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The ice-free valleys of southern Victoria Land, Antarctica,
contain several closed basins in which perennially ice-covered
lakes are found. One of the most unusual features of these ice-
covered lakes is the occurrence of supersaturated oxygen con-
centrations in the water column; concentrations ranging from
slightly over saturation to values of over 400 percent have been
reported (Parker et al. 1981, 1982; Wharton et al. 1986). To
explain quantitatively the high oxygen concentrations in these
lakes, we have developed a bulk oxygen budget for Lake Hoare
(Wharton et al. 1986). This budget shows that there are two
primary net sources of oxygen. These are a biological source
resulting from the burial of organic carbon in the sediments on
the lake bottom and a physical source resulting from gases
carried into the lake by the aerated meltstream and forced into
the water column when the water freezes to the bottom of the ice
cover.

Sedimentary materials play a key role in controlling these
oxygen-production mechanisms, both in terms of sand in the
ice cover and in the burial of reduced carbon on the lake bottom.
Inorganic sediment deposited on the surface of the lake, pri-

marily as sand, causes localized radiative heating and increased
surface relief, effects that will increase ablation resulting in a
thinner ice cover (McKay et al. 1985) and alter the steady-state
oxygen equilibrium (Wharton et al. 1986). Changes in the thick-
ness and structural integrity of the ice cover should correlate
with changes in the rate of inorganic sedimentation on the lake
bottom. Rapid burial rates due to increased deposition of sand
may suppress remineralization of organic detritus resulting in
an increased net biological oxygen production.

In our effort to understand the dynamics of these processes,
we have been studying the sand/ice interactions and analyzing
sediments from the lake bottom. In this paper, we present
preliminary results of observations and experiments conducted
during the 1985-1986 austral summer at Lake Hoare, southern
Victoria Land, Antarctica. We also discuss changes in Lake
Hoare's ice cover (thickness and morphology) between 1983
and 1986. We propose a conceptual model which relates sand
loading on the ice cover surface to the observed variations in the
ice cover on Lake Hoare.

Lake Hoare (77°38'S 162°53E) is at the eastern end of Taylor
Valley in southern Victoria Land. The figure presents a
bathymetry map of Lake Hoare. The perennial ice cover of Lake
Hoare overlies water at a temperature of about 0°C. Less than 1
percent of the incident photosynthetically active radiation
(400-700 nanometers wavelength) penetrates the ice cover (Par-
ker et al. 1982; Palmisano and Simmons 1987). The ice cover also
prevents wind-generated mixing and greatly restricts exchange
of gases with the atmosphere. The lack of mixing results in a
perpetually stratified water column which is anoxic below 26
meters. Along the margins of the ice cover is a region of annual
ice which melts most summers, creating a moat about 5 meters
wide which is relatively well mixed by frequent winds. The lake
receives both water and sediment from glacial meltstreams and
from nearby Lake Chad during the austral summer; lacking
outfiowing streams, it loses its water primarily by ablation and
sublimation at the surface of the ice cover and evaporation from
the moat.

During the 1985-1986 austral summer sediment traps (de-
ployed in December 1982 and January 1983) were removed from
sites near 1981-1982 dive holes (DH) 1, 2 (see figure), 1980-1981
dive hole 3, and a dive hole (glacier hole GHI) located near
the 20 meter contour approximately 10 meters from the snout of
Canada Glacier. A trap consists of an aluminum funnel (top
diameter of 45 centimeters and 47 centimeters deep) attached to
a 4-liter Nalgene plastic bottle. The traps are placed in metal
stands with the upper surface of the funnel approximately 2
meters above the lake bottom. Three identical traps were placed
at each site approximately 1 meter apart and 10 meters away
from the dive hole.

Ice thickness measurements and observations of the stratigra-
phy and morphology of the lake ice cover were made while
melting the dive holes (Love et al. 1982). Key observations
included location and thickness of sand layers, stratigraphy of
gas bubbles, the presence of vertical cracks, and water flow
within the ice cover.

Samples collected from the lake shore, the Canada Glacier
meltstream, surface of the ice cover, within the ice cover, and
lake bottom during the 1980-1981 and 1984-1985 field seasons
were analyzed for their grain-size distribution, mineralogy, and
microscopic texture. Additional samples were collected from
these environments during the 1985-1986 field season.

Sediment trap data for Lake Hoare is presented in the table.
Traps from DH1 showed a sedimentation rate of 4.11 milligrams
per square centimeter per year. Sediment traps from DH2 and
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Bathymetric map of Lake Hoare, Antarctica, from soundings taken in January 1981 (reprinted from Wharton et al. 1986). Lake Hoare is 58 meters
above sea level, 4.1 kilometers long, 1.0 kilometer wide, and has a surface area 011.8 square kilometers, a maximum depth of 34 meters, and a
mean depth of 11 meters. ("m" denotes "meter:' "km" denotes "kilometer:')

DH4 averaged 3.76 and 2.87 milligrams per square centimeter
per year, respectively. It is interesting that one trap from each of
these two sites contained significantly more sediment than the
other traps from the same site. Traps from GHI contained a
substantial quantity of sediment and had a mean sedimentation
rate of 142 milligrams per square centimeter per year. The sedi-
ment from traps at GH1 were predominantly coarse sand, while
farther away from the glacier at Dl-13, both coarse sand and finer,
silty material were collected. In DH1 and DH2, which were
closer to the shoreline, the traps collected silt and clay-sized
particles.

Several interesting changes in Lake Hoare's ice cover oc-
curred between January 1983 and October 1985. These include:
a general thinning of the ice cover from approximately 5 to 3
meters; the continued thinning of the ice cover from October
1985(3 meters) to January 1986(2.5 meters); and the observation
of vertical cracks within the ice cover.

Sediment from the Canada Glacier meltstream, a sand bank at
the eastern end of the lake, the lake shoreline, the lake bottom,
and the ice cover had fairly uniform mineralogies. However,
grain-size distribution analyses showed that sediment from the
lake bottom was most similar to sediments on or in the ice cover
and different from samples from the lake shoreline and from
the Canada Glacier meltstream.

Several observations made during the 1985-1986 field season
lead us to suggest that major changes are occurring to Lake
Hoare's ice cover (when compared to similar observations made
during the 1978-1982 austral summers). The most important of

these observations includes a thinning of the ice from 5 to 3
meters (between 1983 and 1985) and the development of vertical
cracks within the ice cover.

We now develop a conceptual model which incorporates
these observations and relates sand loading on the ice cover
surface to the observed variations in the ice cover on Lake
Hoare.

A small dark sand particle on the surface of the ice or embed-
ded in the ice cover absorbs sunlight. If the heating rate is
sufficient to raise the surface temperature of the particle above
the melting point, the particle will sink through the ice cover.
Since the particles are very small compared to the thickness of
the ice cover, the particle surface temperature can be deter-
mined by the spherically symmetric heat equation:

F(1 - w)-Tr'	4'irrK AT

where F is the radiation field in the ice cover averaged over the
upward and downward directions (including scattered light),
is the single scattering albedo of the particle (w equals approx-
imately 0.2), r is the radius of the particle, K is the thermal
conductivity of the ice (at - 1°C,K is approximately 2.3 watts
Kms' per meter), and A T is the difference between the tem-
perature of the particle surface and the temperature of the ice at
the depth of the particle. From the measurements of Palmisano
and Simmons (1987), we have determined that the maximum
radiation (at noon on summer solstice) is given approximately
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Sediment trap data for Lake Hoare, southern Victoria Land, Antarctica

Sedimentation rate
Date deployed
	

Date removed
	

Dry mass
	 (in milligrams per square

Sample 	 (month-day-year)
	

(month-day-year)
	

(in grams)
	 centimeter per year)

a Refer to figure for the location of sample sites: DH1 and DH2 denote 1980-1981 dive holes 1 and 2; DH3 denotes 1980-1981 dive hole 3; GH1 denotes a
dive hole located near the 20 meters contour approximately 10 meters from the western snout of Canada Glacier.

b Samples were freeze-dried under vacuum and weighed.

as F equals approximately 1.5Sems&ppk&ppz where z is
depth into the ice and k equals approximately 0.9 per meter is an
equivalent absorption coefficient which includes scattering.
The incident solar flux, S o, at solstice noon is approximately 500
watts per square meter. Using these results it can be shown that
in order to melt through ice that is only 10 below freezing
requires a particle of 1.5-centimeter radius at the surface, 3.8
centimeters at a depth of 1 meter, and 9.3 centimeters at a depth
of 2 meters. Melting through colder ice requires even larger
particles. Hence the sand particles, which have radii much less
than 1 centimeter, will not melt through the ice cover and are
carried into the ice cover by surface meltwater percolation dur-
ing the austral summer.

Based on the observations and theoretical considerations of
sand movement, we propose the following model. The nature
of the interaction between the sand and the ice cover can be
illustrated by considering a time course of sand accumulation.
The stages in the time course are: (1) clean ice, (2) subsurface
melting, (3) surface ponding, and (4) instability and dumping.

1. Clean-ice. Initially, when the amount of sand in the ice
cover is small, the ice is relatively stable and uniform. In addi-
tion, its thickness is dependent on the mean annual tem-
perature and ablation rate. Based on the results of McKay et al.
(1985), this clean-ice thickness is about 3.3 meters for Lake
Hoare. As sand accumulates onto the ice it is initially collected at
a depth of 0.5 to 1.0 meter in the ice cover due to summer
surface meltwater percolation.

2. Subsurface melting. As the sand lens at 1 meter depth
grows, it becomes a significant absorber of radiation and a
strong local heat source. This results in melting of the ice at the
depth of the sand layer mobilizing the sand. The attenuation of
the sunlight results in a thickening of the ice cover: for a 10
percent sand absorptivity the thickness becomes 4.2 meters
(McKay et al. 1985).

3. Surface ponding. As the sand continues to accumulate and
is carried about the ice cover as a result of meltwater movement,
strong local concentrations of sand are set up beneath the ice.
These sand lenses cause complete melting of the ice above
them, forming surficial ponds. During the winter these ponds
freeze forming resistant pedestals with sand at their base that
protrude above the ice surface during the next summer. As the
pedestals are worn down by ablation, the sand is carried to
newly formed ponds and the process repeats itself. This pond/
pedestal topography greatly increases the ablation rate of ice
from the ice cover because of two effects: an increase in relief
and the presence of warm surficial ponds. The result of an
increase in the ablation rate is a thinning of the ice cover (McKay
et al. 1985).

4. Instability and dumping. The cycle can be reinitialized by the
loss of sand from the ice cover. Two separate mechanisms could
accomplish this: thinning of the ice cover due to changes in
mean annual temperature and/or annual ablation rate; or in-
stability of the sand/ice interaction. As the ice thins and the
pond/pedestal relief grows to scales comparable to the ice thick-
ness, it would be possible for the ponds to melt through or
honeycomb the ice cover. In addition, the appearance of large
vertical cracks in the ice cover might aid meltwater percolation
and the transport of sand through the ice cover. Through these
mechanisms sand would be dumped into the lake water and
could result in an essentially clean ice cover, starting the cycle
over again.

It is possible that the transition from the relatively smooth ice
surface conditions observed in 1983 to the unstable conditions
observed in 1986 reflect the transition from stage 2 to stage 3. If
this is correct and the model presented here is valid, then we
predict that in the next few years there will be further instability
in Lake Hoare's ice cover leading ultimately to the dumping of a
significant fraction of the ice-cover sand load (stage 4). The

1987 REVIEW	 239



episodic deposition of sediment predicted by this model is
consistent with the uneven sedimentation rates determined
from cores in Lake Vanda by Lyons et at. (1985).

The cycle outlined above would be modified if there were
changes in the local climatic conditions. However, the thickness
of the ice cover would tend to average out variations on time-
scales of a few years or less.

An interesting aspect of sediment deposition in antarctic
lakes is its impact on the formation of stromatolites. Several
types of stromatolites are forming in the antarctic lakes as a
result of sediment trapping and binding by benthic microbial
mats (Parker et al. 1981; Wharton et al. 1982, 1983). If the sand/
ice scenario presented above is valid, then it may be possible to
use information contained in the antarctic stromatolites to make
inferences about local climate in the southern Victoria Land dry
valleys over the past 100,000 years.

Another interesting feature of the antarctic lakes is their pos-
sible relevance as analogs to ice-covered lakes which may have
existed on the primordial Mars (McKay et al. 1985; Nedell 1986).
The equatorial canyons of Mars, the Valles Marineris, contain
sedimentary deposits exhibiting rhythmic horizontal layering
suggesting a lacustrine origin (Nedell and Squyres 1984; Nedell
1986). These paleolake sediments may hold clues to the early
martian environment (which was warmer than the present
Mars) and the possible origin of life on Mars. As in Antarctica,
sand/ice interactions may have partially determined the be-
havior of the martian paleolakes.

We wish to thank Cot. Linton Leary for invaluable field assist-
ance. This research was supported by National Science Founda-
tion grant DPP 84-16340 and National Aeronautics and Space
Administration grants NCA2-2 and NCA2-1R675-402.
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Antarctic cryptoendolithic microbial
ecosystem research, 1986-1987
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The apparent lifelessness of the Ross Desert* is in marked
contrast to the diversity of cryptoendolithic microorganisms
inhabiting the interstices of sandstone rocks. The endolithic
habitat provides a protective niche for lichens, bacteria, algae,
and fungi, enabling them to exist in an extremely dry and cold
climate. Composed solely of microorganisms living under the
surface of rocks and totally lacking animals and protozoa, this

*Ross Desert" refers to the desert areas of southern Victoria Land and
extends mostly, but not exclusively, to the area of the McMurdo dry
valleys.

ecosystem is controlled by measurable physical variables and
well suited for ecosystem study and modeling. The work of the
antarctic cryptoendolithic microbial ecosystem research group
has involved physical measurements of nanoclimate (microbial
environment inside rocks) (Friedmann, McKay, and Nienow
1987), taxonomy (Darling, Friedmann, and Broady 1987; Hale
1987), microdistributjon, organism-substrate interactions in-
cluding the ongoing process of fossilization (Friedmann and
Weed 1987), physiological ecology, and quantification of the
nitrogen economy.

This past season, field camps were established on Linnaeus
Terrace (Asgard Range) and on Battleship Promontory (Convoy
Range). On Battleship Promontory, extensive and diverse cryp-
toendolithic cyanobacterial communities exist, which show a
vertical zonation of organisms similar to that known to occur in
lichen-dominated communities (Friedmann, Hua, and Ocam-
po-Friedmann in press) that had been described earlier (Fried-
mann 1982). The reason for this diversity in cryptoendolithic
communities may lie in physical factors. Therefore, a Campbell
21X datalogger was used to measure rock conductivities (indica-
tive of water) and temperatures across a lichen/cyanobacterial
transition zone. These data are being compared to Linnaeus
Terrace recordings where lichen communities predominate.

This past year's field work has seen the fruition of several
long-range projects. Eight temperature-clocks, placed 2 years
ago on Mount Fleming, University Valley, and Mount Lister,
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