SURFACE ELEVATIONS ON THE LARSEN ICE SHELF
By R. G. B. RENNER

ABSTRACT. Ice-thickness profiles across the central part of the Larsen Ice Shelf were obtained from
several flight traverses using a radio echo-sounding technique. These profiles, together with depth
density relationships derived from other Antarctic ice shelves, were used to calculate surface elevations
on the Larsen Ice Shelf so that ground geophysical surveys in this area could be controlled more
accurately.

DURING the Antarctic summer of 1966-67 several experimental traverses were flown over the
Antarctic Peninsula by a British Antarctic Survey light aircraft carrying radio echo-sounding
equipment capable of recording ice-thickness profiles (Swithinbank, 1968). The equipment and
techniques, developed by the Scott Polar Research Institute, have been described elsewhere
(Evans, 1963, 1967; Evans and Robin, 1966). The equipment was operated by Dr. C. W. M.
Swithinbank and D. L. Petrie. both of the Scott Polar Research Institute. That part of the
radio echo-sounding survey which concerns the present work covered the Larsen Ice Shelf on
the east coast of the Antarctic Peninsula between lat. 66 and 68°50'S.

The main interest in the ice-thickness measurements arose from the need for surface eleva-
tions of the Larsen Ice Shelf so that ground geophysical surveys, employing gravity and
magnetic methods, could be controlled more accurately. In addition, it would provide limiting
factors to any geophysical interpretation involving ice depths and sub-surface topographical
variations.

Previous to the application of this new technique of radio echo-sounding, glaciological work
on the Larsen lce Shelf had been restricted to a few subjective surface-elevation estimates
(Mason, 1950: Fleet, 1965; Kennett, 1965) because of the many difficulties involved in such
field determinations. These estimates had neither the control nor were there a sufficient
number to be of real significance for geophysical purposes. Kennett (1966) used gravity
anomalies from the geophysical traverses to determine ice-shelf thicknesses, assuming grounded
ice models and supplementing this, where field evidence suggested a floating ice shelf, with
depth estimates using the relationship suggested by Thiel and Ostenso (1961).

With the radio echo-sounder in full operation over the Larsen Ice Shelf, continuous profiles
were recorded showing the upper and lower boundaries of the ice shelf. Conversion of the
profile values to ice-shelf thicknesses (in metres) was by a simple scaling factor. Where the
quality of the profile records permitted, ice thicknesses were calculated at regular intervals,
but in some areas interference was observed on the profiles and this was possibly due to side
reflections from adjacent rock exposures, sub-surface discontinuities or to very irregular
surface relief on the ice shelf itself. In such instances only the more definite reflections were
used, the others being ignored. To the total ice-thickness values obtained, a further 9 m. was
added to allow for the surface high-velocity layer (personal communication from Dr. G. de Q.

obin), and the results are shown in Fig. 1. The ice thicknesses are estimated to have an

d&lccuracy of +20 m. During the flights additional visual observations and fixes were recorded
for navigational purposes, and these were also plotted on the base maps. (All flight records are
kept at the Scott Polar Research Institute.)

CALCULATION OF SURFACE ELEVATION FROM TOTAL ICE THICKNESS

All of the records for the Larsen Ice Shelf indicate that the ice is floating, and therefore the
relationship between surface elevation (4) and total ice thickness (H) can be represented by

s (D

where py is the density of sea-water and p; is the density of ice below the compaction zone.

The boundary between grounded ice and floating ice appears to follow closely the coastal
outline shown on the base maps of the area (personal communication from Dr. C. W. M.
Swithinbank).
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Below a depth of about 100 m., depth-density profiles in general tend to show that ice
densities approach their maximum level, hence equation (1) is applicable. However, from 0 to
100 m. there is an increase in density with depth and some allowance should be made for this
in the calculation of surface elevations. Robin (1958) has given a figure of 16 m. which should
be added to the estimated thicknesses of Antarctic ice shelves to compensate for the low-
density surface layers. It was because of the variable surface density that two methods of
estimating the surface elevation were used on the Larsen Ice Shelf. Direct methods could not
be used as no density values were available, so density data were sought from other Antarctic
ice-shelf investigations.

In the first method, the relationship of surface elevation to total thickness was plotted
(Fig. 2), using data from other ice shelves. From these a mean curve was calculated (Fig. 6,
curve 2).

In the second method, a more specific estimate of thickness for the Larsen Ice Shelf was
derived, and this incorporated the use of variable densities in the surface layers. For an ice
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Fig. 2. Estimates of the relationship between surface elevation and total thickness for a floating ice shelf.
1. General case (Bentley, 1964); 1A. Skelton Inlet, p = 0-9 g./em.?, values extrapolated (Crary, 1966);
2. Amery Ice Shelf, p — 0-88 g./cm.* (Budd, 1966); 3. Amery Ice Shelf, p — 0-85 g./fcm.* (Budd, 1966);
4. Ross Ice Shelf (Thiel and Ostenso, 1961); 5. Ross Ice Shelf (Crary and others, 1962); 6. ““Little America”
station, p — 0-87 g./cm.? (Crary, 1961): 7. Skelton Inlet (Crary, 1966); 8. Maudheim Ice Shelf (Robin,
1958).
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of the Larsen Ice Shelf (January-February 1967), showing the station positions. The contours are at 50 m. intervals.
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Fig. 1. Total-thickness contour map
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Fig. 3. An ice body in hydrostatic equilibrium, exhibiting variable surface density. H, total thickness; A, height
above sea-level; X, depth of variable density; pw, density of sea-water; pj, density of ice below the compac-
tion zone; px, mean density of ice above the compaction zone,
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Fig. 4. Density changes of firn with depth.
1. Skelton Inlet, extrapolated (Crary, 1966); 2. Ross Ice Shelf, representative value (Crary and others,
1962); 3. Maudheim Ice Shelf (Schytt, 1958); 4. S.I.P.R.E. deep bore hole at “Little America™ station
(Crary, 1961); 5. ““Little America™ station (Crary, 1961); 6. Mean from results for the Ross Ice Shelf.
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shelf in hydrostatic equilibrium, the change in surface elevation with total thickness, in-
corporating an allowance for near-surface low densities (Fig. 3), can be represented by

h H(] £ x(‘”— p) (2)
pw, P
where /i is the surface elevation, H the total thickness, pw the density of sea-water, p; the
density of ice, X the thickness with variable density, p. the mean density for depth X.

Dr. Swithinbank (personal communication) has suggested that climatological factors
affecting the Larsen Ice Shelf would give it a depth-density profile within the limits of those
(Fig. 4) accorded to Skelton Inlet and the Ross Ice Shelf. A mean value (Fig. 4, curve 6) was
taken for the Ross Ice Shelf, while curve 1 in Fig. 4 represented Skelton Inlet (Crary, 1966,
extrapolation to 100 m.). An average density of 0-92 g./cm.? has been given by Crary (1966)
for depths below 80 m. in Skelton Inlet, but for dcpths below 100 m. on the Ross Ice Shelf a
density of 0-9 g./cm.? has been estimated. Curve 1 in Fig. 4 was used to calculate the mean
density for 0-80 m. in Skelton Inlet, and curve 6 in Fig. 4 was used for 0-100 m. on the Ross
Ice Shelf; density values of 0-82 and 0-76 g./cm.?3, respectively, were obtained.
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Fig. 5. Change in surface elevation with total thickness for a floating ice shelf.
1. Skelton Inlet; 0-80 m., p = 0-82 g./em.*; below 80 m., p — 0:92 g./cm.® (Crary, 1966); 2. Mean for
Ross Ice Shelf; 0-100 m., p — 0-76 g./cm.?%; behm 100 m., p = 0:90 g./cm.*; 3. Mean of 1 and 2 above.
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By substituting these values in equation (2), the variation in surface elevation with total
thickness was calculated, and the results are shown in Fig. 5. The estimate for the Larsen Ice
Shelf was assumed to be midway between these two parameters (Fig. 5, curve 3).

Curve 3 in Fig. 5 is reproduced as curve | in Fig. 6 so that a direct comparison can be made
between the two methods used for the surface-elevation calculations on the Larsen Ice Shelf.
Curve 1 in Fig. 6, which can be represented by

H
I g3 1 10, 3)

was used to derive the surface elevations from which Fig. 7 was drawn. Equation (3) can be
3 : H : 2 .
compared with the equation (4 10 10 derived by Robin (1958) for the Maudheim Ice
Shelf. Provided the assumptions made are correct, the elevations calculated are accurate to
-3 m. Allowing for an error of -0-015 g./cm.3 in ice density for the Larsen Ice Shelf, which
would place it at approximately the limiting density values suggested, i.e. those of Skelton Inlet

or the Ross Ice Shelf, the error in the surface elevation would be +4-10 m. Fig. 8 shows sections
drawn across the Larsen Ice Shelf to illustrate the thickening of the ice shelf within the inlets.
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Fig. 6. Comparison of the methods used to estimate the surface elevation of the Larsen Ice Shelf.
l. Mean from Fig. 5; 2. Mean from Fig. 2.




Locality

Mobiloil Inlet

Mobiloil Inlet

Mobiloil Inlet
Solberg Inlet
Solberg Inlet
Trail Inlet
Three Slice Nunatak
Seligman Inlet
Mill Inlet
Adie Inlet
Adie Inlet
Adie Inlet
Adie Inlet

TaBLE I. COMPARISON OF SURFACE-ELEVATION ESTIMATES FOR THE LARSEN ICE SHELE

Position

lat. S. long. W.

68733 657217
68732’ 65°16°
68°29-5" 65703
68716 65°09°

68°12-5°

wn
=
&
n
o

68708 65°42°

68°01-5 64°59"

67°42 65°17
67°00 647307
66°18 62°45
66716 62°42°
66715 62°36"
66°14’ 62°39’

Surface elevations
(m. a.s.l.)

Freeman (1963);* Mason (1950); Forster and Gibbs (1963);* = Kennett (1965);

surveyed in surveyed in surveyed in surveyed in
1946 1947-48 195861 1963-64
. 7 N 90_ y -
82
85
122
113
110
110
110
91-122
79
102
75
89

* Directorate of Overseas Surveys, 1963, D.O.S. 610, sheet W6864, 1 : 200,000

This paper; from a
survey by
Swithinbank in 1967 |

95
90
85
65-70
60
95-100
75-80
80
65-70
78
85
85

90
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Fig. 7. Surface-clevation contour map of the Larsen Ice Shelf, showing the lines of section illustrated in Fig. 8. The contours are at 5 m. intervals.
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Fig. 8. Sections through the Larsen Ice Shelf along the lines shown in Fig. 7. Rock is hatched and ice is stippled.
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Discussion OF RESULTS

Previous estimates of surface elevations on the Larsen Ice Shelf are given in Table I, where
they are compared with values interpolated from the present work. The earlier estimates based
on barometric traverses were subject to both regional and local atmospheric changes, accurate
records of which are not available for the Larsen Ice Shelf. Kennett (1965) calculated that
pressure variations accounted for a maximum error of -+ 20 m. in his elevation values. Super-
imposed upon the regional trend of surface-elevation contours (Fig. 7) are local irregularities
in the form of surface undulations of the ice shelf. These features, which are particularly
common in the Three Slice Nunatak area, may have amplitudes of the order of 30 m., but
they have remained undetected by both the radio echo-sounding and barometric methods.
Despite the inaccuracies involved, the values determined by Kennett (1965) at seven localities
on the Larsen Ice Shelf by a barometric method show a mean deviation of only 9 m. from
the estimates derived by the radio echo-sounding method. However, the advantages of the
latter method greatly outweigh those of the barometric traverses over such an area as the
Larsen Ice Shelf, not only in greater overall accuracy but particularly in the speed of surveying
the area.

ACKNOWLEDGEMENTS

The author wishes to thank Dr. C. W. M. Swithinbank of the Scott Polar Research Institute,
Cambridge, for his co-operation in allowing access to unpublished radio echo-sounding data
and in the presentation of the results. My thanks are also due to Dr. R. J. Adie for his advice
on the preparation of the paper.

MS. received | March 1968

REFERENCES
BENTLEY, C. R. 1964. The structure of Antarctica and its ice cover. (/n OpisHAW, H., ed. Research in geophysics
Vol. 2. Solid earth and interface phenomena, Cambridge, Mass., The M.LT. Press, 335-89.)
Bupp, W. 1966. The dynamics of the Amery Ice Shelf. J. Glaciol., 6, No. 45, 335-58,
CRARY, A. P. 1961. Glaciological studies at Little America station, Antarctica, 1957 and 1958. IG Y Glaciol.
Rep., No. 5, 197 pp.
—. 1966. Mechanism for fiord formation indicated by studies of an ice-covered inlet. Geol. Soc. Am
Bull., 77, No. 9, 911-29.
—., Rosinson, E. S., BEnnerT, H. F. and W. W. Boyp. 1962. Glaciological studies of the Ross Ice Shelf,
Antarctica, 1957-1960. IG Y Glaciol. Rep., No. 6, 193 pp.
Evans, S. 1963. Radio techniques for the measurement of ice thickness. Polar Rec., 11, No. 73, 406-10.
—. 1967. Progress report on radio echo sounding. Polar Rec., 13, No. 85, 413-20.
— . and G. pE Q. RoBIN. 1966. Glacier depth-sounding from the air. Nature, Lond., 210, No. 5039,
883-85.
FLEET, M. 1965. The occurrence of rifts in the Larsen Ice Shelf near Cape Disappointment. British Antarctic
Survey Bulletin, No. 6, 63-66.
KENNETT, P. 1965. Use of aneroid barometers for height determinations on the Larsen Ice Shelf. British
Antarctic Survey Bulletin, No. 7, 77-80,
———. 1966. Reconnaissance gravity and magnetic surveys of part of the Larsen Ice Shelf and adjacent
mainland. British Antarctic Survey Bulletin, No. 8, 49-62.
Mason, D. 1950. The Larsen shelf ice. J. Glaciol., 1, No. 8, 409-13.
RosiN, G. DE Q. 1958, Glaciology. I11. Seismic shooting and related investigations. Norw.-Br.-Swed. Antarct.
Exped., Scient. Results, 5, 3-134.
ScHYTT, V. 1958. Glaciology. I1. The inner structure of the ice shelf at Maudheim as shown by core drilling.
Norw.-Br.-Swed. Antarct. Exped., Scient. Results, 4C, 113-51.
SwiTHINBANK, C. 1968. Radio echo sounding of Antarctic glaciers from light aircraft. Gen. Assembly int. Un.
Geod. Geophys., Berne, 1967. Int. Assoc. sci. Hydrol., 405-14,
ThieL, E. and N. A. OstEnso. 1961, The contact of the Ross Ice Shelf with the continental ice sheet, Antarctica.
J. Glaciol., 3, No. 29, 823-32,






