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ABSTRACT

OBSERVATIONS made during 1966-68 along a 70 km. flow line on the Brunt Ice Shelf are used to show
that an average of 1 m. of ice is melted each year from beneath the ice shelf. Appreciable bottom melting
occurs at all points along the flow line. Within the limits of observing errors, ice drainage into the ice
shelf is found to balance surface accumulation over the catchment area. Particle trajectories indicate that
snow falling at the hinge line takes about 190 yr. to reach the ice front and that, because of bottom
melting, none of the snow falling at distances greater than 5 km. inland from the hinge line ever reaches
the ice front. The high melting rates calculated at all points beneath the Brunt Ice Shelf suggest that
bottom melting may be more widespread than previously suspected.

The behaviour of the Brunt Ice Shelf is largely influenced by the rapidly moving “Dalgliesh Ice Stream”
which supplies the northern part of the ice shelf, where the ice front advances up to 1-5 km. each year.
Farther south, ice movement is hindered by the grounded ice of the McDonald Ice Rumples. Between
these two zones, large shear stresses have resulted in complete fracture of the ice shelf into isolated
blocks separated by expanses of thin ice shelf, sea ice and leads that mark the lines of active separation.
Large ice tongues may calve in response to tsunamis with a frequency equal to one of the natural
frequencies of the ice tongue. Calving of long narrow ice tongues may be due to the prolonged action
of stresses induced by sea currents.
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I. INTRODUCTION

IcE shelves are floating ice sheets, attached to an inland ice sheet or to land, that are nourished by snow
accumulation and by the seaward extension of land glaciers. In exceptional circumstances the freezing
of ice on to the bottom of the ice shelf is the main source of nourishment. According to Suyetova (1962),
ice shelves represent about 10 per cent of the surface area of the Antarctic ice sheet, and it has been
estimated (Bardin and Shil’nikov, 1960) that they act as outlets for more than half of the drainage from
the inland ice sheet. Consequently, a knowledge of their behaviour is essential to any assessment of
the mass balance of the ice sheet. Moreover, since ice shelves rest on water, their dynamics should be
relatively easy to interpret.

The observations made on the Brunt Ice Shelf (Fig. 1)* are reported here but first the published work
that forms the basis of our understanding of ice shelves will be reviewed.
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FIGURE 1
Map of Antarctica showing the locations of ice shelves referred to in the text.

hx* Quarisen in Fig. 1 will be referred to in the text as Maudheim ice shelf, since it has been much discussed in the literature under
this name.
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The most notable early contribution to our knowledge was that of Wright and Priestley (1922) in
their report of the glaciological results of Scott’s Terra Nova expedition. These writers considered ice
shelves to be representative of the “zone of balanced forces” where snow accumulation is exactly com-
pensated by spreading of the ice. In this way the ice-shelf thickness trends towards an equilibrium value
determined by the temperature, accumulation rate and the extent to which the ice shelf is confined.
A natural consequence of this process is the flat, relatively smooth upper surface which is the most
characteristic feature of all ice shelves.

Very little was added to the work of Wright and Priestley until the Norwegian—British-Swedish
Antarctic Expedition, 1949-52, attempted an extensive series of quantitative observations from their
station on the Maudheim ice shelf. Robin (1958), using seismic sounding techniques, successfully mea-
sured ice-shelf thicknesses varying from 200 m. near the ice front to 500 m. near the inland margin of
the Ekstrom ice shelf. Schytt (19584, b) developed a method of interpreting the stratigraphy of Antarctic
firn, and from observations in a 12 m. pit he inferred that the average accumulation rate at Maudheim
for 1934-51 was 0-365 m. of water yr.”. This is in good agreement with the value for 1951 accumulation
obtained from stake measurements (Swithinbank, 1957b). To investigate the inner structure of the ice
shelf, cores recovered from a 100 m. bore hole were examined for density variations, crystal size and
c-axis orientation (Schytt, 1958b). Temperature measurements in the hole (Schytt, 1960) showed a gradual
but accelerating increase with depth. Swithinbank (19574), as a result of a careful examination of the
morphology of the ice shelves near Maudheim, concluded that their seaward limits were dependent on
the existence of shoals which could ground the ice. Thus, analysis of present-day sea depths could establish
the probable seaward limits of an ice shelf under conditions of more intense glacierization. Swithinbank
(1958) also measured the rate of spreading of the ice shelf and, by balancing this against snow-accumu-
lation rate, concluded (Swithinbank, 1960) that 0-9 m. of ice yr-! were melted from the bottom of the
ice shelf.

At this stage there was a strong need for a theoretical model with which the observations could be
compared, and the work at Maudheim provided the stimulus for the interpretations of ice-shelf creep
(Weertman, 1957; Robin, 1958, p. 114) and of temperature distribution (Robin, 1955, 1959; Wexler,
1960) which closely followed the publication of the expedition’s results.

During the International Geophysical Year (1957-58) work similar to that completed at Maudheim
was attempted on both the Filchner Ice Shelf (Behrendt, 1962) and Ross Ice Shelf (Crary, 1961; Crary
and others, 1962). In addition, a hole was bored completely through the Ross Ice Shelf (Bender and
Gow, 1961). Despite many attempts, it has so far proved difficult to obtain a satisfactory match between
the observed and theoretical distributions of temperature with depth (Robin, 1955; Wexler, 1960; Crary,
1961; Jenssen and Radok, 1961; Zotikov, 1964).

By comparing available measurements of the rate of outflow of ice across the major ice fronts with
snow-accumulation rates on the inland ice sheet of Antarctica, Giovinetto (1970) concluded that, whilst
the mass balance of the interior of the continent is positive, that of the peripheral region is larger and
negative. However, the errors involved in Giovinetto’s estimates are large, due in part to uncertainty
regarding the amount of ice lost by melting (or gained by freezing) beneath the ice shelves. The measure-
ments of the Brunt Ice Shelf described in this report were used by Thomas and Coslett (1970) to estimate
bottom-melting rates along a profile right across the ice shelf. These showed that there is appreciable
melting (~ 1 m. ice yr-?) at all points along a 70 km. flow line despite the probable shallow depth of
sea-water beneath the ice shelf. Observations reported by Behrendt (1970) imply larger melting rates
beneath the Filchner Ice Shelf, under which the layer of sea-water is considerably thicker. These con-
clusions provide evidence for more widespread bottom melting than previously suspected, and they
may imply a net increase in world ocean mass.

Apart from its immediate relevance to the mass balance of an ice shelf, the bottom-melting rate
influences the temperature distribution within the ice shelf and this in turn determines the values of the
flow parameters of the ice. Because the behaviour of an ice shelf can be well approximated by that of
a mathematically tractable model, the observations of ice-shelf creep rates can be used to deduce these
parameters. Thomas (1971, 1973a, b) used available measurements to calculate the flow-law parameters
for several ice shelves at stresses lower than can reasonably be studied in the laboratory. The results
show good agreement with values extrapolated from laboratory work.,
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II. THE BRUNT ICE SHELF

THE position of the British Antarctic Survey station at Halley Bay on the Brunt Ice Shelf offered an
excellent opportunity for studying ice-shelf problems. The amount of snow accumulation near the
station has been intermittently recorded by stake measurements and pit observations since it was first
occupied in 1956. More detailed work including attempts to measure the velocity and strain-rates at
the surface of the ice shelf was completed in 1956-59 and 1960-61 (Limbert, 1963, 1964; MacDowall,
1964; MacDowall and others, 1964; Ardus, 1965a, b). The work reported here results from a 3 year
field programme begun in 1966. It was planned to provide information from a number of widely scattered
stations on the ice shelf and to attempt detailed investigations of specific problems: mass balance at
the bottom of the ice shelf; particle trajectories through the ice shelf; the creep of ice at low stresses;
and the formation in situ of new ice shelf between blocks of older ice shelf. The general results are pre-
sented here; detailed reports on individual topics are listed in the references.

A. MORPHOLOGY

The Brunt Ice Shelf is one of several small ice shelves fringing the east coast of the Weddell Sea. The
history and morphology of the area have been well described by Limbert (1963), Barclay (1964) and
Ardus (19654, b). However, recent American air photographs of the area in conjunction with observa-
tions made during journeys over the surface enable a more accurate description to be made of the limits
and features of the ice shelf (Fig. 2). It forms a 50-150 km. wide fringe extending in a north-easterly
direction along the Caird, Coast from the “Dawson-Lambton Ice Stream” at lat. 76° 07" S., long.
27° 00' W., to “Christmas Box Ice Rise” at lat. 74° 20" S., long. 20° 30' W. The ice shelf is at its widest
in the north where it fills a large bight in the Caird Coast and is supplied by the large and active “Dalgliesh
Ice Stream” which drains the area to the west of Heimefrontfjella. Where the ice stream becomes afloat
a zone of severe crevassing extends about 50 km. into the ice shelf (Plate I).

Farther west, movement of the ice shelf is confined by a small area of grounded ice, the McDonald
Ice Rumples. Between this area and the rapidly moving ice associated with the “Dalgliesh Ice Stream”
the ice shelf is severely fractured, and large expanses of thin new ice shelf have formed between isolated
blocks of thicker ice shelf (Plate IIa). The seaward limits of the ice shelf are broadly determined by the
positions of two areas of grounded ice, an example of the general principle postulated by Swithinbank
(1957a, p. 34) that the stable configuration of an ice shelf is defined by the outermost shoals which
could ground it.

The surface of the ice shelf is nowhere completely flat; it consists of a series of waves of about 1 km.
wave-length and 5 m. wave height. Up-stream from the McDonald Ice Rumples there are pressure
waves which noticeably increase in frequency and wave height near the ice rise. To the south and south-
east of the McDonald Ice Rumples, the junction (or hinge line) between ice shelf and inland ice sheet
is marked by a 10-20 km. wide belt of disturbed ice. As the hinge line is approached the surface becomes
more and more steeply undulating, and the ridges finally become recognizable as icebergs, calved from
the inland ice sheet and subsequently streamlined by the accumulation of drift snow (Plate IIb). Near
the hinge line, the north cliff-like faces of these ridges are far steeper than the relatively gentle south
slopes, and oval basins aligned parallel with the prevailing east-west wind have formed beneath the
cliffs. Similar features occur on the Lazarev ice shelf and have been named deflation basins by Konovalov
(1963). They form where differential ablation by wind erosion and insolation is able to modify the surface
relief.

To the west of each of the ice rises the ice front is incised by huge rifts. Near the McDonald Ice
Rumples (Plate ITIa and b), these range in length from a few hundred metres to 3 km., whilst those near
“Christmas Box Ice Rise” extend for several tens of kilometres with widths up to 3 km. They are floored
with sea ice and heavy accumulations of drift snow. Actively opening rifts can be distinguished from
others by the presence of expansion cracks in the sea ice. Their activity decreases with increasing move-
ment down-stream from the grounded ice, and they finally degenerate into narrow inlets in the ice front
leading to long ramps of snow. These provide easy access to the surface of the ice shelf, and it was their
presence near the McDonald Ice Rumples that decided the position of the Halley Bay station. Between
the inlets, headlands have evidently been upwarped by the buoyancy of submarine rams of ice as des-
cribed by Swithinbank (1957a, p. 14).
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FIGURE 2
Map of the Brunt Ice Shelf.

B. MEASUREMENTS
1. Accumulation

Snow-accumulation rates were obtained by measuring the lengths of stakes planted in the snow
surface. Route markers and ice-movement stations were also used for this purpose, giving accumula-
tion rates over a wide area of the ice shelf and adjacent inland ice sheet. Measurements were made once
or twice each year, though more frequently near the station and along well-travelled routes, but no attempt
was made to study short-period accumulation rates. Snow pits were examined at a number of sites but
interpretation of the annual stratification was seldom sufficiently unambiguous to supply reliable
accumulation rates.

The stakes were made of aluminium tubing 25 mm. in diameter with a wall thickness of 1-6 mm.
Sections 2 m. long were plugged at the bottom end to minimize sinking and were fitted with extension
sockets at the top. In each case a double length was planted to a depth of approximately 1 m. and
additional sections were added whenever the exposed length became less than 2 m. The stake measure-
ments give an estimate of the apparent depth of snow accumulated since the measurements began. This
differs from the true value by the amount of settling in the snow layers between the original surface and
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the point at which the stake is anchored to the surrounding snow. To test where the accumulation stakes
were anchored, comparison was made between data obtained from a standard stake and one barbed
at its base, thus anchoring it to the snow layers around the stake bottom. There were no significant
differences between the results, and all stake measurements have been interpreted on the assumption that
stakes were fixed at the base.

The true depth of accumulation then becomes the apparent depth plus the compaction due to settling
of the snow between the original surface and the stake bottom. Settling rates can be measured directly
by comparing stakes planted to different depths, or they can be inferred from the depth/density curve
for the surface snow and firn. In areas of little or no melting, Sorge (1935) observed that the distribution
of density with depth at any point was independent of time. Also, in the absence of melting and lateral
strain, the mass of any snow layer remains constant. Thus:

h + 4dh
fpdh = constant (1)
h

or p4h = constant, (1a)

where p is the mean density of the snow layer between depths 4 and & 4 4h; in the present case between
the original snow surface and the bottom of the stake. As & increases with time the compaction in that
layer becomes:

Ah—Ah' = Ah(l—g), @)

where the primed values are those after compaction. Using this expression and values of 5 from the
depth/density curves from three pits, settling corrections were applied to all stake measurements, and
corrected snow depths were converted to equivalent depths of water.

The available measurements of snow accumulation near Halley Bay are shown in Fig. 3; those prior
to 1956 are the mean values from two pits (MacDowall, 1964; Ardus, 19654, b). The mean of the whole
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FIGURE 3
Snow-accumulation rate near Halley Bay station plotted against time.

period (1943-69) gives an annual accumulation rate (4,) which is likely to be more typical than that
for 1966-69 (A4,). However, during the shorter period, accumulation was measured over larger areas of
the ice shelf and the adjacent inland ice sheet. The values obtained were adjusted by multiplying each by
A,/A,, assuming that the accumulation pattern revealed by the short-period data would be retained
over longer periods. Fig. 4 shows an accumulation-rate profile extending from the ice front across the
ice shelf and on to the inland ice sheet. A rapid decrease in accumulation near the ice front has been
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FIGURE 4
Snow accumulation-rate profile along the flow line through Halley Bay station.

observed on other ice shelves; Kruchinin (1965, p. 87) gave data from the Lazarev ice shelf indicating
ablation within 15 m. of the ice front and reduced accumulation rates within 500 m. of the ice front.
The Brunt Ice Shelf measurements indicate that the zone of diminished accumulation near the ice front
is from 4 to 5 km. wide, whilst Swithinbank (19575, p. 45) found the equivalent distance for the Maud-
heim ice shelf to be 1-2 km. The most likely reason is increased wind scour near the ice front, the width
of the zone affected being dependent on the strength and direction of prevailing winds.

A reduction in accumulation near the junction between the inland ice sheet and ice shelf has been
observed both on the Maudheim and Fimbul ice shelves (Swithinbank, 1957a, p. 17; Lunde, 1961, p. 42).
Katabatic winds from the inland ice sheet reduce the accumulation rate both on the steeper land-ice
slopes and over a narrow zone on the ice shelf. This is well illustrated by the observations of Lunde
at the foot of the continental slope on Fimbulisen, where snow accumulation during the spring and
summer katabatic winds dropped to 3 per cent of that at Norway Station on the ice shelf. However,
on the Brunt Ice Shelf there is a high rate of drift-snow accumulation between the icebergs that form
at the hinge line. This is not reflected in the accumulation measurements, which were made on the tops
of icebergs.

2. Ice movement

The complete absence of rock outcrops within several hundred kilometres of Halley Bay limits the
survey techniques that can be applied to deduce the absolute movement of the ice shelf. These are:

i. Comparison of astro-fixes. From 1956 to 1970 the position of Halley Bay was fixed annually.
Although the errors in individual fixes were large (4 100 m.), the mean ice velocity implied by
the first-order regression line through the fixes has a random error of 4 25 m. yr-1.

ii. Repeated magnetic surveys. The position of a north-south orientated magnetic anomaly relative
to stations on the ice shelf was accurately mapped in 1960 (Blackwell, 1960) and again in 1969
(personal communication from J. Jamieson). It probably represents the most accurate method
for determining absolute velocity on the ice shelf, and it is hoped that regular measurements will
detect any variations in velocity.

iii. Repeated mapping. Using grounded icebergs as fixed control points, Limbert (1964) and Ardus
(1965a, b), repeatedly mapped the positions of stations on the ice shelf. Comparison of the surveys
gave an estimate of ice-shelf movement. Unfortunately, of the several icebergs observed, only
one could be used as a control point for the two surveys made by each observer, and the stated
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errors covered neither the possible movement of the icebergs nor weathering of the feature
observed. Because the iceberg used by Ardus was one which Limbert had earlier suspected of
movement (personal communication from D. W. S. Limbert), his results are not included in this
work.

These three independent methods give a measure of the absolute movement of a point on the ice shelf
(Table I). By incorporating this point within a survey scheme designed to measure relative movement,

TABLE I

COMPARISON OF INDEPENDENT ESTIMATES OF
ICE VELOCITY AT HALLEY BAY STATION

Annual velocity and direction

Source Interval
m. yr.”} East of true north

i 1957-70 39625 266°+5°

ii 1960-69 420420 270°+5°

fii 1959 366140 266°4-5°
Thomas, assuming

the grounded ice 1966-67 3494 2 272°42°

to be stationary

control was transferred across the ice shelf and estimates of absolute velocity were obtained for all the
survey stations. The grounded ice of the McDonald Ice Rumples was chosen as origin of the relative-
movement grid, which consisted of a triangulation network of linked and braced quadrilaterals of side
length 3-5 km. extending from the ice front near Halley Bay across the ice shelf and on to the inland ice
sheet 60 km. to the south-east (Fig. 5). The necessary observations were completed in 1966 and 1967.
Each survey occupied two men working with a small motor toboggan for a period of 3 months, in the
course of which the survey figures suffered continual distortion and thus, without adjustment, failed to
“close” by several minutes of arc. Faced with a similar problem, Swithinbank (1958, p. 86) reduced by
linear interpolation all observed angles and measured lengths to two epoch dates, and then processed
the two sets of data independently. Although sufficiently accurate where strain-rates are small, this
method gives large errors in areas of rapid shearing. A better approximation was that adopted by Dorrer
(Dorrer and others, 1969), who assumed that the ice velocity at any point on the ice shelf was constant
over the period of the survey. This technique was applied to the Brunt Ice Shelf survey which was solved
as a series of resections with the epoch-reduced coordinates of observed stakes as control points (Thomas,
1970). In this way two position fixes corresponding to the times of occupation were obtained for each
stake. Comparison of these fixes gave a velocity relative to the origin of the survey on the McDonald
Ice Rumples. Errors reached a maximum on the inland ice sheet: + 3-5 m. yr-! and -+ 3° of arc.

In Table I the velocity obtained by this method for the Halley Bay station is compared with the esti-
mates of absolute velocity, the mean of which is larger by 50 m. yr-1. Little is known about possible
annual variations in velocity during the period covered by the observations, but they are not likely to
be sufficiently large to account for this difference, which is believed to be due to movement of the grounded
ice of the McDonald Ice Rumples and hence of the origin of the relative-movement survey. To correct
for this the movement vectors at each stake have been adjusted for an assumed ice velocity at the
McDonald Ice Rumples of 50 m. yr-! to the west (Fig. 6a). Before this correction was made the apparent
movement vectors on the inland ice sheet were inclined about 40-50° to the form lines, whereas in Fig. 6a
they are perpendicular, which is in accordance with predictions from theory (Nye, 1952, p. 92) and is
a further indication that the velocity assigned to the McDonald Ice Rumples is approximately correct.
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3. Strain-rates

Principal strain-rates at the surface can be found for any triangle in which the relative velocities of
the apices are known, and hence for any stake triangle within the relative-movement grid. Strain-rates

were calculated as:

1 L.
i J— 1 _3)
“=ar % L, )

with L, = length at time 7,, L, = length of time 7,, AT =7, — Ty and AL =L, — L,, and for small
AL/L, this reduces to:

AL

LaT @)

A selection of principal strain-rates is shown in Fig. 6b; small triangles formed from adjacent stakes
have been used and the results plotted at the centre of the triangle, although they actually refer to the
strain-rates over the triangle as a whole rather than at a point. The accuracy of the survey implies a
strain-rate accuracy of +4 x 107° yr-1,

In Fig. 7 the information gained from the triangulation network is summarized together with strain-
rates and ice velocities obtained from isolated stake rosettes of the type described by Kehle (Zumberge
and others, 1960, p. 75). They consisted of three stakes forming a 60° triangle with a fourth central stake.
The distance from centre to apices was usually 360 m. but in two cases it was 100 m. Absolute velocities
of the central stake and rates of twist of the entire rosette were deduced from repeated astronomical
observations. At least once each year distances and angles were observed from the central stake to all
corner stakes, and their rates of change were used to compute the principal strain-rates. Careful measure-
ment kept the observing errors below 1 part in 30,000. In addition, tilting of the stakes introduced an
“index” error to all measured lengths; the error carried in this way to the strain-rates is inversely pro-
portional to the size of the rosette. Consequently, the smaller rosettes were unlikely to be adequate in
areas of low strain where the errors became comparable with the measured strain-rates. The two on the
Brunt Ice Shelf (R1 and R3 in Fig. 6b) were superimposed within larger rosettes. The results from R1,
situated in an area of low strain-rate (<1072 yr-1), differ sufficiently from the larger rosette to invalidate
them. R3, however, was planted in an area suffering intense deformation and its results adequately
represent the local strain-rates.

By comparing the distribution of crevasses on the ice shelf and inland ice sheet with the measured
strain-rates, a value is obtained for the critical strain-rate associated with fracture, €, of approximately
6 x 4073 yr! for ice with a 10 m. temperature of —19° C. This falls between the values reported by
Holdsworth (1969a) of €, ~2 x 1073 yr1 and 1-3 x 10™2 yr."! for ice with 10 m. temperatures of —28°
and 0° C, respectively.

E'N

4. Surface elevation and ice thickness

In 1967-68 and again in 1970-71 the surface of the ice shelf was accurately levelled along a 70 km.
line which extended through the ice-movement markers from the ice front to the junction between the
ice shelf and inland ice sheet. The profile is shown in Fig. 8a together with ice-thickness measurements
made along the same route by airborne radio echo-sounding (Evans and Smith, 1970). A second surface
profile (2 in Fig. 8a) was levelled along a route taken approximately across the direction of flow. The
levelling routes are shown in Fig. 8b.

5. Other survey networks

a. Deformation at the hinge line. A small, independent survey scheme designed to measure the
behaviour of the ice shelf at the line of flotation was positioned midway between stakes 63 and 64. All
stations were intersected from each end of an 800 m. base line and the orientation of the survey was con-
trolled by astronomical observations of true azimuth. 1 year separated the two surveys, each of which
was completed in 2 days, so reduction to epoch by linear interpolation of the observed angles intro-
duced negligible errors. Using the epoch-reduced angles, triangles were solved by the sine formula
assuming the Earth’s surface to be plane. Comparison of the positions obtained from each survey led to
the stake velocities shown in Fig. 9 relative to one of the stakes (B13) on the inland ice sheet. Assuming
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b. A selection of principal strain-rates deduced from the ice velocities illustrated in Fig. 6a. Values at R1-R8 were
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Three plots of the Brunt Ice Front, showing major changes which took place between 1914 and 1968. A selection of move-
ment vectors and principal strain-rates is also shown.
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b. The western part of the Brunt Ice Shelf, showing the positions of levelling traverses and limits of rumpled ice associated
with the hinge line. In September 1971 all ice to the north of the rift shown calved to form several large icebergs.
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Relative ice movement near the hinge line with stake B13 as origin. The scheme was situated between stakes 63 and 64
(Fig. 5).

a regional down-slope strain-rate of 2 X 1072 yr-l, the ice velocity at stake 64 was extrapolated to the
probable value at stake B13, 9 km. down-slope from stake 64, which was then used to convert the relative
ice velocities of the “B’’ scheme to absolute values. A selection of these is included in Fig. 6a,

b. Growth rate of thin ice shelf. A second small survey scheme was positioned near R7 (Figs. 7 and 10).
Using the method described above, relative velocities were calculated for each of the survey stakes
and, by comparing repeated astro-fixes, these were transformed to absolute velocities (Fig. 11).

C. DiscussION

Here the morphology of the ice shelf is considered in the light of the observations described. Three
distinct zones can be identified and they are shown in Fig. 7.

1. Zone 1: rapidly moving ice shelf in the north

The most active part of the ice shelf is the northern zone where the ice front is advancing more than
1 km. each year. This rapid movement is caused by the “Dalgliesh Ice Stream’” which represents the
source of most of the ice in this area and which, at its point of entry into the ice shelf, is formed from
two ice streams draining the areas to the north and south of Heimefrontfjella. The southernmost of
these appears to be the main tributary and its direction coincides with that of the line of disturbance
extending into the ice shelf. Where it becomes afloat, the surface of the ice stream (Plate I) is seen to be
chaotic and is reminiscent of the floating lower reaches of Byrd Glacier (Swithinbank, 1963). In both
cases, thick rapidly moving glaciers enter ice shelves and become intensely disturbed at the point of
flotation where the basal shear stress decreases suddenly to zero and where there is a correspondingly
rapid increase in horizontal strain.
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The thin ice shelf. Despite small differences in the levelling routes, the surface-elevation profiles clearly illustrate the steady
growth in area of the thin ice shelf.

a. Strain-rates at the hinge line. On the grounds of conservation of mass, it can be shown (Paterson,
1969, p. 101) that the longitudinal strain-rate ¢, for a steady-state glacier of thickness H, surface slope a,
surface velocity u and net mass balance expressed as a vertical thickness of ice b is:

6.’(=b—{-u-Htal’la )

provided that bottom melting, transverse strain-rate, and bottom sliding or bottom slope are assumed
to be negligible. Positive values for any of these would tend to decrease ¢,. For Byrd Glacier, b ~ 0-5 m.
yr}, u ~ 800 m. yr.}, tan a ~0-01, and H ~ 1,000 m., so a maximum value of

. .05+8
* ™ 71,000

For an unconfined ice shelf, Weertman (1957) showed that the strain-rate is proportional to the nth
power of the thickness, where n is the ice flow-law exponent. At unconfined points on the Brunt Ice
Shelf where ice thickness is 250 m. the strain-rate is approximately 1-5 x 10~® yr. -1, so assumingn = 3
the “Weertman” strain-rate for a 1,000 m. thick ice shelf is about 1 x 10-! yr.”1. Thus, when the glacier
becomes afloat, the strain-rate increases by at least an order of magnitude with a corresponding increase
in the intensity of crevassing.

It has been assumed here that at the hinge line the floating ice is relatively unconfined. Whilst this is
so in the case of the Brunt Ice Shelf, Byrd Glacier enters a confined area of the Ross Ice Shelf. How-
ever, it becomes afloat in a channel between rock walls that diverge sufficiently to permit transverse
strain at the rate of about 2 X 1072 yr-1. This probably explains why the lines of fracture in Byrd Glacier
trend parallel with the direction of flow. If the ice is moving rapidly seaward, the resultant tongue of

~1x 1072 yr, 6)
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The thin ice shelf. The large slab of ice shelf to the north of R7 is pivoting about its “neck”, causing rapid growth in area
of the thin ice shelf.

disturbance will persist for a considerable distance into the ice shelf. From Weertman (1957), the vertical
strain-rate

¢, = —k(H)", (7
where k is a constant which depends on temperature and on the ratio of the two principal components
of the horizontal strain-rate. Assuming that » = 3, Equation (7) can be re-written

dH

i = —kdT. ®
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It can also be assumed that k is independent of position within the disturbed “tongue”. Then, on
integration, Equation (8) becomes:
1 1
HH}
By putting H; equal to ice thickness at the hinge line and H, equal to that where crevasses no longer
form, AT is the time for ice to pass between these points. H, is ice thickness where the largest tensile

= 3k(T, — T,) = 3kdT. 9)

horizontal strain-rate equals the critical value (¢.) for crevasse formation, and ¢, = —(sum of longi-
tudinal and transverse strain-rates) = ré.. For a completely unconfined ice shelf r = —2 and for one
free to creep in only one direction r = —1.
For an ice stream becoming afloat H,® is usually <<H,* and from Equation (7)
Hp = "% — —T% 1
2= k (10)
so Equation (9) becomes:
AT ~—-L. 1)
3ré,

In arriving at this relatively simple result, the effects of both surface accumulation and bottom melting
have been neglected, but these are unlikely to be significant as long as their combined effect on ice thick-
ness is appreciably less than | rH, €, |.

For the Brunt Ice Shelf ¢, ~6 x 107 yr-1, and at R5 r ~ —1-5, giving AT ~ 36 yr. The average
forward velocity over this period is about 1 km. yr-1, so active crevassing should extend 30-40 km.
into the ice shelf. Thereafter, it may take between 10 and 20 yr. for drift-snow accumulation to smooth
the ice-shelf surface, and the total length of the tongue of disturbed ice becomes 40-60 km., which is
in good agreement with the observed 50-70 km. For the Byrd Glacier “tongue’, r probably equals —1
and active crevassing is observed 80-100 km. beyond the line of flotation (personal communication
from C. W. M. Swithinbank). Assuming an average forward velocity of 1 km. yr-! and substituting
these values in Equation (11) gives ¢, ~3 —4 x 1072 yr-1, which is close to Holdsworth’s (1969a)
value for a 10 m. temperature of —28° C.

The surface crevassing at flotation is probably accompanied by the opening of crevasses from beneath.
Evidence for the existence of such crevasses is supplied by observations from two sources. Kehle (1964,
p. 261) concluded that sea-water in crevasses which terminated at least 1 km. from the nearest open
sea must have entered from below, “implying that the crevasses must extend to the bottom of the shelf
even though extrapolation of their rate of closure with depth suggests that they terminate above the
bottom”. Near-surface radio echoes from within the Ross Ice Shelf from features similar to but narrower
than those described by Harrison (1970, p. 1103) have been interpreted by Harrison (personal communi-
cation) as bottom crevasses.

Weertman (1969) calculated the penetration “depth” of isolated bottom crevasses formed in a freely
floating ice sheet as wH/4. Because the bottom temperature is that of the underlying sea-water, the
critical strain-rate for crevasse formation will be larger than at the surface (1 — 3 X 1072 yr.”! compared
with 6 x 1073 yr-1). This means that bottom crevasses, if they form, will be less closely spaced than
those at the surface. If the spacing is greater than the ice thickness, the penetration ‘“depth” will be
approximately wH/[4. Rifts penetrating the ice sheet from top to bottom have been observed on ice
shelves in areas where there is probably local thinning near the hinge line; these may have been caused
by linking of bottom and top crevasses.

b. Calving at the ice front. Some ice shelves calve intermittently to produce giant icebergs (Ledenev
and Yevdokimov, 1965; Budd, 1966, p. 355), while between these events the ice front advances far beyond
the equilibrium configuration defined by the positions of grounded ice. Indeed, the present observations
on the Brunt Ice Shelf appear to indicate that calving of small icebergs is seldom sufficiently regular to
keep pace with a rapidly advancing ice front. Fig. 7 shows three plots of the Brunt ice front from 1915
(F.Worsley, unpublished track chart of Endurance), 1955 (track chart of the icebreaker General San Martin)
and 1968 (chart compiled by A. Johnston from surface observations on the ice shelf and radar plots made
from M.V. Kista Dan and R.R.S. John Biscoe). The position of the ice front near points of grounding is
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almost identical in each plot, but between 1955 and 1968 the ice front in zone 1 advanced about 10-15 km.,
a distance in reasonable agreement with that derived from the velocity measured at R5 (1-3 km. yr.1).
On each side of this rapidly advancing ice front the ice fractured to form a series of parallel rifts aligned
perpendicular to the direction of maximum strain. At some time between 1915 and 1955 large-scale
calving removed the promontory of freely floating ice marked in Fig. 7 as the “Stancomb-Wills Pro-
montory”. Possible calving mechanisms will be reviewed on p. 26.

2. Zone 2

Between the rapidly moving ice of zone 1 and the slower ice of zone 3 the ice shelf suffers intense
shearing. Rifts penetrate right through the ice shelf and large slabs are dragged out of the ice shelf imme-
diately to the south of the shear zone (zone 2 in Fig. 7). Sea ice formed between the rapidly separating
slabs is protected from erosion by the surrounding ice shelf. Under these conditions the sea ice rapidly
thickens both by the freezing of sea-water and also by the accumulation of drift snow to form thin
ice shelf. However, its thickness seldom exceeds 50 m., and its boundaries are clearly defined by ramped
cliffs leading up to the older ice shelf (Plate 1Ia).

The most rapidly moving slab of ice shelf is that nearest to the ice front. Strain rosette R4 was situated
near its northern tip and R7 on the thin ice shelf to the south, together with a triangulation network
along a line linking adjacent pieces of thicker ice shelf (Figs. 10 and 11). R4 was found to be moving
north-west at 1-5 km. yr., a velocity which is approximately equal to that of the ice front in zone 1.
The ice-shelf section is pivoting in an anti-clockwise sense about the narrow neck of ice linking it to the
rest of the ice shelf. Consequently, the thin ice shelf to the south is increasing in area.

A series of surface profiles obtained at different times across the same section of the thin ice shelf is
shown in Fig. 10. The growth in area of the thin ice shelf is well illustrated, even at the scale of the dia-
gram, by the increasing distance between ice ramps leading to thicker ice shelf. Growth takes place in
a series of expansion cracks which extend parallel with the south bank of the pivoting section. In order
to detect short-period fluctuations in growth rate, frequent measurements were made between markers
planted on each side of cracks A and B. These are plotted against time in Fig. 12. The mean rate of
opening was 0-18 m. day~! (66 m. yr.!) at crack A and 0-1 m. day~! (37 m. yr.!) at crack B. Superimposed
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FIGURE 12

The distance between markers on each side of expansion cracks in the thin ice shelf plotted against time, See Fig. 10 for
the positions of cracks.
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on the mean values was an apparently cyclic variation with a period of about 1 day, but measurements
were not sufficiently regular to indicate whether or not this was due to tidal effects.

In a hole drilled near the centre of R7 liquid brine was found at a depth of 8-7 m., which was 1-5 m.
below sea-level. Its temperature was —10° C, corresponding to a salinity of approximately 125 °/,,.
Immediately below the brine layer was bubbly impermeable ice. Stuart and Bull (1963) suggested that
the brine layers in the Ross Ice Shelf were due to vertical infiltration of brine through the lower layers
of the ice shelf. This may take place near the ice front where bottom melting has exposed permeable
firn, but Hochstein and Risk (1967) found brine layers underlain by impermeable ice and postulated
horizontal seepage as the cause. The brine layers in the Brunt Ice Shelf are believed to have originated
in this way.

3. Zone 3

Movement of the southern part of the ice shelf (zone 3) is hindered by grounded ice on the McDonald
Ice Rumples. However, the movement pattern is dominated by the “Dalgliesh Ice Stream’ which causes
the ice of zone 3 to pivot about its south-west corner. The pivoting is illustrated by the ice-velocity
vectors shown in Fig. 6a. Apart from measurements near the McDonald Ice Rumples, there is an approx-
imately linear increase in velocity with increasing distance from the south-west corner of the ice shelf.
Consequently, along most of the hinge line the velocity of the ice shelf is considerably greater than that
of the land ice, which calves to form icebergs separated by expanses of sea ice (Plate IIb). Similar features
were observed on the Riiser-Larsenisen by Swithinbank (19574), who noticed the constant distance
between successive icebergs and suggested that they were separated by the forces exerted when sea-
water froze in tide cracks. Because tidal movement can only take place immediately along the hinge
line, active separation is confined to this area and hence to the time interval between successive calvings.
However, the forces involved are relatively small and are unlikely to be responsible for the seaward
motion of the entire ice shelf as implied by Swithinbank (1957a, p. 27). Instead, it is believed that iceberg
formation can only take place where a state of tension exists across the hinge line. Such conditions often
occur between the points of entry of rapidly moving ice streams which push the ice shelf en masse sea-
ward. The size of icebergs formed at a fixed point is remarkably constant and on p. 30 it is suggested
that they calve when the bending stresses induced at flotation equal the fracture strength of ice.

The separation S between icebergs is determined by the strain-rate across the hinge line, and on the
Brunt Ice Shelf it is expected that this would be approximately proportional to the distance from the
point about which zone 3 is pivoting. .S and the iceberg width perpendicular to the hinge line (W in Fig. 13)
can be estimated from air photographs. Assuming steady-state, the time T between successive calvings
at any fixed point is:

= W[V, = S/V,. (12)
So V, = V,S|W, (12a)

where V is the component of velocity perpendicular to the hinge line and subscripts 1 and 2 refer to
grounded and floating ice, respectively. In Table II measurements of V,; and estimates of S/W from
air photographs are used to calculate values of V, at three points along the hinge line. These show good
agreement with the results of the ice-movement survey.

Rapid accumulation of drift snow fills in the gaps between adjacent icebergs, and 20 km. from the
hinge line along the triangulation net they have become little more than gentle undulations in the surface,
in marked contrast to the large expanses of thin ice shelf in zone 2. The difference is probably explained
by the smaller spacing of icebergs near the hinge line in zone 3 and the consequently larger drift-snow
accumulation in the gaps between them. Furthermore, water circulation between closely spaced icebergs
is minimal and conditions favour thickening of the sea ice by bottom freezing.

Assuming the ice shelf to be approximately in hydrostatic equilibrium across these undulations, and
knowing the surface velocity, the mean rate of thickening of new ice shelf can be estimated to be approxi-
mately 3 m. yr.”! during the first 60 yr. of its existence. Although excessive snow-drift accumulation is
at least of this order between the icebergs close to the hinge line, it rapidly decreases farther north where
the surface profile becomes smoother. If the ice is not in hydrostatic equilibrium across the undulations,
the rate of thickening of new ice shelf may be considerably less, the new ice shelf being supported by the
surrounding icebergs in the same way that a snow bridge is supported by the firm ice on each side of
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Iceberg separation at the hinge line.

TAsBLE 11
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a crevasse. It follows that ice in the valleys would be slowly sagging in relation to that of the adjacent
ridges. There was, however, no evidence for this in repeated levelling profiles. Unfortunately, ice thick-
nesses from radio echo-sounding in such areas are unreliable because much of the new ice shelf is
permeated with sea-water and radio waves are unable to penetrate to the bottom surface.

Where small ice streams enter the ice shelf, the increase in velocity across the hinge line is not so
pronounced, and the relatively narrow rifts between icebergs are more rapidly smoothed by drift-snow
accumulation than they are where the gaps are wider. This is clearly seen in Plate IIb where the ice stream
at point 1 leads to a relatively smooth ribbon of ice shelf along which the eastern limb of the stake net-
work (Fig. 8b) was planted. Where air photographs are available such features can be used to map flow
lines.

The McDonald Ice Rumples. The effect on ice flow of the grounded area in the north-west of zone 3
is seen in Plate III. The pressure waves from which the McDonald Ice Rumples get their name lie up-
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stream of the grounded ice, and large crevasses have opened across the crests of these waves. Kehle
(1964) attempted to interpret similar features on the Ross Ice Shelf near “Camp Michigan” using Biot’s
(1959) analysis of folding. Kehle’s model involves some buckling of the lower layers of the ice shelf and
the predicted wave-lengths are not in good agreement with those observed. Holdsworth (1970) proposed
that the geometry of the waves is initially determined by surface instability resulting from inhomogeneities
in the ice, and he was able to predict wave-lengths in good agreement with those observed in the Ross
Ice Shelf-near McMurdo Sound.

Thomas (1973b) used strain-rates measured near the McDonald Ice Rumples to examine the effects
on the ice shelf of the area of grounded ice. The average stress acting across the boundary between grounded
and floating ice was calculated to be about 1-7 x 10° N m.~%, at least an order of magnitude greater
than that necessary for crevasse formation. Plate III illustrates the effects of these very large stresses on
the ice shelf at the point of grounding. The effects of the very large transverse stresses up-stream from the
grounded ice were highlighted in December 1968. The year before, a new line of crevasses had been
observed extending east from the McDonald Ice Rumples for about 4 km; they can hardly be seen in
Plate IIIa. The situation was virtually unchanged in early December 1968 but by the middle of the month
the crevasses had joined to form one 5 km. long crack that terminated abruptly up-stream of the grounded
ice. Over most of its length the crack was less than 1 m. wide. 10 days later it had widened slightly
and extended a further 9 km. to the east. It continued to extend but at a diminishing rate, while at the
same time rapidly widening so that when air photographs were again taken in January 1970 the crack
had become a rift 100 m. wide (Plate IITb) floored with sea ice and open sea-water. Its position in April
1970 is shown in Fig. 8b.

Similar rifts have been reported on other ice shelves (Wilson, 1960; Fleet, 1965) and they can usually
be explained by differential movement due either to local grounding or to the influences of nearby ice
streams. In its early stages, a rift can be considered to open elastically, with the result that the tensile
stresses across the ends become so large that the rift rapidly extends. This corresponds to the initial
stage observed in the development of the rift on the Brunt Ice Shelf, when rapid longitudinal extension
was accompanied by negligible opening. As the rift increased in length, stresses were relieved more by
creep bending of the ice on each side than by elastic bending. This resulted in a reduced rate of growth
and a rapid increase in the rate of opening. Because the rift terminated at the grounded ice of the McDonald
Ice Rumples, it was at first unable to reach the ice front. The rift continued to widen to form an area
of thin ice shelf bounded seaward by thicker ice pivoting about the grounded ice. However, in September
1971 the segment of thicker ice calved taking with it a large area of thin ice shelf including R7 and the
segment of ice shelf where R4 was planted (Figs. 2 and 8b). Rifts probably form periodically in about the
same position up-stream of the grounded ice when the transverse stresses reach some critical value.
In this way, long and relatively narrow icebergs are intermittently calved from the ice shelf.

The formation of such a rift evidently relieves the stresses up-stream from the McDonald Ice Rumples,
so that ice to the south of the rift is able to slide more rapidly past the grounded ice. This is seen in
Fig. 14, where measurements of relative velocity between the grounded ice and Halley Bay station are
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FIGURE 14
Relative velocity of Halley Bay station with respect to a beacon on the McDonald Ice Rumples.
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plotted against time. At approximately the time when the rift was first observed the ice shelf near Halley
Bay began to accelerate rapidly and, farther south, strain-rates measured at R8 recorded a sudden
increase in the component of shearing in an east-west direction. This continued until, as a result of ice
movement, the rift was shifted sufficiently to the north to allow piling of ice once more against the
grounded ice and a corresponding reduction in ice velocity at Halley Bay.

II1I. THE CALVING OF ICEBERGS
A. EXISTING THEORIES

REeeH (1968) considered the stress field due to the bending moment at an ice front and suggested that
a floating glacier is warped downwards as shown in Fig. 15, where u is the vertical deflection of any

FiGure 15
Longitudinal section of an ice shelf near the ice front.

point in the glacier from its undisturbed state. Reeh showed that at the ice front the magnitude of the
bending moment increases as the ice becomes more submerged. This leads to continued warping, and
near the ice front the shear stress in the vertical plane perpendicular to the ice front increases with time.
It reaches a maximum at a distance from the ice front equal approximately to half the ice-shelf thick-
ness. For an ice shelf of 200 m. thickness, mean density 850 kg. m.”® and mean temperature —12° C,
Reeh’s model predicts that, after a calving event, it would take about 50 yr. for the maximum shear
stress to reach the relatively low value of 3 x 10¢ N m.-2, At about the same distance from the ice front
the longitudinal tensile stress at the upper surface also reaches a maximum (&,,) which is almost inde-
pendent of time and is about 50 per cent greater than the equilibrium value at large distances from the
ice front. For the example quoted above 8,, ~1-5 x 105 N m2 which, according to Meier (1958,
p- 506), is sufficient to initiate fracture if the stress is sustained.

Since Reeh assumed the viscosity of ice to be independent of temperature and stress, some of his
quantitative results are unlikely to represent the situation in an actual ice shelf. However, the value of
&, is hardly affected by this simplification and, if fracture is caused by the high value of &,, near the ice
front, the time interval between calving is probably determined by the time dependence of fracture in
terms of temperature and applied stress. At present we can only say that the time to fracture decreases
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with increasing temperature or with increasing tensile stress.- The distance from the ice front at which
fracture takes place will be of the same order as the ice thickness.

Observations on the Brunt Ice Shelf show that many areas of ice front have survived for at least 10 yr.
without calving. During the same period the ice front has advanced up to 15 km., so “Reeh” calving
is unlikely to keep pace with ice-shelf movement. However, it may occur sufficiently often to account for
the relatively fresh appearance of most ice fronts. The magnitude of &,, is roughly proportional to ice
thickness and the time interval between calving events can be expected to be greatest for a thin cold ice
shelf. Thus a combination of low surface accumulation and rapid bottom melting near the ice front
could thin the ice shelf sufficiently to prevent “Reeh” calving ever taking place. This could account for
the low, shelving ice fronts encountered by Endurance on the “Stancomb-Wills Promontory” (F. Worsley,
unpublished track chart of Endurance, 1915).

The influence of tidal movement on the flexure of floating ice sheets has been investigated by Robin
(1958, p. 122). Robin considered the ice shelf as a thin elastic sheet clamped along the hinge line, with
the free portion able to rise and fall with the tide within the limits imposed by the elastic forces. With
the assumption that at a sufficient distance from the hinge line the ice shelf rises and falls freely with
the tide, Robin obtained a relationship between surface stress and distance from the hinge line. This
showed that, for a 200 m. thick ice shelf with a tidal range of 1 m., the surface stresses at the hinge line
reach a maximum of about 6 X 10° N m.2 with a second much reduced stress maximum at about 2 km.
seaward away from the hinge line. This conclusion is in good agreement with the observed position of a
group of strand cracks at the hinge line and a second group of cracks at between 1 and 2 km. from the
hinge line on the Maudheim ice shelf.

Robin’s analysis can be applied only when the seaward extent of the ice shelf is much greater than its
thickness. Holdsworth (19696) considered the dependence of hinge-line stresses on seaward length of
floating ice. He concluded that for an ice thickness of 200 m. and tidal range of 1 m. the tensile stress
across the hinge line reaches a maximum of about 1-5 MN m.2 when the seaward length of floating ice
is between 3 and 4 km. The hinge-line stresses were found to be proportional to tidal range and this
may explain why, although long floating glacier tongues such as that of Erebus Glacier were able to
survive in the Ross Sea with a tidal range of 1 m., no similar tongues are found in the Weddell Sea
where the maximum tidal range is perhaps three times larger (Thiel and others, 1960, p. 635).

Holdsworth (1969b) also presented an approximate steady-state creep analysis of tidal bending. For
a 200 m. thick ice shelf, Holdsworth’s equations give a surface hinge-line stress of about 1 MN m:2 if
flow-law parameters appropriate to an ice temperature of —15° C (Thomas, 1973b) are adopted. Thus,
both the elastic and the steady-state creep analyses predict tide-induced stresses at the hinge line which
are probably large enough to fracture the relatively weak upper layers of the ice shelf, and to explain
the formation of strand cracks along the hinge line. However, the existence of long floating ice tongues
and ice shelves implies that the hinge-line stresses are seldom sufficient to initiate calving.

At a distance from the hinge line greater than 10 km. the Robin-Holdsworth analysis predicts negli-
gible tide-induced stresses and the calving of giant icebergs from the ice front is unlikely to be initiated
by tidal movement.

B. INFLUENCE OF TSUNAMIS ON LARGE ICE TONGUES

Tsunamis have been invoked as a possible source of the energy necessary to initiate calving (Swithinbank
and Zumberge, 1965, p. 211; Loewe, 1969, p. 322). If it is assumed that the effect of a tsunami passing
beneath the ice front is to bend the ice shelf into a wave form, a relationship between wave amplitude
and wave-length for calving to take place can be deduced. Rectangular axes are used with the x-axis at
sea-level and positive towards the ice front, and z is positive upwards. It is assumed that the ice shelf
behaves as an elastic sheet with areal dimensions large compared with its thickness. If it adopts a wave
of the form z = a sin (2mx/A) with a the amplitude and A the wave-length, the bending stress at the
surface of the ice shelf is:

= o~ B sin (2mx/), (13)
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where E is Young’s modulus in bending ~ 3 x 10° N m.™2, H is the ice thickness and v is Poisson’s ratio
~ 0-3 (values of E and v from Dorsey (1940, p. 445)). Putting H = 200 m., the maximum bending stress is:

G, ~1-3 x 1013 (a/A?) N m:2. 14)
Holdsworth (1969b) estimated that floating glacier tongues in the Ross Sea must have survived rapidly

applied tensile stresses of the order of 1-5 MN m.2 without calving, so 3, must exceed this figure for
calving to be triggered by tsunami-induced stresses alone. This leads to the condition:
a/x > 1-1 x 107" m-. (15)

In order to calculate the equivalent ratio (a,/A) for the tsunami, values of g, and A, over the continental
shelf are needed. Tsunami wave-lengths are large compared with sea depth (d) and the wave velocity (V)
can be expressed by the equation: V = (gd)}, where g is the acceleration due to gravity, and for constant
period A, is proportional to d*. On grounds of conservation of energy, it can be shown (Defant, 1961,
p. 21) that a2V is constant if dissipative mechanisms are neglected, so a, is proportional to d~'* and
a,/A? is proportional to =%, Values of a, and A, for a tsunami in the open ocean have not been mea-
sured but, assuming measurements made on Wake Island (Wiegel, 1964, p. 100) in the western Pacific
Ocean to be typical of a sea depth of 4,000 m., values for the 4 November 1952 Kamchatka tsunami are:
a, ~0-3m., A, ~100 km., and q,/A> ~3 x 107 m-!, If d is suddenly reduced to about 200 m. at
the continental slope, a,/A* becomes 1-3 x 107° m:1, which is about 1 per cent of the value in Equation
(15) and this is further reduced if energy is lost either by reflection at the continental slope or by passage
of the wave through the relatively shallow water above the continental shelf. However, little is known
about the interaction between floating bodies and waves, and the combined effects of a shelving sea bed
beneath the floating ice and of the ice shelf itself may modify the tsunami in such a way that large stresses
are induced in the ice shelf at some distance back from the ice front.

Seiche-like oscillations might also be expected to occur beneath the ice shelf if the period of the tsunami
coincides with the natural period of the ice shelf. Reeh (1970) suggested that a similar phenomenon may
have been responsible for violent periodic oscillations of water level in the bay of Jakobshavn. In his
paper, Reeh derived an expression for the natural period of a floating rectangular ice sheet, anchored
along the hinge line and supported at its sides, in terms of its dimensions and the water depth beneath
the ice sheet. Assuming that the behaviour of a large ice tongue approximates to that of an infinitely
wide floating ice sheet, extrapolation of Reeh’s fig. 5 can be used to give a rough estimate of natural
period T. For a 200 m. thick ice tongue 100 km. square with a bottom clearance of 200 m., 7 ~ 150 min.
and this is roughly proportional to seaward length. This figure represents an upper limit since the finite
width of the ice tongue implies a reduction in 7. Thus the natural period of the fundamental vibration,
or of one of the harmonics, may fall within the range of observed tsunami periods (10-30 min.). Then
a given tsunami might be expected to trigger calving in only those ice tongues with the appropriate
dimensions. Frequent mapping of the Antarctic coastline by satellite photography should reveal any
correlation between calving events and the occurrence of tsunamis.

C. EFFECTS OF SEA CURRENTS ON FLOATING ICE TONGUES

Wilson (1960) suggested that the “great ice chasm” in the Filchner Ice Shelf was caused by the frictional
drag of strong sea currents. To obtain a rough estimate of the shear stress across the chasm due to
viscous drag on the underside of the seaward arm of the ice shelf the equations used by Campbell (1965,
p. 3285) in calculating the frictional drag of sea currents on ice floes in the Arctic Ocean can be applied.
Solutions to these equations are critically dependent on the thickness of the boundary layer and on the
bottom roughness. Here, examples from Campbell’s range of possible values for these parameters have
been chosen, so that the calculated stress represents a maximum probable value. Then for an ice thickness
of 300 m. and sea current of 1 m. sec.’!, the average shear stress across the chasm is about 103 N m2.
This is at least two orders of magnitude too low to cause the extensive fracture associated with the “great
ice chasm”. For an exposed ice tongue, however, a significant momentum transfer at the up-stream ice
cliff with an associated tensile bending stress along this ice cliff might be expected. For a rectangular ice
tongue of seaward length L, width D and thickness H (Fig. 16), rectangular axes are taken with the
x-axis along the centre line and with the origin so that the ice front is at x = L. Only the component of
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FIGURE 16

Plan view of a floating ice tongue.

water current in the positive y direction (V) is considered and it is assumed to be independent of position.
pi is the mean density of the ice shelf. It is assumed that all momentum possessed by water particles
travelling towards the ice tongue is transferred to the ice. This rather severe assumption leads to an over-
estimation of the bending stress.

For a small vertical element of unit width, the force acting in the positive y direction equals the
momentum lost per second by the sea:

F =V o, (HE) = Vi Hp, (16)
Puw
The total moment about a vertical axis through the origin is:
M = FIL2[2 a7
and from bending theory the tensile stress at A in Fig. 16 is:
o, = 6M|(D,2H) (18)

where D, is the width of the ice tongue at the point it leaves its protective margins.
With p; ~ 850 kg. m3,
o, ~2-5x 103 L2V, /D N m-2. (19)
V. is approximately equal to the ocean current averaged over the ice-shelf depth, which should equal
the velocity of drifting icebergs. The results of frequent mapping of icebergs near Halley Bay on the
Brunt Ice Shelf indicate that their average velocity is between 0-5 and 1 m. sec:!. The ratio (length/width)
for the “Stancomb-Wills Promontory” on the Brunt Ice Shelf in 1915 (F. Worsley, unpublished track
chart of Endurance) and for Trolltunga shortly before it calved (Anonymous, 1969, p. 62) was approxi-
mately 2. However, at the point where an ice tongue leaves its protective margins, rifts commonly
penetrate several Kilometres into the ice shelf so that L/D, ~ 4, giving o, ~ 2,500 — 10,000 N m-2,
which is less than 10 per cent of the horizontal tensile stress due to the weight of ice above sea-level,
shown by Weertman (1957) to be:
o, = 3pigH(py—pp)/Pu- (20

However, for sufficiently large values of (L/D,), the combined effects of o,, o, and current drag on the
ice bottom may be sufficient to cause complete fracture of the ice shelf at A.

D. HINGE-LINE CALVING

Where Beardmore Glacier becomes afloat a series of rifts stretches seaward. They appear to be faults
with a downthrow of about 30 m. on the seaward side. They are spaced at regular intervals of about 1 km.
and they are each about 1 km. in length and aligned parallel to the hinge line. Collins and Swithinbank
(1968) suggested that they are due to shear fracture of the ice at a point where the ice becomes afloat
after passing over a rock lip which is higher than the bottom level of the ice when afloat. By applying
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a simple beam model, they estimated that the mean shear stress at the rock lip reached a maximum of
7 X 108 N m~2, However, when fracture occurred, the maximum bending stresses would have been
seven times larger than the mean shear stress at the rock lip, implying a bending strength for ice of
4-5 x 10° N m-2, which is almost three times greater than values reported by Mantis (1951, p. 24).
The actual stresses are expected to be less than those calculated because the ice beam is supported, to an
unknown extent, by the surrounding ice shelf.

On the Brunt Ice Shelf, the ice at the hinge line fractures to form individual freely floating icebergs
separated by expanses of sea ice. In this case, there is no evidence of a rock step at the hinge line of the
type envisaged beneath Beardmore Glacier. The inland ice flows down a steep slope into the sea and at
flotation the ice slab experiences an upward bending moment due to the excess of buoyancy forces over
weight. Neglecting, for the moment, creep of the ice, an expression will be derived for the bending stress
in terms of ice thickness, land-ice slope and seaward length of the slab.

The land ice is regarded as a sheet of ice of thickness H and surface slope a, with its bottom surface
extending a distance L into the sea (Fig. 17). Moments are taken about a plane parallel to, and at a

FIGURE 17

Longitudinal section of an ice sheet flowing into the sea.

distance / from, the seaward edge of the slab. The portion of ice thickness below sea-level at this plane
is h(l), where

h(l) =(L —tana. 21)
For a vertical section of unit width taken parallel to a flow line, the anti-clockwise moment is:
]
sz.x{(h(l)+xtana)pwg-—pigH cos a dx (22)
and for small ’ .
. M ~{(B3)a py + (B[2)[h () p, — Hpil} & (23)
M reaches a maximum when *
I = —2(Hp; — Lap,)/a p,, (24)
and *

Thus / is twice the distance from the seaward edge to the point where the ice is in hydrostatic equilibrium.
Substituting Equation (25) in Equation (21):

h(h = Helpu — lal2 @6)
and from Equation (23) the maximum bending moment becomes:
M = Bap,g/12. @27
The maximum bending stress at the bottoonf the ic“:f shelf is
&, = 6M/|H? = I ap,g[2H?. " (28)

If it is assumed that fracture occurs at a distance / from the seaward edge, then / equals the width (/) of
icebergs forming at the hinge line.
Where the main triangulation scheme crosses the hinge line on the Brunt Ice Shelf, } ~350m,,
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a ~ 7 x 10-2 radians and H ~ 320 m., giving the maximum bending stress at the moment of fracture:
&, ~1-5 % 10° N m:2. (29)

At the point of flotation there may be a tendency for the land ice to bend downwards due to the
decrease of velocity with depth. This would have the effect of increasing the value of a in Equation (28).

By a similar, analysis, it can be shown that the maximum shear stress averaggd over thickness occurs
at a distance [/2 from the seaward edge and its value is approximately &,/4 if | ~ H. The existence of
the shear stresses may influence the position at which the fracture takes place so that /; lies between

and //2, giving a slightly larger bending stress for a given iceberg size.

At the point where the ice slab becomes afloat, crevasses are likely to form in the bottom surface in
the same way that rifts form in an ice shelf down-stream from grounded areas. The penetration *‘depth”
of these crevasses will be limited to the zone of shear near the base of the land ice unless additional
tensile stresses are applied, and a bending stress of 1-5 X 105 N m.2 would not be sufficient to extend
a crevasse completely through the ice shelf. However, as the crack penetrates the ice, H in Equation (28)
decreases causing a rapid increase in G, acting across the crevasse tip, and hence continued propagation
of the crack. Equation (28) implies that the maximum bending stress increases rapidly as the ice moves
to seaward. However, the effect of creep is to warp upwards the seaward edge of the land ice and, if the
floating tongue survives for a sufficiently long period without calving, creep bending will suffice to
accommodate completely the change in slope at the hinge line. Thus there is an upper limit to the value
of / in Equation (28) and its value increases with ice velocity. This, together with the implications of
Equation (28), suggests that hinge-line calving is most likely to take place where thin, rapidly moving
ice with a steep surface slope flows on to the sea.

IV. MASS BALANCE, PARTICLE PATHS AND BOTTOM MELTING

THE positive side of the mass balance of the Antarctic inland ice sheet can be estimated by measuring
surface accumulation rates over a sufficiently large area. The mass balance can then be calculated by
subtracting the outflow at the edges of the inland ice sheet. However, it is usually easier to measure
outflow near the fronts of the ice shelves, and it then becomes necessary to convert the results into
equivalent flow rates across the hinge line. To do this, one needs to know something of the mass flux
at both upper and lower surfaces of the ice shelf. So a knowledge of bottom flux contributes not only
to an understanding of the ice shelf itself but also to the accuracy of mass-balance estimates for the
whole of the Antarctic ice sheet.

Very few reliable estimates of bottom flux have been made. To fit data from the Ross Ice Shelf,
Zumberge (1964) suggested that bottom freezing predominated at distances from the ice front greater
than 80 km., with a minimum freezing rate of 0-1 m. yr.”! at 130 km. However, assuming all heat absorbed
by the ice shelf to be used in warming downward-moving ice and that no heat is supplied by ocean
currents, Robin (1968) calculated that the maximum freezing rate would be about 0-02 m. yr:-l. So
there is ample need for more data, particularly from the central parts of ice shelves. The Brunt Ice Shelf
measurements described earlier were used by Thomas and Coslett (1970) to compute a bottom-
flux profile extending the whole way from the hinge line to the ice front. Here, equations are derived
which can be used to calculate both steady-state and non-steady-state bottom-melting rates. It will also
be shown that the inland ice sheet near the Brunt Ice Shelf is approximately in balance, and the
trajectories of snow particles falling anywhere between the Brunt Ice Front near Halley Bay and a point
50 km. inland from the hinge line will be calculated.

A. BortoM FLuXx

Analysis of the temperature/depth curve from the “Little America” bore hole (Wexler, 1960; Crary,
1961; Shumskiy and Zotikov, 1962; Robin, unpublished) led to various estimates of bottom-melting
rates beneath the Ross Ice Shelf. An easier approach is by the kinematic method, which involves an
independent estimate of the net balance of the ice shelf and hence of the bottom flux necessary to preserve
that balance. Steady-state is generally assumed with thickness and mean density a function of position

3
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only. This assumption can, however, be checked by re-measurement at a later date of a known ice thick-
ness or surface-elevation profile. The repeated measurements of Brunt Ice Shelf surface profiles show that,

except near the ice front, the steady-state assumption is justified.
Adopting a system of fixed rectangular coordinates with x-axis along a flow line at sea-level and

z-axis upwards, the following symbols are defined:
Subscripts s and b refer to upper and lower surfaces respectively.

g (x) = rate of horizontal mass discharge through a section of width D(x).

A (x) == accumulation rate expressed as mass per unit area ((A,) is bottom freezing rate).
u(x)  ==ice-shelf velocity along the relevant flow line (assumed to be independent of z).
€(x) = strain-rate (assuming ¢, = —(¢, + ¢€)).

p (x, z) == ice-shelf density.
== sea-water density (assumed to be constant).

Pw
B(x) == bottom slope of the ice shelf (positive for thinning towards the ice front).
For continuity of mass at any point:
Zs
aq a J‘ . 3
24 - 7z =
o ) DPOE AT AID (30)
b
or, for steady-state:
aq . .
— =(A,+ A4
P (4, + A,)D (31)
and
Zg
g =Du|pdz (32)
Zy
which, for hydrostatic equilibrium
= Du| p,dZ 33)
zy
so Equation (31) becomes
oz ou oD . ’
—D w -2 —Z w { D— _} = .
Upw = bP 3 Uag | = (s 4D (34)
Since
Ju oD D,
a_:gxa d;x_:_;ey’ (35)
the steady-state condition for mass continuity and hydrostatic equilibrium reduces to
A, (x) + Ay (x) = pu{Z, (x) €, (x) — u(x) tan B (x)}. (36)

So, by measuring ¢,, €, A.s, Z, and u along a flow line, values of bottom flux along that line can be
calculated. Because of the varied composition of the Brunt Ice Shelf, variations in ice thickness across
flow lines are pronounced (Fig. 8a) and values of 8 measured at any angle to the flow line will be in error.
The flow line selected was chosen to coincide with the principal drainage from ice stream I and is shown
in Fig. 8b, where it can be seen that the middle section of the route along which surface elevations were
measured deviated appreciably from this flow line. Associated with this deviation was a rapid drop in
surface elevation (Fig. 8a) as the route passed from thick ice shelf originating from ice stream I to ice
shelf consisting of cemented icebergs. Isolated estimates of bottom flux deduced from such data would
be misleading and the middle section of the surface-elevation profile along the flow line has been inter-
polated. Within 5 km. of the ice front, elevations were taken from a 1967 plane-table map of the area
and are believed accurate to + 3 m. Fortunately, ice thicknesses were measured by radio echo-sounding
(Evans and Smith, 1970) along most of the flow line. These have been reduced to bottom elevations by
subtracting the surface elevations. Errors in the resultant bottom profile are largely determined by those
of the measured ice thickness (+ 10 m.).

By fitting polynomials in x to the measured quantities, a continuous proiile of bottom flux was cal-
culated for the entire flow line (Fig. 18). The larger deviations from the regression line in Fig. 18 are
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FIGURE 18

Plots of polynomials fitted to the various parameters measured on the Brunt Ice Shelf, and a profile showing melting rates
beneath the ice shelf assuming steady-state.

believed to be due to non-steady-state conditions. This is particularly apparent near the ice front where
ice-shelf thinning can only be reliably estimated from repeated measurements. Consequently, surface
elevations were regularly measured at several points within 10 km. of the Brunt Ice Front and the corre-
sponding bottom-melting rates calculated using the expression derived on p. 34. These values are super-
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imposed on the steady-state bottom-melting profile in Fig. 18, and they show a rapid approach to
steady-state over the first 10 km. from the ice front.

In Thomas and Coslett (1970), the Brunt Ice Shelf results were compared with the few published
estimates of bottom-melting rates for other ice shelves. Most of these were based on measurements
over a short distance of surface slope (o) and an assumed value of the variable ratio B/a, the uncertainty
of which limited the accuracy of the results. Furthermore, unless measurements were made along a flow
line, errors of the type described above may be included. The work on the Brunt Ice Shelf provides
the only available profile of bottom-melting rates across an ice shelf, although it is hoped that work
recently completed (personal communication from W. F. Budd, February 1970) will give a similar
profile for the centre line of the Amery Ice Shelf.

Meanwhile, Thomas and Coslett (1970) have used recent data to compute bottom-melting rates for
the Ross and Amery Ice Shelves and, although the scatter in the results is large, there is little evidence
for pronounced bottom freezing even at great distances from the ice front. It might be expected that
the high melting rates beneath the Brunt Ice Shelf represent an upper limit, since the ice shelf is unbounded
and freely exposed to the strong clockwise currents of the Weddell Sea. However, the clearance between
sea bed and the bottom of the ice shelf along most of the relevant flow line is probably less than 100 m.
Farther south beneath the Filchner Ice Shelf sea depths reach 500-1,000 m. and a larger supply of warm
water from the Atlantic deep water is available. This may to some extent explain the very large values
of bottom-melting rate deduced by Behrendt (1970) for the Filchner Ice Shelf.

1. Non-steady-state bottom flux

In order to compute the profile of bottom-melting rates for the Brunt Ice Shelf, steady-state con-
ditions have been assumed with ice thickness and surface elevation constant at any fixed geographical
position. By re-measuring either of these parameters, the validity of the assumption can be tested, and
where it fails a more accurate value of bottom flux may be calculated.

Measurements of surface elevation usually refer to the snow surface at some marker fixed in the ice
shelf, so a vertical column of ice shelf beneath such a point is considered. Let:

/im = mean annual surface accumulation expressed as mass per unit area.
A = annual accumulation observed in the time interval (4¢) between
. successive measurements of surface elevation.

C = annual contraction of the column due to densification of the firn.
¢, == vertical strain-rate (= — { ¢, + ¢,}).

p, = mean density of the annual layer nearest the surface.

s = density of solid ice.

pw = sea-water density (assumed constant).

Z, = surface elevation. with respect

Z, = bottom elevation (negative). | to sea-level

M = bottom-melting rate expressed as thickness of solid ice.

The primed values refer to the second set of observations.

Now the column, originally of length L ( = Z, — Z,), can be considered to consist of B m. of air
and (L — B) m. of solid ice.

Then for hydrostatic equilibrium:

(L — B)pi = (L — Z) pu (37
Differentiating Equation (37) with respect to time gives:
oL 0B oL dZ
1o T2V o p 12 s 38
P'{ or at} P‘"{ o } (38)
or

oL _ [, 9Z _ i’?}/ — 39

“é‘t' ) {Pw at Pi at (Pw PA) ( )

After an interval 4¢, the ice-shelf thickness becomes:
L' =L + (Alp) 4t — CAt + Lé At — M4t (40)
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and . . .
L-L = (M +C— A/Ps - Léz)At N{Pw (Zl - Z;) i (B - B’)}/(Pw - Pi) (41)
from Equation (39), so .
M=4+L€‘z_é+{Pw(Z Z)'"P:(B B)} (42)
Ps ( - P)) At

The biggest problem lies in assigning values to C and (B — B’). The surface accumulation rate varies
appreciably with time but the settling rate C is unlikely to change in the same way. Thus a period of
abnormally high accumulation could result in an increase in surface elevation accompanied by an
increase in the air content of the firn. Here C is assumed to be controlled by the average accumulation
rate over a long period Am, such that each year a mean annual accumulation layer is converted into
solid ice. C then becomes the air content of that layer at the surface. Thus

= (Am/Ps) - (Arn/pi)' (43)

The decrease in air content of the column after an interval 4t is equal to the contraction due to settling
minus the increase due to the air contained in snow accumulated during the interval 4¢:

R AR NS A
Combining Equations (42), (43) and (44):
T R “

This is the expression used to calculate bottom-melting rates at 18 points near the Brunt Ice Front.
The values obtained have been grouped according to distance from the ice front and the average of
each group is shown in Fig. 18.

If 4¢ is sufficiently long (say S years), A tends to A and:

o Z=2Z) g, | An (46)

M
(pw — p;) 4t pi

2. Mean value of bottom flux over a large area

The mean bottom flux £ for a large area of ice shelf can be estimated by considering the mass con-
tinuity of a unit vertical section of ice shelf taken along a flow line (Fig. 19). A system of fixed rectangular
coordinates is adopted with x-axis along the flow line at sea-level, and z-axis upwards.

s = surface elevation.

= bottom elevation.

length of section.
thickness of ice shelf.
surface-accumulation rate.
bottom flux.

ice-shelf velocity.

ice-shelf density.

N

> < A NN

1 (O

The subscripts 1 and 2 refer respectively to sections P and Q in Fig. 19.
At steady-state, and assuming negligible transverse strain:

Z, L L Z,
Zbl 0 0 Zb2
or 3 n
VipiHy + AL + FL = Vyp,H, (48)

where the bars imply mean values.
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FiGure 19
Vertical section of an ice shelf taken along a flow line to illustrate symbols used in the calculation of mean bottom flux.

For the Brunt Ice Shelf, taking sections near the hinge line and ice front, respectively:

V: = 323m.yr.1 Ve = 385m.yr!
H, = 308m. H, = 110m.
Z, = 43m. Z, =20m.
F=W2,, 49)
S0
= 885kg. m3 ps = 841 kg. m3
A = 400kg. m.2yr."'
L =. 64km.
From Equation (48) -
[-,': . VapoHy — VipyH, — AL (50)
L
= — 1,200 kg. m.2 yrt

= bottom melting of 1-35 m. of ice per year.

This is slightly greater than the value given by the bottom-flux profile (Fig. 18), because here it is assumed
there is negligible transverse strain. The assumption is more likely to hold for the larger, bounded ice
shelves where lateral strain is minimal.

In order to compute a value of mean bottom flux, it is necessary to measure velocity, ice thickness
and mean density at only two points along a flow line, together with observations of snow accumulation
between these points. Density measurements are likely to be the most difficult to obtain; mean density
can be inferred either from the ratio of total thickness to surface elevation or by measuring the variation
in density with depth in a bore hole, and it is suggested that any programme of ice-shelf coring should
be planned in such a way that an estimate can be made of the mean bottom flux between adjacent bore
holes.

3. Influence of sea currents on bottom-melting rates

The Amery and Ross Ice Shelves, and indeed most other ice shelves, lie between protective flanks
of land ice and the amount of water circulating beneath them is largely dependent on the width of the
ice front. Consequently, one should expect bottom-melting rates to be less than beneath the Brunt Ice
Shelf. However, virtually nothing is known about sea currents beneath ice shelves and one can only
speculate on the distance that they penetrate in from the ice front.

Several attempts have been made to measure sea currents in Halley Bay and the results are summarized
in Table III. Whilst the sea temperatures recorded in June 1966 indicate that negligible heat was available
for bottom melting during winter, the January temperatures were 0-1° C above freezing point. Using
the expression given by Lebedev (1964, p. 121) for heat transfer under conditions of turbulent flow,
bottom melting rates at various distances from the ice front can be calculated. Assuming a mean sea
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TABLE III

MEASUREMENTS OF SEA CURRENTS AND TEMPERATURES AT VARIOUS DEPTHS IN
HALLEY BAY

Sea currents Sea
Source Date Method Depth Velocity Direction temp(grg)tures
(m. sec.™) (° true)
Deacon, 1964, February Vertically spaced | Mean value for 0-1 270 -
p. 351 1958 sea electrodes surface to sea
bed

Unpublished British August Horizontally Mean value 0-35 - -
Antarctic Survey 1961 spaced sea near surface
report by C. Dean electrodes
Unpublished British January Ekman current Mean values 0-25 - —1-82
Antarctic Survey 1962 meter and for surface to
report by C. Dean reversing bottle sea bed
Unpublished British April Horizontally Mean value 0-85 340 -
Antarctic Survey 1962 spaced sea near surface
report by M. Jarman electrodes
Unpublished British May and Horizontally Mean value 0-2 260 -
Antarctic Survey June spaced sea near surface
report by W. Izatt 1966 electrodes
Observations made June PISA for currents| Sea bed at 0-1 300 -
by the author 1966 to the sea bed 210 m.

Resistance Mean value - - —-1-9

thermometer from surface

to sea bed

current of 200 mm. sec.”l, a sea temperature 0-1° C above its freezing point for half the year and a tem-
perature gradient at the bottom of the ice shelf similar to that at “Little America” station (Gow, 1963),
the following bottom melting rates are obtained:

1 km. from ice front
10 km. from ice front
100 km. from ice front

3-3 m. of ice per year
2-0 m. of ice per year
1-3 m. of ice per year.

With increasing distance from the ice front, a decrease in both sea temperatures and currents is
expected, so the above values should represent upper limits. Nevertheless, the calculation suggests that
sufficient heat is available to support the high melting rates deduced for the Brunt Ice Shelf.

Gilmour (1963) and Tressler and Ommundsen (1962) reported measurements of sea currents, tempera-
tures and salinities beneath sea ice at several points in McMurdo Sound throughout the year. From
the results, Gilmour estimated an annual southward heat transport through McMurdo Sound of between
1 and 3 x 10'® J. Making the unrealistic assumption that all this heat is used in melting a uniform
layer from the underside of the entire Ross Ice Shelf, an annual loss of between 6 and 19 mm. of ice is
found from this heat source alone.

B. MASs BALANCE OF THE INLAND ICE SHEET NEAR THE BRUNT ICE SHELF

The mass balance of any bounded area of the Antarctic ice sheet is the net surface accumulation
minus the net loss of ice across the boundaries. If catchment areas separated by the crests of intervening
ridges are considered, flow of ice across the boundaries can only take place to seaward. Then the accuracy
of any estimate of mass balance for an individual catchment area is limited by lack of knowledge of
its geographical boundaries, of surface accumulation rates and of the total outflow. To improve the
accuracy this study can be further limited to consider a unit vertical section through the catchment area
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perpendicular to the surface contours. If the flow lines are parallel, then the mass balance of this section
is the net surface accumulation minus the outflow to seaward. For the Brunt Ice Shelf catchment area
the position of the summit of the ridge to the south of the ice-movement scheme is reliably known from
several oversnow traverses, and a metre wide section (AA’ in Fig. 20) through the stake network is con-
sidered. Ice thicknesses along the entire section are also known from the work of Bailey (Bailey and
Evans, 1968) and the more recent radio echo sounding described on p. 11. From Nye (1952, p. 84),
it can be shown that, if zero bottom sliding is assumed, the velocity of the ice column averaged over its
depth is (n + 1)/(n + 2) times the surface velocity, where 7 is the flow-law exponent. The surface velocity
at A in Fig. 20 is 50 m. yr.7!, so if n = 3 the mean velocity is 40 m. yr-1. The height of the ice column
is 1,000 m., giving a total annual outflow through A of 4 x 10¢ m.3 of ice.

1
[\”’I, .
/THERON f
MOUNTAINS

80° #%® SHACKLETON ~
- y- RANGE
FIGURE 20

The Brunt Ice Shelf and adjacent inland ice sheet.

Mean snow accumulation of the drainage area was obtained from measurements every 3—4 km. along
the route from Halley Bay to the Theron Mountains (Fig. 20) in 1967 and along the route from Halley
Bay to the Shackleton Range in 1969. From Fig. 3 it can be seen that at Halley Bay 1967 was a dry
year, whilst 1969 was a relatively wet one. Therefore, values have been adjusted to more representative
long-period estimates assuming that variations with time in accumulation recorded at Halley Bay are
also typical of the inland ice sheet.

In Table IV the contributions to the mass balance of the section AA’ are listed. The difference between
total accumulation and total outflow is about 6 per cent, considerably less than the estimated error;
so it is concluded that within the limits of error this area of the inland ice sheet is in balance. Although
this result represents the mass balance of only a small area of the Antarctic ice sheet, it is based on
measurements of all the relevant parameters, in particular of the drainage rate across the hinge line.

Giovinetto (1970) suggested that the Antarctic ice sheet is responding bi-modally to the present climatic
regime, the interior region having a positive mass balance whilst the peripheral region has a larger
negative one to balance the observed rise in sea-level. Independent evidence reviewed by Hollin (1970)
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TABLE IV
MASS BALANCE OF THE INLAND ICE SHEET NEAR HALLEY BAY
Probable error

(per cent)

Adjusted mean Theron Mountains route 0-30 m. ice yr.™* 410

accumulation

rate Shackleton Range route 0-38 m. ice yr.? +10

Resultant mean 0-34 m. ice yr.? +20

Drainage area up-stream of A in Fig. 20 1:1x10° m.J? Negligible

Total accumulation rate for unit width of 3-8 x10* m.? ice yr.”! +20

inland ice sheet taken along a flow line

Total outflow past A (see p. 38) 4x10* m.2 ice yr.™? 420

supports the view that the interior of the ice sheet is thickening, but over a larger area than that proposed
by Giovinetto. Furthermore, the results of the present work suggest that the Brunt Ice Shelf drainage
area, which is within Giovinetto’s peripheral zone, is approximately in balance. It would appear then
that the negative-balance zone may be considerably smaller than that envisaged by Giovinetto, implying
a very rapid thinning rate within the zone. However, Giovinetto’s analysis assumed (following Zumberge,
1964) net freezing beneath the major ice shelves, whereas the present results suggest that appreciable
bottom melting may be more widespread than previously suspected. Even a small net melting rate would
reduce the positive budget of Giovinetto’s interior zone and hence also the negative budget assigned
to the peripheral zone.

Before anything more precise can be concluded more data are needed. Estimates of accumulation
rates over the inland ice sheet must be improved, a velodity profile should be measured across the Filchner
Ice Shelf, and efforts should be made to measure bottom flux in the interior of the larger ice shelves.
On p. 36 a method is proposed by which mean bottom flux could be estimated for large areas of an ice
shelf with a minimum of observations.

C. PARTICLE PATHS

To calculate particle paths through the ice shelf, rectangular axes with x-axis along a flow line at the
surface, and z-axis downward are taken (Fig. 21).

V = ice-shelf velocity ( = V(x) m. yr:1).

é, = vertical strain-rate ( = €,(x) = — {¢, - €} yr.).

A = accumulation rate ( = A(x) kg. m~2 yr.1).

p = density ( = p(z), and p(0) = density of surface snow).
D, = thickness of an annual layer at the surface ( = Dy(x)).
D, = thickness of an annual layer after n years ( = D,(x)).

The following assumptions are made:

i. The velocity measured at the surface is representative of that at depth. This is true for the ice shelf
and it is a fair approximation for near-surface land ice.
ii. The function p(z) is independent of time (Sorge’s Law)—see p. 7—and of x.
iii. The functions A(x), ¥(x) and ¢,(x) are independent of time.
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Year Year
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FI1GURrRE 21
Vertical section taken along a flow line to illustrate symbols used in particle-path calculations.

If the origin is taken at the point of deposition of the relevant snow particle, then after m years

i=m-1

X = Xy = D V(%) (51)
and its depth below the surface is o
= Di m/s 52
‘ iZl (x ) ( )
where .
D, (x) ~ A (x,,)/p(0)
AGD) [ 3 DG PO & () 53
Dalon) ~ BT+ o) (D (%) >
and

D;(x,, ) p{" 2231:1 D,(x,, ,)} (1 + € (x,—1)

D,y (x,) ~ (4)

p{ng iD,.(X,,.)}

n=1

Using a computer, Equations (51) and (52) were solved iteratively to give the paths taken by any snow
particle falling between a point 50 km. south of the hinge line and the Brunt Ice Front. Account was taken
of variations in 4, V and ¢, by expressing each as a polynomial in x. Variation of density with depth
has sometimes been neglected in particle trajectory calculations (Crary and others, 1962, p. 130; Bl{qd,
1969, p. 182), its effect being small compared with ice thickness. On an ice shelf, however, the initial
rapid descent of snow particles due to densification of the firn is significant. For the Brunt Ice Shelf,
the density/depth relationship found at Maudheim (equation 1 from Schytt (1958b, p. 120)) has been
adapted to yield a mean density equal to that observed on the Brunt Ice Shelf, giving:

p(z) =917 — 467 %% kg. m-3 with z in m. (55)

In Fig. 22 the results are plotted as particle paths with a time interval between each of 200 yr. The ages
marked are those of particles at the ice front. Snow falling at the hinge line takes approximately 190 yr.
to reach the ice front, where it is at a depth of 93 m. below the surface and 75 m. below sea-level. Where
the trajectories cut the bottom of the ice shelf, the particle has been lost by bottom melting. 10 km. from
the ice front the bottom of the ice shelf is about 1,000 yr. old and originated at a point 50 km. inland from
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Particle paths along the flow line which passes through Halley Bay station. The vertical exaggeration is about 80 : 1.

the hinge line. However, bottom melting near the ice front is so rapid that the bottom of the ice shelf
at the ice front is only 220 yr. old and originated at a point 5 km. inland from the hinge line. None of
the snow falling at distances greater than 5 km. inland from the hinge line ever reaches the ice front.

V. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

OBSERVATIONS made on the Brunt Ice Shelf enable one to estimate not only the mass balance at the
upper surface but also the rate of melting from beneath the ice shelf. The same observations have been
used (Thomas, 19734, b) to examine the creep behaviour of ice at low stresses. Thus ice shelves provide
excellent tools with which to investigate the behaviour both of the Antarctic ice sheet and of ice as a
material. The high melting rates calculated at all points beneath the Brunt Ice Shelf suggest that bottom
melting may be more widespread than previously suspected and an accurate assessment of the mass
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balance of Antarctica must await the calculation of bottom-melting profiles across the major ice shelves.
The Brunt Ice Shelf observations were made from a closely spaced network of stations and gave detailed
information along a relatively short flow line. On the larger ice shelves, with flow lines of several hundred
kilometres in length, the necessary observations could be reduced to:

i. Strain-rates measured at a series of known positions along a flow line. Within 150 km. of the ice
front these measurements should be made at 20 km. intervals, thereafter at 50-100 km. intervals.
ii. Absolute ice velocity determined at one, at least, of the stations.
iii. Measurements of surface elevation and ice-thickness profiles along the flow line.

Ideally, holes should be drilled through the ice shelf at two or three selected stations to supply data on
the variation of temperature and density with depth. If this is done, the measurements of surface
elevation can be omitted. The proposed Ross Ice Shelf drilling project (Zumberge, 1971) presents an
excellent opportunity to relate bore-hole information to surface measurements of the kind described
above.

In a review of possible calving mechanisms it has been concluded that:

i. Stresses induced by tidal rise and fall are sufficient to explain the occurrence of strand cracks at
or near to the hinge line, but complete fracture is unlikely except in areas of large tidal range.

ii. Stresses induced by the unbalanced moment at the ice front may result in calving of prismatic
icebergs with width approximately equal to ice thickness. The time interval between calving depends
largely on the fracture criteria for ice. This type of calving should be preceded by an arching of
the ice-shelf surface near the ice front, and a repeated series of level traverses perpendicular to a
fresh ice front could detect whether this is taking place. Observations on existing ice fronts indicate
that calving of small icebergs is seldom able to keep pace with ice movement.

iii. Under the influence of a tsunami with appropriate period, large stresses could be induced within
a floating ice sheet vibrating at its natural frequency or at one of the harmonics. As a first test of
this possibility one should search for a correlation between the timing of major calving events as
revealed by satellite photography and the occurrence of tsunamis. More direct evidence would
be supplied by recording gravimeters installed on suitably exposed tongues of ice shelf.

iv. In most cases, stresses induced within an ice shelf by the action of sea currents are small. However,
the prolonged action of such stress may be a contributory factor in the calving of long tongues
of floating ice that are joined to the main body of ice shelf by a narrow intact “neck”.

Finally, it should be noted that many of the problems associated with iceberg calving cannot be solved
until more is known about the fracture criteria for ice in terms of stress, temperature and period of
loading.
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PLATE T

The “Dalgliesh Tee Stream™ at the point where it enters the Brunt lee Shelf. Air photograph
leoking south-east, taken at lat. 757 107 8., long, 197 453 W, and 5000 m. above sea-level;
Tanuary 1970, (Photograph by the TLS, Navy.)
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PLATE 11

a. Thin ice shell’ near R7, A photograph looking south-east, taken at lat, 753° 20° 5., long.
257 48" W, and 8000 m. above sea-level: December 1967, (Photograph by the LLS, MNavy.)

b. Looking south-east along the main stake ling; approximate positions of stakes are
shown. Air photograph taken at lat, 757 42° 5. long. 257 127 W, and B.000 m. above

sea-level; January 1968, (Photograph by the LS. Navy)




PLATE 11




.

PLATE 111

Adr photograph taken from 8,000 m. above the MeDonald lee Rumples; December
1967, {Photograph by the LS. Navy )

- Alr photograph looking south-west towards the McDonald lee Rumples, taken at
lac. 757 257 5., long, 26 007 W, and 2,500 m. above sea-level; January 1970, The large
chasm in the foreground opened in December 1968, (Photograph by the 1.5, Navy.)






