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EREBUS GLACIER TONGUE, McMURDO SOUND, 
ANTARCTICA 
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(Glaciology Division, Inland Waters Branch, Department of the Environment, Ottawa, 
Ontario KIA OE7, Canada) 

ABSTRACT. Examination of the past and present behaviour of the Erebus Glacier tongue over the last 
60 years indicates that a major calving from the tongue appears to be imminent. Calculations of the regime 
of the tongue indicate that bottom melt rates may exceed I m a- I. By successive mapping of the ice tongue 
between the years 1947 and 1970, longitudinal strain-rates were determined using the change in distance 
between a set of 15 teeth, which are a prominent marginal feature of the tongue. Assuming a flow law for 
ice of the form y= (T/B)n where T is the effective shear stress and y is the effective shear strain-rate, values 
of the exponent n= 3 and B = I X 108 N m - 2 si are determined. These are in fair agreement with published 
values. 

RESUME. Langue glaciaire de l'Erebus, McMurdo Sound, Antarctique. L'examen du comportement passe et 
present de la langue glaciaire de l'Erebus a travers les 60 dernieres annees montre qu'une brisure majeure 
de la langue parait imminente. Les calculs se rapportant au regime de la langue indiquent que la vitesse de 
fonte du fond de la glace excede I m a- I. Par cartographie successive de la langue glaciaire entre les annees 
1947 et 1970, les taux de deformation longitudina le on t pu etre determines en utilisant les variations de 
distance enregistrees, entre un ensemble de 15 "dents" de glace en relief qui caracterisent la zone marginale 
de la langue. Supposant une loi d 'ecoulement de la glace de la forme y= (T/B )n oll T est la contrainte 
effective de cisaillement et y le taux de deformation effective au cisaillement, les valeurs de l'exposant 
n= 3 et de B = I X 108 N m - 2 si ont ete determinees. Ces valeurs sont en raisonnable accord avec celles qui 
avaient ete publiees. 

ZUSAMMENFASSUNG. Erebus-GletscherZlmge, McMurdo Sound, Antarktika. Eine Untersuchung des friiheren 
und heutigen Verhaltens der Erebus-Gletscherzunge wahrend der letzten 60 Jahre fiihrt zu der Annahme, 
dass eine grossere Kalbung unmittelbar bevorsteht. Haushaltsberechnungen der G letscherzunge zeigen an, 
dass die Abschmelzung an der Unterseite den Betrag von I m pro Jahr iiberschreitet. Aus der laufenden 
Kartierung der Eiszunge zwischen den Jahren 1947 und 1970 wurde die Langsverformungsgeschwindigkeit 
auf Grund der Entfernungsanderungen zwischen einer Gruppe von 15 Zahnen bestimmt, die eine charak
teristische Erscheinung am Rande der Zunge bilden. Nimmt man fiir das Fliessgesetz von Eis die Form 
y= (T/B)n, wobei T die wirksame Scherspannung und y die wirksame Rate der Scherverformung ist, so 
ergibt sich fiir den Exponenten n der Wert n= 3 und fiir B = I X 108 N m - 2 si. Diese Werte stimmen mit 
bereits veroffentlichten recht gut iiberein. 

INTRODUCTION 

Within the Ross Sea there are a number of ice tongues which flow out for considerable 
distances beyond the coastline. Frequently, the length/breadth ratio exceeds 5, where lengths 
are of order 10- 20 km. One of the most spectacular of these ice tongues is Erebus Glacier 
tongue (Fig. I ) which now extends more than 12 km into McMurdo Sound. This tongue is 
believed to be floating for its entire length for the following reasons: 

( I) Surface structural features such as marginal teeth, surface rolls (Debenham, 1965) 
and cracks are consistent with a floating tongue. 

(2) Gravimeter measurements by the author in 1966 showed that a considerable part of 
the central tongue and the north-central edge oscillates with the swell (tongue oscilla
tion period about 16 s) . 

(3) Water-depth soundings around the outer end and south middle side of the tongue 
show that the water is deep enough there for the ice (of known thickness) to be free 
floating . 

A slight curvature, concave to the north, of the tongue might be explained by differential 
exit speeds of the ice at either side of the hinge line (line of flotation ). The possibility exists 
that the north edge may be grazing the bottom near the coastward end causing retardation 
of the north edge. However, these possible effects are apparently of minor consequence 
because the stress/strain-rate relation derived for the glacier is shown later to be essentially 
consistent with a floating tongue. 
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Fig. 1. Aerial oblique photograph of Erebus Glacier tongue (u.s. Na~y 2/ 18/65). 

PAST AND PRESENT RECORDS OF THE ICE TONGUE 

The tongue was first completely mapped in 1911 (Debenham, 1923), although a position 
for the end of the tongue was also given for 1902. These early surveys are known to contain 
some inaccuracies (U.S.C.S. map, Ross Island ST 57-60/6). A calving of great significance 
was recorded in March 191 I (Taylor, 1922), when a section measuring 4-5 km by 1.2 km 
broke off the end during a gale. . 

The next documentation of the glacier is provided by the 1947 U .S. Navy (Highjump) 
photography. Subsequent air photography covering the tongue has been obtained for 1956, 
1959, 1965, 1967 and 1970. The tongue has been mapped for these years using radial-line 
plots for vertical photographs and a Wilson Photo-alidade for oblique photographs. Figure 2 

shows the 1970 position and the outlines of the end of the tongue at previous dates. A mean net 
forward rate of advance of about 158 m a - I for the end of the ice tongue since 1947 is plotted 
as line DE in Figure 3. Point A represents the end of the tongue in January 191 1 and point B 

indicates the position of the tongue in March 191 1 after the calving. Suppose that subse
quently the end of the tongue advanced at a rate comparable to the value given by the slope 
of DE (note that as the tongue length increases, the flow rate from 0 to E should increase by an 
amount equal to the strain-rate X distance increase; the same applies to BC) ; and suppose 
that a calving took place shortly before 1947. Representing this event is the line CD drawn 
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horizontally so that C is vertically above A and D is vertically above B. The line CD is a first 
approximation only and, although it is shown corresponding to 1942, it might have been as 
late as 1946, putting C further into the zone 1 km wide set by the uncertainty in the earlier 
surveys as well as by the variability in the geometry of different calvings. The trajectory 
ABCDE traces out what appears to be a cycle of period about 30 years. 

This cycle is considered to be idealized; large departures from it are possible. To fully 
understand this cycle would lead to an understanding of the mechanism of calving. If the 

~IOO 

""~ 80 

~~ ~E--;-----------------------------__ ~ ____ -+ ______________ ~ ____________ ~~~o .;40 ~~ 40 
~~ W 

LlIJE L of--'-----------------------------------------------------------------------l---+-io S.L. 

· .0 I .~ 
.~ I .~ 

~~ -
~ ...8() ICE TONGUE I · 80 

~ ·IOO _+ _+ -t-..J .100 
.. -120 . 120 
~ -l40 __ J __ .140 

~ -160 -~ (NORT~ - 160 

= -180 ~.....::::::t:=---- .... -r--""T""- SEA WATER SIDEI 

~. SURFACE ELEVATION ERROR t; 2 m 

TOTAL ICE THICKNESS ERROR t 20m 
RELATIVE THICKNESS ERROR t 10", (a pprol) 
ICE THICKNESSES FOR X> 7.", .. AE 

CALCULATfD FROM ~ AND 1'1 . 

(A) CENTRAL 

~SOUTH SIDE 

1967 

10 

MIDDLE ,,", - 280 
"",NORTH .]00 

SIDE -~ 

I. 

0.89 
0.811 

0., 

0." 
eo 

0." 

--+-+--!--i-+-+-+-~L.!QO.ill!. .. ~---
::l 0" (B) LONGITUDINAL DENSITY PROFILE L-______________ ~~~~~~~~~~~~ ___________________ ~ 

0.15 

--0-------0._ - --0.- __ _ a. __ 

(C) EFFECTIVE SHEAR STRESS PROFILE 

HING£ • KILOIrII[TRES 

-0.-- ---_ --4 __ _ 

10 010 12 

0.1$ 

.10 

0.05 

.00 

Fig. 4. (A) Longitudinal section through the &enter line of the tongue based on 1967 and 1970 U.S. Navy air photography and 
a radio-echo sounding traverse carried out by the Scott Polar Research Institute in December 1967. (B) The longitudinal 
mean densi~y p(x) is based on thickness measurements, altimetric heights of the surface above water level (1966), photo
grammetric heights (1967, 1970) and some field density measurements (unpublished data of R. A. Paige). (C) Plot of 
T(X), the effective shear stress, calculated using Equation (3). 

concept of a "critical length" is introduced, then one is prompted to predict that in the region 
EF (Fig. 3), representing the time interval 1972-77, the tongue will again be susceptible to 
calving, with the probability of calving increasing with time. 

Figure 4 shows the long section of the tongue in 1967. At the end of the supposed "stable 
length" of about 7-8 km, the central ice thickness is about 180 m. Beyond this point the 
progressively thinning tongue approaches a "critical length" with respect to a certain set of 
oceanographic boundary conditions. 
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GLACIER-TONGUE REGIME 

To examine the regime of the tongue, the mass equation (Budd, 1966, equation (31)) is used. 
If His the thickness of the ice at a distance x(m) from the hinge, and t is time, the assumption 

. oH . 
of steady state gives: Tt = 0, so that the mass equation reduces to: 

. P.. P oH 
A-M--(£xx+£IIII)H+-Vl:~ = 0 (I) 

Pi Pi u X 

where A is the surface accumulation rate and M the bottom melt rate in meters of ice per year, 
p is the mean density of the glacier at a distance x from the hinge and Pi is the density of ice 
(Mg m-3), £xx and £1111 are the strain-rates (a-I) in the longitudinal and transverse directions, 
respectively, and Vx is the longitudinal flow rate (m a - I) at distance x(m) from the hinge. 

Using values of p = 0.867 (±0.02S) and Pi = 0·91S (±0.002) Mg m - 3, £xx = £1111 = 4.6 
(±o.S) X 10-3 a-I, A = 0.03 (±0.02) m a-I, H = 227 (±20) m, Vx = ISO (±2) m a-I, 

~~ = 19 (±4) X 10-3 at x = S km, the value of M (Equation ( I)) is 0.8 (±0.4) m a-I (melt) 

averaged over 2 km. Between x = 3.0 and 8.0 km the average value of melt is M ~ I.2±0.S 
m a- I. As these results are based on several approximations, the major one being the steady
state condition, they would have to be checked by more refined data, but it is worth noting 
that for the marginal part of the nearby McMurdo Ice Shelf the average value of bottom 
melting recalculated using the data of Paige (1969) and Heine (1970) is I.3±0.1 m a - I. 
In another location on the same ice shelf, between stations 207 and 208 (Heine, 1967), the 
average melt rate is 0.9±0.1 m a- I, again assuming the steady-state condition. 

CALVING BEHAVIOUR 

It was reported that the calving of the end of the tongue in 191 I was associated with a gale 
during open-water conditions and possibly a back surge of water in McMurdo Sound was an 
important factor in the calving process (Debenham, 1965). To consider this idea further, the 
possibility exists that due to a combination of wind stresses and stresses induced by swell and 
the back surge, the bending stress reached a maximum at the section between about 7.0 and 
8.0 km from the hinge (Fig. 4A), where, if differential oscillation occurred between the thicker 
landward section and the thinner seaward section, a phenomenon resembling whiplash might 
have occurred. On the basis of the preceding discussion, it is contended that the section of the 
tongue beyond about 7 km from the hinge is reaching a critical length where the combined 
effects of extreme weather and oceanographic conditions could induce a calving of the same 
magnitude as the one that occurred in 191 I. 

Another type of calving (Reeh, 1968) involves a downward curling of the ice edge due to 
the imbalance there of ice and water pressures. As a result, icebergs are produced of length 
approximately equal to the ice thickness at the edge. For the period 1947-70, a comparison of 
the mean flow rate of the end of the tongue ("-'158 m a - I) to the flow rate of the last tooth 
(165 m a-I) indicates that the end could have suffered this type of calving once in the last 
23 years-which is in accordance with the predictions of Reeh for this thickness and tempera
ture of ice. Along the edges, occasional teeth are missing but others have persisted for more 
than 23 years with little significant change in form . Here, the ice is up to 40 % thinner than 
the center-line ice, thus the expected frequency of calving is decreased (Reeh, 1968, p. 227). 

STRUCTURAL FEATURES 

A significant surface feature, the "rolls" (Debenham, I96S), is evidently related to the 
teeth, the initial spacing of both being of order soo m, which is about four times the distance the 
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ice moves per year. The troughs of the rolls probably result from a process of plastic necking 
as the ice becomes afloat. The profile of the base of the ice near the hinge line is not known 
with sufficient accuracy to check for possible basal necking. Such a feature appears to occur 
in the seismic profiles of Robin (1958) for the Maudheim Ice Shelf and in the radio-echo 
sounding profiles of Robin and others (1970) for the Ross Ice Shelf. 

At the edges of the tongue a gash is formed by rupture of the ice as it is suddenly forced to 
acquire the speed of flow of the central ice. The periodic formation of these gashes is thought 
to control the local rate of stretch of the ice at the hinge line and thus to control the periodic 
formation of the troughs of the rolls. The marginal gashes open to become the notches between 
a series of teeth. On the south side of the tongue a series of 15 teeth had developed by January 
1970, while 10 teeth existed in 1947. By mapping the positions of the points of these teeth, 
which are easily identifiable in photographs taken in seven different years, mean flow rates 
in the x direction have been determined by regression analysis. Although the time-distance 
plots are slightly curved, considering the errors involved, a linear regression analysis is 
sufficient for practical purposes. The assumption is made that the longitudinal strain-rate 
shown by the teeth is a close reflection of the longitudinal strain-rate along the center of the 
tongue. Figure 5 shows the longitudinal flow rate, u (m a - I), plotted against distance x, from 

ou 
which the longitudinal strain-rate ex = £xx can be computed. 
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Fig. 5. Plot ofhorizontaljlow rate u against distance x from the hinge, based on meanjlow rate of 15 teeth on the south edge 

FLOW LAW 

In order to study the stress-strain-rate relation for the tongue, some simplifying assump
tions are made. Since the tongue is free to expand laterally as well as longitudinally, we assume 

£yy = £xx 

so that the approximating condition of incompressibility gives : 

the z direction being vertical. The effective shear strain-rate, y, is then calculated from: 

2yZ = £jj£tj 

(i,j = x,y, z) . 

On the assumption of equal creep in two mutually perpendicular directions, the effective 
shear stress (T) is found from the Weertman solution (Weertman, 1957) to be: 
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HH 

T = ~3' ~{f f p(z) dz dz- tpw(H-h)2} 
o z 

33 

where g is the acceleration of gravity, pw is the density of sea-water and h is the height of the 
ice above water level. The ice-density function p(z) is assumed to be of a similar form to that 
derived by Schytt (1958) for the Maudheim Ice Shelf. In particular: 

0.915 (±0.002),8 exp [a (H- z) ] _ 
p(z) = Mg m 3 (4) 

1+,8 exp [a (H-z )] 

where Z is measured from the base upwards and where the constants ,8 and a are determined 
for each profile along the tongue so that 

H 

P = ~ f p(z) d z (5) 
o 

equals the value of average tongue density calculated from known values of Hand h and by 
extrapolation of a mean value fit (Fig. 4B). Ice-thickness values for H < 190 m have been 
calculated using known values of h (determined photogrammetrically) and the extrapolated 
value of p. 

To solve Equation (5), an iterative process is used where the value of,8 is selected on the 
basis of an estimated surface tongue density (based on some measurements in 1966, together 
with data from Stuart and Bull (1963) and Paige (unpublished data)); a value of a is then 
found which satisfies Equation (5). 

The double integral in Equation (3) which reduces to: 
H 

0.9 15 f {I + ,8 exp [a (H -Z) ]} 
-a- In 1+ ,8 d z 

o 
is evaluated by numerical integration. The value of T(X) along the tongue is shown in Figure 
4C, 

On the assumption of a flow law: 

(6) 

where n is an exponent to be determined, and B is a factor dependent on the ice temperature, 
composition and structure, the plot of log y against log T has been .made (Fig. 6). The line 
with slope n = 3 has been drawn through the points in order to compare these data with the 
data of Thomas ( 197 I), who has derived a similar stress- strain-rate relationship based on 
information from several Antarctic ice shelves most of which have side constraints. 

If in Figure 6 a least-squares analysis is performed on the present data, a line of slope 
n = 2.5 results with a correlation coefficient of 0.g8, but until more data are available a value 
ofn:::::: 3 is considered acceptable for the range of stresses 0.10 MN m - 2 > T> 0.03 MN m - 2 • 

This still leaves unanswered what value of n is appropriate for T < 0.03 MN m-2 (Thomas, 
1971, p. 86). 

Unfortunately strain-rate and ice-thickness data available (Heine, 1967, 1970) for parts 
of the much thinner McMurdo Ice Shelf apply to an area of strong compression and it is not 
possible to use the information directly to obtain points in the low stress range (T < 0.03 
MN m - 2) which would be suitable for plotting in Figure 6. Only if a large part of the ice 
shelf became detached would it be possible to obtain useful measurements. 

A value of B :::::: I X lOB N m - 2 s~ (T = - 15° C ± 0'5° C) has been computed as an 
average value of B from the data of Figure 6 and this is seen to lie below the points plotted for 
the Brunt and the Ross Ice Shelves (Thomas, 1971 , p. 86). 

2 
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CONCLUSIONS 

In comparing Thomas's data with the present results it is seen that, within the experimental 
error, the conclusions about the flow law are similar. In Figure 6 the apparent shift of the 
Erebus Glacier tongue line may be slightly reduced if account is taken of the transverse 
thinning of the ice tongue, in which case Eyy < Exx and Equation (2) will yield a lower value 
of y. At the same time the value of T is reduced but the net result is to shift the line to the 
right of its present position. Since this change is rather small, it has been neglected. 

If the mean temperature of the Erebus Glacier tongue is actually warmer than that 
estimated (- 15° C), this would help explain the shift of the Erebus Glacier tongue data to 
the left of Thomas's line. Because the major part of the ice is flowing off the side of an active 
volcano (Mount Erebus), this possibility must be considered. 

In addition, for the case of an exposed ice tongue subject to tidal (and swell) flexure, a 
part of the total longitudinal strain-rate which was measured may be due to the effects of 
bending stresses (Holdsworth, 1969)' Finally, if stress concentrations exist in the notches 
between teeth, higher marginal strain-rates than expected may be produced. Thus the 
values of Et} used in Equation (2 ) will all be too high and the y versus T line will be displaced 
upwards. 

It is apparently difficult to obtain reliable data in the low stress range. One possibility is 
to use the Arctic ice islands (T3, WH4) but here the mean ice temperature is close to - 10° C 
and the mean densities are at least 0.90 Mg m - 3• 
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