is also screened for
conflicts of interest. Owing to the nature of the study, this
committee had a strong multidisciplinary and international
composition with members from Canada, Germany, United
Kingdom and the United States of America.
The study was carried out through four face-to-face meet-

ings of the committee, which included visits by invited
experts to provide information needed by the committee.
The committee then drafted a report, which was reviewed
by 10 additional outside, international experts. After all
committee members and appropriate NAS officials signed
off on the report, it was transmitted to the sponsor (NSF) and
released to the public.
There has been some controversy in the literature about

whether microorganisms currently reside in SAEs. Many
types of microbes can be found in the overlying ice, and
some may still be viable as they enter the SAE. Therefore,
despite the extreme environment microbes would need to
reside in, there is a possibility of microbial metabolism and
growth, albeit at very low rates. As a guiding principal, the
committee concluded that until there is definitive data
concerning the absence of microbial life, a conservative
approach should be adopted. The committee considered
“. . . the identity and diversity of life, the nature of the
electron donors and acceptors that support life (if life exists),
and all the other related ecological and biogeochemical
properties as fundamental, but unanswered questions.” Proof
of the absence of life cannot come from a single sampling,
but will need multiple samples from multiple locations,
analyzed at multiple laboratories around the world.
New data were being generated with regard to SAEs

throughout the tenure of the NAS committee and the devel-
opment of these recommendations. At the start of the com-
mittee’s work, it was thought that these environments were
isolated lakes. But with new data [e.g., Gray et al., 2005,
Wingham et al., 2006, Fricker et al., 2007], it quickly
become clear that rather than lakes, these environments are
comprised of vast watersheds containing interconnected
lakes, swamp-like features and thin films of water under the
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ice. The committee decided early in its discussions that even
though the statement of task referred to lakes specifically, it
had to consider all SAEs. Furthermore, it was recognized
that the interconnectivity of the SAEs has significant impli-
cations for risk of spreading contamination, particularly
microbial contamination. These new perceptions of SAEs
were captured in the report, but the freshness of these ideas
at the time is evident, as much of the discussion remains
focused on lakes. Furthermore, one implication of the inter-
connectivity that was discussed, but was not directly included
in the report was the concept of proximity to the ocean, or
essential “stream order.” The committee recognized that
contaminating headwaters was a much more serious concern
than contaminated subglacial environments that are within a
few miles of discharging to the ocean.
The committee report [National Research Council, 2007]

offered both a set of recommendations (below) (reproduced
with permission by the National Academy of Sciences,

courtesy of the National Academies Press, Washington,
D. C.) and a decision tree (Figure 1) as a framework and
sequence for moving forward with environmental manage-
ment decisions.

Recommendations for the Scientific and Environmental Stewardship
for the Exploration of Subglacial Aquatic Environments

Recommendation 1

Direct exploration of subglacial aquatic environments is required if we
are to understand these unique systems. Exploration of subglacial
aquatic environments should proceed and take a conservative approach
to stewardship and management while encouraging field research.

Recommendation 2

Exploration protocols should assume that all subglacial aquatic
environments contain or may support living organisms and are
potentially linked components of a subglacial drainage basin.

Figure 1. Sequence and framework for addressing stewardship, management, and project review for subglacial aquatic
environments [from National Research Council, 2007]. Image courtesy of M. S. Race.
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Recommendation 3

As soon as adequate survey data have been gathered to provide a
sound basis for description, all subglacial aquatic environments
intended for research should be designated Antarctic Specially
Protected Areas to ensure that all scientific activities are managed
within an agreed international plan and are fully documented.

Recommendation 4

As soon as adequate survey data have been gathered to provide a sound
basis for description, actions should be taken to designate certain
exemplar pristine subglacial environments as Antarctic Specially
Protected Areas for long-term conservation purposes.

Recommendation 5

Multinational projects should be encouraged in the study of subglacial
aquatic environments, and all projects aiming to penetrate into a lake should
be required to undertake a Comprehensive Environmental Evaluation.

Recommendation 6

The National Science Foundation should work in conjunction with the
United States representatives to the Scientific Committee on Antarctic
Research and to the Committee on Environmental Protection to involve
all Antarctic Treaty nations in developing a consensus-based manage-
ment plan for the exploration of subglacial aquatic environments. This
plan should seek to develop scientific understanding and ensure that the
environmental management of subglacial aquatic environments is held
to the highest standards.

Recommendation 7

Drilling in conjunction with sampling procedures will inevitably
introduce microorganisms into subglacial aquatic environments. 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 the minimum concentration of microbes in the
basal glacial ice being passed through. Based on research to date, a
concentration of 102 cells/ml should not be exceeded, until more data
are available.

Recommendation 8

Drilling in conjunction with sampling procedures will inevitably
introduce chemical contaminants into lakes and associated subglacial
aquatic environments. Toxic and biodegradable materials should be
avoided, as should the introduction of non-miscible substances. At a
minimum, the concentrations of chemical contaminants should be
documented and the total amount added to these aquatic environments
should not be expected to change the measurable chemical properties
of the environment. The amount added would be expected to have a
minor and/or transitory impact on the environment.

Recommendation 9

Notwithstanding their compliance with Recommendations 7 and 8,
investigators should continue to make every effort practicable to
maintain the integrity of lake chemical and physical structure during
exploration and sampling of water and sediments.

Recommendation 10

Allowances should be made for certain objects and materials to be
placed into experimental subglacial aquatic environments for

scientific purposes—for example for monitoring or tracing dynamics.
These additions should follow the microbiological constraints in
Recommendation 7 and include discussion of environmental risk
versus scientific benefit analysis as required by the Comprehensive
Environmental Evaluation.

Recommendation 11

As the initial step to define an overall exploration strategy, the United
States, together with other interested parties, should begin immedi-
ately to obtain remote sensing data to characterize a wide range of
subglacial aquatic environments. As a second step, preliminary data
and samples should be obtained from subglacial aquatic environments
as soon as practicable to guide future environmental stewardship,
scientific investigations and technological developments.

Recommendation 12

Remote sensing of the potential aquatic environments beneath the
Antarctic ice sheet is underway but is far from complete. The
following actions should proceed in order to make a decision about
which subglacial aquatic environments should be studied in the
future:

& Continent-scale radio-echo sounding data should be assembled and
subglacial aquatic environments identified;

& All regions where the basal melt-rate is likely high should be
identified;

& Detailed radio-echo sounding of known lakes should be done;
& A hydrologic map of the subglacial drainage system for each
catchment should be constructed;

& Potential target environments should be identified based on the
subglacial drainage system.

Once potential research sites are identified, the likelihood of attaining
scientific goals should be evaluated based on the representativeness
for other lakes and settings, for accessibility, and for the constraints of
logistics and cost. The committee recognizes that plans are underway
to sample Lake Vostok, and in the longer term Lake Ellsworth and
Lake Concordia. The data collected from these endeavors should be
used to assess whether the levels of cleanliness suggested in
Recommendation 7 are appropriate.

Recommendation 13

Research and development should be conducted on methods to reduce
microbial contamination throughout the drilling, sampling, and
monitoring processes, on methods to determine the background
levels of microbes in glacial ice and lake water, and on development
of miniaturized sampling and monitoring instruments to fit through
the drilling hole. The following methods and technologies need to be
improved or developed:

& A standard method to ensure cleanliness for drilling, sampling and
monitoring equipment that can be verified in the field;

& Newways of drilling through the ice sheet that include drilling fluids
that would not be a substrate for microbial growth;

& Inert tracers in the drill fluids or fluids used to enter the lake to track
the level and distribution of contaminants within the lake;

& Methods to determine baseline levels of microbes in the glacial ice
and subglacial waters;

& Instrumentation scaled to fit through a bore hole, to measure
chemistry and biology of these environments and transmit data back
to the ice surface;

& Methodstoprovidecleanaccess to the lakewater forextendedperiods.
The committee recognizes that plans are underway to sample Lake
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Vostok, and in the longer term, Lake Ellsworth and Lake Concordia.
The data collected from these endeavors should be used to better
assess the requirements of future methodologies and technologies.

4. SCAR ACTION GROUP

Following the publication of the report, the SCAR made a
recommendation which was approved by the Delegates at
XX SCAR that in recognition of “the value of these environ-
ments and the need to exercise wise environmental steward-
ship” a SCAR Action Group should be formed to devise a
code of conduct that would provide “guiding principles for
SAE exploration and research.” The group was assembled by
the SCAR Subglacial Antarctic Lake Exploration (SALE)
committee and included members from that committee as
well as external members. The resultant Action Group had
broad disciplinary and international representation, with
members from Japan, Russia, New Zealand, Italy, United
Kingdom, Canada, and the United States. Three of the action
group members also sat on the NRC committee.
The SCAR Action group drafted an SAE CoC, which

drew heavily on the NAS report. At the time of writing this
book chapter, the CoC had not yet been approved by the full
SCAR membership, so we present here the version tabled for
voting at the XXXI SCAR Delegates Meeting, Buenos
Aires, Argentina, 9–11 August 2010.

CODE OF CONDUCT FOR THE EXPLORATION AND
RESEARCH OF SUBGLACIAL AQUATIC ENVIRONMENTS

1. Background

This Code of Conduct (CoC) is to help guide the science community
in the exploration and research of Antarctic subglacial aquatic
environments (SAE). It has been prepared by an Action Group of the
Scientific Committee on Antarctic Research (SCAR) in consultation
with SAE specialists from a wide range of disciplines including the
Committee of Managers of National Antarctic Programmes (COM-
NAP). SCAR has a long history of leadership in SAE research and
development including the Subglacial Antarctic Lake Group of
Specialists (SALEGoS 2000–2004) and the Scientific Research
Program Subglacial Antarctic Lake Environments (SALE 2004
onwards). The present document results from a recommendation
approved by the Delegates at XXX SCAR that in recognition of ‘the
value of these environments and the need to exercise wise
environmental stewardship’ a SCAR Action Group should be formed
to devise a code of conduct that would provide ‘guiding principles for
SAE exploration and research’. The preparation of this CoC by the
Action Group has drawn upon all relevant literature, with special
attention to SALE reports and the US National Academies report on
environmental stewardship of SAE. It will be modified and refined as
new scientific results and environmental impact reports become
available from planned SAE exploration campaigns.

2. Introduction

Antarctic ice is now widely recognised as a key constituent of the
Earth System, driving ocean currents and global climate as well as

strongly affecting world sea level. Early models for ice flow from
the interior of the continent to the ocean assumed considerable
friction between the bottom of the ice sheet and the underlying
rock. The discovery of Lake Vostok and the subsequent detection of
more than 380 other lake-like features beneath the ice changed our
view of the subglacial environment. Drilling through ice to bedrock
revealed the presence of water at the rock/ice interface whilst
remotely sensed height changes in the ice surface over lakes
suggested a discharge mechanism beneath the ice. From these and
related observations, we must assume that the ice/rock interface
may normally have free water present, that this water film may
collect in lakes within watersheds, and that scientific activities that
inadvertently contaminate one area may result in widespread
contamination of this subglacial environment by down-slope flow.
Much scientific attention is also focused on the possibility that this
liquid water contains microbial communities that survive or grow in
the extreme subglacial environment. To safeguard these unique
lakes, and the subglacial aquatic environment as a whole, an
internationally agreed upon Code of Conduct is essential. In
developing this Code, SCAR is building on international discus-
sions at SALE and on the US National Academies recommendations
on environmental protection.

3. Guiding principles

3.1 Responsible stewardship during the exploration of subglacial
aquatic environments should proceed in a manner that is consistent
with the Protocol on Environmental Protection to the Antarctic Treaty,
that minimizes their possible damage and contamination, and that
protects their value for future generations, not only in terms of their
scientific value but also in terms of conserving and protecting these
pristine environments.

3.2 In accordance with the Protocol on Environmental Protection to
the Antarctic Treaty, all proposed activities must undergo environ-
mental impact assessment prior to an activity commencing. Projects
aiming to penetrate into subglacial aquatic environments are certain to
require an Initial Environmental Evaluation (IEE), and a subsequent
Comprehensive Environmental Evaluation (CEE) may be the
appropriate level of assessment given the potential impacts expected
from such an activity. The CEE will ensure that all relevant
information is available internationally, that proposals are exposed
to a wide range of expert comment and that the scientific community
uses best-available practices.

3.3 In accordance with the principle of scientific cooperation found in
the Antarctic Treaty, multinational participation in SAE exploration is
encouraged.

3.4 Exploration should take a conservative, stepwise approach in
which the data and lessons learned at each step are archived and used
to guide future environmental stewardship, scientific investigations
and technology development. This information should be freely
disseminated in the public domain, and firstly via national operators to
the Committee on Environmental Protection.

3.5 It is recommended that each potential exploration site is evaluated
within the context of geophysical datasets that identify lakes and other
regions where there is basal melting. This would assist in typifying
the unique character of each site and selecting drilling locations.
Additional considerations related to location include accessibility,
logistic constraints, cost and potential environmental impacts of the
surface camp.

3.6 Accurate records should be collected, maintained and made freely
available for all subglacial sampling efforts.
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3.7 Annex Vof the Protocol allows areas to be designated as Antarctic
Specially Protected Areas (ASPA), either to manage areas for research
purposes or to conserve them as pristine exemplars for future
generations. Subglacial lakes used as research sites should therefore
be demarcated ASPAs to protect their long term scientific value, to
regulate activities at these sites, and to formalize the requirements for
full documentation and information exchange. In this way, each lake
researched will have a known history of usage that later researchers
can take into account. Once more direct information is available about
the characteristics of subglacial lakes, attention should also be given
to selecting and designating exemplar subglacial aquatic environ-
ments as ASPAs for long term conservation, in accordance with
Article 3 of Annex V of the Protocol.

4. Drilling and SAE-entry

4.1 Unless there is site-specific evidence to the contrary, drilling to the
base of Antarctic ice sheets should assume that the basal ice is
underlain by liquid water, and that this water forms part of a subglacial
drainage network requiring a high level of environmental protection.
In general, downstream sites, particularly those closest to the sea, can
be viewed to have lower environmental risk than upstream sites.

4.2 Exploration protocols should also assume that the subglacial
aquatic environments contain living organisms, and precautions
should be adopted to prevent any permanent alteration of the biology
(including introduction of alien species) or habitat properties of these
environments.

4.3 Drilling fluids and equipment that will enter the subglacial aquatic
environment should be cleaned to the extent practicable, and records
should be maintained of sterility tests (e.g., bacterial counts by
fluorescence microscopy at the drilling site). As a provisional
guideline for general cleanliness, these objects should not contain
more microbes than are present in an equivalent volume of the ice that
is being drilled through to reach the subglacial environment. This
standard should be re-evaluated when new data on subglacial aquatic
microbial populations become available.

4.4 The concentrations of chemical contaminants introduced by drill
fluids and sampling equipment should be documented, and clean
drilling technologies (e.g., hot-water) should be used to the full extent
practicable.

4.5 The total amount of any contaminant added to these aquatic
environments should not be expected to change the measurable
chemical properties of the environment.

4.6 Water pressures and partial pressures of gases in lakes should be
estimated prior to drilling in order to avoid downflow contamination
or destabilisation of gas hydrates respectively. Preparatory steps
should also be taken for potential blow-out situations.

5. Sampling and instrument deployment

5.1 Sampling plans and protocols should be optimized to ensure that
one type of investigation does not accidentally impact other
investigations adversely, that sampling regimes plan for the maximum
interdisciplinary use of samples, and that all information is shared to
promote greater understanding.

5.2 Protocols should be designed to minimize disrupting the chemical
and physical structure and properties of subglacial aquatic environ-
ments during the exploration and sampling of water and sediments.

5.3 Sampling systems and other instruments lowered into subglacial
aquatic environments should be meticulously cleaned to ensure
minimal chemical and microbiological contamination, following
recommendations under point 4.3.

5.4 Certain objects and materials may need to be placed into subglacial
aquatic environments for monitoring purposes. This may be to measure
the long term impacts of human activities on the subglacial
environment and would be defined in the project’s environmental
impact assessment, or it may be for scientific purposes; e.g., long term
monitoring of geophysical or biogeochemical processes. These
additions should follow the microbiological constraints in 4.3, and
for scientific uses should include an analysis of environmental risks
(e.g., likelihood and implications of lack of retrieval) versus scientific
benefits in the environmental assessment documents.

Members of the SCAR Action Group:

Irina Alekhina (Russia)

Peter Doran (USA)

Takeshi Naganuma (Japan)

Guido di Prisco (Italy)

Bryan Storey (New Zealand)

Warwick Vincent (Canada), chair

Jemma Wadham (United Kingdom)

David Walton (United Kingdom)

5. ONGOING DEVELOPMENTS

At the time of writing this chapter, there are three projects
underway with the goal of exploring SAEs: (1) the Russians
have plans to penetrate into Lake Vostok; (2) a U.K.-led
international consortium is planning to enter into subglacial
Lake Ellesworth; and (3) the United States has initiated
efforts to penetrate and sample beneath the Whillans Ice
Stream in West Antarctica. The Russian effort in Lake Vos-
tok went through the CEE process prior to the NAS report
and CoC. The UK group at Lake Ellesworth is preparing a
CEE and has been making extensive use of both the NRC
report and the CoC in that process. They are currently eval-
uating the levels of cleanliness they will be targeting (R.
Clarke, personal communication, 2009). The U.S. group
(Whillans Ice Stream Subglacial Access Research Drilling) has
also found the NRC report and CoC to be a valuable resource.
The United States is preparing an IEE to cover the project in
its various phases, rather than deciding ahead of time that the
impact will be more than minor or transitory. If they deter-
mine that there will be significant impacts, they will work on
developing mitigating measures (i.e., engineering controls,
management strategies, changing the scope of the operations,
etc.) to offset the risks. If the risk(s) cannot be mitigated, then
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the United States will proceed with a CEE (P. Penhale,
personal communication, 2009).

6. CONCLUSIONS

The Protocol on Environmental Protection to the Antarctic
Treaty sets general principles and requirements that provide
an overarching framework for the stewardship and protection
of Antarctic SAEs. Antarctica contains many unusual surface
water features, and at several continental and maritime sites,
these more readily accessed aquatic environments have been
accorded more specific protection through instruments asso-
ciated with the Protocol. These include detailed management
plans, designation of specially protected areas, and the im-
plementation of environmental codes of conduct. There has
been little attempt, however, to standardize these protocols
across sites, and the sharing of best environmental codes and
practices deserves further attention, for example, by the
Committee of Managers of National Antarctic Programs.
Building on the NSF-led stewardship of surface aquatic

environments and the work of the SCAR SALE group, the
NAS Committee report provided steps toward the integrated
management of SAEs throughout Antarctica, including spe-
cific recommendations and a flow chart for environmental
decision making. This, in turn, laid the foundation for a CoC
formulated by a SCAR Action Group and now submitted via
SCAR to the Antarctic Treaty System. In all of these ongoing
efforts, the quality and extent of stewardship depends on
input from many disciplines and continued exchange and
collaboration among nations.
Exploration of SAEs is still in its infancy, and many funda-

mental questions remain to be answered about these unique
environments. Direct sampling has yet to occur and will need
to take place before we get answers to these questions and
resolve the ongoing debate about the existence and nature of
life in these extreme environments. The potential for there to
be a unique flora and fauna in pristine SAEs dictates that
extreme caution must be taken in logistics and science plan-
ning in order to follow proper guidelines for environmental
stewardship. The NRC report and subsequent CoC reviewed
here are first and necessary steps in laying the groundwork for
proper, long-term environmental management of SAEs.
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Probe Technology for the Direct Measurement
and Sampling of Ellsworth Subglacial Lake
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The direct measurement and sampling of Ellsworth Subglacial Lake is a multi-
disciplinary investigation of life in extreme environments and West Antarctic ice
sheet history. The project’s aims are (1) to determine whether, and in what form,
microbial life exists in Antarctic subglacial lakes and (2) to reveal the post-Pliocene
history of the West Antarctic Ice Sheet. A U.K. consortium has planned an
extensive logistics and equipment development program that will deliver the
necessary resources. This will include hot water drill technology for lake access
through approximately 3.2 km of ice, a probe to make measurements with sensors
and to collect water and sediment samples, and a percussion corer to acquire an
~3–4 m sediment core. This chapter details the requirements and early stages of
design and development of the probe system. This includes the instrumentation
package, water samplers, and a mini gravity corer mounted on the front of the probe.
Initial design concepts for supporting equipment required at the drill site to deploy
and operate the probe are also described. A review of the literature describing
relevant technology is presented. The project will implement environmental protec-
tion in line with principles set out by the Scientific Committee on Antarctic Research.
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This includes application of microbiological control and best practice in protection of
pristine environments within a pragmatic and realizable framework. Appropriate
environmental protection standards, methods, verification protocols, and technology
are being developed by the Lake Ellsworth Consortium. A review of best practice,
initial plans, and results is presented.

1. INTRODUCTION

The scientific aims of the direct access and measurement of
Ellsworth Subglacial Lake (ESL) are (1) to determine whether,
and in what form, microbial life exists in Antarctic subglacial
lakes, and (2) to reveal the post-Pliocene history of the West
Antarctic Ice Sheet. The project also aims to determine
the organic geochemical, hydrochemical, physical, and bio-
logical characteristics of the lake. These aims necessitate the
collection of water and sediment samples from the lake and
favor the use of in situ sensor technology wherever feasible.
The project will meet these requirements by deploying a
probe consisting of a vehicle, imaging and sonar systems, in
situ sensors, water samplers, and a sediment sampler into
ESL. The probe (see Figure 1) is heavily negatively buoyant,
is tethered to the surface and has only simple maneuverabil-
ity (depth control via tether and limited rotation). It is ~3.5 m
in length, 20 cm in diameter, and consists of two pressure
cases separated by water samplers. The lower case houses the
instrument package and is tipped with a short sediment
sampler (increasing total length to ~4 m).
Microbial control measures will be used throughout to

prevent confounding of microbial analysis and to preserve
this unique environment. To minimize risk, the probe is
being developed using a design approach that specifies and
works toward a reliability target.
This chapter begins with a summary of the performance

requirements and characteristics of the ESL probe technology
as demanded by the aims of the project. We then review the
relevant literature describing vehicles, imaging and sonar
systems, in situ sensors, sampler systems, microbial control
and targeted reliability. In each case, the implications for the
ESL probe technology are discussed. The initial designs for
the probe and supporting equipment are then detailed.

2. PERFORMANCE REQUIREMENTS FOR ESL
PROBE TECHNOLOGIES

The requirements for the ESL probe technologies are
based on the most up to date understanding of ESL from
geophysical experiments and research on other subglacial
habitats. The design is also constrained by the requirement
to minimize the environmental impact of lake access, the use
of hot water drilling (HWD) to access the lake, the timetable
of the program, and nature of the logistics used.

2.1. Microbial Control

The primary requirement for the ESL probe technologies
is to ensure environmental protection, particularly by mini-
mizing transfer of exogenous microorganisms to the lake. In
addition, it is imperative to avoid contamination of the sam-
ples taken from the lake, as this may confound their analysis.
The design of the probe and support systems is required to
simplify, as far as possible, the process of achieving micro-
bial control and to be resilient to these processes. A review of
published best practice and our proposed protection methods
are described below.

2.2. Physical Characteristics

The ESL HWD will result in a 360 mm borehole that
refreezes at approximately 6 mm h�1 [Siegert et al., 2006]
resulting in useable diameter of ~200 mm after only a day
from first access. Before the hole reduces to this size, both
the probe and a sediment corer [see Bentley et al., this
volume] must be deployed and retrieved. There will only be
sufficient fuel to ream the hole once or twice (dependent on
timetable), and once drilling has commenced, there can be no
delay. The probe is therefore required to be reliable and to
perform on time. To maximize the duration of possible
borehole traverse, the probe is required to be <200 mm in
diameter. To reduce the time required to complete its deploy-
ment, it must be able to descend rapidly (>1 m s�1).
The ESL probe and support equipment will be shipped

from the United Kingdom to Chile from August to Novem-
ber 2012 in containers dimensionally identical to standard
20’ ISO shipping containers. From Chile, they will be flown
to Antarctica by aircraft, which can transport a maximum
weight of 17 tons but no more than 10 tons per shipping
container. Once in Antarctica, a 2 day overland journey is
required to reach the drill site. The probe and all support
equipment is therefore required to fit into standard shipping
containers (i.e., must be <5.8 m long) and to survive the
environmental conditions of this logistics chain.

2.3. Resilience to Harsh Environments

In transport, and in operation, the probe and support sys-
tems must withstand harsh environments and some rapid
environmental changes. It is possible for us to provide
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environmental control during transit (by sea, air, and over-
land in Antarctica), for example, temperature regulation and
humidity management. However, it would be simpler and
lower risk, if the systems could survive without such a
system. For example, if the sample bottles are transported
closed, containing sterile water, it would be advantageous if
their design would enable them to survive freezing. This
would mitigate the risk of failure of the temperature regula-
tion system, while in transit to the drill site. The lowest
ambient pressure (<0.7 bar (70 kPA)) will be experienced in
flight to Antarctica, while the lowest temperature (<�25-C)
will be experienced at the drill site and during overland
transport to this location. The atmospheric pressure at the
drill site is higher (~0.750–0.780 bar (75–78 kPa), measured
at the ice surface over Lake Ellsworth in field season 2007/
2008 (J. Woodward, personal communication, 20 August
2010)). In the top (air filled) section of the borehole, the
temperature will be close to that of the surrounding ice at
moderate depths (~�18-C). On entering the water at approx-
imately 270 m depth in the borehole, the probe and tether
will experience a rapid change in external temperature
(~�18-C to 2-C in less than 1 s). During the descent of the
borehole and lake traverse, the pressure will increase to
approximately 30.2 MPa (assuming an ice thickness of
3170 m and a lake depth of 156 m) [see Ross et al., this
volume] and temperature will decrease from ~2-C to �5-C.
On retrieval, the probe will pass through the water-air inter-
face at the hydrostatic level in the borehole returning to
atmospheric pressure and will experience a large thermal
gradient (~2-C to �18-C in less than 1 s).

2.4. In Situ Measurements

To maximize the probability of successful characterization
of ESL, the probe is required to make measurements of the
environment with in situ sensors. The requirements for these
sensors are shown in Table 1. These measurements enable
the characterization of the lake environment in real-time,
providing useful scientific data and informing the sampling
strategies.

2.5. Water Samplers

While in situ measurements allow characterization of
the environment during the deployment, retrieval of water
and sediment samples is a primary aim because of the
large number of detailed analyses this enables. The water
sampler system is required to enable acquisition of more
than 18 individual water samples of volume >50 mL
enabling triplicate sampling at six locations. This gives a
total of at least 150 mL per sample location, which will
be divided between analysis techniques as shown in Table 2.
To minimize the deployment duration, and hence maximize
the probability of successful probe extraction through the
borehole, the water samplers are required to trigger and fill
rapidly. It should take less than 1 min to obtain a sample in
each bottle. To ease sample processing and distribution to
laboratories, the bottles are required to be removable (indi-
vidually) from the probe and sampling system without com-
promising the physical seal or introducing contamination.
Each bottle should be uniquely identified (e.g., carousel and

Figure 1. 3D CAD rendering of the Lake Ellsworth probe concept which consist of two gas-filled pressure cases separated
by three carousels of water samplers (see Figure 2) all attached to a central core that is attached to the tether. The bottom
pressure case houses the majority of the instrument package and is tipped with a short gravity core sediment sampler
(increasing total length to ~4 m).
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bottle number). One of the scientific aims is to characterize
the dissolved gasses present in ESL, and therefore, the
sample bottles are required to store water at the pressure it
was collected (i.e., gas tight sampling). The design and
materials selection of the bottles must minimize contamina-

tion with analytes of interest (see Table 2). Iron analysis is
required, so stainless steel is not a suitable material (see
sampler review below). Gas and organic geochemistry anal-
yses may also be compromised by the use of polymer bottles
or liners.

Table 1. Probe Instrumentation Requirements

Sensor Range Accuracy Resolution Time Constant

Pressure 0–1000 bar (0–100 MPa) 0.01% FS 0.001% FS 15 ms
Temperature �5-C to �45-C 0.001-C 0.0001-C 50 ms
Conductivity 0–6400 μS cm�1 5 μS cm�1 0.1 μS cm�1 50 ms
Oxygen (electrode) 0–1560 μM 3.1 μM 0.21 μM 3 s
pH 0–14 pH 0.01 pH 0.001 pH 3 s
Redox �1000 to +1000 mV 1 mV 0.1 mV 3 s
Sound velocity (SV) 1400–1600 m s�1

(extended on request)
0.03 m s�1 0.001 m s�1 NC

Temperature (SV system) �5-C to +35-C 0.01-C 0.005-C NC
Pressure (SV system) 0–600 bar (0–60 MPa) 0.01% FS 0.001% FS NC
Oxygen optode 0–500 μM <8 μM or 5%,

whichever is greater
<1 μM 25 s (63%)

Figure 2. Schematic of the Lake Ellsworth probe highlighting electrical layout, cable connections, and electronic systems.
The design depicted does not include backup batteries or an embedded microcontroller (included in design variants) to
enable continued operation should the tether power or communications link fail. The current water sample protocol fires one
bottle on each of the carousels simultaneously creating three >50 mL samples from each location. The provision of eight
bottles allows sampling in six locations and two further locations as a reserve. Carousel 1 will be analyzed for microbiology,
carousel 2 will be split between organic geochemistry and microbiology, and carousel 3 will be analyzed for hydrochemistry.
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2.6. Particle Samplers

Particle samples are required to investigate the microbial
and geochemical characteristics of the lake. The particulate
sampling systems is required to acquire at least two sam-
ples of filtered particles at use-specified locations each from
at least 100 L of lake water and must collect all particles
≥2 μm. A large volume is required to maximize the prob-
ability of capturing microorganisms or particles of interest.
To enable quantitative studies, the volume filtered must be
measured. It may be advisable to stop sampling prior to
contact with the sediment when disturbance is likely to
cause a small plume, hence triggering control from the

surface is required. To ease analysis, the filter should be
detachable from the probe and must be easy to isolate from
the environment.

2.7. Sediment Sampler

Discussion of the coring operations planned for the ESL
experiment is presented by Bently et al. [this volume]. The
acquisition of a long sediment core (>3 m) will follow retrieval
of the probe using a large corer controlled by the same tether
as the probe. The main challenges in the design of this large
corer are the use of a single tether, operation through a narrow
borehole, and achieving sufficient penetration via onboard

Table 2. Analyses to be Applied to Samples Acquired Using the ESL Probe System

Analysis Samplea Details

Microscopy Waterb (25 mL), particles
(filtrandc), sediment

Range of scales targeted: light microscopy ~0.2 μm, fluorescence
~30–50 nm (using DNA binding stains), SEM ~1–10 nm and
TEM ~1 nm, epifluorescence to detect NADH (live organisms),
FISH microautoradiography and CARD-FISH to identify specific
cells and group and taxon

Molecular biology Water (25 mL), filtrandc,
sediment

DNA will be used to construct a metagenomic library to screen for
novel physiologies

16S rDNA-based community reconstruction
PCR and RT-PCR to assess transcription

Microbiological
physiology

Water (38 mL)d, filtrandc,
sediment

Cultures. Incubations (including 14C-labeled) to assess activity. Biomarkers
including ATP, PLFAs, lipopolysaccharide, enantiomeric compounds,
biogenically precipitated minerals, and stable isotopes

Organic geochemistry Water (20 mL), filtrandc Single derivatizing agent (BSTFA) and GC-MSe analysis to include
phenols, alkylphenols, polyaromatic hydrocarbons (PAHs), fatty acids,
alcohols, sterols, and amino acids

HPLCf and (coupled) ICP-MSg targeting heteroatoms (e.g., organosulfur
and organophosphorus compounds) and organometallic compounds
(e.g., porphyrins)

Hydrochemistry Water (requires minimum 30 mL)
[Siegert et al., 2006]

Geochemical reactivity, Cl�, d18O-H2O and dD-H2O, major cations and
anions, DIC, DOC, pH, NO3

�, NH4
+, PO4

3�, DON, DOP, O2,
d13C-DIC, d34S-SO4

2�, d18O-SO4
2�, Eh, Mn(II), Fe(II) and other

analytes depend on the concentration of the waters examined
Gasses: N2, O2, CO2, CH4, d

13C-CO2, and d13C-CH4

Sedimentology Sediment Environmental change: SEM, XRF, XRD, grain size, Nd-Sr, density,
magnetic susceptibility, P wave, imaging, gamma radioactivity. Life
detection (see microscopy, molecular biology and physiology above)
SEM and microfossil analysis. Dating: magnetostratigraphy, cosmogenic
isotopes (e.g., 10Be, 3He, etc.), other radioactive isotopes, carbonate
isotopes, and U-Th dating

aWater volumes listed are the volumes analyzed per sample location of which there will be six.
bWater samples will be filtered for microscopic analysis. The filtrate will be retained for further hydrochemistry analysis.
cA total of at least 200 L of lake water will be filtered in situ with approximately 100 L filtered at a minimum of two locations. These

specific analyses will examine filtrand from approximately 50 L of lake water.
dThis water sample will be used in part to create cultures which will also be analyzed with microscopy and molecular techniques.
eGas chromatography-mass spectrometry.
fHigh-performance liquid chromatography.
gInductively coupled plasma-MS.
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percussion. For redundancy (e.g., to mitigate the risk that only
the probe may be deployed), the probe is also required to
capture at least one sample of sediment of >1 cm diameter
and >20 cm length. This enables sampling of the sediment-
water interface and the top layer of sediment, which are key
targets for microbial analysis. A small diameter may be used,
as preservation of sediment stratigraphy is not a priority for
this sample. This will be investigated in samples from the
larger percussion corer. However, disturbance or distortion of
the sample should be minimized. It would be desirable to
remove the sediment sampler from probe after probe recovery
without losing, disturbing, or contaminating the sample.

2.8. Video

Video data is required to inform probe operation during the
experiment including triggering and control of sampler sys-
tems. Images should be recorded looking downward from
the bottom of the probe and upward to image the undersur-
face of the overlying ice. Color is not essential for imaging of
ice and lake bed gross structure but may have uses in this
unique environment. Resolution should be standard defini-
tion or better. Recording should be performed at the surface
only, as in the event of tether failure, there will be insufficient
power to run the lights.

2.9. Sonar

Sonar data is required primarily for measuring the distance
to the lake floor and imaging the ice ceiling. This must be
recorded simultaneously looking upward from the top of the
probe and downward from the bottom of the probe. If an
upward-looking camera is installed, the upward-looking so-
nar may be omitted. Sonar data should be recorded at the
surface. If used, the upward-looking sonar must have a range
of >200 m and a beam angle of >20-. The downward-facing
sonar does not need to provide images but must have a range
of >200 m. It would be advantageous if the downward-
looking sonar enabled measurement of the sub-bottom sed-
iment profile.

2.10. Reliability and Fault Tolerance

A high degree of system reliability is required, as the
lake access borehole can only be maintained for approxi-
mately 36 h. Little or no repairs can be made on site and in
addition, once HWD has commenced, there is little oppor-
tunity to alter the timetable of the experiment. The system
must work on time. To achieve this reliability, a suitable
risk model should be used to enable risk minimization and
targeted reliability through design. In addition, testing of

components and systems will provide data to improve
reliability estimates. For example, early life failure of com-
ponents may be reduced by stress testing, for pressure and
temperature.
One possible mitigation method is to include fault toler-

ance, so that the system will continue to operate if one or
more systems fail. For example, if power failure on the tether
then occurs, the system should allow the probe to continue to
communicate with the surface, take samples (water and
sediment), and make in situ measurements and record data.
If the communications link were to fail, the probe should
take water and sediment samples in a predetermined fashion,
continue to make all in situ measurements, and record the
data. If both power and communications were lost, samples
and data should still be acquired. A reduction in the quantity
of sample and data returned may be permissible in each of
these cases.
The ability to detect and isolate faults may also be neces-

sary. For example, if one of the modules (e.g., a water
sampler carousel or an individual pressure vessel) fails or is
flooded, it should be possible to turn off the power and shut
down this unit without compromising the performance of
remaining functional systems.
In addition to the engineered robustness, automation, and

fault tolerance described above, risk due to human factors
should be mitigated by testing, procedural documentation,
checklists, cross-checking, and rehearsal (including the use
of simulation).
The final risk mitigation requirement is the construction of

two probes, both of which should be delivered to site prior to
the experiment.

3. REVIEW OF TECHNOLOGIES AND TECHNIQUES
APPLICABLE TO SUBGLACIAL MEASUREMENT

AND SAMPLING

3.1. Vehicles

Remotely operated vehicle (ROV) technology has been
used successfully to explore the grounding zone at a glacier
terminus [Dawber and Powell, 1995; Powell et al., 1995] at
moderate depths of approximately 100 m using commercial
systems. These systems would need considerable adaptation
to enable access through a borehole and to enable steriliza-
tion. Bespoke ROV systems are in development for sub-ice
applications by Vogel et al. [2007, 2008]. This Sub-Ice ROV
(SIR) is intended for exploration at the base of the Whillans
Ice Stream [Bindschadler et al., 2003; Fricker and Scambos,
2009; Wiens et al., 2008] downstream of the grounding line.
The vehicle transforms between a borehole decent configu-
ration and a sub-ice exploration configuration. On decent, its
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maximum diameter is 55 cm requiring a 70–75 cm borehole
[Vogel et al., 2008]. The tether for this vehicle is integrated
with a HWD [Bentley and Koci, 2007; Makinson, 1993;
Craven et al., 2004] hose enabling reaming of the borehole
on decent or extraction. In sub-ice configuration, SIR is a
capable ROV carrying extensive oceanographic instrumen-
tation, a water sampler, and a sediment corer. ROV opera-
tions in the vicinity of glacier-grounding zones have not
required microbial control due to the open access to the
marine environment in these regions and therefore an assess-
ment of the amenability of the SIR to microbial control has
not been published.
Autonomous Underwater Vehicle (AUV) technology has

been successfully used under ice in West Lake Bonney,
Taylor Valley, Antarctica [Stone et al., 2010] and to survey
cenote sinkhole environments [Gary et al., 2008] using
multidirectional sonar. The restricted access encountered in
these environments is analogous to subglacial applications.
The system has autonomy, mapping capability, and sophis-
ticated navigation, including homing to an ice borehole. This
vehicle is large (1.9 m diameter) [Gary et al., 2008], has a
cruise speed of 0.2 m s�1 and has not been designed to
enable microbial control. Autosub, a large AUV developed
by Natural Environment Research Council (NERC) in the
United Kingdom, has successfully mapped ice topography,
bathymetry, and hydrographic parameters under ice shelves
in Antarctica [McPhail et al., 2009; Nicholls et al., 2006;
Jenkins et al., 2010] and under Arctic sea ice [Wadhams et
al., 2006]. This vehicle is large (0.9 m diameter) and is not
designed for microbial control. Bruhn et al. [2005] propose
the development of a tethered ROV/AUV for sub-ice appli-
cations; however, significant investment would be required
to enable this concept to reliably deliver data for the ESL
experiment. Under ice, deployments of REMUS AUV
(19 cm diameter) [Plueddemann et al., 2008] have been
completed off Barrow, Alaska. A docking system has been
developed [Allen et al., 2006; Stokey et al., 1997], opening
the possibility of untethered lake exploration. Neither the
docking system nor the AUV has been designed for micro-
bial control. The GAVIA AUV (20 cm diameter) has been
successfully deployed through ice [Doble et al., 2009]
though without an automated recovery system for free swim-
ming operations. This vehicle has operated under ice while
tethered [Doble et al., 2009] to distances of a few hundred
meters. While this has an impact on AUV performance, this
is a promising low-risk solution for subglacial applications.
The GAVIA AUV is depth limited to 1000 m and has not
been designed for microbial control.
Melting probe technology has been used in Antarctic

exploration [Kasser, 1960; Ulamec et al., 2007; Aamot,
1970; Hansen and Kersten, 1984; Kelty, 1995; Tüg, 2003]

achieving ice penetration to depths of 1000 m [Aamot,
1968]. This technology has also been proposed for astro-
biological missions to explore the polar ice caps of Mars
[Zimmerman et al., 2002, 2001] and Europa [Bruhn et al.,
2005; Zimmerman et al., 2001; Biele et al., 2002; French et
al., 2001] where an extensive sub-ice ocean is expected
[Carr et al., 1998]. There is some similarity between ve-
hicles designed for Europan and Antarctic exploration
[Ulamec et al., 2007; Biele et al., 2002]. Heat generated
within the vehicle or probe tip is used to penetrate the ice.
Radioisotope thermo(electric) generators are proposed in
astrobiological applications [Zimmerman et al., 2001] but
would not be permitted in Antarctica. Melt-induced pene-
tration can be problematic in near-vacuum conditions
[Kaufmann et al., 2009] or if the ice contains dust or
sediment, as this collects at the probe tip forming an im-
penetrable barrier [Ulamec et al., 2007]. These systems
communicate to the surface using a tether that spools out
from the topmost part of the vehicle and is refrozen into the
ice as the vehicle descends. In this manner, the ice cap seal
overlying the water body is not broken at breakthrough into
this environment. However, the volume available for the
tether spool is limited resulting in either a short, or thin,
tether. In deep sub-ice applications, a short tether necessi-
tates a larger taxi vehicle [Ulamec et al., 2007], whereas a
thin tether necessitates a probe containing significant on-
board power to enable penetration of the ice sheet. Rapid
recovery of melting probes (e.g., for sample retrieval) is
problematic.

3.2. Implications for the ESL Vehicle (Probe)

The measurement and sampling of ESL requires a vehicle
with a unique portfolio of attributes. It must be designed to
facilitate microbial control, whereas current ROVs and
AUVs are not specifically designed to meet this requirement.
Considerable investment would be required to develop pro-
tocols for microbial control and validation on these plat-
forms. This development is not without risk. In addition,
the combination of stringent requirements for reliability,
environmental resilience, and small diameter cannot be met
by existing AUV or ROV systems. Melting probes are at-
tractive because of their simplicity, which eases microbial
control and enhances reliability. However, problems with
drilling caused by debris are well documented, and deep
drilling (as required for ESL) is challenging. In addition, a
melt probe cannot be rapidly retrieved from the lake, which
is incompatible with rapid analysis of water and sediment
samples from sub-ice environments, as required for the ESL
experiment. It is these unique and unmet requirements that
have motivated the development of a custom-made probe.
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3.3. Imaging and Sensor Systems

3.3.1. Imagery. Imagery through ice access boreholes
(typically formed by HWD) has been used in a number of
studies [Engelhardt et al., 1978; Bruchhausen et al., 1979;
Lipps et al., 1979; Craven et al., 2005; Carsey et al., 2002;
Behar et al., 2001; Harper et al., 2002; Harrison and Kamb,
1973]. As is used routinely in ROV technology, video may
be streamed in real time via a fiber optic communications
link [e.g., Craven et al., 2005]. Borehole imaging systems
typically obtain images over short distances and low turbid-
ity is frequently observed in sub-ice environments. There-
fore, scattering and optical absorption do not prevent the
acquisition of high-quality images [Craven et al., 2005;
Carsey et al., 2002; Harper et al., 2002]. Imaging has been
achieved with modest separation of the light source and the
camera. However, turbidity has been observed as a conse-
quence of thermal/mechanical [Engelhardt et al., 1978] and
HWD [Craven et al., 2005] due to suspended glacial flour in
drill fluids. Innovations in underwater imaging [Kocak et al.,
2008; Caimi et al., 2008; Kocak and Caimi, 2005;Mueller et
al., 2006] include the extensive use of digital camera tech-
nology for still, video, three-dimensional (3-D), and holo-
graphic imaging. Digital technology is compact and low-cost
with low-light, IR, high-resolution, and high-speed variants
available. For subglacial applications, imaging system de-
sign must consider the tradeoff between resolution, low-light
performance, and frame rate (e.g., CCD still cameras can
offer improved resolution or low-light level performance at
the expense of frame rate). High-definition video and even
higher-resolution formats [Kocak et al., 2008; Caimi et al.,
2008] are supported by commercially available camera tech-
nologies enabling a good compromise between resolution
and frame rate while enabling color recording. Lighting
technologies are critical for ensuring adequate range, color
representation and minimizing scatter [Kocak et al., 2008;
Caimi et al., 2008; Kocak and Caimi, 2005; Jaffe, 2010,
2005]. LEDs offer robust high-efficiency solutions, while
angular separation from the camera and structured light
sources dramatically reduce scatter and increase range
[Kocak et al., 2008; Caimi et al., 2008; Jaffe, 2010, 2005].
Quantitative information, such as object size and location,
can be obtained from images using laser spots or with a
penalty of increased system size/complexity, with 3-D or
holographic imaging systems [Kocak et al., 2008; Caimi et
al., 2008; Mueller et al., 2006].

3.3.2. In situ sensors. In situ sensors have been used in
glacier and sub-glacial systems to measure temperature
[Engelhardt et al., 1990; Hart et al., 2009], pressure
[Engelhardt et al., 1990; Hart et al., 2009; Stone and Clarke,

1996; Harrison et al., 2004], electrical conductivity [Hart
et al., 2009; Stone and Clarke, 1996; Stone et al., 1993;
Gordon et al., 1998], and turbidity [Stone and Clarke, 1996;
Stone et al., 1993; Gordon et al., 1998]. In situ oxygen
measurements have been made under sea ice [Kühl et al.,
2001;McMinn and Ashworth, 1998; Trenerry et al., 2002], in
laboratory-based sea ice mesocosms [Mock et al., 2002, 2003],
and in glacial melt waters and cryoconite holes in Antarctica
[Bagshaw et al., 2011]. Larger sensor systems have also been
deployed for simultaneous monitoring of carbon dioxide and
oxygen concentrations in ice-covered lakes [Baehr and De-
Grandpre, 2002].
The use of in situ sensor systems is more widespread in an

oceanographic setting [Daly and Byrne, 2004], where there
is often less restricted access, and there is large-scale logis-
tical support (e.g., a research vessel). In this setting conduc-
tivity, temperature and pressure (depth) sensing is routine.
Commercial sensors exist for many parameters including
oxygen [Tengberg et al., 2006; Falkner et al., 2005], chloro-
phyll, and hydrocarbon fluorescence [Falkowski and Kiefer,
1985; Suggett et al., 2009], carbon dioxide [Degrandpre, 1993],
nutrients/inorganic anions [Johnson and Coletti, 2002;
Hanson, 2005], pH [Seidel et al., 2008], and methane
[Fukasawa et al., 2006]. However, sensor performance and
suitability for sterilization must be carefully matched to the
application to ensure high-quality studies. Larger analytical
systems using membrane inlet mass spectroscopy are in the
early stages of commercialization [Camilli and Duryea,
2007; Short et al., 1999, 2006] and have overcome many of
the difficulties in calibration and quantitative analysis [Bell et
al., 2007]. Biological and chemical sensor and analytical
system development is an active area of research [Daly and
Byrne, 2004; Prien, 2007].

3.4. Implications for Imaging and Sensor
Technologies for ESL

The requirement for imaging and in situ sensing in ESL
experiment are well matched by commercially available
technologies that are proven in similar environments. Some
care is required to ensure that these technologies meet the
demanding performance specification, and further work is
required to prove that microbial control is feasible. The
requirement for proven performance and high reliability for
any system used in the ESL experiment makes the use of
research instrumentation unattractive in this application.
While the effects on imaging of turbidity in boreholes
formed by HWD are of concern, this phenomena is not
anticipated in ESL. During the ESL experiment, HWD fluids
will be brought to the surface at a rate equal to the injection
rate at the cutting head (~3 L s�1) and filtered (<0.2 μm)
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before reinjection. This process will limit the accumulation
of turbidity in the ESL borehole.

3.5. Sampler Systems

Sampler systems for water, dissolved gasses, and particles
have been widely developed for subglacial and oceanogra-
phic applications. The requirement for multiple water sam-
ples and quantitative gas content analysis in the ESL
experiment suggests either gas-tight water sampling or quan-
titative analysis of outgassing (and capture of samples of
both the water and the escaping gas). The expected low-
particulate concentration in ESL suggests filtration capture
from large volumes of water.

3.5.1. Water sampling. Water sampling has been used
effectively in glacier systems and boreholes enabling char-
acterization of geochemistry and study of hydrological and
glacial processes [Tranter et al., 1997; Blake and Clarke,
1991; Gaidos et al., 2007]. Typically formed from acrylic
plexiglass, such systems are not gas tight or sufficiently
pressure resistant for the ESL experiment. A compact
(12 cm � 85 cm) and elegant gas-tight sampler developed
by Roman and Camilli [2007] enables collection of 8 �
20 mL samples. Unfortunately, the depth rating is only
2000 m in seawater (~20.5 MPa pressure, ESL 30.2 MPa).
It also uses a single multiport commutating valve (which
represents a potential single point of failure) and has not
been designed to be sterilized both internally and externally.
Other gas-tight samplers [Albro et al., 1990; Tabor et al.,
1981] offer additional useful design insights, but require
significant re-engineering to make them sufficiently compact
for the ESL experiment. A commercially available system
(AquaLab Deep Ocean Water, EnviroTech LLC) using flex-
ible titanium bags provides water sampling and retention of
gas. This system does not maintain pressure, but gas can be
retained within the limits of the flexible bag. Unfortunately,
it also uses a multiport valve and would require compaction
for ESL. Numerous systems exist for water sampling with-
out maintaining pressure or retaining gas. The Niskin bottle
[Niskin et al., 1973] rosette is frequently used in an ocean-
ographic setting. This system consists of an array of bottles
(often tubes) with sealing end caps at either end, which when
released are pulled together by an elastic or spring member.
Release systems are commercially available (e.g., SBE 32,
Seabird Electronics Inc.) but are not sufficiently compact for
the ESL sampler. More compact systems based on a multi-
port valve exist (Aqua Monitor, EnviroTech LLC) but do not
sample gas quantitatively. Alternative designs include var-
iants of the end seal system as used in Niskin bottles
[de Resseguier, 2000] and syringes (to pump and retain

water samples) [Di Meo et al., 1999]. Some include some
form of microprocessor, e.g., to enable event-driven sampling
[e.g., Ruberg et al., 2000].
Care must be taken in the choice of materials, which come

into contact with the sample. Doherty et al. [2003] recom-
mend the use of titanium and estimate the contamination
caused by commercially available (weakly alloyed) grades.
They conclude that for seawater retained in 5 L bottles for
4 h, only titanium (approximately 1.3k%–18k% contamina-
tion) and tin (1.4%–118% contamination) quantification
would be severely affected and that iron contamination
would be less than 3.1% (~1.6 pM). Polymeric materials can
also be problematic for trace gas analysis [Doherty et al.,
2003]. Other trace metal analysis systems using polymer
bottles and acid washing [Bell et al., 2002] release acid into
the environment. Stainless steel is problematic for trace iron
analysis. Even when coated and excluded from the interior of
the sample, bottle contamination may result [Hunter et al.,
1996; Martin et al., 1990].
Alternative strategies include sampling via a pipe or tube

with a processing system above the hydrostatic level. Sam-
pling can either be by direct suction pumping [Stukas et al.,
1999], which depressurizes the sample and results in degas-
sing, or using an innovative ‘U’ tube design, which main-
tains the sample at pressure [Freifeld et al., 2005]. In each
case, the tube represents single point of failure, and for the
U-tube, extensive processing equipment is required at the
surface. Another approach collects only the analyte of inter-
est by passing sample water through an adsorption column
[Johnson et al., 1987], but this limits the number of analyses
that can be performed.

3.5.2. Particles. Particles may be analyzed by extraction
(e.g., concentration using filtration) from water samples, but
this may be problematic in the dilute samples expected in
ESL. In situ systems for particle sampling typically use a
pump and filter [e.g., Johnson et al., 1987; Behar et al.,
2006]. Commercially available systems exist (e.g., WTS-LV,
McLane Research Laboratories Inc.) but would require adap-
tation to enable miniaturization and sterilization required
for ESL.

3.5.3. Corer technology. This technology is used widely in
oceanographic, geological, and industrial (e.g., oil and gas)
settings resulting in a significant market serviced by a num-
ber of commercial products. Innovations include pressurized
systems for acquisition of gas hydrates [Abegg et al., 2008],
hydrostatically powered hammer corers [Kristoffersen et al.,
2006], and line-operated percussion corers [Chambers and
Cameron, 2001; Neale and Walker, 1996], freezing sampling
[Neale and Walker, 1996] and designs for fine-grained
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[Jahnke and Knight, 1997] or soft [Blomqvist, 1991] sedi-
ments. Lacustrine sediment cores have been obtained
(UWITEC gravity and percussion corers) from perennially
ice-covered former subglacial Lake Hodgson in a region
93.4 m beneath the ice surface [Hodgson et al., 2009].
Acquisition of short sediment cores has long provenance
and enables microbial, faunal [Tita et al., 2000], input rate
[Guevara et al., 2005], organic degradation [Sun and Wake-
ham, 1994], sediment, and paleosedimentology [Meriläinen
et al., 2000] studies. A number of systems for acquisition of
a short core are available commercially.

3.6. Implications for ESL Sampler and Corer Technologies

The requirements for microbial control, multiple samples,
small size, reliability, and compatibility with a wide range of
organic geochemistry, hydrochemistry, and microbiological
analysis are not met by existing water and particulate sam-
pler technologies. In addition for water samples, the require-
ment for gas analysis necessitates a pressure-tolerant (gas-tight)
design. While gas-tight sampling has been demonstrated
widely, no system exists which meets the aforementioned
constraints. Custom-made water sampler systems and partic-
ulate samplers, which draw on elements of existing systems,
are therefore required for ESL.
Existing sediment sampler technologies are in contrast, far

simpler, robust, and amenable to microbial control. This
suggests the use of commercial solutions for both the large
percussion corer and the short core mounted on the probe.
The probe-mounted short core will require careful selection
and testing to ensure effective sampling of the sediment-
water interface and upper sediment.

3.7. Microbial Control

Microbial control during subglacial lake access experiments
is recommended by the Scientific Committee on Antarctic
Research (SCAR) [Alekhina et al., 2009] and by the U.S.
National Academies [Committee on Principles of Environ-
mental Stewardship for the Exploration and Study of Subgla-
cial Environments, N.R.C., 2007]. Both Committees express a
number of principles pertaining to stewardship of these unique
environments, which may be summarized as follows:

1. Possible damage and contamination is minimized to
safeguard the scientific value of subglacial lakes and to
conserve these pristine environments.

2. The results of sampling and microbial analysis must
not be confounded by contamination.

3. Any access to the base of Antarctic ice sheets should
assume underlying liquid water forming part of a drainage
network requiring particular attention to upstream sites.

4. That a living ecosystem is possible necessitating pre-
vention of any permanent alteration of the biology
(including introduction of alien species) or habitat.

5. Any contamination should not be expected to change the
measurable properties of the environment and should
be expected to have a less thanminor and/or transitory impact.

6. That minor, transitory, and undetectable impacts are
acceptable in pursuit of scientific understanding and that
these should be mitigated as far as possible.
These principles have not as yet been translated into stan-

dards, methods, or verification protocols. These details are in
development by the subglacial access community. However,
microbial control is routinely employed in medical, pharma-
ceutical, food, and space exploration industries.
Microbial control can be achieved by cleaning, disinfec-

tion, and/or sterilization. “Sterilization” is defined [Allen et
al., 1997] as a process used to render an object free from
viable microorganisms, including bacterial spores and
viruses. “Disinfection” is defined as a process used to reduce
the number of viable microorganisms but which may not
inactivate some viruses or bacterial spores. “Cleaning,” an
essential prerequisite for disinfection and sterilization, is
defined as a process which physically removes contamina-
tion and hence reduces the microbial load but does not
necessarily render microorganisms nonviable [Allen et al.,
1997]. Cleaning can remove grease, soil, and about 80% of
microorganisms, but chemical disinfection is essential to
completely neutralize most viable microorganisms [Ayliffe et
al., 1992]. Surfaces that are clean and dry will not support the
growth of most bacteria [Wilson, 2001].
Sterility assurance level (SAL) is a term used in microbi-

ology to describe the probability of a single unit being non-
sterile after it has been subjected to the sterilization process,
according to ISO 11139: 2006 specifications of the Interna-
tional Organization for Standardization [Rutala and Weber,
1999; McDonnell and Moselio, 2009; Mosley, 2006]. Asep-
tically produced products are generally considered to have a
SAL of 10�3 or more, while physical sterilization technolo-
gies used in component preparation resulted in a SAL of at
least 10�6 [Agalloco, 2004].

3.7.1. Microbial control standards. The pharmaceutical
industry has very strict regulations for the production of
sterile drug products by aseptic processing [Agalloco,
2004]. The drug products can be either produced under
aseptic processing or sterilized at a terminal stage. The
U.K. National Health Service (NHS) has recently published
a policy on cleaning, disinfection, and sterilization [Holmes,
2008]. Also, National Specifications for Cleanliness in the
NHS are available [National Patient Safety Agency, 2007].
Bacterial contamination is closely monitored in the food
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industry [Haysom and Sharp, 2005]. Both the U.K. Food
Standards Agency [2004] and the European Union have
published guidelines on food hygiene practices. The Food
and Drug Administration utilizes the ISO 14644 standards
for manufacturing facilities in the pharmaceutical industry
(see Table 3).
These standards control the environment of manufacture,

but require that components and materials enter the process
precleaned. They are most suitable for equipment assembly
and further processing. While control to ISO 14644 class 5
would achieve a high level of cleanliness, it would require
extensive infrastructure, which is not easily or economically
available to the Ellsworth consortium. ISO 14644 class 6 and
below also require significant infrastructure but are unlikely
on their own to enable sufficient control particularly for our
most stringent requirement, i.e., maintaining contamination
below that which will compromise our measurement of
samples with potentially very low numbers of endogenous
microorganisms.
The most applicable standards to our project are those used

by the space exploration industry. The space science com-
munity has a long history of microbial control both for
forward contamination (i.e., protection of the explored envi-
ronment) and backward contamination (resulting from the
return of samples). The acceptable terminal sterilization bio-
burden level for Viking vehicles is 30 bacterial spores per
vehicle. A series of guidelines has been published by NASA
for the purpose of planetary protection [Barengoltz, 2005;
DeVincenzi et al., 1996]. Ice coring in Mars employed alco-
hol, bleach, and flame sterilization, and very low counts
using the ATP luciferin-luciferase assay were enough to
validate sterility [Steele et al., 2006]. Contamination control
during the MARTE drilling project (intended for Mars mis-
sions) was achieved by using a suite of procedures depend-
ing on material compatibility, laminar flow assembly for
hardware, and bagging during transport and testing [Miller et

al., 2008]. Microbial load was validated by a negative ATP
luciferin-luciferase assay, which corresponds to less than four
cell number equivalents per square centimeters [Eigenbrode
et al., 2009]. It must be noted that extrapolating cell numbers
from the luciferin assay is difficult; hence, the method is
semiquantitative.

3.7.2. Disinfection and sterilization. For microbial con-
trol, disinfection and sterilization can be either physical or
chemical. The current approaches have been thoroughly
reviewed [Rutala and Weber, 1999;McDonnell and Moselio,
2009], but a short review follows.

3.7.3. Physical methods. Physical methods include wet
and dry heat, radiation, and filtration. Wet heat, or auto-
claving, typically involves sample exposure to steam for 15
min at 121-C or 3 min at 134-C. Autoclaving still remains
the most popular method for sterilization of health care
surgical equipment [National Patient Safety Agency, 2007]
and glass and elastomeric components used in the pharma-
ceutical industry [Agalloco, 2004]. This method is problem-
atic for electronics, water sensitive, or temperature-intolerant
materials, which are used on the ESL probe. However,
autoclaving can be attractive for robust subsystems (e.g.,
the water sampler bottle). Dry heat is used extensively for
sterilization of glassware and reduces bacterial endotoxins
and spores resulting in a SAL of 10�6 [Agalloco, 2004].
Until 2005, dry heat was the approved sterilization tech-
nique of NASA for planetary protection for instruments and
probes [DeVincenzi et al., 1996]. It remains the most prac-
tical technique for large hardware, but NASA has replaced
it for electronics parts with hydrogen peroxide vapor (HPV;
see combined physical and chemical treatments which are
reviewed below) [Chung et al., 2008]. Dry heat is not
applicable to most polymers, sensors, and electronic sys-
tems used in the ESL probe. While suitable for components

Table 3. Pharmaceutical Industry Permissible Limits for Cleanliness as Per ISO 14644 Standarda

Clean Area Contamination
(≥ 0.5 μm particles/ft3)

ISO 14644
Designation

≥ 0.5 μm
particles/m3

Microbiological Active Air
Action Levelsb (CFU m�3)

Microbiological Settling
Plates Action Levelsc

100 5 3,520 1d 1d

1000 6 35,200 7 3
10,000 7 352,000 10 5
100,000 8 3,520,000 100 50

aReproduced from Department of Health and Human Services [2004].
bThe number of colony-forming units (CFU) per cubic meter of air.
cNumber of CFU collected on a 90 mm culturing media (settling) plate with 4 h exposure.
dSamples from Class 100 (ISO 5) environments should normally yield no microbiological contaminants.
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(e.g., metal items prior to assembly), larger units require
extensive facilities. Alcohol and flame sterilization is an-
other form of dry heat treatment that is particularly attrac-
tive because of its simplicity [Richardson, 1987]. However,
flame sterilization is restricted to resistant materials, and
there is also a lack of data on its efficacy, making its use
for ESL unattractive.
Radiation methods involve the irradiation of the samples

with energy as particles or electromagnetic waves. Ionizing
radiation treatment with beta or gamma rays is very effec-
tive but costly, requires an isolated site, and may affect the
bulk properties of polymers by disruption of chemical
bonds [Henn et al., 1996]. The nonionizing alternative of
UV radiation treatment is suitable for heat-sensitive materi-
als and thus could be used for electronic components. Also,
UV irradiation will irreversibly degrade DNA. The most
effective wavelength for sterilizing bacterial spores from
Bacillus atrophaeus (a robust spore forming model organ-
ism) is from 235 to 300 nm [Halfmann et al., 2007]. UV is
attractive for the ESL experiment in a number of applica-
tions (e.g., borehole and tether sterilization), as systems can
be compact, noncontact, and fast-acting. However, it is only
effective on exposed surfaces and is nonpenetrating, neces-
sitating alternative strategies for recessed components and
closed systems.
Filtration is the last alternative of physical disinfection and

sterilization. Sterile filtration can be performed in a normal
flow or a dead-end configuration, and microorganisms are
excluded from filtered liquids or gases [van Reis and Zydney,
2001]. First, gases are usually filtered using depth filters,
which are made of mineral, glass, or cotton wool. Second,
membrane filters retain particles based on their size depend-
ing on the diameter of membrane pores. Finally, nucleation
track filters are similar to membrane filters, but consist of
irradiated thin polycarbonate films.
Sterilizing filters were originally manufactured with a

0.45 μm pore-size specification, but current regulatory stan-
dards have decreased the pore size to 0.22 μm to enable
retention of bacterium Brevundimonas diminuta, formerly
known as Pseodomonas diminuta [Jornitz et al., 2003].
However, some organisms cannot be retained by 0.22 μm
filters [Wallhausser, 1979]; thus, a 0.1 μm pore size filter has
to be used if viruses, mycoplasmas, and small bacteria need
to be retained. Sterilizing filtration for liquids has been
critically reviewed by the Parenteral Drug Association, a
leading authority of pharmaceutical science in the United
States [Antonsen et al., 2008]. A biological filtration system,
which uses a modular cartridge to remove all bacteria and
many viruses, as small as 45 nm, has been incorporated in
the concept design of the hot water drill used for the explo-
ration of Lake Ellsworth [Siegert et al., 2006].

3.7.4. Chemical treatment. Chemical treatment includes
use of hypochlorite (household bleach), acids, bases, alco-
hols, halogens, epoxides, phenols, metals, oxidizing agents,
quaternary ammonium compounds, and aldehydes. The
method is attractive, particularly in preparation of materials
prior to encapsulation for shipping, because of the limited
infrastructure required to achieve high efficacy. However,
handling of these materials requires care, and they are less
attractive on site in Antarctica, as risk reduction and disposal
will require further on site infrastructure. Treatment with 2-
glutaraldehyde for 2–3 h has been traditionally used for the
inactivation of most viruses, vegetative bacteria, and my-
cobacteria on surgical instruments but is now less common
due to its high chemical toxicity [Manzoor et al., 1999].
However, toxic effects can be significantly diminished by
subsequent washes of the sample with a saline solution
[Tosun et al., 2003]. Ethylene oxide gas (EtO) is tradition-
ally used for sterilization of plastics and other nonheat
stable components used for packing of drug products
[Agalloco, 2004]. Despite environmental and occupational
safety hazards, it is still used in the pharmaceutical industry
[Mendes et al., 2007]. It is suitable for heat-sensitive ma-
terials and thus could be used for electronic components.
Commercial chemical disinfectants include Virkon©
[Hernandez et al., 2000], which contains suspected neuro-
toxicant sodium dodecylbenzenesulfonate [Gasparini et al.,
1995]. Enzymes and peptides, although not strictly “chemi-
cals,” can also be used for disinfection and sterilization
because of their biocidal activity. Different types of enzyme
include esterases, nucleases, and lysozyme. Lysozyme, for
example, hydrolyzes cell walls and membrane components
and can be an effective biocide against bacteria, fungi, pro-
tozoan, and viruses [Benkerroum, 2008]. Biocidal peptides
include nisin and magainin. Nisin is a lactic acid bacteria
metabolite, which is commonly used as a food preservative
because of its antimicrobial properties [Maqueda and
Rodriguez, 2008]. Similarly, magainin, a peptide first extracted
from the African clawed frog Xenopus laevis in the 1980s
[Zasloff, 1987], has since revolutionized the use of antimi-
crobial peptides for food industry and agriculture [Meng
and Wang, 2010].

3.7.5. Combined physical and chemical treatments. The
most recently developed techniques for disinfection and
sterilization combine physical and chemical treatments and
are termed as physiochemical. The most common example
is the aforementioned HPV. HPV is suitable for heat-
sensitive materials and, thus, could be used for electronic
components. HPV acts as a biocide using the free radicals
produced when hydrogen peroxide is heated beyond its
liquid-vapor conversion point and forced to evaporate.
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After decontamination, the HPV can be converted (either
catalytically or using ventilation) into water vapor and
oxygen, leaving no toxicity. HPV is currently used for
planetary protection by NASA [Chung et al., 2008] and
has been found to completely deactivate bacterial spores of
Clostridium botulinum, Clostridium spp. and Geobacillus
stearothermophilus dried onto stainless steel surfaces
[Johnston et al., 2005]. Large-scale applications of this
method are currently developed for the decontamination
of whole buildings from Bacillus anthracis [Wood and
Blair Martin, 2009]. This method is attractive for ESL in
both the preparation of engineering structures and on site.
The duration of ventilation required to enable complete
conversion to water and oxygen is volume and temperature
dependent (e.g., 2 h at 20-C for large rooms). The suit-
ability of the method must therefore be carefully assessed
for moving objects (e.g., the tether or drill hose) or during
time-critical processes (e.g., loading the probe into the
borehole). Other alternative physiochemical treatments
employ plasmas, which are highly energized gases. Low-
temperature plasma treatment (LTPT) is suitable for heat-
sensitive materials, such as electronic components. LTPT
exposes any microorganisms present in the sample to an
electrical discharge with biocidal effects [Moisan et al.,
2001]. Low-pressure plasma treatment is used for surgical
instruments and usually includes a UV irradiation step for
genetic material destruction [Kylian and Rossi, 2009].
Chlorine dioxide vapor is suitable for heat-sensitive mate-
rials and thus could be used for electronic components.
Large-scale applications of this method are currently de-
veloped for the decontamination of whole buildings from
B. anthracis [Wood and Blair Martin, 2009]. While effec-
tive, these methods are less suited to the ESL experiment
either because of disposal, the infrastructure required, or
flexibility.

3.7.6. Other techniques. Techniques which could be de-
fined as neither physical nor chemical include anodic pro-
tection [Nakayama et al., 1998] and freeze-thaw cycling
[Walker et al., 2006]. Also, special sample manipulation
is used for sediments [Lanoil et al., 2009], permafrost
[Vishnivetskaya et al., 2000], or ice cores [Bulat et al.,
2009; Christner et al., 2005]. Material is removed from the
innermost portion of the solid sample, while the outer
layers of the core protect the sample used in the measure-
ment. While these processes may be applicable to the
treatment of samples, they are not suitable for the engi-
neered structures used in the ESL probe systems, as they
would either be ineffective, would create engineering chal-
lenges, or a better result could be obtained using alterna-
tive methods.

3.8. Microbial Assessment

Microbial assessment is undertaken once disinfection and
sterilization has been affected to probe components. This is
required to verify the processes which we use to control
microbiology. This provides assurance that we are working
in accordance with the recommendations (SCAR [Alekhina
et al., 2009], U.S. National Academies [Committee on Prin-
ciples of Environmental Stewardship for the Exploration and
Study of Subglacial Environments, N.R.C., 2007]). However,
it is likely that our requirement to prevent confounding of
samples analyzed for microbiology is harder to achieve.
Assessment methods also help us to develop techniques that
enable us to reach this target.
A number of techniques are available to assess and vali-

date the efficacy of disinfection and sterilization. While
microscopy (see below) may be performed on engineered
surfaces, other techniques require creation of an aqueous
sample. This can be achieved using swabs or washing both
with and without subsequent concentration steps (e.g., cen-
trifugation). Such additional sample preparation steps can
induce errors and sample contamination, which must be
accounted for in protocol design.
The simplest assessment methods provide data on cell

numbers. Quantitative information can be gained utilizing
fluorescence microscopy [Kepner and Pratt, 1994] or flow
cytometry [Hoefel et al., 2003; Lebaron et al., 1998; Lemarc-
hand et al., 2001]. Fluorescent cell staining dyes are used to
increase contrast and include 4′,6-diamidino-2-phenylindole
(DAPI) [Kepner and Pratt, 1994] and can be used to dis-
criminate between live and dead cells [Boulos et al., 1999].
Low cell density requires careful contamination control,
differential measurement versus blanks, and may be aided
by a preconcentration step to raise the measured cell number
above any background. However, such additional processing
can also lead to contamination and loss of whole cells.
A total viable count enumerates cell density or population

typically using serial dilution, culturing on appropriate
growth media, and counting of colony-forming units (CFU)
[Miles et al., 1938]. As growth rates are culture- and species-
dependent, the result is semiquantitative. Different culture
media can be used to selectively grow different target micro-
organism, but only culturable species can be investigated.
The process is also slow, particularly for psychrophilic or-
ganisms, which take weeks or months to culture. Therefore,
there is limited applicability to field monitoring under
Antarctic conditions.
Finally, adenosine triphosphate (ATP) and other similar

biomarkers can be used as a marker of cell presence on probe
components. ATP concentration can be measured using the
bioluminescence luciferin-luciferase assay [Lin and Cohen,
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1968]. The concentration of ATP found in solution in envi-
ronmental samples is subject to processing and matrix effects
as ATP binds efficiently to surfaces [Webster et al., 1984].
More complex analyses for microbial load assessment

include qualitative and quantitative nucleic acid detection.
Tested surfaces can be swabbed and followed by total DNA
or RNA extraction and purification. The pure nucleic acids
can then be quantified by UV spectrophotometry and gel
electrophoresis using intercalating chemical dyes like ethid-
ium bromide, SYBR®, RiboGreen®, or Hoechst stains.
The sensitivity of intercalating dyes is within the range of
10 ng mL�1 to 50 μg mL�1 of nucleic acids. To improve
sensitivity and detection limits, quantitative molecular biol-
ogy techniques can also be employed for detection and
speciation of contaminant organisms. The state-of-the-art
methods include quantitative polymerase chain reaction
(qPCR), fluorescence in situ hybridization (FISH), denatur-
ing gradient gel electrophoresis (DGGE), terminal-restriction
fragment length polymorphisms (T-RFLP), and automated
ribosomal intergenic spacer analysis (ARISA).
qPCR is a quantitative DNA amplification protocol with

real-time detection of the amount of amplified DNA using a
fluorescent reporter molecule. Use of generic markers and
fluorescent probes for terrestrial bacteria and archaea and
comparison of the results of samples of unknown concen-
tration with a series of standards can determine accurately
the amount of template DNA in samples and help to assess
how DNA-free surfaces really are. The technique can be
applied to difficult sample matrices such as soil [Picard et
al., 1992]. FISH, in optimum conditions, is a quantitative
nucleic acid detection technique that employs fluorescent
probes with sequences complementary to known sequences.
In optimum conditions, it is a nondestructive (i.e., cells
remain intact) and can therefore be used together with flow
cytometry or microscopy. However, to ensure the fluores-
cent probes gain access to cellular contents, the cell mem-
brane must be made permeable. This process is rarely
perfect, either resulting in impermeable membranes and
unstained cells, or cell lysis. Both problems result in an
underestimation of populations in uncompensated analyses.
As in qPCR, generic markers for terrestrial bacteria and
archaea could be used to validate whether our sterilization
methods are effective. FISH also targets 16S ribosomal
RNA (rRNA); thus, only viable cells or recently moribund
cells are detected. Most recently, FISH has been used to
monitor bacterial community fouling on polyvinylidene
fluoride and polyethylene filter membranes used for fresh-
water treatment [Fontanos et al., 2010].
DGGE is another DNA-based technique, which is most

often used to look at the community structure of samples
rather than to quantitatively measure cell numbers. It can

separate (often amplified) DNA amplicons of PCR of the
same length but with different sequences and involves the
construction of clone libraries [Muyzer and Smalla, 1998].
DGGE has been used to study bacterial populations in a
variety of samples, from antique paintings [Piñar et al.,
2001] to processed water from waste water plants [Boon et
al., 2002]. The disadvantage of DGGE is that it may lack
the specificity to enable separation of unknown species
from known ones, and if used in the Antarctic environment
where new species might inhabit, novel organisms may be
overlooked.
T-RFLP is based on the analysis of bacterial 16S rRNA,

which is a small subunit of nucleic acid, which is highly
conserved in bacteria [Liu et al., 1997]. Archaeal diversity
in deep-sea sediments has been estimated using T-RFLP
[Luna et al., 2009]. Length Heterogeneity-PCR is very
similar to T-RFLP [Suzuki et al., 1998] and similarly
takes advantage of naturally occurring sequence length
variation. A further variant is amplified rDNA restriction
analysis [Liu et al., 1997]. These variations can be small,
and therefore, the technique requires single base pair
resolution of sequence length. The 16S rRNA genes are
often targeted.
ARISA was originally developed for studying popula-

tions in soil [Borneman and Triplett, 1997] and then also
applied to freshwater samples [Fisher and Triplett, 1999].
ARISA involves total community DNA isolation, PCR
amplification using a fluorescent forward primer and
ARISA-PCR fragments analyzed using automated gel elec-
trophoresis. Nucleic acid analysis in Antarctic samples is a
challenge, as gene sequences for novel organisms are not
known a priori, which is a requirement for methods such
as qPCR and FISH.
As an alternative to microbial enumeration and speciation,

chemical tracers can be used to estimate transfer of contam-
inant materials after disinfection and sterilization. This tech-
nique is particularly useful, if the limit of detection of the
chemical tracer is lower than that of the contaminant. Mul-
tiple tracers could also be used to verify the source of
contamination [Smith et al., 2004]. For example, the drill
fluid could be loaded with a tracer, and the surfaces of
engineering structures loaded with another. Tracers can also
be used in solid samples, such as ice or sediment cores, in
order to evaluate penetration of contamination [Christner et
al., 2005]. Perfluorocarbon and fluorescent-microspheres-
based tracers have been used widely in the International
Ocean Drilling Programme [D’Hondt et al., 2004; Lever et
al., 2006]. The use of tracers for subglacial exploration
would have to be carefully controlled to prevent the tracer
from becoming a chemical contaminant in the environment
or in the samples.
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3.9. Implications for Microbial Control for the
ESL Experiment

The protection of subglacial lake environments and assur-
ance of microbiological sample validity through microbial
control remains the most challenging aspect of the develop-
ment of probe and support system technologies for the ESL
experiment. While progress has been made in the develop-
ment of universally accepted standards for subglacial envi-
ronmental protection, further work is required to translate
these to agreed targets, methods, and verification protocols.
In contrast, the science of microbial control and assessment
is advanced, particularly in analogous disciplines such as
space science and in health care. While microbial control
and assessment techniques will need to be modified and
assessed when applied to ESL technologies, widely used
techniques are promising in this application. The develop-
ment of appropriate methods of microbial control and as-
sessment should be undertaken in parallel with the design
and construction of technologies for the ESL experiment.

3.10. Targeted Reliability

The short duration during which the borehole into ESL
will remain open necessitates a high degree of reliability of
the engineered systems used in the experiment. There are a
number of techniques that may be applied to engineering
systems to enable estimation of risk enabling a reliability
assessment [O’Connor, 2002]. Inclusion of this assessment
within the design cycle and feedback into this process
enables design to a reliability or availability target. Avail-
ability is the probability that a sequence of successful
phases of the deployment will take place, at the time
required. A similar analysis may be used with existing
technology to assess availability during operational phases
of a deployment [Brito and Griffiths, 2011]. Targeted reli-
ability has been applied to the design and operation of
AUVs [e.g., Brito and Griffiths, 2011] including under-ice
missions. Methods of assessment include the use of expert
judgment [Brito and Griffiths, 2009], Markov chain models
[Brito and Griffiths, 2011] (which can be combined with
Bayesian theory, Monte Carlo methods, and event trees
[Furukawa et al., 2009; Chu and Sun, 2008]), fault tree
analysis (FTA) and mean time between failure (MTBF)
analysis [O’Connor, 2002].

3.11. Implications for Reliability of ESL Technologies

The use of targeted reliability in engineering design is
gaining acceptance in the development of platforms and
systems for environmental science. The existing tools and

techniques can be adapted for use in the development of
Antarctic subglacial lake probe technologies, and this should
be undertaken for the ESL experiment.

4. THE DEVELOPMENT OF ESL PROBE
TECHNOLOGIES

In addition to risk management through documentation,
peer review, training, and testing, we are currently using
availability analysis employing a Markov chain model of the
deployment process to determine reliability targets for sys-
tems used in different phases of the deployment. The reli-
ability of systems and subsystems is estimated using FTA.
The system FTA model combines MTBF (determined from
datasheets, testing, or expert judgment) of components to
calculate the overall system reliability.
At time of writing, we have developed an initial design

concept and are undertaking detailed design of components,
subsystems, and systems. Within this concept design, we
have attempted to minimize risk and cost by keeping the
number and complexity of elements to a minimum and by
using proven commercial off-the-shelf (COTS) technology
wherever possible. This limits the risk and cost of bespoke
system development.
Scientific return is maximized by the combined use of

instrumentation returning real-time data and acquisition of
water and sediment samples for postretrieval analyses. This
provides redundancy and enables informed deployment of
the sampler systems. An overview of the concept design is
given below.
A key engineering challenge is to enable microbial control

while maintaining minimal cost and reliability in an extreme
yet delicate environment. The standards that we propose to
attain and the methods selected to enable microbial control
and verification are discussed below prior to discussion of
the engineering structures. This illustrates that microbial
control is both central and dominant in our design process.

4.1. Microbial Control

In anticipation of the development of detailed standards
and protocols approved by the subglacial community, we
have proposed standards and identified a number of microbial
control and assessment techniques that could be applied to the
experiment. These pragmatic approaches have been devel-
oped in response to the principles recommended by SCAR
[Alekhina et al., 2009] and U.S. National Academies [Com-
mittee on Principles of Environmental Stewardship for the
Exploration and Study of Subglacial Environments, N.R.C.,
2007]. In addition, they also prevent confounding of micro-
bial analysis of samples.
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4.1.1. Standards. We propose the following standards:
1. That exogenous microflora populations are reduced to

prevent confounding of sample analysis. This will be
achieved using population reduction techniques (described
below) to reduce the exogenous background below the
detection limit of the analysis techniques used (see Table 2)
wherever possible. Where this is not possible (and we do not
foresee this), the exogenous microorganism population must
be sufficiently low and repeatable to allow the use of
correction using an appropriate control and differential
measurement, for example, parallel analysis of the water that
was stored in one of the sample bottles while in transit to the
experiment site.

2. That the final assessment of all engineered structures
should verify an exogenous population at or below the
detection limit of the analysis used.

3. That following final assessment, a method that is
proven to reduce population further is applied. The
efficiency of this final population reduction step will be
quantified using a positive control contaminant on represen-
tative models.

4.1.2. Verification and assessment. To enable assessment
of the efficacy of each method, we will use a positive control
bacterial species to contaminate engineered surfaces and
components. The level of contamination will be assessed
(see below), a microbial reduction protocol applied, and a
repeated measurement of population used to calculate the
reduction achieved. We propose to use both adherent (Pseu-
domonas fluorescens) and nonadherent (Escherichia coli)
species. This method allows accurate efficacy assessment
while minimizing error by raising the number of cells well
above the limit of detection.

4.1.3. Analytical methods

4.1.3.1. Qualitative. We propose visualization of cells
with fluorescence microscopy poststaining with DAPI, 5-
cyano-2,3-di(p-tolyl)tetrazolium chloride (CTC), Light
Green SF Yellowish (Acid Green) or LIVE/DEAD® Bac-
Light™ Bacterial Viability Kit (Invitrogen). Fluorescence
microscopy is advantageous, as it has a low limit of
detection (one cell per field of view) and allows discrim-
ination of live/dead cells. Wherever possible, this will be
performed directly on engineered surfaces. This is pre-
ferred to analysis of samples collected by eluting or
swabbing, as these additional processing steps can intro-
duce errors and further contamination.

4.1.3.2. Quantitative. We propose bacterial enumeration
of liquid samples, eluents, and eluted swab samples using

flow cytometry post staining with SYBR Green II. Cytome-
try is advantageous, as it is quantitative and enables rapid
enumeration of large numbers of cells. However, it is diffi-
cult to achieve contamination-free analysis and to discrimi-
nate target cells from the background if very low cell
numbers are present. We propose to use this technique,
where microscopy and qPCR are not possible, and we will
use positive controls (see above), as then, the cell numbers
will be well above the limit of detection. To reduce the limit
of detection and to investigate use for low cell numbers, we
are developing appropriate controls and the use of precon-
centration (filtration and centrifugation).

4.1.3.3. Semiquantitative. We propose qPCR enumeration
using domain-specific primers (Archaea, Bacteria, and Eu-
karyota). This will be performed on swab/eluted samples
prior to cleaning to estimate the total population in each
domain. This will be repeated postcleaning to assess efficacy.
The bacteria primers will also be used in the evaluation of
population reduction techniques using positive control spe-
cies (see above). qPCR is a robust (if experimental contam-
ination is controlled) and quick analytical technique with
very low detection limits [Burns and Valdivia, 2008]. The
technique could also be employed in the field with modest
infrastructure. Also, ATP luciferin/luciferase assays will be
undertaken.
Each of these techniques will be used in the preparation of

engineered systems. Microscopy facilities will also be avail-
able on site at a minimum. In all cases, the effect of sample
matrix variation on the result will be quantified and resus-
pension/elution with standard buffers used if matrix effects
become dominant.

4.1.4. Population reduction methods. We propose the
following methods:

1. Hydrogen peroxide vapor will be used in both
construction and at the field site to reduce exogenous micro-
organism populations. Despite requiring a dedicated
machine, heat, and ventilation for a significant duration
(~2 h), this technique is attractive because it enables treatment
of engineered structures with complex topography and small
recesses, it can be used on a wide range of polymers and all
electronic components, it has high and proven efficacy, and
does not result in a toxic end product requiring disposal.

2. Autoclaving will be used in the construction and
preparation of the probe (and the water sampler in
particular). This method offers a proven and convenient
method of treating resistant structures and is effective for
closed volumes (e.g., water retained within a sample bottle).
On-site facilities will be available as a backup, as little
infrastructure is required.
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3. UV radiation (254 nm, 30 W) will be used at the field
site for treatment of the probe, the drill hose, and wellhead
structures (including the air-filled section of the borehole). A
minimum dose of 30 mJ cm�2 will be applied to moving
surfaces and higher doses used in static applications. UV has
high efficacy, is portable, requires modest infrastructure, and
is fast acting on surfaces with limited topography.

4. Chemical wash (70% ethanol and also hypochlorite)
will be used in preparation of equipment where persistent
microorganisms are encountered. We will only use 70%
ethanol on-site to reduce the complexity of environmental
protection and site clean up.

4.1.5. Control through design. To improve the efficacy
and extent of application of these methods, there are a
number of steps that can be taken during engineering design.
These are primarily the following:

1. Materials selection. In general, hard materials (e.g.,
titanium) are easier to clean than those with thick oxides
(aluminum) or soft materials (elastomers and rubbers which
may be porous). Titanium will be used extensively on the
probe. This eases microbial control but also enables trace
Fe analysis (see Table 2) and reduction of the thickness of
load-bearing structures giving more room for ancillary
equipment. Samples of all candidate materials will be
exposed to cleaning and the population control measures to
identify any material degradation and the efficacy of these
treatments.

2. Minimization of recesses. Recesses and intricate
surface topography has been shown to promote microbial
growth [Ploux et al., 2009]. Autoclaving is the only
procedure that can reliably kill organisms in blind recesses
but cannot be used for all materials, components, and
subsystems. It is therefore desirable to limit the number and
extent of recesses, which we will do through design. For
example, seals are traditionally placed in recessed grooves;
we will explore alternative geometries and alternative sealing
designs. Where a recess cannot be avoided, we will use
sterile liquids (for pressure communication and compensa-
tion) and elastomeric capping (potting) to provide a recess-
free and cleanable surface. All fluidic systems (e.g., the valve
and pump system for the water sampler) are designed to
enable flushing to enable cleaning with HPVand/or chemical
wash.

3. Limited handling. The design should facilitate
operation while requiring minimal handling. This requires
simplicity, durability, and reliability. For example the probe
is designed to operate without being touched after final
assembly, cleaning, and bagging. Targeted reliability design
has and will be used to ensure the sterile bagging is not
opened to affect repairs or adjustments.

4. Containment. Once the engineered systems are
assembled and cleaned, they must be protected against
recontamination. All the systems are designed to be placed
within protective environments such as sterile bags, which
protect them against unavoidable handling.

4.1.6. Methodological control. In each phase of the ESL
experiment, we will ensure efficient and effective microbial
control. In the “construction phase,” we will use a combi-
nation of postmanufacture cleaning and population reduc-
tion to ensure components are clean. The population
reduction methods selected (from the shortlist above) will
depend on the material and design of the component. As-
sessment and verification will be undertaken at a process
level in all cases and at a component level where required.
The components will be assembled where necessary (e.g.,
where an inaccessible void is created such as in a gas-filled
pressure case) in a clean room environment to ISO 14644
(cleanliness for equipment used in clean rooms) working to
Class 100,000 (ISO 8) of this standard (Pharmaceuticals
industry permissible limits for cleanliness of equipment in
clean rooms as per ISO 14644). Terminal cleaning (i.e., at
the end of the assembly) will be used in all cases and may
be sufficient for simple structures and subsystems. Subse-
quent to final terminal cleaning, all equipment will be
placed in a protective environment (e.g., heat-sealed bag-
ging or hard case). For transport, the bagged probe will be
placed inside a lightweight 20’ ISO container together with
the winch, tether, and an HPV generator. This sealed con-
tainer will be shipped to site without breach of access. All
other ancillary equipment will be shipped in sterile bags and
protected from mechanical damage. Microbial control pro-
cedures used immediately prior and during deployment are
described in the section below describing the probe support
systems.

4.2. The Probe

The probe is heavily negatively buoyant, is tethered to the
surface, and has only simple maneuverability (depth control
via tether and limited rotation). A melting probe design has
not been used because of the difficulties using this technol-
ogy (e.g., sediment accumulation at the drill tip) in deep ice
and because it would be difficult to rapidly retrieve such a
probe. A borehole will be created prior to deployment using
a hot water drill giving a 36 cm hole that will refreeze at
approximately 6 mm h�1.
To facilitate microbial control, we have developed a de-

sign with minimal components, reduced dead volumes, few
exposed threads, minimized recesses, and using materials
suited to microbial control protocols. The probe will be
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cleaned during manufacture and assembly and delivered to
the drill site in a protective bag. Prior to insertion into the
borehole, the exterior of this bag will be cleaned inside a
sealed wellhead structure. The tether will be cleaned prior to
entering the borehole.
The probe (see Figure 1) is ~3.5 m in length, 20 cm in

diameter and consists of two gas-filled pressure cases separated
by three carousels of water samplers (see Figure 3), all attached
to a central core that is attached to the tether. The bottom
pressure case houses the majority of the instrument package
and is tipped with a short gravity core sediment sampler
(increasing total length to ~4 m). A schematic of the probe
systems and their interconnections is depicted in Figure 2.
The upper pressure case contains the power and commu-

nications link to the tether. We are completing a trade study
of the use of an onboard microprocessor and data logger to
enable continued operation (with reduced functionality, e.g.,
sampling at predetermined intervals) and archiving of instru-
ment data in case of communications failure. The trade study
evaluates the impact of this design decision on the reliability
of the system (i.e., the likelihood of data and sample return)
using formal methods (see above) to assess any advantage
over a simpler (and hence less prone to fault) design that
controls the probe and logs all data at the ice surface via the
tether. Probe-to-surface communications (two-way) will be
via an optical link and backup wire modem. The data link is
provided by two (one is redundant for robustness) pairs (one
of each pair is at the surface end of the tether) of optical
multiplexers (Focal 907-HDM). Each pair will provide 1�
High Definition Video channel, 1� RS422 and 2� RS232.
An additional daughterboard with each pair enables an addi-
tional 16� RS232 channels. Power will be supplied through
the tether as high voltage DC and down converted within the
upper pressure case (e.g., using DC-DC converters (Lambda)).
Duplicate power supplies will be used for the 5 and 12 V
systems for redundancy. A bespoke multiplexor and power
control board will monitor the status of the multiplexors and
power supplies and will select between systems in the event of
an error. We are also evaluating the use of on board batteries
that are sufficient to complete the mission but with limited
video footage. The upper pressure case also includes an up-
ward pointing camera and lights to enable imaging of the
underside of the overlying ice.

4.2.1. Probe instrumentation. Including instrumentation
within the probe enables acquisition of data on the properties
of the lake. The approximate chemical and physical proper-
ties of the lake have been estimated from geophysical survey,
consideration of glaciological history of the lake, and esti-
mates of ice melt and accretion rates [Siegert et al., 2006].
This enables estimation of the required performance and

measurement range for each of the instrument systems and
testing in simulated lake conditions in the lab. The commu-
nications link with the surface allows this data to be recorded
and available in real time at the surface. This enables the
operations team to plan and execute deviations from the
deployment and sampling plan in response to environmental
conditions as detailed in the requirements specification.
COTS technology will be used to obtain all in situ data. This
enables purchase at an early stage in the project and facil-
itates extended testing prior to deployment. This testing,
coupled with quality control measures implemented by the
suppliers reduces the risk of instrumentation failure during
the deployment. The instruments selected are all available
with titanium casings (or will be converted reducing chem-
ical and biological sample confounding) and have designs
amenable to microbial control. The extent of microbial con-
trol possible is being determined experimentally in our lab-
oratories. The instrumentation package is based around the
320 plus CTD instrument (Idronaut, Italy). This has been
selected, as it has a proven pedigree, is available in a variant
with conductivity range suited to subglacial deployment, and
has the capability to include proven electrochemical sensors
for Eh, pH, and O2. In addition, the manufacturer has facil-
ities to test and develop these sensors in simulated lake
conditions and at the low temperatures expected in transport.
AMidas SVX2 (Valeport, United Kingdom) is also included;
this provides duplicate CTD data which enhances robustness
through redundancy. In addition, it provides measurement of
sound velocity with an accuracy of ±0.03 m s�1. A dissolved
oxygen optode (e.g., model 3830 AADI, Norway) will be
included to provide duplicate oxygen data and to mitigate the
risk of electrochemical (Idronaut) sensor damage due to
electrolyte freezing during transport. A camera (Iconix High
Definition Colour Video, CA, USA) and light system are
included to provide images of the ice borehole, the lake, and
sediment. Our preferred light design includes LEDs for flood
lighting and a tungsten filament lamp with retroreflector to
create a long-range (>15 m) spot with power over a wide
spectrum, maximizing color intensity. This gives a high-
performance imaging system, while minimizing the surface
area occupied on the tip of the probe. Sonar ranging systems
will be employed for measuring the distance from the probe
to both the lake floor and ice ceiling. These measurements
will be augmented with laser spot altimetry imaged using the
onboard cameras. The measurement of altitude from the lake
floor is particularly important prior to and during acquisition
of the short core.
Instrumentation systems for nutrient, dissolved gas, and

other biogeochemical parameters are commercially avail-
able but have not been included in the Lake Ellsworth
instrumentation suite. This decision is motivated by the
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difficulty in attaining microbial control, by poorly matched
performance to the conditions expected in ESL, by physical
space on the probe, and by a desire to increase robustness
through simplicity.

4.2.2. Sampler systems

4.2.2.1. The water sampler. The water sampler (see design
concept depicted in Figure 3) consists of three carousels each
containing eight pressure-tolerant bottles (tubes) capped at
each end with pressure-tolerant valves. This design enables
preservation of samples at in situ conditions and quantitative
measurement of gas content. The inlet valves are each
connected to the lake via short inlet tubes, while the outlet
valves are connected to a common pump, which pulls sample

through the tubes when the appropriate valves are open. This
design limits the interaction of the sample with the engineered
system and limits the flushing volume required to obtain a
discrete sample. Valves at each end of the bottle are actuated
simultaneously using a gear and rod driven via a magnetic
coupling attached to an electric motor inside a pressure case.
The simple exposed design facilitates cleaning and robust-
ness. The pressure case also contains electronics that interface
to the multiplexer unit (via RS 232) and control the valve and
pump motors. We are comparing the reliability of this design
with one that includes a battery and a more advanced water
sampler control unit to enable continued operation (i.e., sam-
pling at predetermined depths) should the tether power or
communications link fail. Commercial valves and sample
bottles (Swagelock) are available with a pressure rating of

Figure 3. Water sampler design concept: (a) 3D CAD rendering of water sampler carousel concept using commercial
valves and (b) engineering drawing of titanium bottle design to withstand sample freezing to�25 -C. The valve seat (cup)
for bespoke cone and cup valves (not shown) is annotated.
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34MPa (bottles) and 46MPa (valves). While this is sufficient
to return liquid samples from the lake bottom to the surface at
or above approximately �2-C, this is not sufficient to resist
the additional pressure should the sample be cooled further. In
addition, these components are not available in Titanium as
standard, but are manufactured in stainless steel, which is
problematic for iron metrology. To address these problems,
we have developed a bottle and valve design that can be
manufactured in titanium and resists greater pressures (see
Figure 3b). These are formed by welding two separately
machined halves together with a bespoke internal cone and
cup valve included before welding. This design facilitates
flushing and cleaning of the bottle and valve and is designed
to withstand an internal pressure of 226 MPa.

4.2.2.2. The particle sampler. The particle sampler is
integrated with the water sampler, and there are duplicate
systems in each carousel. The sampler is based on filter
membranes and a gear pump (GJ-N23, IDEX Health &
Science Group) that pulls a measured volume through the
filter. The pump is controlled by the electronics unit within
the water sampler carousel pressure case. This unit enables
measurement of the number of pump rotations (and hence
volume passed through the filters). The power consumption
and rotation rate can also be used to estimate back pressure
and can therefore be used to estimate filter clogging. The
particle samplers will not be run simultaneously to further
mitigate the risk of rapid clogging before a sufficient depth
range of the lake is sampled. We are currently evaluating
variants of the design using MicropreSure, 0.45 μm mixed
ester of cellulose membrane, filters (Millipore, UK). In the
first design, three filters are connected in parallel to the pump
to reduce the back pressure and to enable the flow rate
required (>3.3 L min�1). The filters are contained within the
sterile plastic housing in which they are supplied. This has
the advantage of low-cost, while facilitating microbial con-
trol. In the second design, the same filter material is used
but is repackaged into a cone or blind-ended tube, which is
contained within a retainer within a pressure-tolerant water
sample bottle. This design also enables microbial control
(using the same methods applied to the water sampler) and
maintains the pressure of the sample until analysis. This
method is extremely robust and allows the filter samples to
be treated in the same way as the water samples on site.

4.2.2.3. The short corer. The short corer (UWITEC,
Austria) will be tested with a range of sediment types
including with indistinct sediment water interfaces. We
propose to use a double “orange peel” core catcher (UWI-
TEC) to enable retention of loose sediment but are devel-
oping bespoke core catcher solutions (both flap and multiple

offset elastomeric iris designs) to provide risk mitigation.
Prior to acquisition of the short core, the distance between
the corer tip and the sediment water interface will be mea-
sured using sonar.

4.3. The Tether

The tether provides a flexible mechanical link between
the probe, the top sheave (of the gantry), and the winch
system provided by the probe support system (see below).
The tether is also used to control the large corer. A tether
that meets the preliminary specification of both the probe
and corer has been identified (for details see Table 4).
Detailed design of the probe, corer, and support systems,
together with assessment of microbial control procedures, is
underway to confirm the suitability of this choice. Optical
and electrical links are provided by conductors within the
cable, while strength members (aramid/aromatic polyester
fiber) take the mechanical load. An encapsulating sheath
(polyurethane) provides mechanical protection and prevents
microbial egress from the tether interior. Preliminary tests
evaluating microbial control on the outer surface of the
encapsulation have been conducted. These incubated sec-
tions were cleaned with Teknon Biocleanse™ biocidal
cleaner (Fisher, United Kingdom) and uncleaned sections
with synthetic (simulated) lake water for 1 week. Samples
of the unexposed synthetic lake water and of both water
incubated with the cleaned and uncleaned sections were

Table 4. Specification of Tether Used to Provide Mechanical,
Power, and Communication Links to the Probe

Tether Property Specification

Optical conductors Six single-mode communications
fibers inside a protective stainless
steel tube placed in the center of
the tether layup. Water blocked

Electrical power
conductors

4 � 2.5 mm2 (12 AWG) copper
conductors (operating voltage
>340 DC). Water blocked

Electrical communication
conductors

2 � 20 AWG twisted pairs.
Water blocked

Binder Mylar
Strength Kevlar (Aramid) or Vectran (aromatic

polyester) to provide breaking strain
>6000 kg

Weight in air 332 kg km�1

Weight in sea water 132 kg km�1

Weight in pure water
(0-C)

137 kg km�1

Estimated volume on
reel (4 km tether)

3 m3
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analyzed with flow cytometry SYBR Green II dye. This
enumerated bacterial populations and confirmed that the
polyurethane sheath could be cleaned and did not harbor
significant microflora uncleaned. Further quantitative tests
are underway to confirm this initial result.

4.4. Probe Support Systems

Probe support systems present at the ice surface are illus-
trated in Figure 4 together with representations of the probe
and hot water drill. The three main enclosures are (1) the
operations enclosure, which houses the probe (or corer)
operator, winch operator, and scientist; (2) the cleaning en-
closure, which contains the tether winch, equipment for
microbial control; and a separate cable cleaning system, and
(3) the wellhead that provides an enclosed space for opera-
tions above the borehole.
The operations enclosure includes the probe command and

control unit, video screens for visualization of images and
data from the probe, and facilities of data logging and re-
cording. The system is based on two (for redundancy) rug-
gedized PCs with data acquisition cards to interface to other
systems. The data link from the command and control unit
passes through one (of the two) multiplexor units where an

optical link is generated. Power systems for the probe (also
used for the large corer) are also housed in this unit. The
optical link and power supply connects the operations enclo-
sure to the cleaning enclosure.
The winch is housed inside the cleaning enclosure and

consists of a lightweight reel, electric rotation control with
indexing (cable out measurement), a render (a torque limiting
clutch) rotating optical connections, and slip rings for elec-
trical power connection. The HPV machine is used, together
with heat and ventilation, to further clean the tether winch
and the outside of the probe protective bagging prior to
deployment.
As illustrated in Figure 4, the probe top sheave is

connected to the cleaning enclosure via a flexible link. This
enables the probe and tether to pass over the sheave in a
protective environment and to be positioned in the wellhead
ready for deployment.
The presence of gas hydrates and high gas concentrations

in the lake are being investigated by the Lake Ellsworth
Consortium. We are applying formal risk estimation tech-
niques to evaluate the blowout risk. If required, blowout
protection will be developed to mitigate the risk that the
water in the borehole is ejected by expanding gas. In our
current design, the borehole itself is capped with a gland

Cable
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Cleaning Enclosure

Tether
WinchReel

Pr
ob

e

Opera�ons Enclosure

Winch
Controls

Probe
Controls

HPV
Machine

Termina�on Pot
Inner Bag
Outer Bag
Flexible enclosure
Tether
Drill hose
A Frame

Well Head

Hose
Winch

Hose
Reel

Drill
Sheave

Probe
Sheave

Sheave

Figure 4. Schematic of probe support systems illustrating key components and zones for microbial control. The three main
enclosures are (1) the operations enclosure which houses the probe (or corer) operator, winch operator, and scientist;
(2) the cleaning enclosure, which contains the tether winch, equipment for microbial control (depicted here using HPV
(that permeates the enclosure) and a separate cable cleaning system); and (3) the wellhead that provides an enclosed space
for operations above the borehole. The winches and reels for the hot water drill (HWD) is depicted outside the wellhead
and cleaning enclosure; however, we are investigating the use of a cleaning unit immediately above the wellhead, which
would act on the hose and tether.
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that is securely fixed to the wellhead structure, which in-
cludes a large plate weighted with snow. This gland in-
cludes a shut-off valve and lining through the porous fern
ice to enable blowout protection. Our current calculations
suggest that pressurization of the air-filled headspace (nom-
inally 270 m at hydrostatic equilibrium) to only 5 bar would
sufficiently compress any outgassing enough to prevent
blowout. The details of the blowout protection system are
in development, but it is likely that an additional high-
pressure water input (using sterile and stored hot water drill
water) will connect to the gland beneath the shut-off valve
to enable large quantities of water to be added to the
borehole under pressure. This would enable any clathrate
or supersaturated water to be pushed back into the lake and
would provide hydrostatic head. This would rapidly rees-
tablish equilibrium, and any remaining gas pressure at the
gland could be vented while replacing this volume with
water. This will be done if outgassing in the lake or bore-
hole forces water up the borehole depressurizing the lake.
The addition of large quantities of high-pressure water
compresses any gas and re-pressurizes the borehole and the
lake preventing a runaway situation.
The gland, lining, and any exposed fern ice at the top of the

borehole will be irradiated with UV prior to deployment of
the probe. Together with the heat and filter sterilization used
in the HWD operation, this ensures that a microbial-con-
trolled environment extends from the ice surface to the lake.
The flexible enclosure link is then connected to the gland
(and further irradiated with UV). The probe and tether is then
lowered through the gland to be deployed.
The probe then descends to the lake to conduct the exper-

iment as per the requirements specified above. On retrieval,
the probe is guided from the lake into the ice borehole with
the aid of conic guides on the top pressure vessel and images
from the upward-looking instrumentation. On assent, the
probe exterior is flushed with borehole water and passes back
through the gland into the controlled environment of the
sealed wellhead. This enables two-way contamination con-
trol at the drill site. All probe surfaces, samples, and data will
be preserved for appropriate analysis to maximize the impact
of this pioneering project.

5. OUTLOOK

The development of probe technologies and methodologies
for clean access for the direct measurement and sampling of
ESL will provide significant equipment and knowledge for
future exploration of pristine and extreme environments. This
will include the novel probe and probe management systems
specifically developed to enable measurement of pristine
environments. All equipment developed for the project is

designed for multiple use, and key items will be NERC
capital assets made available for future subglacial studies.
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Vostok Subglacial Lake: Details of Russian Plans/Activities
for Drilling and Sampling
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The Russian Federation has developed a national project involving the drilling
and sampling of Vostok Subglacial Lake, East Antarctica. The objective is to
explore this extreme icy environment, using a variety of techniques to identify the
forms and levels of life that exist there. The project is funded by the Russian Federal
Service ROSHYDROMET. In the 2009/2010 season, drilling operations were
restarted at a depth of 3559 m via new borehole 5G-2, successfully reaching a new
depth of approximately 3650 m. New accretion ice, including the inclusion-rich
“thermophile-containing” horizon (around 3608 m) was again recovered and will
be studied to assess the previous scenario and findings. In 2010/2011, the drill will
carefully continue to deepen the borehole leaving a 10- to 15-m ice cork and will in
season 2011/2012 enter the lake, allowing water to rise up dozens of meters within
borehole 5G-2 and subsequently freeze. During the same or following season
(2012/2013), borehole 5G-2 will be redrilled to acquire rapidly frozen lake water
for complex investigations. In the following season, 2013/2014, a special set of
strictly decontaminated biophysical instruments, developed at the Petersburg Nu-
clear Physics Institute, will be lowered into the water body, with a battery of ocean
observatory sensors, cameras, fluorimeters-spectrometers, and special water sam-
plers on board several submersible titan modules. Such activities are in line with
environmental stewardship in the exploration of unique aquatic environments
under the Antarctic ice sheet.

1. INTRODUCTION

By the end of the 20th century, subglacial lakes were found
to be a typical feature of bedrock landscapes under the
Antarctic ice sheet. More than 150 subglacial water bodies
have been discovered using airborne radio echo sounding

and satellite altimetry surveys. The Vostok Subglacial Lake
(also referred to herein as Lake Vostok), situated in East
Antarctica under the Russian Antarctic station of the same
name, is the largest and most studied among them.
The first official information regarding the discovery of this

large subglacial water body was presented by the corre-
sponding member of the Russian Academy of Science, Pro-
fessor A.P. Kapitsa, at the session of the Scientific Committee
on Antarctic Research (SCAR) in August 1994 in Rome. The
following year, the first publication of this unique natural
phenomenon appeared in the journal Nature, prepared by a
group of Russian and British investigators [Kapitsa et al.,
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1996]. This paper summarized, for the first time, the outcomes
of Soviet seismic and U.S.-British airborne radio echo sound-
ing studies carried out in the 1960s–1970s in the vicinity of the
Russian Antarctic Vostok Station. It also presented an analysis
of satellite altimetry data collected in the central areas of East
Antarctica during the 1990s, using Russian theoretical calcula-
tions of possible glacial melting at its base due to friction
forces and vertical pressure gradients contributing to the oc-
currence of ice-melting temperatures. From the 1995/1996
season, the Russian Antarctic Expedition (RAE) began sys-
tematic and planned studies of this natural water body, which
by then had been named by its discoverers after the Russian
(Soviet) Antarctic Vostok Station, located over the southern
part of this lake. These studies included seismic sounding of
the ice sheet via the reflected wavemethod and aimed to obtain
values of its total thickness, lake water strata thickness, and, if
possible, bottom sediment thickness [Masolov et al., 2006].
These studies were later supplemented by ground-based radio
echo sounding to determine the lake’s shoreline, configuration,
and overlying glacier body thickness [Masolov et al., 1999].

2. GEOPHYSICAL STUDIES AND LAKE SETTING

During the period from 1995 to 2008, a total of 318 seismic
soundings were conducted by the reflected wave method, and
5190 km of ground-based radar profiling were performed. It
was determined that Vostok Subglacial Lake has an area of
about 16,000 km2. The west shore of the lake is significantly
dissected by bays and inlets, whereas the east shore is rela-
tively even (Plate 1). Lake length is about 280 km in the
submeridional direction, and the width is 30–70 km. Ice sheet
thickness changes northward over the lake, increasing from
3500 to 4200 m. The average water layer thickness of Vostok
Subglacial Lake is equal to about 300 m; total water body
volume is around 6343 km3. In the general plan, the lake is
subdivided into two unequal parts. The first (southern) is the
deeper of the two but smaller in size, with an area of approx-
imately 70� 30 km and a predominant water layer thickness
of about 800 m. The second (northern) part is relatively
shallow and occupies a territory of about 180 � 60 km.
The lake water body is situated in a steep-sided trough,

with slopes exceeding 15- and their significant height in
some places greater than 1500 m. The near-bottom region
of the Vostok trough is, in general, a hillocky plain with an
average absolute altitude of about 900 m. Relative relief
appears to be quite insignificant, not more than 100 m with
maximum slopes of up to 4-. The hillocky plain occupies an
area of about 5800 km2, which comprises more than one
third of the entire territory.
The southern and southwestern parts of the Vostok trough

have two pronounced basins. The former is the deepest and

largest in size (around 60 � 30 km), with a depth equal to
about 400 m and an average slope steepness of around 8-.
The near-bottom regions of the valley are flatter and are
located at an absolute altitude of approximately 1500 m. The
second basin measures 45 � 15 km, while its relative relief
and slopes are also insignificant. The near bottom of the
basin is situated at an absolute height of about 1150 m.

3. DRILLING TOWARD THE LAKE
AND ENVIRONMENTAL ISSUES

Along with investigation of subglacial lake characteristics
by remote sensing methods, deep drilling of the ice sheet that
began in 1970 at Vostok Station was continued. Originally,
the main aim of the project was to perform palaeoclimatic
reconstructions in Central Antarctica. By measuring the con-
centration of carbon dioxide, methane, and deuterium in the
ice core, it is possible to determine climatic fluctuations that
have been taking place for the last 420 ka. Four full climatic
cycles of air temperature changes (glaciation and deglacia-
tion) have been determined in this area of East Antarctica,
comprising, on average, about 100 ka each [Petit et al.,
1999]. In the 1980s, this project received international status
with participation of researchers from the USSR (Russia),
France, and the United States. Drilling was carried out by
means of technological and engineering facilities developed
by specialists at the Drilling Division of the St. Petersburg
Mining Institute [Kudryashov et al., 2002]. A mixture of
kerosene and foranes was used as a drilling fluid, making it
possible to create a nonfreezing fluid with the density inside
the borehole equal to that of ambient ice (0.91 g cm�3). This
counteracted the development of the mountain pressure ef-
fect, leading to narrowing of the bottom part of the bore-
hole’s diameter. It is worth noting that similar drilling fluid
was used by European specialists during ice drilling in
Greenland and Antarctica within the framework of the Eu-
ropean EPICA Project at both the French-Italian Dome C
station and the German Kohnen Base. In 1999, when the
depth of ice borehole 5G-1 at Vostok Station had reached
3623 m, drilling was stopped. This was under the recom-
mendation of SCAR experts, who advised Russian specia-
lists to first develop measures ensuring safety from incidental
penetration of the borehole’s kerosene-based mixture into the
relict waters of the lake and, thereby, protect it from envi-
ronmental contamination. At the same time, the depth of the
borehole bottom was approximately 130 m from the upper
boundary of the lake water layer, creating necessary eco-
nomic preconditions for using this borehole for entering
Lake Vostok. The thickness of the glacier (around 3750 m)
was determined by two independent methods (seismic log-
ging and radio echo sounding).
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Plate 1. Map of the shoreline area of Vostok Subglacial Lake including islands inside and water cavities outside the lake
[Popov et al., 2010]. Numbers indicate the following: 1, Russian RES profiles; 2, U.S. RES profiles; 3, water table of Lake
Vostok and subglacial water caves; and 4, fragments of subglacial water caves. Water caves are numbered in red.
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For this reason, at the end of 1999, the Russian Ministry
for Science and Technology announced an open competition
to develop an ecologically clean technology for sampling
water from the surface layer of Vostok Subglacial Lake,
through the existing deep ice borehole at Vostok Station. The
winners proved to be specialists at the St. Petersburg Mining
Institute and the Arctic and Antarctic Research Institute.
Creation of the technologies was completed in late 2000,
and in March 2001, the project was approved by Russian
State Environmental Expert Examination. The main idea for
ecologically clean penetration of lake surface water was the
use of a thermal drill for drilling the lower near-water part of
the glacier. At the moment of drill contact with lake water, an
undercompensation effect is artificially created due to de-
creasing drilling fluid level in the upper part of the borehole.
Simultaneously an organic silicon fluid is injected into the
lower part of the borehole near its bottom, separating the
kerosene-Freon mixture from lake water. After the contact
with water, which will be recorded (possibly along with the
foot of the glacier above the lake) by special cameras
mounted on a drill head, the drill will be raised to the
borehole surface, while water from the lake’s upper layer
will rise upward in the borehole, due to the artificially created
pressure difference, to a height equal to the decreased upper
level of the drilling fluid in the borehole. Being less dense
than lake water (0.91 versus 1.00 g cm�3), the drilling fluid
cannot, under any physical conditions, rush downward and
spread into the lake water body. The region of water/drilling
fluid contact will be limited to the borehole area (136.78 cm2

at a borehole diameter of 132 mm). As a hydrophobic liquid,
kerosene cannot mix with water, and thus, a rather clear
interface is preserved, which will also prevent further water
contamination. As it rises upward in the borehole and comes
into thermal contact with the lateral sides of the ice borehole,
lake water will begin to cool and eventually freeze. Recon-
structed in a natural way, the ice cork can be gradually drilled
in the future to obtain fresh fast-frozen water samples from
the surface layer of Lake Vostok for subsequent hydroche-
mical and microbiological analyses.
The results of the aforementioned expert examination were

presented by the Russian Delegation at Antarctic Treaty
Consultative Meeting (ATCM) XXIV in July 2001 in St.
Petersburg. The following year in Warsaw at ATCM XXV,
the Russian Federation circulated the draft Comprehensive
Environmental Evaluation (CEE) for penetration of Lake
Vostok water through deep borehole 5G-1, aiming to sample
the surface layer of lake water. In spite of the fact that the
document was presented with some procedural breaches,
members of the Committee for Environmental Protection
(CEP) showed great interest in this Russian presentation and
organized a special Inter-commission Contact Group (ICG)

for discussing the proposed draft CEE. At ATCM XXVI in
June 2003 in Madrid, Russia introduced a revised draft CEE,
where the comments of the ICG were positively considered
or taken into account. In the final report of ATCM XXVI, it
was acknowledged that the document developed by Russia
was in full compliance with both the Protocol on Environ-
mental Protection of the Antarctic Treaty, which came into
force in 1998, and the procedural requirements of the CEP,
established within the structure of the Antarctic Treaty Sys-
tem the same year. The comments made by some CEP parties
were as follows: (1) While the Committee recognizes the
importance of the long-term science goals for subglacial lake
exploration, the Russian draft CEE provides insufficient
consideration to reduce the potential environmental risks
posed by the activity. (2) Insufficient information is provided
regarding the special organic silicon drilling fluid to support
the conclusion that it is “ecologically clean.” (3) The treat-
ment of alternatives to the proposed activity is inadequate
and should include alternative solutions. (4) The draft CEE
does not adequately identify and discuss gaps in knowledge,
particularly relating to the question of ice/water interface
conditions and lake chemistry. (5) The draft CEE does not
adequately address the risk of accidental release of drilling
fluid into the lake and the potential consequences of this
spill. (6) Consistent with Annex 1, Article 3, paragraph 2(g),
contingency plans should be developed to deal promptly and
effectively with unforeseen impacts if the activities do not
proceed as predicted.
In light of these concerns, the CEP recommended that the

Russian Federation be urged to consider carefully this ad-
vice, making any revisions to the final CEE as necessary to
address the above insufficiencies and produce a final CEE
fully consistent with the requirements of Annex 1 of the
Protocol [ATCM XXVI, 2003].
Since 2003, European colleagues of Russian scientists

carried out unplanned full-scale testing of the Russian tech-
nology under natural conditions in Greenland (Denmark)
and Queen Maud Land in Antarctica (Germany). In conduct-
ing drilling operations in deep glacial layers of these areas,
the drills unexpectedly penetrated the water layers of local
subglacial “aquifers,” with no geophysical data regarding
their existence available before the start of drilling. The
Danish and German specialists were able to remove the drills
to the surface without allowing them to freeze. Simulta-
neously, an increase in drilling fluid (a mixture of kerosene
and foranes) level was registered in the borehole due to the
effect of water rising under pressure. Ayear after the incident
in Greenland, drilling of the quickly frozen water, which had
risen in the borehole, was conducted. The samples obtained
were then subject to international chemical and microbiolog-
ical expert examination. Investigation revealed that kerosene

190 VOSTOK SUBGLACIAL LAKE



and microbe contamination of the new ice core was extremely
severe in its upper part (bag 4, 3039 m), but 6 m further
down (bag 15, 3045 m), neither kerosene nor cells were
revealed [Bulat et al., 2005]. Unfortunately, drilling opera-
tions at the German Kohnen Base were suspended, making it
impossible to investigate fast-frozen water in this borehole.
Study of the gaseous and isotopic composition of the

Vostok ice core showed that below a depth of 3539 m, ice
is formed of frozen lake water and has no relation to the
overlying ice sheet layer, which is of atmospheric origin
[Jouzel et al., 1999]. Lake ice is subdivided into two types
by the presence of mineral inclusions which are observed
from 3539 to 3608 m (accretion ice type 1). Below 3608 m,
the lake ice does not contain mineral inclusions and is re-
ferred to as accretion ice type 2. Its structure is composed of
large ice crystals up to 1.5 m in size but without the prom-
inent orientation of crystalline axes.

4. BIOLOGICAL FINDINGS

Initial microscopy observations were conducted on strictly
decontaminated ice samples (i.e., meeting standards for both
ice geochemistry and sterile conditions). Two samples were
selected: one from accretion ice 1 (3651 m) and another from
glacier ice (2054 m) used as a reference. Different micros-
copy methods were utilized, including specially implemen-
ted techniques (e.g., fluorescence, laser confocal, and
scanning electron microscopy). All results were negative,
with no microbial cells from the ice identified with confi-
dence. Several attempts were made to culture on various
media, but these were also unsuccessful.
Flow fluorocytometry was applied for cell counting in

strictly decontaminated ice samples. Repeated measurements
indicated values not exceeding 19–24 cells mL�1 in both
accretion and glacial ice [Bulat et al., 2009] (Table 1). This
result and those from the microscopic observations and cul-
turing attempts are rather different from data published by
other investigators, with observed cell concentrations here
two or three orders of magnitude lower than data published
previously [Abyzov et al., 2001; Christner et al., 2001, 2006;
Karl et al., 1999; Priscu et al., 1999]. The difference be-
tween the results may be a result of incomplete decontami-
nation of the ice from the drilling fluid, since cells have been
observed in a core coating [Petit et al., 2005] and several
phylotypes identified in drilling fluid [Alekhina et al., 2007].
It is worth noticing that the deepest (3400 and 3600 m)

and comparatively warm (�10-C and �6-C, respectively)
borehole horizons were dominated by two phylotypes of
Sphingomonas (a well-known degrader of polyaromatic
hydrocarbons). These results indicate the persistence of
bacteria in extremely cold, hydrocarbon-rich environments

within the borehole and show the potential for contamina-
tion of ice and subglacial water samples during lake pen-
etration. However, these bacteria are unlikely to thrive in
the lake water due to its specific extreme conditions [Petit
et al., 2005]. Indeed, as de Wit and Bouvier [2006] state,
“Everything is everywhere, but, the environment selects.”
The multiple trial DNA study showed that accretion ice is

essentially microbial DNA-free. Up to now, only two bacte-
rial phylotypes recovered from accretion ice 1 passed the
contaminant controls and criteria. Among the findings, DNA
signatures of a (facultative) chemolithoautotroph Hydroge-
nophilus thermoluteolus proved to be the true thermophile
(optimum temperature of +50-C–52-C) [Bulat et al., 2004].
This result at 3607m depth was then confirmed for another
sample at 3561m depth [Lavire et al., 2006]. As lake water
temperature is at freezing point (~�2-C, due to pressure), the
appropriate niche for thermophiles should be found outside
the lake, likely at depth within the deep bedrock faults
encircling the lake. There, warm anoxic conditions and sedi-
ments rich in CO2, along with probable hydrogen emission
by water radiolysis are likely to be conducive to thermophile
survival. Sporadic seismotectonic activity (faults remain

Table 1. Microbial Cell Concentrations and Bacterial Phylotypes
Detected at High Confidence in Vostok Ice Core

Ice Type
Sample

Depth (m)
Cells

(per mL) Phylotypea

Snow 4.0–4.3 0–0.02
Glacier 122 1.9

2005 2.4
2054 3–24
3489 0

Accretion I 3561 4–9 Hydrogenophilus thermoluteo-
lus (99%) (DQ422863)

3607 NDb Hydrogenophilus thermoluteo-
lus (100%) (AF532060)

Uncultured bacteriumc (91%)
(AF532061)

3608 0–19
Accretion II 3613 3

3621 2
3622 0.6
3635 4.7
3650 3.1
3650 4777d

3659 12
aPercent similarity with closest sequence in GenBank, GenBank

acc. no.
bND, not determined.
cOP11 candidate division.
dUntreated ice surface.
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active today [Studinger et al., 2003]) may have flushed out
some material from these veins into the lake and accretion ice
1 [Bulat et al., 2004; Petit et al., 2005]. A second phylotype
recovered from the same ice horizon (3607 m) was assigned
as an uncultured bacterium of the OP11 Candidate division,
reserved for only uncultured representatives, and proven to
be fully unclassified (less than 91% similarity with closest
entries in GenBank). As a genuine candidate from lake ice
(or water), the metabolic profile of this phylotype remains
uncertain. Thus, our results leave open the question of
whether life (and which forms) exists within the water of
Vostok Subglacial Lake.

5. RECENT DRILLING PROGRESS

During the 2003/2004 and 2004/2005 seasons, RAE ex-
amined the conditions of borehole 5G-1 in order to make a
decision regarding the continuation of drilling. In the 2005/
2006 season, RAE resumed operations in deep ice borehole
5G-1 at Vostok Station, drilling 27 m of ice and consequently
reaching a depth of 3650 m. This work continued during
2006/2007, but on 13 January 2007, the drill became stuck at
a depth of 3659 m. Attempts to recover it resulted in the
power cable being broken at the place of its connection with
the drill. Emergency measures to rescue the damaged drill
from the borehole were performed, and by the end of Feb-
ruary 2007, the drill was finally recovered. A number of
actions were subsequently undertaken in order to widen the
borehole diameter and clean its base of the debris left behind
by the drill recovery maneuvers. In June 2007, drilling
operations continued once more.
However, at the end of October 2007, there was another

accident, this time at a depth of 3667.8 m, which again
resulted in breakage of the carrying cable. This accident was
caused by the loss of control of drilling fluid level and density.
In the 2007/2008 season, work was carried out to eliminate
these problems (involving elevating drill fluid level and in-
creasing its density at the borehole bottom) and to prevent
borehole narrowing (collapsing) near its base. During the
2008/2009 season, numerous efforts were undertaken to re-
cover the drill, but they were all unsuccessful. As the limited
period of seasonal activity at Vostok Station was coming to an
end, it was decided to drill a new borehole, deviating from
5G-1. Itwas decided to start the deviation at a depth of 3580m,
in order to once more drill through the 3600- to 3609-m
horizon in which the maximum concentration of mineral
particles was previously observed and to avoid the lost dam-
aged drill in borehole 5G-1 by 1.5 m. The new borehole was
named 5G-2. By the end of January 2009, drilling operations
in this new borehole reached a depth of 3599 m, starting from
a so-called moon-shaped ice core and finishing with a full-

diameter ice core, clearly demonstrating a successful bypass
of the earlier accident in borehole 5G-1. In the 2009/2010
season, drilling operations in borehole 5G-2 were successful-
ly continued, reaching a depth of ~3650 m (Plate 2).

6. PLANS FOR THE FUTURE

Studies of Vostok Subglacial Lake were recognized as a
research priority by the Russian Federation Government,
with the issuing of the Order of the RF Government No.
730 R of 2 June 2005, “On activity of the Russian Antarctic
Expedition during the period 2006–2010.” Investigation of
Lake Vostok was also placed on the list of main projects in
the third stage of the subprogram “Study and Research of the
Antarctic,” under the Federal Target Program “Global
Ocean” for 2008–2012.
It is obvious that the overall aim of any investigation of

a natural water body, including the subglacial lakes of
Antarctica, is to study its geochemistry, hydrophysical
characteristics, and, most importantly, biological content
and biodiversity in the water column and bottom sedi-
ments. It should be kept in mind that no highly precise
remote sensing techniques will, under any conditions, re-
place contact methods of measurement and laboratory ana-
lyses of the specimens from Mars, the Moon, and other
planets and satellites. This also applies to Vostok Subgla-
cial Lake. At present, using geophysical sounding methods
and various laboratory analyses of accretion ice from the
deep borehole at Vostok Station, a series of characteristic
features of the water body was obtained. They include the
following: (1) area and configuration of the water table;
(2) spatial distribution of thickness of the water layer, over-
lying glacier and lake bottom relief; (3) crystalline structure,
electrical conductivity, and gaseous composition of the gla-
cier ice core samples (atmospheric origin) taken at the deep
drilling point; (4) thickness of the ice composed of frozen
lake water (accretion ice), vertical distribution of the con-
centration of mineral inclusions and gaseous content, crys-
talline structure of this ice at the drilling point of the deep ice
borehole; (5) concentration of microbial cells and microbial
diversity within the thick glacier above the lake at the
drilling point of the deep ice borehole, including surface
snow (0–3539 m), accretion ice type 1 (3539–3608 m) and
type 2 (below 3608 m); (6) chemical, physical, and micro-
biological characteristics of the drilling fluid used in the
deep ice borehole at Vostok Station; and (7) spatial distribu-
tion of absolute heights and drift vectors of the day surface
of the glacier above the lake area.
In addition, a number of features of Vostok Subglacial

Lake can be inferred from the hypothetical and mathematical
modeling of glacier “behavior” above the lake, as well as its
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water strata and the lake itself. These proposed features are
not based on measurements and hence represent only as-
sumed characteristics. However, in scientific publications
devoted to studies of Lake Vostok, they are often published
together with the results of remote sensing and laboratory
measurements and are therefore distinguished only by spe-
cialists. The inferred features include the following: (1)
origin of lake water strata due to processes of melting at the
glacier base, (2) processes of ice melting at the foot of the
glacier in the northern part of the lake and ice accretion in its
southern part, (3) nature of lake ice accretion and its growth
with respect to glacier motion along the flow line from
Dome B, (4) age of lake ice (it is not possible to determine
the age of accretion ice by isotopic methods due to the lack
of material), (5) chemical characteristics of the water strata
(fresh or salt), (6) pattern of horizontal circulation of lake
water strata and processes of vertical convective water mix-
ing, and (7) thickness of the bottom sediment layer.
In order to prove or verify much of the above, it is neces-

sary to enter the lake, perform sampling of the liquid water,
and arrange new deep boreholes in the ice on the northern,
western, and eastern lake peripheries, as well as behind its
shore limits. Unfortunately, the latter requires large addition-
al logistical/financial expenses, which are unachievable for
RAE in the near future. As a result, at the present time, the
main direction of RAE activity in the study of Lake Vostok is
the penetration of the water layer through deep ice borehole
5G-2, the exploration of lake water strata by means of
sounding contact systems, and collecting and analyzing,

under laboratory conditions, water and bottom sediment
samples.
So, after completing remote sensing and laboratory ana-

lyses of ice cores from the deep borehole at Vostok Station,
the main priority with respect to studying Lake Vostok is to
penetrate the lake water strata and assess their characteristics
by contact methods. Entering the lake using the aforemen-
tioned technology should be realized around the 2011/2012
season. By this time, RAE will hopefully have been granted
a permit for using this technology, in compliance with the
procedure adopted in the Russian Federation. RAE also has
to submit the Final CEE of this technology used for lake
penetration and surface water sampling, to the Committee
for Environmental Protection of the Antarctic Treaty Sys-
tem. This document should provide answers to all comments
recorded in the Final Report of ATCM XXVI in 2003 in
Madrid. Such a system of consideration and approval com-
plies with the adopted procedure within the Protocol of
Environmental Protection of the Antarctic Treaty, for consid-
eration of CEEs of different types of activity in Antarctica.
During the 2009/2010 season, drilling operations in bore-

hole 5G-2 were continued. Penetration of the lake water
column is intended by the end of the 2011/2012 season. The
following season after the rising and freeze of lake water
within borehole 5G-2, sampling of a new ice core from the
fast-frozen water will be conducted. Before entering the lake
water strata, an ice cork 10–15 m thick will be left in the
lower part of the borehole. The final decision regarding
the thickness of this cork will be made based on a study of

Plate 2. Diagram of Vostok 5G-1[2] borehole.
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the crystalline structure of the newly drilled ice core. The
investigation of the water strata of Lake Vostok by contact
methods will commence in the 2013/2014 season.
For this purpose, the Arctic and Antarctic Research

Institute was commissioned by the Federal Service for
Hydrometeorology and Environmental Monitoring (the
lead body of the Federal Executive of Russia, responsible
for governance and control of RAE activities) to declare an
open competition for the design and production of the
experimental measurement systems and auxiliary engineer-
ing equipment, which would directly investigate the water

strata of Lake Vostok. The winner was the Petersburg
Nuclear Physics Institute (PNPI RAS), a conglomeration
of a few institutes and companies specializing in different
areas. In addition to its significant scientific potential in the
area of physics, this institute has a comprehensive Design
Bureau and industrial experimental facilities capable of
developing and producing a variety of measuring and
engineering systems able to operate under extreme envi-
ronmental conditions.
Until now, there have been no analogs of such equipment,

as the devices developed at the research centers of the U.S.

Plate 3. (a) Diagram of technology used for exploring the water column of Vostok Subglacial Lake within borehole 5G-2,
(b) with principal schemes of transportation and measurement-exploration modules. Numbers indicate the following: 1,
drill winch; 2, load-carrying electrical cable; 3, transportation module; 4, exploration module with respective sensors or
water sampler; 5, power supply engine; 6, winch; 7, steel cable; 8, 12-V battery set; 9, microprocessor; 10, exploration
unit; 11, hermetically sealing lid. The borehole is shown filled with drilling fluid (yellow-green shading).
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National Aeronautic and Space Administration were never
tested under conditions similar to those found at Vostok
Subglacial Lake. However, similar devices are to be con-
structed in the future within the United Kingdom-funded
Subglacial Lake Ellsworth Program. In the case of Lake
Vostok, measuring and sampling systems will be constructed
on a modular basis, within which will be installed ready-to-
use units, various cameras, and sensor assemblies that per-
form well under the extreme conditions of the Global Ocean
and outer space. The measurement systems will be divided
into separate main blocks (hydrophysical and hydrobiochem-
ical fluorimeter-spectrometers and water sampler) in order to
increase their reliability. Combining these complex systems
within a single block will significantly complicate its design
and increase the risk of failure of sensors and working units.
Another important task in the design of these systems is
tackling the problem of sterilizing the blocks, as they pass
through an ice borehole filled with a kerosene-Freon mixture
before entering the lake water strata. This problem will be
solved by creating a special hermetically sealed transporta-
tion unit, which will contain the preliminarily decontami-
nated block systems (Plate 3). In terms of its size, shape,
and control system, the transportation unit is similar to an
electrical mechanical drill, connected to the control panel of
the surface drilling complex by means of the electrical cable
of the drilling winch. This approach enables delivery of
sterile measuring systems to the place of drilling fluid (sili-
cone oil) and lake water body contact, as well as raising the
measurement systems upward on the return journey without
making contact with the drilling fluid in the borehole.
The transportation unit is comprised of a pipe, the length

of which varies depending on the task from 3 to 13 m. The
pipe consists of separate sections with a total length of
3000 mm and a diameter of 127 mm, which can be hermet-
ically connected with each other. In the upper part of the
unit, there is a connection block containing the current-
carrying wire used presently for borehole drilling at Vostok
Station. The transportation unit is equipped with its own
heating system to provide the internal temperature required
by the measurement systems during ascent and descent. In
the hermetical block in the upper part of the pipe, an electric
motor is installed, which operates the lowering and lifting
system for the measurement instruments. Under the electric
motor block, there is a system which enables the automatic
ascent and descent of the sampling and sounding devices,
with a cable length of 750 m and a lifting capacity of up to
120 kg. Each measurement-sampling block, together with
the video cameras and thermal imager attached to the lower
part of the cable located inside the transportation unit, will
be alternately launched toward the lake water strata to per-
form the observation program and register parameters. The

transportation unit and measuring modules will be sterilized
by gamma-radiation at PNPI RAS, with subsequent decon-
tamination by ozone treatment at Vostok Station.
The measurement or exploration modules are self-

contained, with their own control block and electrical power
system not connected with the surface in terms of energy or
information transfer.
In order to sample from different horizons of the Lake

Vostok water column, the water sampling device has its tech-
nical basis in samplers used in studies of deep oil wells. These
have a reinforced hull and an extended set of sensors. The
volume of the collected sample is more than 550 cm3, while
the sampler mass is not more than 6.2 kg. To control sampler
operation, a single-board microprocessor is used, which will
operate via a specially programmed software package.
The water sample will be poured from the sampler cham-

ber to a special container by means of specially developed
devices, ensuring transfer of the sample without contact with
the environment under conditions equivalent to a class 1000
clean laboratory. Such a laboratory will be assembled inside
the Vostok Station drilling complex prior to beginning in-
vestigations of lake water strata.
As a basis for creating the hydrophysical module instru-

ments investigating Lake Vostok water, a standard ocean-
ographic device with the maximum number of recorded
water medium parameters has been chosen. The most
suitable for this purpose is a complex designed by “Seabird
electronics”; the SBE 19 plus V2 SEACAT PROFILER
with a strengthened hull and extended set of sensors. This
standard oceanographic device has been adjusted to fit
inside the transportation unit in order to be delivered to
the lake water strata. Its external diameter is 108 mm. To
accommodate it within the transportation unit, the layout of
sensors was rearranged, and a unified single-board com-
puter was included in the final assembly to control its
operation and record information via an autonomous power
supply system.
The sounding hydrobiochemical complex used to investi-

gate Lake Vostok strata is a two-module structure arrayed in
the titanium pipe with an external diameter of 110 mm. It
includes three video cameras (frontal, side, and rear views)
with necessary illumination. The instrument was developed
taking into account its operational capacity under low temper-
ature (up to �70-C) and high pressure (450 dbar) conditions.
One of the modules contains a power supply unit, while

the second contains a fluorimeter, which carries out fluores-
cent spectroscopy of complex organic compounds after their
excitation by a laser emission impulse. To register mostly
tryptophan and tyrosine along with archaeal cofactor F420
and possibly flavones, two lasers are used as the excitation
light source. One of them is a solid-state impulse laser with
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an excitation length of 266 nm and an average power of
20 MW, while the second is a diode impulse laser with an
emission wavelength of 405 nm and an average power of
50 MW. Both lasers form a stationary fluorescence exciting
block and allow us to ensure excitation of the aforemen-
tioned organic compounds in the water.
As a control computer, a small single-board processor with

low power consumption and an extended temperature range
was developed to operate the sampler, hydrophysical and
hydrobiochemical devices.
Construction and assembly of test models of the transpor-

tation unit and measuring systems was completed in 2009.
Field testing and full-scale trials at the fairly deep (up to
230 m) Lake Ladoga (Leningrad region and Karelia Republic)
are planned for late 2010.
Finally, we would like to emphasize that despite “Sub-

glacial Lake Vostok Entry and Water/Sediment Exploration”
being a Russian national project, we are open to interna-
tional collaboration. This is both in terms of logistics, as
well as the replication of some highly contamination-prone
analyses, dealing with the search and authentication of life
in lake water/sediments, which may include some quite
unusual life forms. In addition, we would like to assure the
international community that activities dealing with entry
and further exploration of this unique subglacial Antarctic
aquatic environment, via the use of submersible modules
full of on-board instruments, will be performed strictly in
line with appropriate rules of environmental stewardship.
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Siple Coast Subglacial Aquatic Environments: The Whillans Ice Stream
Subglacial Access Research Drilling Project

Helen Amanda Fricker,1 Ross Powell,2 John Priscu,3 Slawek Tulaczyk,4 Sridhar Anandakrishnan,5,6

Brent Christner,7 Andrew T. Fisher,4 David Holland,8 Huw Horgan,5 Robert Jacobel,9 Jill Mikucki,10

Andrew Mitchell,11 Reed Scherer,2 and Jeff Severinghaus1

The Whillans Ice Stream Subglacial Access Research Drilling (WISSARD)
project is a 6-year (2009–2015) integrative study of ice sheet stability and subgla-
cial geobiology in West Antarctica, funded by the Antarctic Integrated System
Science Program of National Science Foundation’s Office of Polar Programs,
Antarctic Division. The overarching scientific objective of WISSARD is to assess
the role of water beneath a West Antarctic Ice Stream in interlinked glaciological,
geological, microbiological, geochemical, hydrological, and oceanographic sys-
tems. The WISSARD’s important science questions relate to (1) the role that
subglacial and ice shelf cavity waters and wet sediments play in ice stream dynam-
ics and mass balance, with an eye on the possible future of the West Antarctic Ice
Sheet and (2) the microbial metabolic and phylogenetic diversity in these subglacial
environments. The study area is the downstream part of the Whillans Ice Stream on
the Siple Coast, specifically Subglacial LakeWhillans and the part of the grounding
zone across which it drains. In this chapter, we provide background on the motiva-
tion for the WISSARD project, detail the key scientific goals, and describe the new
measurement tools and strategies under development that will provide the frame-
work for conducting an unprecedented range of scientific observations.

1. INTRODUCTION

The latest report of the Intergovernmental Panel on Cli-
mate Change recognized that one of the greatest uncertainties

in assessing future global sea level change is ice sheet sta-
bility in a changing climate. This stems from a poor under-
standing of ice sheet dynamics and ice sheet vulnerability to
oceanic and atmospheric warming [Lemke et al., 2007].
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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 Arthern, 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 that interglacial, retreat
of the WAIS preceded warming-induced retreat of the Green-
land Ice Sheet. Similar scenarios are known to have occurred
repeatedly throughout Pliocene times when atmospheric
pCO2 and global temperatures were similar to those pre-
dicted 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
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 [Engelhardt 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 Kamb Ice Stream. Subse-
quent ground-based radar surveys [Jacobel et al., 2009] pro-
vided 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 Antarctica’s

subglacial environment has dramatically changed over the last
5 years. A major breakthrough was the realization that subgla-
cial lake activity (both filling and draining) causes changes in
surface elevation of the ice sheet that can be detected by
satellite instruments. A subglacial lake inventory 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
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subglacial floods [Gray et al., 2005; 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-

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 measure-
ments. Direct measurements include multibeam sonar and
sub-bottom profiling, hydrological and oceanographic
measurements (conductivity, temperature, pressure, current
strength, and direction), ice velocity and deformation data,
sediment cores, and in situ sediment strength measure-
ments. Therefore, 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 interactions and potential future behavior of
WAIS.

2.3. Subglacial Biology and Biogeochemistry

Recent biologic investigations of Antarctic subglacial
environments support the hypothesis that they provide a
suitable habitat for life [Priscu et al., 1999, 2008; Christ-
ner 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
Kamb Ice Stream [Lanoil et al., 2009]. If these abundance
estimates are accurate, subglacial water and wet sediments
may constitute a significant 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, subgla-
cial microbial ecosystems rely on these two physical fac-

tors for a supply of water, nutrients, and energy sources
[Tranter et al., 2005]. Subglacial microbial ecosystems
also enhance biogeochemical weathering, mobilizing ele-
ments from long-term geological storage [Mitchell et al.,
2006; Mikucki et al., 2004, 2009]. Integrating genomic and
biogeochemical measurements with glaciological and geo-
logical studies takes an ecosystem approach to the study of
subglacial ecology and will allow for an assessment of
structure-function relationships in this previously unex-
plored 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 Antarctica;
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) focuses on investigating the role of active
subglacial lakes in controlling temporal variability of ice
stream dynamics and mass balance dynamics.
2. Robotic Access to Grounding-zones for Exploration

and Science (RAGES) concentrates on stability of ice
stream grounding zones which may be perturbed by in-
creased thermal ocean forcing, internal ice stream dynam-
ics, 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) addresses microbial metabolic and phylo-
genetic diversity and associated biogeochemical rock
weathering 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 phylogenetic
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

(Plate 2). It is not known 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 contin-
uous GPS station was established on the lake; however, at the
time of writing, the data from that GPS have not been down-
loaded 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 Ellsworth Subglacial
Lake and Vostok Subglacial Lake, 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.

Plate 1. Schematic showing the glaciological, geological, and hydrological setting of the sector of the West Antarctic Ice
Sheet to be studied by Whillans Ice Stream Subglacial Access Research Drilling subprojects [Lake and Ice Stream
Subglacial Access Research Drilling (LISSARD), Robotic Access to Grounding-zones for Exploration and Science
(RAGES), and GeomicroBiology of Antarctic Subglacial Environments]. Drawn by S. Vogel.
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Any potential environmental impact is therefore confined to
a limited area close to the ocean with a relatively short
hydrologic 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
zone wedge is accumulating with a consequent thickening of
the Whillans Ice Stream such that ice thickness at the
grounding 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 interac-
tions, rates, and magnitudes will assist in predictions of
future grounding line dynamics. Furthermore, these ground-
ing zone studies will also provide prime data for testing
assertions that synchronous behavior of ice sheets on mil-
lennial timescales implies ice sheet teleconnections via ei-
ther sea level or climatic 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 sed-
imentation, but smaller sea level changes may not have
synchronized the behavior of ice sheets in the past [cf. Alley
et al., 2007].

5. SCIENTIFIC GOALS OF WISSARD

WISSARD involves a spectrum of scientific approaches to
studying sub-ice-sheet processes, including satellite remote
sensing, surface-based geophysics, borehole observations
and measurements, and basal and subglacial sampling (Plate
2a and Table 2). This broad research strategy permits inves-
tigation of the dynamics of subglacial environments and their
potential impact on ice stream and ice sheet stability over a
range of complementary spatial and temporal scales. Exact
selection of drill sites will be determined before drilling
occurs based on safety considerations and accessibility cri-
teria (e.g., crevasses) derived using radar and seismic data
collected by the surface geophysics teams and data from
satellite images. The surface geophysical surveys will also
determine the regional sedimentary and hydrologic structure
of the bed, constrain long-term history of ice flow across the
region, and will provide spatial context for interpretation of
borehole findings.
The boreholes will be used to (1) collect samples of

subglacial water, sediments, and basal ice for biological,
geochemical, glaciological, sedimentological, and micropa-
leontological analyses; (2) measure subglacial and ice shelf
cavity physical and chemical conditions and determine their
spatial variability; and (3) investigate sedimentary features
and components, subglacial water discharge, oceanography,
and basal ice at the seaward side of the grounding zone and
within the nearby sub-ice-shelf cavity using sub-ice ROVer
(SIR) (Plate 3), a multisensor remotely operated vehicle
(ROV); sediment cores; thermal and geotechnical probes;
and oceanographic moorings, some erected as long-term
observatories.
Direct sampling of Subglacial Lake Whillans and the

grounding zone downstream of it is expected to yield semi-
nal information on the glaciological, geological, and micro-
bial dynamics of these environments and test the overarching
hypothesis that active hydrological systems connect various
subglacial environments and exert major control on ice sheet
dynamics, geochemistry, metabolic and phylogenetic diver-
sity, and biogeochemical transformations of major nutrients
within glacial environments. Each subproject has its own set
of scientific goals, which are discussed below.

5.1. LISSARD

The primary goal for LISSARD is to obtain measurements
that will be used to improve treatments of subglacial hydro-
logical and mechanical processes in models of ice sheet mass
balance and stability. We expect to synthesize data and con-
cepts developed during LISSARD to determine whether
subglacial lakes play an important role in (de)stabilizing
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WAIS and to recommend how their impact on subglacial
hydrology and ice flow may be incorporated into models of
ice sheet evolution and mass balance. In particular, we will
assess whether active subglacial lakes have an important
modulating effect on ice stream dynamics. Essentially, there
are two scenarios that we are trying to distinguish between
(1) subglacial lakes are part of the distributed subglacial
hydrological system enabling ice stream lubrication or
(2) subglacial lakes connect to a separate network of local-
ized conduits draining subglacial water without significant
impact on ice flow. In order to achieve this, we will establish
the fundamental characteristics of subglacial hydrological
systems associated with Subglacial Lake Whillans, including
where water originates and whether subglacial volcanic and/
or geothermal activity play a significant role in determining
lake location, mass balance, and evolution.
A second goal of LISSARD is to derive information on

lake history using sediment samples collected from and
below the floor of Subglacial Lake Whillans. Owing to the
short length of satellite records (2003–2008) compared to the
activity cycles of the lakes [Fricker and Scambos, 2009], we
have no information about lake activity before these obser-
vations began. The lake sediments are predicted to contain
microfossils and cosmogenic isotopes that will help con-

strain when the most recent period of grounding zone retreat
beyond these lakes occurred. Such observations may also tell
us whether subglacial drainage patterns and lake connectiv-
ity have changed over timescales ranging from years to
millennia. We will analyze archives of past basal water and
ice flow variability contained in subglacial stratigraphy, sed-
iment pore water, lake water, and basal accreted ice and use
this information to reconstruct the history of WAIS and ice
stream stability.
The final goal of LISSARD is to provide background

understanding of subglacial lake environments to benefit the
other subprojects (RAGES and GBASE). LISSARD’s inves-
tigation of subglacial water and sediment fluxes will create a
dynamic link between subglacial lakes and grounding zones
that together will elucidate any change in grounding line
position. LISSARD will provide data on the subglacial mi-
crobial habitat by determining what physical and chemical
characteristics of subglacial hydrological and sedimentary
systems impact geomicrobiological conditions.

5.2. RAGES

RAGES focuses on the processes of, and interactions
among ice, subglacial water and sediment, sub-ice-shelf

Plate 3. The sub-ice ROVer (SIR) developed for RAGES showing from left and moving anticlockwise: (a) a computer-
aided design (CAD) 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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cavity ocean water, and sea floor sediment. RAGES field
sampling integrates surface geophysical surveys with a wide
variety of borehole and subglacial sediment and water cavity
sampling and measurements. RAGES will primarily assess
the stability of WAIS relative to the magnitudes of sediment
delivery to grounding zone wedge sediment, geotechnical
properties of that sediment, ice flux across the Whillans Ice
Stream-RIS grounding line, melting of subglacial ice by
ocean waters in the sub-ice-shelf cavity, and subglacial melt-
water discharge. Of particular concern are the degrees to
which the grounding zone wedge in the Whillans Ice
Stream-RIS region as reported by Anandakrishnan et al.
[2007] resists rapid ice flow to stabilize the grounding zone
and the rate at which sediment is delivered to the wedge to
counteract the effects of ocean-induced basal melting.
Ice flow in the transition from grounded to floating ice

across the grounding zone is complex and may well be
associated with sediment wedge geometry, form, and phys-
ical properties. Thus, sediment geotechnical measurements
will be made, as will spatial patterns of strain and stresses
throughout the ice column. Measurements of the rate of basal
melting from ocean heat delivered to the grounding line will
be used to constrain the scale of basal melt contribution to ice
stream thinning as it goes afloat. RAGES aims to determine
whether the basal melt rate has been relatively stable in the
recent past using basal thermal profiles. Geothermal heat flux
influences ice thinning, and evidence of geothermal activity
in proximity to the grounding zone will be assessed. It is very
unlikely that Subglacial LakeWhillans will be draining at the
exact time of our investigations, but that record will be
evaluated from glacimarine sediment cores in front of the
grounding line and through deployment of long-term ocean-
ographic observatories in the ice-shelf cavity.
RAGES will further assess the degree to which grounding

zone sedimentary systems preserve important records of
past WAIS dynamics, on short and relatively long time-
scales. Grounding-zone sedimentary depositional systems
are known from continental shelves but are notoriously
difficult to sample. More precise understanding of processes
and rates of grounding zone formation in modern environ-
ments will improve our interpretations of older deposits,
establish constraints on past ice sheet dynamics and inform
future response to external forcings, and improve ice sheet
modeling. Sediment cores from the grounding zone will aid
our assessment of whether the most recent period of relative
grounding line stability, as documented by satellite data
over about the last few decades, is part of long-term stabil-
ity or an intermittent stage in a continued WAIS retreat. The
cores will also provide insight into the short-term variability
in grounding line position during the current period of
grounding zone stability. As has been found in older conti-

nental shelf deposits [Sjunneskog and Scherer, 2005], these
grounding zone wedge accumulations are likely to contain
microfossils eroded from older sediments, and thus, the
wedge may preserve evidence of Holocene and Plio-Pleis-
tocene history of WAIS dynamics in response to past cli-
mate forcing. These fossils also provide physical constraints
on subglacial shearing [Scherer et al., 2004].
Lastly, RAGES assesses the role of subglacial microbial

activity on the flux of weatheredmaterials to theWAIS ground-
ing zone, the RIS cavity, and the Southern Ocean. The project
will assess biological and biogeochemical diversity andwhether
there are significant amounts of subglacially mobilized car-
bon and nutrients released at the grounding line andwhat their
impacts might be on oceanic biogeochemical cycling. This
goal provides an important link with the GBASE studies.

5.3. GBASE

GBASE will examine both the subglacial lake site (ice, bulk
water, and sediments) and the grounding-zone site to provide
genomic and biogeochemical data across the hydrologically
linked subglacial system, thus providing an assessment of
biodiversity and structure-function dynamics across these dis-
tinct subglacial environments, into the ocean. Since the biology
of subglacial environments is largely unexplored, GBASE will
be driven by both discovery and hypothesis-driven science. The
subglacial environment associated with Whillans Ice Stream is
dynamic, which is likely to impact the microbial ecosystem and
its biogeochemical processes. Within this context, GBASE will
assess the metacommunity structure beneath the Whillans Ice
Stream and determine the metabolic and physiological proper-
ties of its constituents. International scientific committees have
identified subglacial microbial ecology as one of the most
important topics in contemporary glaciology [e.g., NRC,
2003, Priscu et al., 2005; NRC, 2007], and the GBASE sub-
project will be the first to address this subject in a multidisci-
plinary and interdisciplinary fashion. Specifically, our study
will provide new information on the biogeochemical and phy-
logenetic diversity of Antarctic subglacial microorganisms and
their role in mobilizing nutrients to the Southern Ocean.
Molecular-based surveys have revealed that strong phyloge-

netic relationships exist between bacteria inhabiting subglacial
sediments from around the world [Priscu et al., 2008; Nemer-
gut et al., 2007; Lanoil et al., 2009]. Betaproteobacteria related
to the heterotrophic genus Comamonas and the chemolithoau-
totrophic genera Gallionella and Thiobacillus appear to be
common in these communities. Similarly, studies of samples
from Antarctic subglacial lakes and marine-influenced subgla-
cial systems have detected phylotypes related to bacteria with
metabolisms dedicated to iron and sulfur respiration and oxi-
dation [Priscu et al., 1999; Christner et al., 2006;Mikucki and
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Priscu, 2007;Mikucki et al., 2009]. Thus, we predict a similar
bacterially dominated community in the sediments and lake
water from the Whillans Ice Stream. Processes responsible for
the incorporation of debris into basal ice remain enigmatic [e.g.,
Waller, 2001]; however, that entrainment will have occurred
farther up-glacier, and glacier-lake interactions are unlikely
to be the source of the debris-rich ice. Microbial phylotypes
present in the basal ice are therefore expected to be similar to
those in upstream sediments and distinct from inhabitants of
the lake water. As the sub-ice-shelf cavity is connected to
marine open waters, the microbial community in these waters
and sediments is hypothesized to be similar to that observed
for other deep Antarctic marine water and sediment environ-
ments, respectively [e.g.,Bowman andMcCuaig, 2003]. Thus,
grounding zone wedge sediments are likely to be a mixture of
marine-derived and subglacially derived microbiota as that
region receives input from both environs. The water and sedi-
ments will be analyzed using new DNA sequencing technol-
ogies that allow the Bacteria, Archaea, and Eukarya present to
be comprehensively inventoried.
Little information exists on biological elemental cycling in

subglacial environments, despite evidence that bacterial
transformations of key elements in these environments may
have global significance [e.g., Sharp et al., 1999; Christner
et al., 2006]. The complete absence of light within our
subglacial study sites implies that energy requirements for
new organic carbon production depend on the activity of
chemolithoautotrophs, with electron transport to and from
inorganic material. Potential redox couples include dissolved
gases and ions and solid phase minerals [e.g., Neal et al.,
2003]. These compounds can be derived from subglacial ice
melt or from the underlying substrate via microbially medi-
ated mineral dissolution [cf. Hodson et al., 2008].

6. IMPLEMENTATION OF WISSARD

6.1. Logistics and Management

WISSARD is a complex, logistically challenging project
that has required many years of planning with the National
Science Foundation (NSF), the U.S. Ice Coring and Drilling
Services (ICDS), and Raytheon Polar Services Corporation,
the U.S. Antarctic Program’s logistical subcontractor. This
planning process is presently under way, and the remaining
timelines for WISSARD are presented in Table 1.

6.2. Surface Geophysics

WISSARD’s surface geophysical investigations (reflection
seismic imaging, radar, GPS) will be conducted at both Sub-
glacial Lake Whillans and the grounding zone sites. Surface

geophysical surveys will be conducted in standard grid for-
mats, and the continuous GPS monitoring will be established
in networks to determine surface elevation and ice dynamics
in the two regions of interest.
Surface geophysics will be used for site selection for both

the LISSARD and RAGES drilling and will also provide
critical glaciological observations, tying satellite and aero-
geophysical data to borehole measurements. Dense grid
surveys will provide high-resolution depictions of geologi-
cal and dielectric conditions at and below the basal interface,
optimizing drill site placement over Subglacial Lake Whil-
lans and at the grounding zone sites. Geophysical data also
provide a link between the high-resolution, but spatially
limited, borehole observations and the low-resolution, but
spatially extensive, satellite-based observations. Geophysi-
cal investigations dovetail with the borehole-based science
by providing constraints on spatial variability in subglacial
conditions and spatiotemporal variability in ice motion.
Site selection includes radio echo sounding and active-

source seismology, along with kinematic and static GPS
surveying. Radio echo sounding provides information on ice
thickness, englacial stratigraphy, and bed properties. Low-
frequency, high-power systems may also penetrate some
distance into the bed providing information on subglacial
bed properties. Active-source seismology complements the
ice-thickness data acquired by radio echo sounding. Further-
more, seismic observations provide information on water
depth both within the lake and in the sub-ice-shelf cavity at
the grounding line. Perhaps most significantly, seismic ob-
servation establishes a seismic-stratigraphic framework for
both the subglacial lake and grounding line sedimentary
systems. Seismic stratigraphy is used extensively in a range
of sedimentary systems to delineate stratigraphic architecture
and to infer its history and genesis [e.g., Vail et al., 1977,
1991]. The modern systems under study in WISSARD have
never been investigated, and it is likely that new facies
frameworks will be needed. To do this, we build on previous
glacial and glacimarine models of system architectures, in-
ternal geometries, and facies motifs [e.g., Powell and Alley,
1997; Powell and Cooper, 2002; Dunbar et al., 2008; Dow-
deswell et al., 2008; McKay et al., 2009].
Additional surface geophysics components will acquire

snapshots of the ice surface, through kinematic GPS mea-
surements, and continuous time series of any variability in
surface elevations or ice displacement, through continuous
GPS. Also, passive seismic observations provide additional
information on styles of deformation at the bed and possibly
record the movement of subglacial water.
WISSARD affords the opportunity to link data on a num-

ber of spatial scales. At the finest resolution, the in situ
borehole observations will provide direct samples of water

208 SIPLE COAST SUBGLACIAL AQUATIC ENVIRONMENTS



column and subglacial materials. Above this scale, the SIR
will provide water column and bed sampling and sub-bed
geophysical data in the ocean cavity. Surface geophysical
observations will form the next level of resolution, tying
seismic observations into the high-frequency sub-bed profil-
ing. Satellite-based observations will form the top tier of
data, bringing the in situ and surface geophysics into a
large-scale regional context.

6.3. Drilling Equipment and Transport

WISSARD will use a new NSF-funded hot water drill
under construction by Caltech. This drill design is based on
previous hot water drilling technology ranging from that
used to complete 119 boreholes through West Antarctic Ice
Streams with thickness up to nearly 1300 m [Kamb, 2001;
Engelhardt, 2005] to the IceCube system.

Table 1. Timetable for WISSARDa

Subproject

Activity LISSARD RAGES GBASE

September 2009 to August 2010
Preparation and testing of equipment for
drilling, clean sampling, and measurements

√ √ √

Integration of SIR, borehole instrumentation,
and drilling technologies

√ √ √

September 2010 to August 2011
Preparation and testing of equipment for
drilling, clean sampling, and measurements

√ √ √

Surface geophysics at SLW and GPS/seismic
installation in SLW region

√

GPS installation in the GZ √
Clean technology testing √ √ √
Oceanographic instrumentation field test at
Lake Tahoe

√ √ √

September 2011 to August 2012
Servicing of SLW GPS/seismic array; SLW
data analyses, interpretation, publication

√

Surface geophysics at GZ and GPS/seismic
installation in GZ region

√

Drill, clean technology and instrumentation
field test at McMurdo—“WISSARD
shakedown”

√ √ √

September 2010 to August 2013
Traverse to SLW √ √
Drill and sample SLW (8 weeks) √ √
Additional surface geophysics and servicing √ √

September 2013 to August 2014
Traverse to GZ √ √ √
Drill and sample GZ (8 weeks) √ √ √

September 2014 to August 2015
Removal of remaining autonomous
instruments

√ √ √

Data analysis, interpretation, synergy, and
publication of results

√ √ √

aAbbreviations are as follows: SLW, Subglacial Lake Whillans; GZ, grounding zone. Check mark indicates that noted activity applies.
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Table 2. Measurements to be Made During WISSARD

Measurement and Techniques Purpose

LISSARD/RAGES/GBASE: Grounded Ice
Glaciology
ice flow: imagery, GPS velocity, strain rate grids site survey
ice thickness: radar, seismic characterize modern and paleoice flow
surface and englacial flow features: satellite, radar spatial context of borehole measurements
thermal profile: borehole observations, thermistors,

radar attenuation
basal thermal regime, melt/freeze rates

Bed conditions
till properties: cores, probes continuity of bed properties along flow lines
sediment transport and flux: cores, ice, water samples,
borehole observations

influence of bed properties on ice velocity and sediment flux

hydrology: water samples lake/grounding line (GL) role in transient ice stream behavior
geothermal flux and thermodynamics: cores, probes,
seismic, radar

basal thermal regime, GL melt/freeze rates

water, sediment, ice and gas chemistry: samples, probes

Ice/bed interaction (physical and chemical parameters)
ice-bed contact: borehole observations history of basal freezing/melting
till: borehole tools and cores present freeze/melt conditions

quantify erosion and sediment flux

Biology (ice, water, sediment)
characterize in situ geochemistry describe metabolic processes in subglacial environments

determine the influence of subglacial metabolism on the rate
and flux of weathered materials

characterize microbial species diversity and measure
metabolic activity

evaluate metabolic and genetic diversity in subglacial environments

Paleontology, petrography, sediment chemistry subglacial provenance and ice sheet history
sediment: cores, composition, chemistry subglacial weathering rates
pore waters: cores, composition, chemistry paleosubglacial sediment flux

sediment and nutrient flux to Southern Ocean

LISSARD/GBASE: Subglacial Lake
Lake/ice sheet interaction (physical and chemical)
lake temperature, chemistry, and currents: moorings,
water samples

constrain energy balance and melt/freeze rates

turbulent and conductive heat flux: mooring, modeling constrain meltwater flux through lake
frazil ice concentration and particle sizes: mooring,
Subglacial Lake Exploration Device

subglacial lake circulation models

natural hydrology tracers (meltwater flux): mooring,
water samples

assess factors of lake position and motion

water, ice, and gas chemistry: mooring, water samples assess ocean surface water input under Ross Ice Shelf (RIS)
sediment and nutrient flux to Southern Ocean

Subglacial hydrology (lake and conduit flows)
water temperature and currents: moorings, water samples lake geometry and water levels
turbulent and conductive heat flux: mooring, modeling conduit drainage network
natural hydrology tracers (meltwater flux): mooring,
water samples

sediment properties, transport and flux
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Table 2. (continued)

Measurement and Techniques Purpose

water, ice, and gas chemistry: mooring, water samples influence of bed properties on ice velocity
particulate transport and dispersal: borehole observations,
mooring

influence on subglacial water and sediment flux

Subglacial lake sediment
lake sediment properties: torvane, heat flux probe, cores West Antarctic Ice Sheet history
paleontological record: sediment cores, basal ice cores ice stream stability
gas isotopes and geochemistry: sediment and ice cores,
water samples

paleoflow variability in basal water and ice

physical sediment properties: torvane, heat flux probe, cores subglacial lake sedimentary processes
paleontological record: sediment cores, basal ice cores sedimentary modeling (modern subglacial, lake)
gas isotopes and geochemistry: sediment and ice cores,
water samples

interaction between lake systems and ice motion

sediment facies, assemblages, and geometries: cores, seismic sediment provenance and mixing
geothermal heat flux: probe and modeling subglacial geology

RAGES/GBASE: Floating Ice
Ocean/ice shelf interaction (physical and chemical)
ocean temperature, salinity, and currents: mooring,
Geochemical Instrumentation Package for Sub-Ice Exploration
(GIPSIE), sub-ice robotically operated vehicle (SIR)

constrain energy balance and melt/freeze rates

turbulent and conductive heat flux: mooring, GIPSIE, SIR, modeling constrain melt water flux across GZs
frazil ice concentration and particle sizes: SIR, mooring,
GIPSIE

sub-ice and global ocean circulation models

natural hydrology tracers (meltwater flux): mooring, GIPSIE,
SIR water, sediment, ice and gas chemistry: mooring, GIPSIE,
SIR, cores

assess factors of GL position and motion: tidal, hydrology
and sedimentology

assess ocean surface water input under RIS
sediment and nutrient flux to Southern Ocean

Subglacial and marine sediment (release and dispersal)
particulate transport and dispersal measurements:
borehole observations, mooring, SIR, AVO and seismic

GZ sedimentary processes

water and sediment chemistry: cores, mooring, GIPSIE, SIR sedimentary modeling of modern GL systems
sea floor morphology: SIR swath and seismic interaction between GL systems and GL motion
sedimentary facies, assemblages and geometries: cores,
borehole observations, SIR, seismic

sediment provenance and mixing

geothermal heat flux: probe, SIR and modeling subglacial geology and ice sheet history
subglacial weathering rates
subglacial suspended load transport
sediment and nutrient flux to Southern Ocean

Biology (ice, water, sediment)
potential recovery of protists and macroorganisms document genetic diversity and describe ecology
geochemical processes, cycles, characterization
genomics, metabolic rates

Paleontology, petrography, and sediment chemistry
filter diatoms suspended in water identical to Grounded Ice reasons
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AllWISSARD equipment including the hot water drill and
tower, operational structures, vehicles, and supplies will be
transported to the drill sites by traverse fromMcMurdo station
(see Plate 2a for location with respect to WIS) across the RIS
at the start of the 2012–2013 season. A new fleet of vehicles
and sleds will be used for this purpose in addition to a new
custom-designed structure for operations around the borehole
and for use of the clean-access equipment (see below).

6.4. Clean Access Drilling

WISSARD adopts protocols to ensure minimal chemical
and microbial contamination to the pristine subglacial envi-
ronment. “Clean access” is relevant to both the drilling fluids
used to establish boreholes and the instrumentation and sam-
pling equipment used in exploring and characterizing the
sub-ice environment. A recent report [NRC, 2007] used data
from Vostok glacial and accretion ice [Priscu et al., 1999;
Christner et al., 2006] to recommend that microbial numbers
be reduced to ~100 cell mL�1 within the drilling fluid in that
system. The level of cellular contamination for the WIS-
SARD project will be based on what we measure in the basal
ice in the Whillans Ice Stream basal ice. During the WIS-
SARD planning phase, WISSARD PIs (led by GBASE) are
working with ICDS to establish technologies and protocols
that will minimize chemical and microbial contamination of
the subglacial environment and samples during LISSARD
field activities. In order to reach the NRC target, the hot water
drill under development will utilize a large volume microfil-
tration and UV treatment system to continuously remove
microbial cells and organic carbon from the hot water within
the borehole water. The final filter size will be 0.2 mm, which
should effectively eliminate all bacterial cells and other par-
ticulate matter. The drilling water will also be maintained at a
temperature >90-C, which has been shown to significantly
reduce the number of viable cells within the drilling fluid
[Gaidos et al., 2004]. This drill will produce a borehole of at
least 20 cm diameter that will remain open for ~8 days.
DNA-containing bacterial numbers will be monitored by
enumeration and molecular analysis to determine the micro-
flora present in the source water and from drilling contami-
nation. Microfiltration and UV sterilization procedures are
effective strategies for reducing the viable microbial cell
concentration from large volumes and surfaces. Cables and
drill hoses will be cleaned by a two-step process prior to
deployment down the hole. Cables and hoses will first pass
through a collar of high-pressure, hot water jets that will
remove particulates, cells, and salts. The hoses and cables
will then pass through a series of UV lamps for final micro-
bial sterilization. Instruments and sampling devices sent
down the hole will be cleaned with a disinfecting solution of

either peroxide or hypochlorite prior to borehole deploy-
ment. Quality control of the drilling fluid and instrumentation
for purposes of environmental protection will be an ongoing
process that will be done in close coordination with the NSF-
Office of Polar Programs environmental officer.
We intend to demonstrate a clean sampling strategy that

conforms to the NRC’s recommendations by conducting
two intensive tests of this technology before any attempt at
subglacial access drilling. The first test will occur in a lake
in the United States; the second will occur on the RIS near
McMurdo, which will more closely resemble conditions to
be expected at the study site. This test phase will allow
examination of the effectiveness at reducing microbial cells
>0.2 µm in drilling fluid using pasteurization, large-scale
filtration, and germicidal ultraviolet (UV-C) irradiation and
the ability to remove contaminants from the exterior of
down hole instruments and sampling devices using power
washing and disinfectants. The testing will assess the ability
of the filtering and cleaning technology to reduce the total
biological cell concentration as a function of time and
volume processed and for the assessment of bioburden
increase associated with drill and instrument deployment in
the borehole. Furthermore, the ability to maintain reduced
microbiological loads in borehole water over timeframes
relevant to WISSARD subglacial access requirements (7–
8 days) can be evaluated, and WISSARD sampling tech-
nology can be demonstrated to be compliant with the envi-
ronmental requirements.

6.5. Specialized Scientific Instrumentation

Scientific goals of WISSARD will be met in tandem with
significant advances in clean-access drilling and sub-ice
exploration technologies. Innovative conceptualization and
engineering have led to the project being able to use complex
multisensor instrumentation.

6.5.1. Sub-Ice Robotically Operated Vehicle. SIR (Plate 3)
is a robotic submarine with a customized “slim line” design
having a diameter of ~55 cm and a length of 8.4 m when
being deployed through the ice borehole. It is rated to
1500 m depth, and its power and data are transferred from
and to the surface through a neutrally buoyant, strengthened,
3 km long umbilical tether of fiber optic and power cables.
Navigation is by Doppler velocity logs and a gyro compass
so the SIR is used either in automated mode with this AUV
technology to do spatial surveys, or is manually driven by a
surface operator using real-time video imagery to investigate
specific features and operate in enclosed spaces. The vehicle
is highly instrumented for obtaining both remotely sensed
data as well as collecting and recovering samples. The wide
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range of sensors and sample collectors provides data for
studies in oceanography, sedimentology, stratigraphy, glaci-
ology, biology, microbiology, geochemistry, and geophysics
and includes visual imaging (four cameras), vertical scan-
ning sonar, Doppler current meter, multibeam sonar, CHIRP
sub-bottom profiler, CTD, DO meter, transmissometer, laser
particle-size analyzer, triple laser beams for sizing objects,
manipulator arm, thermistor probe, shear vane probe, ice
corer, sediment corer, and water sampler.

6.5.2. Ocean and lake water instrumentation. A variety
of modular oceanographic instruments on inductive wireline
lines will be used in various combinations, depending on the
mission and objective of each deployment. The basic instru-
mentation includes CTDs, DO meter, transmissometer, and
Doppler current meter immediately below the ice to measure
turbulent heat flux across the ice-water interface, termed the
basal energy balance mode. Below this most commonly will
be aMcLane Ice Tethered Profiler that includes a conductivity-
temperature-depth with added Doppler current meter that con-
tinuously profiles water column structure and currents. The
McLane profiler is a Woods Hole Oceanographic Institution
(Woods Hole, Massachusetts) design that has been used
through sea ice deployments in the Arctic Ocean. All data are
telemetered to a surface data logger for real-timemonitoring. If
desired, this Ice Tethered Profiler can be exchanged with

nodular oceanographic sensors set at specific depths in the
water as in standard oceanographic moorings. Other forms of
oceanographic instrumentation are long-term moorings that
will be deployed during the last phase of science operations
at a site. Theywill be leftmaking their measurements for 1 year
or more by relaying their data to surface recording units. A
prime tool to be used in the RAGES subproject is GIPSIE
(Geochemical Instrumentation Package for Sub-Ice Explora-
tion) that is deployed on a standard oceanographic wireline
with real-time telemetry system. GIPSIE consists of an array
of standard oceanographic sensors and samplers that include
CTD, Doppler current meter, transmissometer, laser particle-
size analyzer, DO meter, automated 48-port water sampler,
water column nutrient analyzer (Si, NO3, PO4, NH4, CO2,
CH4, chlorophyll), sediment pore water chemistry analyzer
(T, pH, redox, O2, H2S, H2, N2O), and a down-looking color
camera. Individual instruments are repacked and mounted in a
profiling housing for deployment through narrow diameter ice
boreholes. The design is modular, allowing mission-specific
configuration and the future addition of supplemental sensors.
GIPSIE provides real-time in situ measurements of critical
physical, geochemical, and nutrient properties; acquires in situ
water samples from water masses of particular interest; and
measures the in situ redox state in subglacial and glacimarine
sediment and the release of nutrients from sediment through
microbes utilizing chemical energy of these processes.

Plate 4. (a) Proposed LISSARD drill site locations on subglacial Lake Whillans (black squares); regional context is shown
in Plate 2a. Background is estimated hydrostatic hydropotential. Outline of Subglacial Lake Whillans is from Fricker and
Scambos [2009]. Black arrows show the inferred directions of water inflow and outflow to/from Subglacial LakeWhillans.
(b) Proposed drill site locations at the RAGES grounding line site downstream of Subglacial Lake Whillans (red squares).
Final site locations will be made once ground-based geophysical surveys are complete with the concept that sites 4 and 5
will be upstream of G and 1, 2, and 3 will be approximately equally spaced downstream of G. Inset is schematic diagram
showing the key features of a typical ice shelf grounding zone, based on Smith [1991], Vaughan [1994], and Fricker et al.
[2009]. Point F is the landward limit of ice flexure from tidal movement, point G the true GL where the grounded ice first
loses contact with the bed, point Ib the break-in-slope, point Im the local minimum in topography, and point H is the
hydrostatic point where the ice first reaches approximate hydrostatic equilibrium. From Brunt et al. [2010], reprinted from
the Annals of Glaciology with permission of the International Glaciological Society.
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6.5.3. Sediment sampling. A variety of sediment samplers
will be used for recovering different types of sediment
mainly based on their stiffness. Soft sediments will be
recovered using short, wide gravity core barrels for recov-
ering the sediment-water interface. A 3 m long piston corer,
proven by Caltech on Kamb Ice Stream to recover till, will
be used again for WISSARD, as will a newly designed
wide-barrel percussion corer with an active hammer system
driven by a water pump will be used for recovery of up to 5
m long cores of stiff sediment.

6.5.4. Ice corer. WISSARD will use a modified 3 m long
hot water ice corer that was used by Caltech on Kamb Ice
Stream.

6.5.5. Ice strain and thermistor sensors. Borehole strings
with inclinometers and thermistors will be frozen in to
boreholes at WISSARD sites. Data are telemetered to the
surface and will be used in combination with continuously
recording GPS receivers to determine relevant terms in the
three-dimensional stress tensor by using measured strain
rates and ice flow law with the ice viscosity parameter
estimated from vertical ice temperature determinations.

These units will be left out as long-term observatories for
a year after deployment.

6.5.6. Geothermal probe and torvane. A 5 m long probe
for penetrating and measuring heat flux in bottom sediment
to be used in WISSARD is based on an IODP design with
four thermistors at ±0.002 mK resolution. This probe will be
used to determine the natural geothermal flux at each site. A
torvane probe used in the past by the Caltech at Kamb Ice
Stream will also be used to determine geotechnical sediment
strength.

6.5.7. Subglacial Lake Exploration Device Camera. The
Subglacial Lake Exploration Device (SLED) camera is a
miniaturized, propelled, ice-borehole optical recording de-
vice designed to observe the borehole ice properties, water-
ice interface, distribution of basal debris, suspended particles
in water columns, and sediment surface properties. The
development of SLED is supported by NASA. SLED will
perform the following functions at both Subglacial Lake
Whillans and the grounding line sites: (1) record the borehole
ice properties, investigate the marine ice interface, examine
distribution of entrained debris in basal ice, and observe the

Plate 5. Previous images taken from boreholes: (a and b) grounding line till at Mackay Glacier taken by an ROV from
under the floating-glacier tongue that comes away from the grounding line and perspectively comes out of the page.
Largest clasts in the till are >10 cm across. (c and d) Flutes of till that were traced back to the grounding line and draped
with glacimarine mud and dropped boulders. Flutes are meters high and meters in wavelength. From Powell et al. [1996],
reprinted from the Annals of Glaciology with permission of the International Glaciological Society.
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geometry of ice-water interface; (2) inspect the water column
for suspended particles as well as possible aquatic organisms
and search for visual evidence of water stratification and/or
horizontal/vertical motion; and (3) investigate the sea/lake
floor for evidence of erosional and sedimentary processes
(glacial flutings, subaqueous sediment failures, debris flows,
deltas, drainage channels, etc.) and record signs of possible
bioturbation and/or evidence of benthic organisms.

6.6. WISSARD Drilling Schedule and Measurements

6.6.1. LISSARD. Drilling at Subglacial Lake Whillans will
take place over an 8-week period during the 2012–2013
season. Boreholes will be of >20 cm diameter. There are
five proposed drill site locations near Subglacial Lake Whil-
lans (Plate 4a): (1) the first borehole downstream of the lake
basin in the suspected outlet zone; (2) two to three subse-
quent boreholes on the lake itself, including the central parts
of lake basins and suspected areas of sediment accumulation
downstream of water inlet/s; (3) an additional borehole into
the suspected inlet zones upstream of Subglacial Lake Whil-
lans, and (4) the final control borehole of each season off
to the side of each lake to explore basal and subglacial condi-
tions in areas that are not under the direct influence of the
active subglacial lake. One major reason for this sequence of
drilling is that we want to move the drilling activity from
downstream to upstream parts of each study region, to mini-
mize the possibility that microbial/chemical contaminants
from one site will affect subsequent sites.
The anticipated borehole measurements to be made during

LISSARD are summarized in Table 2. Acquisition of samples
for microbial analyses will be of the highest priority as soon
as the bottom is accessed due to concerns with potential
sample contamination by other operations. We will obtain
separate cores for microbiology, sedimentology, micropale-
ontology, sediment geochemistry, paleomagnetism, and geo-
technical analyses. The Jet Propulsion Laboratory (Pasadena,
California)-developed SLED camera will also be deployed
down each of the LISSARD boreholes to provide supporting
imagery.

6.6.2. RAGES. Drilling at the grounding zone downstream
from Subglacial Lake Whillans will take place over an 8-
week period during the 2013–2014 season. There are five
proposed sites across the grounding zone near the predicted
Subglacial Lake Whillans outlet (Plate 4b): sites 1 and 2,
offshore (i.e., on the ice shelf); site 3, within range of the
grounding line (point G in Plate 4b inset); and sites 4 and 5,
landward of G (grounded ice).
On the seaward side of the grounding line where the ice is

floating, the intention is to drill through the ice shelf and sample

the sub-ice-shelf cavity. Here boreholes will be at least 80 cm
wide to allow deployment of SIR, the specialized robotic
submarine, into the cavity (Plate 4) and GIPSIE, the oceano-
graphic and geochemical sensor package, and the ice-tethered
profiler component of oceanographic mooring systems. The
SLED camera will be deployed down the narrow boreholes of
RAGES borehole to provide supporting imagery (Plate 5).
Once the boreholes have been drilled to the ice base, there

will be a measurement period during which time several
measurements will be made by placing clean instruments
down the borehole, followed by a period when samples will
be collected from the borehole (Table 2). At the end of
science operations at each site, longer-term monitoring in-
struments will be deployed.

7. EDUCATION AND OUTREACH

Climate change, melting of ice sheets, and related sea level
change are contemporary issues of social relevance. WIS-
SARD’s large-scale interdisciplinary approach to studying
the Whillans Ice Stream provides unparalled opportunity to
highlight the interdisciplinary nature of scientific discovery
and the use of novel technology in Antarctic science. A
coordinated WISSARD education and public outreach effort
will connect cutting-edge scientific research to public audi-
ences and create the next generation of scientists through
education and outreach initiatives that support and enhance
training opportunities for undergraduate and graduate stu-
dents and K-12 teachers and learners.

A balanced education and public outreach portfolio for
WISSARD include three focus areas: (1) training of graduate
and undergraduate students; (2) K-12 teaching and learning
through standards-based curriculum and teacher professional
development activities; and (3) local to national community
outreach that engage the public through print and electronic
media (Web, video, and social media); displays and exhibits
(museums and science centers); and interaction with scientists
(public lectures and activities). A fourth focus area includes
program evaluation. Evaluation metrics have been designed to
assess progress, adjust programming to reach target audiences
effectively, and to maximize resources most efficiently. These
focus areas are being addressed by (1) the development of K-
12 teacher professional development opportunities and inqui-
ry-based activities at participating universities; (2) involve-
ment of undergraduate and graduate students in activity
development and delivery; (3) our K-12 EPO programming
is stratified to serve teachers locally and nationally, as well as
underserved learning communities; and (4) the initiation of
Web-based professional development for teachers in partner-
ship the National Science Teachers Association, which will
expand the national reach of the project.
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Print and electronic media efforts will be catalyzed through
a variety of deliverables including a dynamic Webpage
(http://wissard.org), print and digital media opportunities
with national outlets such as National Geographic and Dis-
covery, and incorporation into the Red Planet; Blue Planet
exhibit at the Museum of Science and Industry in Chicago,
Illinois.

8. SUMMARY

Following more than a decade of promoting and planning
subglacial research, we believe these systems have gone
from a curiosity to a focus for scientific research [Priscu et
al., 2005]. Largely as the result of these efforts, we enter a
new decade with three funded projects for drilling into sub-
glacial environments (Vostok Subglacial Lake (Russia), Ells-
worth Subglacial Lake (United Kingdom), and WISSARD
(United States)). These three projects will be the first to
explore these novel subglacial environments in a compre-
hensive and environmentally friendly manner.
The WISSARD project is unique among the three projects

in that it targets a lake and the grounding zone downstream
using a multidisciplinary scientific approach designed to
understand the subglacial-ice-ocean system as an integrated
whole. In so doing, WISSARD will advance knowledge in a
variety of scientific questions at the cutting edge of glaciol-
ogy, geology, and microbiology. Results from these three
projects will not only test new theories about these environ-
ments, but also provide important new data about the role of
subglacial environments on a global scale. While a major
commitment of resources is necessary to implement such
ambitious programs of exploration and research, the poten-
tial payoff in scientific and educational returns is immense.
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Ellsworth Subglacial Lake, West Antarctica:
A Review of Its History and Recent Field Campaigns

N. Ross,1 M. J. Siegert ,1 A. Rivera,2 M. J. Bentley,3 D. Blake,4 L. Capper,4 R. Clarke,4 C. S. Cockell ,5

H. F. J. Corr,4 W. Harris ,6 C. Hill ,4 R. C. A. Hindmarsh,4 D. A. Hodgson,4 E. C. King,4 H. Lamb,7 B. Maher,8

K. Makinson,4 M. Mowlem,9 J. Parnell ,10 D. A. Pearce,4 J. Priscu,11 A. M. Smith,4 A. Tait ,4 M. Tranter,6

J. L. Wadham,6 W. B. Whalley,12 and J. Woodward13

Ellsworth Subglacial Lake, first observed in airborne radio echo sounding data
acquired in 1978, is located within a long, deep subglacial trough within the
Ellsworth Subglacial Highlands of West Antarctica. Geophysical surveys have
characterized the lake, its subglacial catchment, and the thickness, structure, and
flow of the overlying ice sheet. Covering 28.9 km2, Ellsworth Subglacial Lake is
located below 2.9 to 3.3 km of ice at depths of �1361 to �1030 m. Seismic
reflection data have shown the lake to be up to 156 m deep and underlain by
unconsolidated sediments. Ice sheet flow over the lake is characterized by low
velocities (<6 m yr�1), flow convergence, and longitudinal extension. The lake
appears to be in steady state, although the hydrological balance may vary over
glacial-interglacial cycles. Direct access, measurement, and sampling of Ellsworth
Subglacial Lake are planned for the 2012/2013 Antarctic field season. The aims of
this access experiment are to determine (1) the presence, character, and mainte-
nance of microbial life in Antarctic subglacial lakes and (2) the Quaternary history
of the West Antarctic ice sheet. Geophysical data have been used to define a
preferred lake access site. The factors that make this location suitable for explora-
tion are (1) a relatively thin overlying ice column (~3.1 km), (2) a significant
measured water depth (~143 m), (3) >2 m of sediment below the lake floor,
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(4) water circulation modeling suggesting a melting ice-water interface, and (5)
coring that can target the deepest point of the lake floor away from marginal,
localized sediment sources.

1. INTRODUCTION

Deep continental Antarctic subglacial lakes are one of the
few remaining unexplored environments on Earth. Found
beneath both the East and West Antarctic ice sheets, it has
been hypothesized that these lakes are extreme, yet viable
habitats, which may host unique microbial assemblages that
have been potentially isolated for millions of years [Siegert
et al., 2001]. Furthermore, the sediments that have accumu-
lated at the bottom of subglacial lakes may contain important
records of Antarctic ice sheet history.
Ellsworth Subglacial Lake (hereafter referred to as “Lake

Ellsworth”) is a small subglacial lake (14.7 km long by
3.05 km wide) in West Antarctica. The lake, which lies be-
neath 2.9 to 3.3 km of ice, is located within the catchment of
Pine Island Glacier in a deep subglacial trench ~30 km north-
west of the central ice divide of the West Antarctic Ice Sheet
(WAIS), and some ~70 km west of the Ellsworth Mountains
(Figure 1). Lake Ellsworth has been identified as a prime
candidate for direct measurement and sampling [Siegert et al.,
2004; Vaughan et al., 2007; Lake Ellsworth Consortium,
2007]. Recent geophysical surveys have demonstrated that
the lake is up to 156 ± 1.5 m deep [Woodward et al., 2010]
and that the lake floor is draped with over 2 m of unconsoli-
dated sediments [Smith et al., 2008]. A new program, the
“Lake Ellsworth Consortium,” plans to sample Lake Ells-
worth in the 2012/2013 Antarctic field season. This U.K.-led
program involves scientists from 11 U.K. universities and
research institutions, along with collaborators from Chile and
the United States. The Lake Ellsworth experiment aims to
determine (1) the presence, origin, evolution, and maintenance
of life in an Antarctic subglacial lake through direct measure-
ment, sampling, and analysis of this extreme environment and
(2) the palaeoenvironment and glacial history of the WAIS
including, potentially, the date of its last decay, by recovering a
sedimentary record from the lake floor. The case for the
exploration of Lake Ellsworth has been outlined previously
[Siegert et al., 2004; Lake Ellsworth Consortium, 2007]. This
article reviews the history of Lake Ellsworth research and
summarizes recent geophysical reconnaissance studies that
underpin the lake access experiment.

2. LAKE ELLSWORTH: DISCOVERY
AND REDISCOVERY

Lake Ellsworth was first observed in a single 60 MHz
airborne radio echo sounding (RES) survey line acquired

during the U.K. Scott Polar Research Institute, U.S. National
Science Foundation, and the Technical University of Denmark
(SPRI-NSF-TUD) 1977/1978 airborne campaign [Jankowski
and Drewry, 1981; Siegert et al., 2004]. Although the exact
positions of the survey platform were uncertain owing to the
navigational techniques available at the time, it is clear, on
the basis of comparison with recent data sets, that these
RES data were acquired directly over the center of Lake
Ellsworth, in an orientation lying along the lake’s long axis,
subparallel to the direction of ice flow. However, it was not
the first time an important scientific campaign had traveled
over the lake; the route of the 1957/1958 Sentinel Range
(Marie Byrd Land) traverse [Bentley and Ostenso, 1961] also
crossed the lake in an orientation roughly perpendicular to
the long axis and the later RES transect. Owing to the
spacing of the seismic and gravity measurements and the
small target body, however, no observations of the lake were
made during the traverse. The position of Lake Ellsworth
was first mapped by McIntyre [1983]. Despite this, the lake
remained unrecognized in the broader literature and was not
included in the first official inventory of subglacial lakes
[Siegert et al., 1996]. In 2003, the lake was “rediscovered”
in McIntyre’s thesis, and the original RES data were reex-
amined, revealing a typical lake-like reflector ~10 km long,
in hydrostatic equilibrium with the overlying ice sheet. Lake
Ellsworth was then identified as a suitable target for explo-
ration [Siegert et al., 2004] and was named and included in
the updated subglacial lake inventory [Siegert et al., 2005].

3. RECENT GEOPHYSICAL SURVEYS

As part of an extensive airborne geophysical survey of the
Pine Island Glacier catchment in 2004/2005, the British Ant-
arctic Survey (BAS) acquired ice thickness and surface ele-
vation data over Lake Ellsworth. This was followed in
January 2006 by a ground-based traverse from Patriot Hills
to Lake Ellsworth, via the Institute Ice Stream, undertaken by
researchers from the Centro de Estudios Científicos (CECS).
Radio echo sounding and GPS measurements were made
along the traverse route and over and around the lake. Both
the CECS and BAS surveys acquired ice thickness data using
radars with a frequency of 150 MHz. The combined results of
these surveys were reported by Vaughan et al. [2007].
These surveys indicated that Lake Ellsworth was located

at the bottom of a long, deep subglacial trough, but that the
lake was much narrower than previously estimated, with a
maximum width of only ~2.7 km. This led to a reduction in
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the estimated total area of the lake to ~18 km2. This was
rather less than the 100 km2 suggested by Siegert et al.
[2004] because the lake is constrained topographically, mak-
ing it elongated rather than circular. Using the RMS variabil-
ity of the hydrological head, derived from the uncertainty in
ice thickness measurements, and assuming an ice density of
920 kg m�3, Vaughan et al. [2007] isolated the possible
density of fluid in the lake. They concluded that the fluid

body of Lake Ellsworth has a density between 950 and
1013 kg m�3, indicative of fresh water, with little likelihood
of the lake containing substantial concentrations of materials
that would result in a fluid body of greater density (e.g.,
acids, salts or heavy clathrates).
Data from the BAS airborne survey of Pine Island Glacier

catchment revealed that Lake Ellsworth is one of a series
of subglacial lakes located in deep, SE-NW trending, subglacial

Figure 1. Location of Lake Ellsworth (white dot) in West Antarctica. Base map is the Bamber et al. (Antarctic 1 km
Digital Elevation Model [DEM] from Combined ERS-1 Radar and ICESat Laser Satellite Altimetry, data set, National
Snow and Ice Data Center, Boulder, Colorado, 2009, available at http://nsidc.org/data/nsidc-0422.html) satellite altime-
try–derived DEM with contours at 100 m intervals. White lines mark major ice divides.
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valleys within the Ellsworth Subglacial Highlands [Vaughan et
al., 2007]. These valleys are probably erosional features devel-
oped during periods of less extensive glaciation at some stage
prior to the formation of the current ice sheet [Vaughan et al.,
2007]. Analysis of the regional hydrological regime indicated
that these subglacial troughs act as conduits for subglacial
water flow from the ice divide (between Pine Island Glacier
and the Institute Ice Stream) to the Byrd Subglacial Basin.
Vaughan et al. [2007] suggested that Lake Ellsworth was part
of a well-connected drainage system, with well-defined up-
stream and downstream hydrological pathways through its
deep subglacial catchment, making it effectively an “open
system” in terms of its hydrology. From the RES data, they
inferred there to be no hydrological barrier that could block
water flow out of the bottom end of the lake and that the
outflow probably drains into a second lake only 15 km down-
stream. Based on this, Vaughan et al. [2007] suggested that the
likelihood of Lake Ellsworth hosting long-isolated microbio-
logical life was reduced, but still recommended that Lake
Ellsworth remained a “strong candidate for in situ exploration.”

4. GEOPHYSICAL RESULTS

A full geophysical characterization of Lake Ellsworth was
undertaken during the Austral summers of 2007/2008 and
2008/2009. The aims of this fieldwork were to (1) determine
lake water depth and bathymetry, (2) map the outline of the
lake and the topography of its catchment, (3) produce a
detailed map of ice flow over the lake, (4) characterize the
nature of the ice-water and water-bed interfaces, (5) establish
sediment thickness beneath the lake floor, (6) map the geom-
etry of englacial layering within the overlying ice sheet, and
(7) measure any detectable tidal signatures.

4.1. Radio Echo Sounding Surveys

A detailed grid of RES survey lines was acquired over Lake
Ellsworth and its surrounding area using the ground-
based ~1.7 MHz pulsed DEep-Look-Radar-Echo-Sounder
(DELORES) radar system (Figures 2 and 3a). Just over 1000 km
of RES data (including BAS and CECS data) have now been
acquired over, and in the vicinity of, Lake Ellsworth. The bed
was identified in more than 95% of the survey line data, and an
ice thickness map and digital elevation model (DEM) of the
bed were constructed (Figures 3c and 3d). Roving GPS data
acquired along the RES profile lines during the surveys were
used to generate a DEM of the ice surface (Figure 3b).

4.1.1. Ice sheet surface. The center of Lake Ellsworth is
located approximately 30 km from the ice divide between
Pine Island Glacier and the Institute Ice Stream; a major

divide of the WAIS (Figures 1 and 3b). The ice sheet surface
around Lake Ellsworth is strongly influenced by the presence
of the lake and the geomorphology of the lake’s subglacial
catchment. Owing to low basal shear stresses, the gradient
of the ice sheet surface over the lake is low (<0.003) when
compared to the surrounding ice surface (~0.006). Upstream
of the lake, the ice sheet surface has a semiamphitheater-like
morphology, the result of an abrupt transition in basal con-
ditions as the ice sheet flows into the deep subglacial trough
from the surrounding subglacial highlands. Subglacial mor-
phology is also likely to play an important role in maintain-
ing the ice surface saddle that characterizes the ice divide
southeast of Lake Ellsworth (Figure 3b).

4.1.2. Bed topography and lake surface. The map of basal
topography (Figure 3d) integrates the DELORES RES data
with the BAS and CECS RES data and the five seismic
reflection profiles. This map confirms that Lake Ellsworth is
located within a deep, broad subglacial overdeepening in the
Ellsworth Subglacial Highlands [Siegert et al., 2004; Vaugh-
an et al., 2007], which runs for at least 45 km north-westward
from the ice divide. This trough is constrained on either side
by high, rugged subglacial topography, and the maximum
peak-to-trough amplitude is of the order of 2300 m. In the
upper reaches of the catchment, the trough is relatively nar-
row (2.5–3.5 km across), with the valley floor generally at
elevations between�800 and�950 m. Although impounded
by high topography on both sides (at elevations generally
>400 m), to the southeast of the lake there is a particularly
pronounced area of subglacial mountains with peak eleva-
tions between 1200 and 1400 m. In the vicinity of Lake
Ellsworth, the trough widens and deepens, becoming 5.5 to
6.5 km across, with the valley floor attaining a minimum
elevation of approximately �1360 m.
The new RES data show that the extent of Lake Ellsworth

(Figure 4) is greater than that mapped by Vaughan et al.
[2007], particularly in its northeast sector. The total area is
now estimated to be ~28.9 km2. The lake surface, between
the minimum and maximum elevations of �1361 and
�1030 m, has a pronounced along-flow lake surface gradient
(~0.03), markedly steeper than other reported subglacial lake
gradients (e.g., Vostok Subglacial Lake). Steep gradients are
more likely to result in differential melting and freezing
along the lake axis and therefore enhanced water circulation
[Siegert et al., 2001, 2004; Woodward et al., 2010]. The lake
surface is also twisted across its long axis; in the upstream
half of the lake, the surface slopes toward the northeast,
whereas in the downstream half, the slope is toward the
southwest (Figure 5b). This lake surface morphology is
probably caused by flexural support of the overlying ice by
the steep bedrock walls that flank the lake.
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Downstream of Lake Ellsworth, the bed topography is
marked by a pronounced bedrock ridge, which trends oblique-
ly across the lake outlet zone and across the valley (Figure
3d). This ridge, which rises ~150 to 200 m above the elevation
of the lake surface, appears to determine the downstream
boundary of Lake Ellsworth and is likely to play a key role
in controlling the nature and timing of drainage from the lake.
The subglacial hydrological implications of this landform are
currently being explored [Ross et al., 2009], but it is a distinct
possibility that a hydrological sill exists. This would be con-
trary to the conclusions of Vaughan et al. [2007], who sug-
gested that the lake was part of an open hydrological system.

4.1.3. Englacial layering and modeling. The DELORES
RES data are characterized by strong, well-defined englacial

reflections in all profiles (e.g., see Figure 2). Throughout the
majority of the Lake Ellsworth catchment, however, imaged
englacial layers are predominantly restricted to the upper
2000 m of the ice column. Below this depth, most of the
radargrams are markedly free of internal reflections. This
echo-free zone [Drewry and Meldrum, 1978] was also a
characteristic of the SPRI-NSF-TUD, BAS, and CECS RES
data sets in this part of West Antarctica [Siegert et al., 2004;
Vaughan et al., 2007]. It is not clear whether the echo-free
zone around Lake Ellsworth is a property of the ice or simply
a consequence of the absorption of electromagnetic energy
in the warmer parts of the ice at depth.
Englacial layers within the RES profiles (Figure 2) have

been picked and transformed into three-dimensional (3-D)
surfaces. These data have been integrated with the DEM of

Figure 2. DEep-Look-Radar-Echo-Sounder (DELORES) radio echo sounding (RES) data across Lake Ellsworth (Line
D7.5). A prominent lake-like reflector is observed between 2600 and 5400 m along the profile between depths of
approximately �1200 to �1310 m. Buckled englacial layers, generated by ice flow over and around subglacial mountains
upstream of the lake (see Figure 3), are annotated. Ice flow is roughly into the page. Elevations are relative to WGS-84
ellipsoid. See Figure 3 for location.
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the subglacial bed to facilitate 3-D numerical modeling of ice
flow and basal melting over Lake Ellsworth [Ross et al.,
2009]. Initial results show that, over the lake, some anomalies
in the layering near the steeper bedrock wall can be under-
stood in terms of perturbations to the velocity field caused
by ice sheet flow into the deep subglacial trough from the
surrounding subglacial highlands, as well as being caused
by melt anomalies.

4.2. Seismic Reflection Surveys and Water
Circulation Modeling

At least 387 Antarctic subglacial lakes have now been
identified using data from ground-based, airborne, and satellite
platforms [Wright and Siegert, this volume], but water depth
measurements from such lakes are few in number. Gravity
data have been used to estimate the depth, and in some cases
the bathymetry, of a series of lakes [Studinger et al., 2004; Bell
et al., 2006; Filina et al., 2008]. However, prior to the Lake
Ellsworth field campaign in 2007/2008, seismic measure-
ments had only been made at Vostok Subglacial Lake and
South Pole Lake [Masolov et al., 2006; Peters et al., 2008].
Five seismic reflection lines spaced ~1.4 km apart were

acquired across the long axis of Lake Ellsworth (Figures 4,
5) [Woodward et al., 2010]. The ice base and lake bed reflec-
tions were identified and picked in all five of the processed
seismic profiles. By applying seismic velocities to the reflec-
tion picks and combining the product with surface GPS data,
reflector elevations were established. These data were gridded,
along with picked RES data where appropriate, to produce 3-
D surfaces of the ice-water interface, lake bed, and the water
column thickness (Figures 5c–5e) [Woodward et al., 2010].
The seismic data reveal that Lake Ellsworth has a broad,

generally U-shaped, lake bed morphology (Figure 5e). The
water column progressively increases down-lake (SE to
NW) from a maximum thickness of 52 ± 1.5 m on line A to
156 ± 1.5 m on line E (Figure 5d) [Woodward et al., 2010].
Based on the gridded data sets, the estimated volume of
Lake Ellsworth is 1.37 km3, although this figure is subject to
an error margin of ±0.2 km3 because of uncertainties in the
gridding of the lake’s bathymetry in the upstream and down-
stream parts of the lake beyond the end two seismic lines
[Woodward et al., 2010].

The 3-D numerical model Rombax [Thoma et al., 2007],
using the seismic and RES-derived gridded data sets as input
data, has been used to describe water circulation in Lake
Ellsworth and to evaluate the potential mass balance char-
acteristics of the overlying basal ice [Woodward et al., 2010].
This model assumes a closed hydrological system (i.e., no
water flows into or out of the lake); any melt input into the
lake is balanced by accretion ice formation elsewhere. The
modeling suggests that the ice-water interface in the up-
stream half of the lake is characterized by basal melting
(mean melt rate of 3.8 ± 0.7 cm yr�1). However, in the
downstream half of the lake, the model predicts basal freez-
ing and the development of a thin layer of accretion ice
(mean thickness of 12.5 ± 3.5 m) [Woodward et al., 2010].
At this stage, no evidence for accretion ice has been ob-
served in the RES data from Lake Ellsworth.
Because Lake Ellsworth is overlain by a range of ice

thicknesses (3280–2930 m) (Figure 3c), it is characterized
by an unusual thermodynamic regime [Woodward et al.,
2010]. The critical pressure ( pc) [Wüest and Carmack,
2000] occurs at the intersection between the freezing point
of water (Tf) and the temperature of maximum density
(Tmd) [Woodward et al., 2010]. When the overburden pres-
sure (ice and water) is greater than pc, warmed water will
rise through buoyancy, but when the overburden pressure is
less than pc, warmed water will tend to sink. Because the
critical pressure boundary intersects Lake Ellsworth [Wood-
ward et al., 2010] (Figure 5b), the water column straddles
two thermodynamic states with the potential for the devel-
opment of zones with distinct water circulation patterns
(convective or stratified). Modeling, however, suggests that
this does not occur. Driven by the steeply sloping ice-water
interface, water circulation occurs throughout the lake irre-
spective of the presence of the critical pressure boundary
[Woodward et al., 2010].
Preliminary analysis, using the seismic reflection data to

establish the acoustic impedance of the water-sediment in-
terface, suggests that the lake bed is composed of high-
porosity, low-density sediments [Smith et al., 2008]. These
sediments have acoustic properties very similar to material
found on the deep ocean floor, indicative of deposition in a
low-energy environment. Analysis suggests that this sedi-
mentary sequence is a minimum of 2 m thick.

Figure 3. (opposite) (a) RES data acquired around Lake Ellsworth. Black lines represent DELORES data; white lines represent British
Antarctic Survey and Centro de Estudios Cientificos 150 MHz data [Vaughan et al., 2007] also used in the gridding of ice thickness
and subglacial topography. RES line D7-5 (Figure 2) is indicated. Background layer is bed elevation (Figure 3d). (b) Ice sheet surface,
with contours at 5 m intervals. White dashed line shows approximate position of ice divide between Pine Island Glacier (to left) and
the Institute Ice Stream (to right). Black polygon is the outline of Lake Ellsworth. (c) Ice thickness, with contours at intervals of
200 m. (d) Subglacial topography, with contours at intervals of 200 m. Elevations in (a), (b), and (d) are all relative to WGS-84
ellipsoid. Ice flow across the lake is roughly right to left throughout Figure 3.
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4.3. GPS Measurements

During the 2007/2008 field season, four continuously re-
cording Global Positioning System (GPS) base stations were
deployed above, and in the vicinity of, Lake Ellsworth
[Woodward et al., 2010], with the primary role of monitoring
any tidal signal in the lake, determining the ice sheet flow
regime (velocity and direction), and for use as base stations
when processing kinematic GPS data (Figure 6a). Two of the
base stations (“offlake” and “midlake”) were reoccupied dur-
ing the 2008/2009 field season. Owing to proximity to the ice
divide, ice flow velocities around Lake Ellsworth are low
(<10 m yr�1). During the 2007/2008 season, measured ice
flow at the offlake base station, situated over relatively thin
(~1 km) ice beyond the limits of the lake, was 1.9 ± 0.1 m
yr�1. Measurements over the lake, where the ice was thicker
and subject to zero basal shear stresses, showed higher ve-
locities, between 4.5 ± 0.2 m yr�1 (“uplake” station) and
5.5 ± 0.1 m yr�1 (“lowlake” station) [Woodward et al., 2010].
In addition to these base station data, ice flow data were

also acquired from measurements of the positions of a
series of temporary stakes installed on the snow surface.
This “stake network” consisted of 58 aluminum poles
installed over the lake during the 2007/2008 field season
and 8 wooden stakes installed downstream of Lake Ells-
worth in January 2006. GPS measurements of all stakes
were made during both field seasons. From the measured
changes in the positions of the markers in the stake net-

work between the 2007/2008 and 2008/2009 field seasons,
the direction and rate of ice flow at the ice surface were
calculated. This has been used to produce a map of the
rate and direction of ice flow over the lake (Figure 6a).
The GPS data show that ice flow in the vicinity of Lake
Ellsworth is characterized by the following:

1. There is convergent ice flow over the lake as the ice
flows into the depression in the underlying topography.
Convergence is greatest at the top end of Lake Ellsworth,
with a noticeable decrease apparent down-lake. Data
from GPS stake lines D6 and D5 (Figure 6a) show a shift
from convergent flow (D10-D6) to a normal flow regime
(D5) near the downstream end of the lake.

2. Ice flow velocity increases down the length of the
lake (extensional flow). The measured rate of ice flow
over Lake Ellsworth increases linearly from 4.09 m yr�1

near the head of the lake to 5.98 m yr�1 at its downstream
end (Figure 6a). The maximum flow velocity measured was
6.60 m yr�1, some 4.5 km downstream of the lake.

3. Ice flow is faster over the central axis of the lake
(relative to other measurements in this survey). Rates of
flow decrease toward both lateral lake margins (GPS stake
lines D9 to D6) (Figure 6a).

4. There is westward rotation of ice flow in the lower
parts of, and downstream of, the lake. Comparison between
the GPS measurements in the area downstream of Lake
Ellsworth with the GPS data over the lake clearly shows a
pronounced local westward rotation of flow (Figure 6a).

Figure 4. Outline of Lake Ellsworth mapped from “lake-like” reflectors identified in RES (thin black lines) and seismic
data. Backdrop grid is subglacial topography with contour lines at 100 m intervals. White dashed lines represent acquired
seismic lines (labeled A–E). Black numbered circles mark the locations of GPS base stations over the lake (1, uplake; 2,
midlake; 3, lowlake). Elevations are relative to WGS-84 ellipsoid. Ice flow is roughly right to left.
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4.4. Ice Cores and Lake Geochemistry

Three shallow (<20 m) ice cores were recovered from the
ice sheet surface above Lake Ellsworth in the 2007/2008
field season. One core was analyzed in the field for measure-
ments of snow and firn density, whereas the other two were
returned to U.K. for laboratory analysis (one for oxygen
isotope-derived accumulation rates and the other for biogeo-
chemistry). A temperature of �31.9-C ±0.2-C was mea-
sured at a depth of 20 m at the base of one of these core
holes [Barrett et al., 2009].
Provisional geochemical data for the average composition

of firn and ice in the top 20 m of one of the recently acquired
surface ice cores from above Lake Ellsworth (n = 11) are

given in Table 1. The Lake Ellsworth Consortium [2007]
assumed that the chemistry of meteoric ice melt into Lake
Ellsworth is equivalent to that of the average chemistry
recorded in the Byrd Ice Core and used the ice core chem-
istry to calculate the expected chemistry of the lake waters
(Table 1). The near-surface ice core values from Lake Ells-
worth are higher in most species than the average chemistry
of the Byrd core, which may be a consequence of aeolian
inputs of crustal debris from the nearby Ellsworth Moun-
tains and factors such as proximity to sources of sea salt
aerosol and the relative amounts of sublimation of snow
prior to deposition. The provisional geochemical data from
the Lake Ellsworth ice core have been combined with the
revised dimensions of the lake [Woodward et al., 2010],

Figure 6. (a) Direction and rate of present-day ice flow from GPS measurements of a network of surface markers. Size of
arrows denotes rate of flow (larger arrows equal faster flow). Base image is the gridded ice flow velocity with contours at
10 cm yr�1 intervals. White circles mark the locations of GPS base stations over the lake (1, uplake; 2, midlake; 3, lowlake).
A fourth base station (off lake) was positioned 11 km northeast of the lake. (b) Surface accumulation (cm yr�1

ice equivalent) over Lake Ellsworth between 2008 and 2009. Black dots mark observation points.
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melt and accretion rates of 4 cm yr�1, and a residence time
of 2370 years to calculate revised values of inferred water
chemistry in the lake (Table 1). These figures suggest that
given closed conditions, the lake waters may be more sol-
ute-rich than first estimated, with overall solute concentra-
tions being comparable to basal meltwaters sampled to date
from beneath smaller warm- and polythermal-based glaciers
in the Northern Hemisphere [Skidmore et al., 2010]. It is
important to note that these calculations assume a closed
system with no input from basal meltwaters derived from
the subglacial hydrological catchment. Inflow of such water,
which Vaughan et al. [2007] suggested may be the dominant
input source for Lake Ellsworth, could alter the lake water
composition significantly. Under such a scenario, the chemi-
cal composition of the lake would be strongly influenced by
(1) any input of meltwater derived from sediment porewaters
with high solute concentrations [Skidmore et al., 2010]; (2)
the degree of stratification of the lake (particularly in relation
to how much denser solute-rich water may accumulate be-
neath the surface layer); and (3) the extent of mixing of inflow
with preexisting lake water.

4.5. Surface Accumulation

Surface accumulation (in m yr�1) in the vicinity of Lake
Ellsworth is relatively high, as demonstrated by the inability
of the 2007/2008 field party to locate 7 of the 15 wooden
stakes installed less than 2 years previously. Based on simple
vertical measurements of the position of the snow surface at
each of the 58 aluminum poles in 2007/2008 and 2008/
2009, a rough approximation of the spatial distribution of
accumulation around Lake Ellsworth has been established
(Figure 6b). Despite localized anomalies caused by the
heavily sastrugied snow surface, it is clear that the overall
trend is for decreasing accumulation over the lake in the
downstream direction (Figure 6b). Accumulation is generally
within a range of 0.25 to 0.38 m yr�1 ice equivalent upstream
of the lake’s midpoint and within a range of 0.12 to 0.25 m
yr�1 ice equivalent downstream of this point (Figure 6b).

4.6. Implications for Lake Access

The results of the geophysical investigations are critical
for determining the location best suited to access and direct
measurement of Lake Ellsworth. On the basis of the geo-
physical surveys and water circulation modeling, a preferred
lake access location (78-58.1′S 90-34.5′W) (Figure 5) has
now been established [Woodward et al., 2010]. This site has
been chosen because at this location, (1) the ice column
(~3155 m) is thin relative to the majority of the lake; (2) the
measured water depth is significant (~143 m), providing an
opportunity to acquire a comprehensive profile of the water
column; (3) more than 2 m of sediment is present on the lake
floor; (4) modeling suggests a melting ice-water interface;
(5) coring activities can target a deep point of the lake floor
(�1386 m), near to the depositional center of the lake (cor-
ing further downstream would occur on the upslope to the
lake margin); and (6) the sedimentation rate is likely lowest,
given it is distal from the likely input sources of sediment
upstream (the sediments are therefore likely to get older with
depth more rapidly than in other places, increasing the
chance of a longer record of ice sheet history, and are more
likely to contain an undisturbed, continuous sedimentary
sequence).
One factor that has important implications for the lake

access experiment is whether the lake is an open or closed
system. At this stage, the analyzed data do not allow us to
make unequivocal statements concerning this issue. So far,
however, no recognizable signal of ice sheet surface eleva-
tion change (indicative of subglacial water movement) has
been reported over Lake Ellsworth in studies using ICESat
data [Smith et al., 2009; Pritchard et al., 2009]. Although
small-scale ice surface elevation changes can be identified
within the GPS data, these are believed to lie within the
uncertainties associated with snowpack compaction, accu-
mulation, and base station movement. The lack of evidence
for significant (i.e., >1 m) changes in ice surface elevation
would tend to suggest that the lake is currently in hydrolog-
ical steady state, which is possible in either a closed or an

Table 1. Estimates of the Chemical Composition of Water in Lake Ellsworth Making the Simple Assumption That the Lake Is a Closed
System and That All Solute From Melting Meteoric Ice Accumulates in the Lakea

H+ pH Ca2+ Mg2+ Na+ K+ NH4
+ Cl� SO4

2� NO3
� HCO3

�

Average Byrd ice core 1.8 5.7 ~1.0 0.4 1.5 0.05 0.13 2.0 1.0 0.7 ~1.2
Provisional surface firn and ice concentrations NA NA 8.9 0.65 2.8 0.57 NA 5.3 1.4 0.83 ~8.2
Inferred Lake Ellsworth (from Byrd Core) 300 >3.52 170 68 250 8.5 <22 340 170 <120 ~200
Inferred Lake Ellsworth (from provisional surface data) NA NA 1500 110 470 96 NA 900 240 <140 ~1400

aEstimates are rounded to two significant figures and assume that the lake has been in existence for 400,000 years, with a residence time
of 2370 years. Units are µeq/L. NA, data are not available.
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open system configuration (input from melt of the overlying
ice and basal water flow is matched by accretion ice forma-
tion and/or outflow). Preliminary analysis of the geomor-
phology of the area immediately downstream of Lake
Ellsworth [Ross et al., 2009] indicates that a prominent
bedrock ridge impounds the lake. Such a feature is very likely
to inhibit water outflow, at least to some degree. However,
even if it is unable to exit the lake by overflow, subglacial
water could exploit groundwater pathways (e.g., fractures,
bedding planes, substrate permeability). Moreover, the gross
hydrology of the lake may well change during periods when
the ice sheet was thicker in this area (e.g., during the Last
Glacial Maximum); thicker ice increases the likelihood of an
open system so that an open system configuration may well
be the predominant, i.e., glacial state, configuration for Lake
Ellsworth.

5. PLANS FOR EXPLORATION

Direct access, measurement, and sampling of lake water
and sediment from Lake Ellsworth are planned for the
2012–2013 field season. The most effective means of ob-
taining rapid, clean access to Lake Ellsworth through more
than 3 km of overlying ice is by hot water drilling. Mea-
surement and sampling of the water column and the upper
lake bed sediments will be undertaken using a probe de-
ployed and instructed from the ice sheet surface. Once in the
lake, the probe will have the capability to directly measure
pressure, temperature, conductivity, oxygen concentration,
redox potential, acoustic velocity, and pH of the lake’s water
body. Underwater imagery will also be acquired, while the
lake floor will be mapped using a profiling sonar mounted
on the forward face of the probe; equipment for profiling the
underside of the ice is also under consideration. Sampling
will be initiated once the probe reaches the water-lake bed
interface. Here a narrow-diameter push corer on the tip of
the probe will sample a key target for microbiological life,
the first few centimeters of sediment below the lake floor.
The probe will then acquire lake water samples and filtrate at
various points through the water column as it is winched
back up to the access hole in the overlying ice. After retrieval
of the probe at the ice surface, the access hole will be used
to deploy the sediment corer. Current designs suggest that the
corer will be lowered to the sediment surface and ham-
mered into the sediment using a remote percussion hammer
operated from the surface. Anticipated penetration depths are
in the order of ~1 to 3 m, but this will be dependent on the
physical properties of the sediment (e.g., grain size and water
content).
Following recovery, water and sediment samples will ini-

tially be transferred to Rothera Research Station on Adelaide

Island, Antarctic Peninsula for preliminary analysis and
sample splitting. Water and sediment samples will then be
transferred to U.K. laboratories for analysis of their (1)
microbiology (lake water and sediment), (2) organic geo-
chemistry (lake water and sediment), (3) hydrogeochemistry
(lake water and sediment), and (4) sedimentology and
palaeoenvironmental reconstruction (sediment core only).
These laboratory analyses will be integrated with the direct
measurements of the lake’s water column (made by the
probe) to determine the biological, chemical, and physical
processes in the lake. The sediment core analyses will reveal
how environmental conditions in the lake have changed
through time, potentially providing important new informa-
tion regarding the glacial history of West Antarctica. The
exploration of Ellsworth Subglacial Lake may therefore pro-
duce profound scientific discoveries regarding both the life
in extreme environments and WAIS history.
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