
velocity breaks down, as is likely when there are large fluc-
tuations of slope from the mean or the ice is nonisothermal.
However, comparison with analytic solutions for linear
viscous fluid and solutions from the standard finite element
method show that this new method does give excellent
results in many circumstances. The program has been used
to study the response of a parallel sided model glacier to har-
monic perturbations of its upper surface, and has given new
insights concerning concepts of wave propagation and diffu-
sion in the theory of glacier variations (Langdon and Ray-
mond, in press).

A fourth program is being developed for analysis of defor-
mation of ice shelves. It uses constant strain triangular
elements, which approximate the behavior of a triangular
prism passing through the full depth of the ice shelf. It is
hoped this program will be useful for analysis of deforma-
tion data from Ross Ice Shelf.

This work is supported by National Science Foundation
grant Opp 75-23519. James Langdon and Raleigh Roark
have made important contributions to the progress of this
work. The first two programs and detailed descriptions of
them are available from the author now, and descriptions of
the latter two are in preparation.
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Investigations at dome C in the
austral summer of 1976-1977

ROBERT W. RISEBROUGH

Bodega Marine Laboratory
University of California

Bodega Bay, California 94923

Dome C(74°30 'S. 123°10 'E.) is one of three ice domes in
East Antarctica that have been named dome A, dome B,
and dome C. Radio-echo soundings (Robin, 1975) have

shown that dome C covers one of the world's thickest ac-
cumulations of ice, over 3,700 meters in depth (Scott Polar
Research Institute, 1974). The mean annual snow deposi-
tion is low: calculations by Lorius (1975) yield a value of 3.7
grams per square centimeter, or approximately 10 centi-
meters per year. Equivalent rates of deposition have been
reported by Soviet investigators at this latitude along a track
between Vostok and Mirnyy, to the west of dome C (Barkov,
1975). The thickness of the ice and the low rate of snow
deposition make this area of Antarctica one of, if not the
most, favorable sites in the world for the study of historical
changes in the chemical composition of snow. These changes
reflect past alterations in the chemistry of the atmosphere,
whether in the pre-industrial era, or over the past several
decades.

Thermonuclear explosions initiated pronounced global
changes in the chemical composition of the atmosphere and
of atmospheric fallout: at dome C levels of gross beta activity
rise sharply in the 1955 stratum (Lorius, 1975; Lorius, per-
sonal communication). This increase has also been observed
elsewhere in Antarctica (Picciotto and Wilgain, 1963;
Picciotto et al., 1964) and has been attributed to the Castle
series of thermonuclear tests undertaken in 1954. The detec-
tion of DDT and polychlorinated biphenyl (PCB) compounds
in antarctic snow and wildlife and the demonstration that
these organic pollutants could have reached the Antarctic
only through the atmosphere (Sladen et al., 1966;
Risebrough and Carmignani, 1972; Risebrough et at., 1976)
are further indications of recent changes in the chemical en-
vironment, not only of the antarctic atmosphere, but in the
entire world.

Initial studies at dome C were undertaken in the 1974-
1975 season by Lorius (1975) as part of the International
Antarctic Glaciological Project (see Antarctic Journal
X(2):51-55; X(4):200; and XI(1):36-37). Relief of that ex-
pedition on 15 January 1975 resulted in the disablement of
two LC-130 Hercules airplanes. Recovery operations were
undertaken in the 1975-1976 season and a base camp was
constructed at dome C. A third aircraft was damaged dur-
ing take-off in November 1975; recovery operations were
continued and completed the following year (see Antarctic
Journal X(2):61-62; X(6):323-324; XI( 1): 38-39;
XI(2):105-107).

During these two seasons, therefore, there was intense
human activity in the immediate vicinity of dome C. We
may assume that the chemical composition of the surface
snow was altered by the addition of traces of aircraft fuel, of
combustion products of both aircraft and fuel oil, and of
other chemical wastes such as the halocarbon propellants
from deodorant cans. Previously, we have demonstrated
elevated levels of PCB in surface snow approximately 1
kilometer from Palmer Station, most likely a result of com-
bustion of waste materials at the station in the past
(Risebrough et al., 1976).

Studies of cores from the Greenland ice sheet have
demonstrated changes in the atmospheric fluxes of lead and
mercury (Murozumi et at., 1969; Weiss et at., 1971), which
have been associated with changes in the global levels of
human technological activity. In our own studies of syn-
thetic organic compounds, we wish to approach such ques-
tions as these: (1) Is the transfer of DDT compounds to the sea
increasing in the Southern Hemisphere? (2) Are global en-
vironmental levels of PCB compounds now decreasing as a
result of restrictions on their use in the more industrialized
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countries? (3) What other synthetic organic compounds or
petroleum-derived materials are dispersed through the at-
mosphere? There are other questions that relate to global
fluxes of pollutants and past changes of these fluxes.

Levels of these organic compounds in snow, particularly
antarctic snow, are low, ranging from parts per quadrillion
(10- 15 gram per gram) to low parts per trillion (Risebrough
et at, 1976). The chances of sample contamination are very
high, either from past human activities in the vicinity of the
sampling site or from sampling and extraction operations.
The area about the South Pole is probably much too con-
taminated to permit such studies: it is much more likely that
pollutants originated from the nearby station rather than
distant sources many thousands of kilometers away. The
problem is universal: wherever we go, we bring and
disseminate our pollutants.

The strata at dome C that were deposited before 1975 and
after 1977 should contain only those pollutants that reach
the area from distant, global sources. Elevated levels, or the
presence of pollutants not detected in other strata, in snow
deposited in 1975-1977 would provide an indication of the
impact of local human activities. The low temperatures at
dome C further facilitate studies of the deposition of organic
compounds. These pollutants reach Antarctica in part
because they are volatile. Once deposited, levels in firn will
remain in equilibrium with those in the ambient atmo-
sphere, and the more volatile compounds would theoretical-
ly diffuse into other strata. The mean annual temperature
has been estimated by Lorius (1975) to be in the order of
- 53.5°C: the volatility of these compounds is therefore low,
and the chances are increased that once deposited in a
stratum, they will remain there.

Our party at dome C consisted of John Thackray, Peter
Millikin, Wayrnan Walker and myself. Thackray and
Millikin arrived on 25 December, shortly before the depar-
ture of the last of the disabled aircraft, successfully repaired,
for McMurdo. Walker and I arrived on 30 December. We
remained until 22 January.

Our sampling and extraction equipment had been ex-
haustively precleaned and tested for background levels of
contamination. The results of last year's effort may yet,
however, prove to be worthless. The interior of the aircraft
carrying much of our sampling equipment was sprayed with
DDT in Christchurch. The United States and many other
countries have given up the use of DDT for such purposes and
now employ nonpolluting pyrethrin mixtures for the
disinfection of aircraft. Although only the exterior of our
boxes and crates may have been affected, the chances of
subsequent sample contamination were significantly in-
creased. Sampling procedures in the field were altered to
detect such contamination, but at the present time the
analyses have not been completed.

Other difficulties were encountered. The interior of our
"clean hut" proved to be too cold for the passage of water
through the adsorbent columns. We then converted a por-
tion of a Jamesway hut into a laboratory, without knowing,

however, whether the samples would be contaminated by
the interior atmosphere. Other operations went well. With
"relative" ease, a trench was dug through approximately 50
years of deposition. Thirty samples containing in the order
of 100 kilograms or more of snow were melted and extracted
in situ for organic compounds. An additional 25 100-
kilogram samples were obtained for the determination of
plutonium isotopes, as well as polonium-210. Snow samples
were also obtained for measurements of gross beta activity.

We can envisage the creation of a permanent trench at
dome C, with markers in the walls labelling the years of
deposition. Successive investigators could then obtain sam-
ples of snow deposited over the past 50 years with a high
degree of certainty that a given year was actually being
sampled. We would thereby have access to a "museum" with
the chemical history of the Southern Hemisphere recorded
in its walls.

Our research was supported by National Science Founda-
tion grant DPP 75-23520.

References

Barkov, N.I. 1975. Snow accumulation along the Mirnyy-Vostok
profile, 1970 through 1973. Antarctic Journal of the U.S. X(2):
56-57.

Lorius, C. 1975. Glaciological studies at dome C. Antarctic Journal
of the U.S. X(4): 159.

Murozumi, M., T.J. Chow, and C. Patterson. 1969. Chemical con-
centrations of pollutant lead aerosols, terrestrial dusts and sea
salts in Greenland and Antarctic snow strata. Geochimzca et
CosmochimicaActa, 33: 1247-1294.

Picciotto, E., and S. Wilgain. 1963. Fission products in antarctic
snow, a reference level for measuring accumulation. Journal of
Geophysical Research. 68: 5965-5972.

Picciotto, E., G. Crozaz, and W. de Breuck. 1964. Rate of ac-
cumulation of snow at the South Pole as determined by radioac-
tive measurements. Nature 203(4943): 393-394.

Risebrough, R.W. and G.M. Carmignani. 1972. Chlorinated
hydrocarbons in antarctic birds. In: B.C. Parker, ed., Pro-
ceedings of the Colloquium, Conservation Problems in Antarc-
tica. Allen Press, Lawrence, Kansas. 63-78.

Risebrough, R.W., W. Walker II, T.T. Schmidt, B.W. de Lappe,
and C.W. Connors. 1976. Transfer of chlorinated biphenyls to
Antarctica. Nature, 264(5588): 738.739.

Robin, G. de Q. 1975. Radio-echo sounding of the antarctic ice
sheet. AntarcticJournal of the U.S. X(4): 157-159.

Scott Polar Research Institute. 1974. Ice sheet surface and sub-ice
relief,' 90°E-180°. Antarctica: Radio Echo Sounding Map Series
A. No. 3., Cambridge, Scott Polar Research Institute.

Sladen, W.J.L., C.M. Menzie, and W.L. Reichel. 1966. DDT
residues in adelie penguins and a crabeater seal from Antarctica.
Nature, 210: 670-673.

Weiss, H.V., M. Koide, and E.D. Goldberg. 1971. Mercury in a
Greenland ice sheet: evidence of recent input by man. Science,
174: 692-694..

132	 ANTARCTIC JOURNAL


