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Finite element calculation of ice
deformation

CHARLES RAYMOND

Geophysics Program
University of Washington

Seattle, Washington 98195

This report describes 'progress on the development of
finite element computer programs for the calculation of
deformation of ice masses. Four types of programs have
been developed or are under development (table).

The first program is designed for analysis of rectilinear
flow, in which the flow velocity varies in a plane transverse

to the flow direction, but not along the flow direction. The
transverse section of a glacier is partitioned into triangular
"elements," and it is assumed that the strain rate is constant
within each element. The primary purpose is for analysis of
drag from the valley sides in glaciers or from laterally un-
dulating subglacial topography in ice sheets. It has been
used to analyse flow in seismicly measured cross sections of
Variegated Glacier (Alaska), as an aid in understanding the
dynamics of this surge-type glacier (Bindschadler and
others, 1975, 1977). Also, it has been used to analyse the ef-
fect of sliding velocity distribution on the pattern of surface
velocity in order to illuminate the potentialities and pitfalls
of calculating basal sliding rate from surface velocity
measurements (in preparation).

The second program is designed for analysis of plane
strain-rate flow, in which velocity varies with depth and
longitudinally, but not laterally. The longitudinal profile is
partitioned into quadrilateral elements suitable for planar
deformation of incompressible material (Nagtegaal and
others, 1974). The primary purpose is for analysis of situa-
tions where longitudinal velocity gradients are of major im-
portance such as near termini, ice falls, or places of
longitudinally undulating surface and bed topography. It
has been used by us or others for these types of problems
(Hooke, unpublished; Raymond, unpublished). A fine sub-
division into elements leading to a correspondingly large
number of velocity component and pressure unknowns is
necessary to get good results in most cases. Although the
solution method is practical for many problems, it has the
disadvantage that substantial amounts of computer core
and execution time are needed.

To overcome this disadvantage a third program was
developed for plane strain-rate flow. In this method a
glacier profile is partitioned into special, full-depth, glacier
"elements" by parallel lines perpendicular to the mean sur-
face slope. The shape of the depth profile of velocity is
assumed to be the same as for "laminar flow" of Nye (1952),
but the actual velocity magnitude is allowed to vary
longitudinally with a fifth order polynominal dependence
within each element. Only a small number of elements and
degrees of freedom are needed to describe a pointwise in-
compressible and continuous strain-rate field for a complete
glacier profile, which yields a great advantage in efficiency
in comparison to the more standard method of the second
program type. However, it does have its own disadvantages.
The most important is that it will not give good results when
the assumption about the shape of the depth profile of

Computer programs for calculation of deformation of ice masses.

Possible	 Method for
Application	 Element type	 Flow law	boundary conditions	nonlinear equations

Glacier - rectilinear flow

Glacier--planar deformation
Glacier-- planar deformation
Ice shelf— depth

independent deformation

Constant strain triangle
Quadrilateral

Full depth

Constant strain triangle

Power lawa
Power lawa

Power lawb

Power lawa

1.2.3.4,5
1,2.3.4.6
1,2.6

2, 3

Newton-Raphson
Newton-Raphson
Successive approx.

Successive approx.

Boundary condition types: (1) No slip. (2) Stress free. (3) Specified boundar y velocity distribution. (4) Specified boundary stress distribution.
(5) Relationship between slip velocity and boundary stress. (6) Periodic boundary condition.
aparameters may vary from element to element
bparameters must be constant throughout the glacier.
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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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