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THE DYNAMICS OF THE AMERY ICE SHELF 

By W. BUDD* 

(Meteorology Department, University of M elbourne, Parkville, Victoria, Australia) 

ABSTRACT. A general survey of the preliminary results of a three-year program of measurements on the 
Amery I ce Shelf by A.N.A.R.E. are presented, together with theoretical considerations of the velocity and 
stress distributions and the mass and energy regimes of the ice shelf. 

In order to explain the observed velocity distribution it has been found necessary to extend W eertman's 
theory of ice-shelf creep to an ice shelf bo unded a t its sides. The resulting theore tical velocity profile applied 
to the results of the Amery I ce Shelf provides es timates of the average values of the power flow-law parameters 
for the ice shelf. 

The energy and mass budge t considerations, together w ith the recorded change in form of the ice front , 
suggest that the ice-shelf regime is not in a cont inual state of balance but may fluctua te as the ice shelf changes 
in form over a period of about forty years. 

RESUME. Dynamique de l'Ame,y fee Shelf, Alltarctique. Un aperc;:u general des resultats preliminaires d ' un 
programme triennal d e m esurcs de l'Amery I ce Shelf par A.N.A.R.E. est presente , en meme temps que des 
considerations theoriques sur les distributions d es vitesses e t d es contraintes et des bi lans de masse et d'ene rg ie 
d e I'ice shelf. 

Pour expliquer la distribution des vitesses observee, il a e te trouve necessaire d' e tendre la theori e de 
W eertman sur le fluage d'un ice shelf it celui d ' un ice shelf fixe sur ses cotes. Le profil theorique d es vitesses 
qui en resulte, applique aux resultats obtenus sur l'Amery I ce Shelf, don ne d es es timations des valeurs 
moyennes des parametres de la loi de puissance de I'ecoulement pour l' ice shelf. 

L es considerations sur le bi lan de masse e t d 'energ ie, en m eme temps que le cha ngement observe de la 
form e d" front de la g lace, suggerent que le regime de l' ice shelf n 'est pas dans un etat continu d'eq uilibre, 
mais qu ' il peut varier quand l'icc shelf change dans sa form e p endant une periocle d 'environ quaran te ans. 

Z USA MMENFASSUNG . Die Dynamik des Amery-Eisschelfs, Antarktika. Es wird eine GesamtLibersicht ubel' die 
vorbufigen Ergebnisse eines dreijahrigen M essprogramms d er A.N.A.R.E. auf d cm Amery-Eisschelf 
zusammen mit theore tischen Betrachtungen uber die Geschwindigkeits- und Spannungsverteilung, sowie 
uber Massen- und Energ iehaushalt des Eisschelfs vorgeleg t. 

Urn die beobachtete Geschwindigkeitsverte il ung Zll erkla ren , war es niitig, d ie W eertman 'sche Theorie 
d e r Eisschelfbewegung auf ein se itlich bcgrenz tcs Eisschelf zu erweilern. Das sich c rgebende theoret ische 
G eschwindigkeit sprofil , angewandt auf die Ergebnisse vom Amery-Eisschelf, li efe rl Naherungswerte fur die 
mittleren. Paramet erwerte des experimente llen Fliessgesetzes fur das Eisschelf. 

Die Uberlegungen zum Energie- und Massenha ushalt lassen zusammen mit d e r bisher bekanntcn Fo rm
Veranderung der E isfront vermuten, dass d e r Haushalt des Eisschclfs nicht in dauerndem Gleichgewicht ist, 
sondern vermutlich wie die Formvera ndcrungcn des Eissch e lfs mit einer Pe riode von ctwa 40 Jahren 
schwankt. 

[. I NTRODU CT[ON 

Since [962 the Australian National Antarctic Research Expeditions have travelled to the 
Amery I ce Shelf, from Mawson, each summer to carry out a program of m easurements. The 
routes travelled, the measurements carried out and the m ethods used have been discussed by 
Landon-Smith ([[964] , unpublished ) and Budd (1965) . The route travelled in [963 and [964 
is shown in Fig. [ . The general results of the preliminary analysis of the measurements of 
elevation and slope, velocity, strain-rate, accumulation, and surface temperature, over the ice 
shelf are shown in Table I and Figures 2 to 8. Further results calcu lated from these are shown 
in Table H. A detailed presentation of the measurements is in preparation. The purpose of 
this paper is to present the general form of the results together with theore tical considerations 
of their import. 

2. DISC USSION OF RESULTS OF MEASUREMENTS 

2. I. Surface slope and ice thickness 

The Amery Ice Shelf is comparatively flat with surface slope increasing gradually from 
0.3 X [O~4 at the front to I .2 X 1 O~4 at G3, then more rapidl y to 2.0 X [ O~4 where the Lambert 
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Fig. I. The route from Mawson 10 the Amery Ice Shelf and over the Amery Ice Shelf covered in [963 and [964. Accumulativn 
stakes 3 km. apart covered the ice-shelf route. Strain grids were located at E, Cl , C2 and c3 . Detailed sun fixes were carried 
out at E, Cl , C2, C3 andT2 

TABLE I. MEASURED PARAMETERS ON THE AMERY I CE SHELF 

Distance 
from Strain-rate : Tempera-

Station front Width Elevation Slope longitudinal transverse Velocity Accumulation tllre 
x 2a h a Ex Ey V A 

km. km. m . X 10- 4 X 10- 3 yr. - ' X 10- 3 yr. - ' m. yr. - ' g. cm.- 2 yr. - ' QC. 

Edge 0 200 3S 
TS 34 IBo 39 - lg' l 
0 1 66 160 3B 0'4 6'0 o·B Boo ± 100 33 - 20·g 
02 147 140 42 0·6 l ' 7 o , oS SOO ± 2S 18'2 - 22,2 
G3 244 100 S2 1·2 O'S O· IS 4 1O ± SO 10 ' S - 23'S 
T4 276 100 74 2·8 
Est imated ± 2 ± S ± 2 (edge) ± 0'1 (0 1) ± O'S ± o ' S ± 2 ± 0'2 

probable to ± S (T4) to ± 0'4 (T4) 
error 

Glacier flows into the ice shelf. By comparison the flattest section of the Ross Ice Shelf (Crary 
and others, 1962, p. 26) is its central section which rises from 50 to 60 m . in about 350 km. 
giving a slope of 0.3 X 10- 4. This slope increases as the boundary of the ice shelf is approached 
to values over 1. 0 X 10- 4. On the eastern side of the Ross I ce Shelf near " Little America" the 
slope is much greater, about 6 X 10- 4 (Crary and Chapman, 1963). 
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TABLE 11. DEDUCED PARAMETERS FOR THE AMERY I CE SHELF 

D istance Elevation/ Thinning Density Fractional 
from thickness Mean and relative to density 
front Elevation Thickness D epth ratio density melt rate sea-water dijference 

x h H d H /h P oH /at + M p/pw v = I - p/pw 
km. m . m. m. g. cm.- J eln. yr. - I 

0 35 200 165 5'7 1 0.846 0 .824 o· 176 
34 
66 38 220 182 5'78 0.848 - <)2 0.827 0' 173 

147 42 245 203 5.85 0.850 "":' 6 0.830 0 '1 70 
244 52 330 278 6· 32 0.863 22 0 ·843 o · 167 
276 74 530 456 7'30 0·884 0. 863 o· 135 

Since measurements of ice thickness along the Amery Ice Shelf have not yet been carried 
out, estimates of the ice thickness have been made from the ice thickness and elevation results 
for the Ross Ice Shelf of Crary and others (1962, p. 62 ). This is equivalent to postulating that 
the d ensity distributions of the Ross a nd Amery Ice Shelves are similar. For a free-floating 
ice shelf the elevation h, thickness H , m ean density p, water density pw are related by 

H= (~)ho pw - p 

The resultant profile of the Amery I ce Shelf is shown in Figure 2 along with other associated 
parameters following the style of Zumberge and Swithinbank (1962) for the Ross Ice Shelf, 
but with the velocity, strain-rates and accumulation rates drawn to scale . This shows that the 
ice shelf increases slowly in thickness until it approaches the Lambert G lacier, where the 
thickness increases rapidly. The mean d ensity through the ice shelf, calculated from the above 
thickness- elevation relation taking pw = 1.025 g. cm .- 3, vari es from 0. 846 g. cm. - 3 
at the front to 0 .88 g. cm. -3 at the m outh of the Lambert Glacier. 
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Fig. 2. Ice thickness profile for the Amery Ice Shelf estimatedfrom the measured elevation profile from T5 to T4 and the elevation
thickness results cifCrary for the Ross Ice Shelf. Velocity, longitudinal strain-rate, and aCCllmulatioll rate along the ice shelf 
are showl! schematic ally to scale 
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The central section of the ice shelf traversed in fg64 was smooth and featureless, except 
for some long tension crevasses in the vicinity of T5, at the northern end, running parallel to 
the new ice front, and for slight transverse undulations at the southern end near the mouth 
of the Lambert Glacier where the slope increases from G3 to T4. 

2.2. Velocity 

Measurements of velocity for positIOns E, Gf, G2, G3 were obtained from astronomical 
fixes repeated after one year with probable errors of ± fOO m. However the measured values 
agreed well with the values calculated from the measured strain-rates, so values calculated 
to the nearest J 0 m. yr. - I are listed in Table I and are shown in Figure 3. In addition the 
velocity value at G2 was confirmed by a repeated resection to rock features of Gillock Island. 
A similar resection to the northern Prince Charles Mountains carried out at G3 established 
an upper limit on its velocity. 

The ice-shelf speed (cf. Fig. 3) shows a rapid increase towards the ice front. This is further 
confirmed by the value of the velocity found at the former ice front in fg63 of 1,500 m. yr. - ' 
(Landon-Smith [f g64J ) . If the creep rate were constant along the ice shelf then a linear increase 
of velocity towards the front would be expected. 
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Fig . 3. Velocity distriiJution along the Amery Ice Sheifcentre-line is shown, as determinedfrom repeated astrofixes at GI, G2 , G3 

and resections to rock features at 02 and 03 
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2.3 . Strain-rates 
Not only does the velocity increase rapidly towards the front but so also does the creep 

rate. The m easured longitudinal strain-rate is p lotted against the d istance inland from the ice 
front (x) in Figure 4, and shows a tendency to decrease to zero as x increases. On the other 
hand the velocity curve does not tend to zero, but a ppears to approach asymptotically a value 
of abou t 370 m . yr. - I. This velocity is expected to be the surface velocity of the ice at the 
mouth of the Lambert Glacier. 
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Fig. 4. Longitudinal strain-rate along the ice shelf as determined from measurements of strain grids with diagonals DJ / ,.500 m. 
re-sllrve)'ed a/ter one year, at C l , C2 and c3 

The transverse strain ·rate of an ice shelf has been discussed b y Robin (1958, p. 12 I ) who 
showed how the transverse strain-ra te is simply related to the forward velocity and the 
divergence of the flow lines . That this is quite general can be seen as fo llows. Consider an 
ice shelf flowing outwards with diverging fl ow lines . Let B be the angle of divergence of two 
flow li nes which are distance d apart at a certain position . Let u and v be the forward and 
transverse components of velocity of the ice shelf. We now take polar coordina tes (r, B) 
where r is given by d = rB. The radia l stra in-rate (the rate of ex tension per unit length of a 
line in the direction of flow, E,.) and the transverse strain rate (the rate of extension of a line 
perpendicular to the direction of flow, EO) are given by 

Er = ~z:. a nd Eo = +(u+ ~~) 
(cf. e.g. J aeger , 1956, p. 45) . 
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N ow v is small where the flow lines have a small divergence angle and av/ao is negligible 
over the ice shelf in comparison with u. H ence we write 

u8 
Eo = d or 

dEo 
0 = -. 

u 

By smoothing the boundaries of the Amery Ice Shelf we can measure the average diver
gence a ngles of the boundary, then from the measured transverse strain-rates a t G I , G 2 , G3 

calculate the appropriate velocities to compare with the measured values. Alternatively we 
could u se the velocities to calculate transverse strain-ra tes. These calculations have been 
performed but give velocities too low or strain -ra tes too high. From this we conclude that the 
divergence angles a re smaller than the smoothed boundary divergence. H ence we calcula te 
from the measured velocities and strain-rates the appropriate divergence angles. Table III 
shows the calcula ted angles of divergence for the Amery Ice Shelf at 0 1 , G 2 and G3 . 

TABLE Ill. CALCU L ATION OF DIVE RGENCE OF F LOW LINES 

Position 

G I 

G2 

G3 

Transverse 
strain-rate 

io 

yr .- ' 

0·8 X 10 - 3 

0'05 X 10- 3 

o· 15 X 10 - 3 

Velocity 

It 

km. yr.- ' 

0·80 

0' 5 0 

0 ' 4 1 

Ice-shelf Divergence 
width angle 

d e = di B 
11 

km. 

160 0 '1 6 = gO 

140 0'0 14 = o · 7° 
11 0 0'04 = 2'3° 

These a ngles are somewhat smaller tha n lhe angles of divergence of the ice-shelf boundary, 
but b ecause of the irregularities in the boundary thcse la tter angles a re difficul t to determine 
precisely. The presence of Gillock I sla nd in the region of G2 may also account for the sm all 
transverse strain-rate there. 

2.4 . A ccumulation 

Figures 5 and 6 show the annua l n et accumulation over the ice shelf by a longitudinal 
p rofile down the centre and the tra nsverse profiles a t each end . The accumula tion rate 
decreases fairly uniformly from 40 g. cm. yr. - I near the ice front to zero on the Lambert 
Glacier , where a blue ice surface prevails. 

There is only slight varia tion in accumulation rate across the ice shelf at either end. The 
small sastrugi, which are oriented predominantly along a direction 2 0 0 0 from true north a t 
the west side and 160 0 at the east side, suggest that winds over the area (which are sligh t) blow 
m a inly longitudinally down the ice sh elf. 

The longitudinal profile (Fig. 5) shows the variation in accumulation with distance from 
the 1965 ice front as m easured from stakes during 1964, a nd from the pit studies of La ndon
Smith in 1962. The two profiles are similar except near the front of the ice shelf, but this 
dissimilarity is accounted for by the ch ange in position of the front by about 60 km. The 
values of the 1964 accumulation are slightly higher tha n those found by Crary (196 1, p. 75) 
for th e Ross Ice Shelf, " Little America"- " Byrd" line, and considerably higher than those found 
over the main central section of the Ross I ce Shelf by Crary and others (1962, p. 93) . For the 
Amery I ce Shelf La ndon-Smith found a n average varia tion of I I p er cent in accumulation 
rate from one year to another. 

The average density of the surface a nnual layer was found to be 0 . 35 g. cm. -3 . This 
increased to an average 0 .49 g. cm . -3 at 6 m . depth. 
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Fig. 5. Accumulation rate along the ice shelffrom T5 to T4 as obtainedfrom the mean of 5 stakes each 16 kill. planted in I9 63 
alld re-read in 1964 (0) , andfrom the mean over severalyearsfrom the ilitstudies of Landon-Smith in I962 (x) . Note that 
since I963 the ice front is about 60 km. closer than previously. The values of aCCllmulation have been converted from the 
equivalent snow depth by using a constant density factor of o· 35 g. cm.- J 
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Figure 7 shows the accumulation-rate contours over the ice shelf. The average annual net 
accumulation for the whole ice shelf was calculated as 28 g. cm. - 2. 

2.5. T emperature 

Annual mean temperatures for the ice-shelf surface have been estimated from the tempera
ture profiles m easured in the top 10 m. of the surface. The measurements were carried out 
in 1962, 1963 and ' 964. Figure 8 shows the decrease in annual mean temperature along the 
ice-shelf centre as the distance from the front increases. Near the ice front, as the ocean is 
approached, the rate of change of temperature is high, whereas further inland it is much 
smaller. The annual mean temperature at the ice front is expected to be not far below 
Mawson's annual mean temperature of - I' QC. 
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Fig. 7. Annllalnet accumulation contours in g. cm.- 2 yr.- l over the Amery Ice Shelf drawn from the longitudinal and transverses 
pr~file ~f Figures 5 nnd 6. The higher accumulation at the edges is decided largely from the high accumulation found 
between E and D 
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Fig. 8. The annual mean air temperature on the surface rif the Amery Ice Shelf plotted against the distance from the front. The 
values were determined from the temperatures in the fir/! between 4 and 1 0 m. from T5 to G3 

3. THEORY OF ICE- SHELF VELOC ITY PROFILES 

3. I. Longitudinal velocity profile 
3.1. T. T he W eertman formula 

The creep rate ofa flat, horizontal, unbounded ice shelfhas been considered by Weertman 
(1957) . Take orthogonal axes with x in the line of motion , z vertical from the bottom upwards, 
and y across the ice shelf. We use the following notation 

a i j the stress tensor at (x, y , z), i.e. at Xi, where i = I , 2, 3 

. I [ oUj oUi] 
Eij the strain-rate tensor at (x,y, z), Eij = 2 oXi + oXj 

Ui velocity vector at Xi 

H ice-shelf thickness 
Pi average ice-shelf density 

pw sea-water density 
K average horizontal longitudinal creep rate, assumed uniform through the ice shelf 

B, n parameters of the power law for ice flow E = (TIB ) n where E is the effective shear 
strain-rate and T is the effective shear stress. 

The equations for equilibrium are 

oa xx oa XY oaXY 
---ax-+~+---az = 0 

oa yy oa XY oayZ 
~+---ax-+----az = 0 

oa zz oa xz oayZ 
Tz+~+ ay + Pig = 0 
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W eertman then made the assumptions: 
(i) (a ) the stress components are independent of x (the stress gradient down the ice shelf is 

negligible, compared with the vertical gradient), and 
(b ) the stress components are independent ofy (the stress gradient across the ice shelf is 

negligible) . 
The equations of equilibrium then reduce to 

and 

oa zz 
--+ Pig = 0 oz 

axy = Gxz = ay z = O. 

Adopting Nye's relation for steady-state creep, W eertman deduced for the case of zero 
transverse creep the following relation for the horizontal stress at depth z: 

a xx = ± 2BIKll ln_ Pi g(H -z). ( I ) 

By making the further assumption: 
(ii) at the front of the ice shelf the horizontal force in the ice is balanced b y that in the water, 

I. e. 
H 

J a xx dz = !PigH2 Pi /pw, 
o 

W ccrtman obtained for the creep rate 

H 

where - r J v = ( r - pi/pw) and B = H B dz. 

o 

Now if equation (3) were to hold along the Amery Ice Shelf we find that the creep rate 
would have to increase, going from Gl to G3, due mainly to the increase in H (by about 
50 p er cent). In fact K decreases by a factor of 12. The change in Jj can be estimated from the 
change in surface temperature from G r to G3- a decrease of 2 . 6°C. 

Assuming theform of the temperature- d epth distribution does not change radically along 
the ice shelf then the change in m ean temperature is about 2°C. From Figure 11 we can see 
the temperature change in B around - 20°C is not far from linear. H ence from Gr to G3 we 
may expect a change in Jj of about r 5 per cent. From Table II it can be seen that p only 
increases slightly and v d ecreases slightly. W e have 

whereas 

V3 P3 H 3 BI 
~ 1· 3 

VI P,HIB3 = 

K3 
K, = -;-;-

So in order to explain the observed variation in velocity and velocity gradient along the ice 
shelf we consider the effect of the ice sh elf being held at its sides. 

3. 1.2. Velocity gradient in an ice shelf with lateral constraint 
For a flat ice shelf of width 2a, d eforming according to a power flow law of the form 

E = (-rIB ) ", and held at its sides where the velocity is zero, the velocity at the centre (for 
purely laminar flow) is given by 
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where dp/dx is the uniform pressure gradient down the ice shelf (cf. Nye, ' 952 , p. 84 ; Jaeger , 
1956, p. 109)· 

This result can be deduced from the general equations of equilibrium by a ssuming : 
(iii) the velocity gradients o ther than a v /ay (across the ice shelf) are sufficiently small to be 

neglected . 
Now equation (4) shows that the effect of the drag of the sides on the ice shelf is to balance 

a pressure g radient down the ice shelf. For the Amery I ce Shelf it a ppears that this drag of the 
sides should be used to balance the stress gradient in the ice shelf rather than the force of the 
water ofWeertman's assumption (ii ). 

Along the centre-line of the ice shelf W eertman's assumptions (i) hold closely. It can be 
seen, in sec tion 3.5, that the pressure gradient down the ice shelf, aaxx /ax, is several orders 
smaller tha n the stress gradient with depth, aa zz/ az, and hence assumption (i) (a ) holds. Due 
to symmetry, assumption (i) (b ) holds along the centre-line of the ice shelf. H ence Weertman's 
equa tion ( , ) holds here. 

Averaging equation ( I) ver ticall y through the ice shelf we obta in 

(5) 

Now, considering Band p to be constant along the ice shelf, we may differentiate this equation 
with respect to x to obtain (dropping the bars) 

aa xx aK! / n I aH 
ax = 2B----a;- +-;;pga;' (6) 

On the other hand if equation (4) holds we have 

dp = B[(Il + I ) V ]! /n. 
dx 2a n+1 

Now equa tion (4) will hold approxima tely if the velocity g radient from the centre to the 
edge aV/ ay is much greater than the other velocity gradients, in pa rticular av /ox . N ow except 
near the centre this is indeed so- and since the velocity at the centre is determined primaril y 
by higher shear away from the centre of the ice shelf, equa tion (4) should hold until the 
longitudina l creep rate becom es so la rge as to be compa rable wi th the velocity gradien t 
across the ice shelf. 

H ence fo r the first approxima tion we m a ke the assumption : 
(iv) the longitudinal pressure gradient is constan t across the ice shelf, i.e. the longitudina l 

velocity g radient is small compared to the transverse gradient so tha t equa tion (4) holds, 

i. e. we assume 

which then g ives 

[
(n+ I ) V ]! /n dKtln I dH 

B = 2B--+ -pa -
2a'/!+ ! dx 2 '" dx ' 

This equa tion relates the velocity Vand velocity gradient K to the boundary dimensions of 
the ice shelf H , a, x, and the flow pa rameters 11, B , of the ice shelf. 

"Ve no tice that, unlike the unconstra ined ice-shelf model of W eertman, the creep rate 
here could be positive or negative depending on the rela tive size of the terms in V and 
dH /dx, a nd the distance from the front. This follows from the integra tion of equation (7) with 
respect to x . 

The problem now is to d etermine from the m easured velocity distribution and bounda ry 
dimensions of the Amery I ce Shelf the mos t appropria te va lues of 11 and B. W e first consider 
three specia l cases. 
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For an ice-shelf region where the slope is large and the creep rate small (as at the southern 
end of the Amery Ice Shelf) it is expected that the second term on the right of equation (7) 
would predominate giving us 

v = [pgdH ] n 2a
n

+
l
. 

2Bdx n+ r 
(8) 

On the other hand for a flat ice shelf where the creep rate is high (as towards the front of the 
Amery I ce Shelf) we obtain 

-- V, /n = - - --[
n+ I]' ln 2B[dV](, /n)-'d2V 
2a n+1 n dx dx2 

, 

l.e. 
d2 V [dV ] I- lln - = fL - V, /n 
dx' dx 

where 
n(n+ I)Iln 

Finally for the particular case n = r we obtain 

or 

BV dK pgdH 
- 2B- - --

a' - dx 2 dx' 

d2 V V pgdH 
dx2 - 2a2 = 4B dx· 

(9) 

( iO) 

( r r) 

We can see from equation (8) above tha t since dH/dx decreases towards the front of the 
ice shelf, and a only increases slightly, this equation could not explain the rapid increase 
observed in the velocity gradient. 

Next we consider the effect of the varying creep rate along the ice shelf. Solutions of 
equation (9) exist in the form 

V= 

dV 

dx 

Vo exp ( - AX), } 

- A Vo exp (- AX) = - A V, 

where A = fL n / (n+ Il and Vo is the velocity at the front of the ice shelf, where x = 0 say, with 
x increasing inland from the front. This solu tion implies that both the velocity and the 
velocity gradient (at the centre of the ice shelf ) decrease exponentially going inland from the 
ice front- the rate of d ecrease depending on the parameter n of the flow law and the ice-shelf 
width . However, this solution also implies V -+ 0 as dV/dx -+ 0, and may well apply to som e 
flat ice shelves. For the Amery Ice Shelf, on the other hand, as dV/dx -+ 0 the velocity 
approaches the value VI ~ 370 m. yr. - I, and at the same time the surface slope increases 
by a factor of about four. This suggests that near the back of the ice shelf the pressure gradient 
due to the surface slope becomes the dominant factor. 

For the case of constant viscosity (n = I) we see that the various pressure gradients are 
simply superimposable and may be considered indep endently. The appropriate solution 
of equation ( I I) is 

pga' dH 
V = Vo exp ( - AX)+ 2B dx· 

Since none of the special solutions are directly applicable to the Amery Ice Shelf the 
following approximate solution of the general equation (7) will be applied. 

Let the pressure gradient due to the thickness gradient be dPr /dx and let VI be the velocity 
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it would give rise to alone for equilibrium. L et Vc be the velocity due to the effect of the 
change in creep rate, so that the total velocity is V = Vr+ VC. We now have 

dKIin dp dPr 
2B -- ct::. - - -

dx dx dx 

If we write Vc = f3Vr, we have 

Equation (9) now becomes 

d'V [dV] I - l / n 
- = fL ' - Vl / n 
dx2 dx 

(9') 

where 
,_ [(f3 + I ) l / n _ I ] 

fL - fL f3l /n . 

Solutions then exist fo r Vc of the form (12) with,\' = (fL ' ) n / ( n+Il provided ;\' d oes not vary 

[
(f3 + I) I/n_ I] n / ( n+Il 

significantly with x. Values of f3l /n = b n(f3 ) say, have been plotted against 

f3 for various values of n in Figure g. Except where f3 is sm all, b n(f3 ) varies slowly with f3 and 
hence we m ay expect the approximation to be close towards the front of the ice shelf. 

� ·Or-----------------------~n~.'I-----------

O· 

0 · 6 

0 · 4 

0 ' 2 

o 0 ·5 1·0 2·0 3 ·0 "' · 0 

Fig. 9. TheJllllclion b,, (f3 ) I) lOlled against f3Jor differell t values oJ n. f3 is the ratio qf the velocilv due 10 creel) gradient to that due 
to Ih ickness gradienl. For large f3, b n(f3 ) is OIl£V a slowfv changing/ illlction, alld lIlore slow!), the lower the vallle of n 
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3.2 . Value of parameter n 
W e write the solution of equation (9' ) in the form 

V = Vr+ Vc 

= Vr + Vo exp [- </> (n) x/a] 

where 

and (Vr+ Vo) is the velocity at the ice front, where x = 0 , x increasing inland . The function 
</> (n) has been plotted in Figure 10 for different values of nand (3. 

1· 2 

1' 0 

i 

- - - x n-3 

o 2 3 4 5 6 7 

Fig . l O. T he values of 

ploued against f3 for different values of n. T he values qf '" calculaLed from the ice-shelf velocity p rofile assuming different 
values of nand f3, are show n by the dotted line. The correspondence between these curves suggest the best esLimate of n j or the 
ice shelf is about 2 ' 0 

By differentiating ( 14) we find for the velocity gradient 

dV Vo </> [ x da x d</>] 
- = - - 1- --+- - exp ( - </>x/a). 
dx a a dx </> dx 

( 16) 

This reduces towards the front of the Amery Ice Shelf to 

dV Vo </> Vc </> 

dx 
- - exp (- </>x/a) ( 17) 

a a 

a dV 
or </> = --. (18) 

Vc dx 

This relation implies that the ratio of the velocity gradient to the velocity due to creep 
depends on the wid th a and the flow parameter n. 
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The first problem is to estimate VC, i.e. to find the proportion of the ice-shelf velocity due 
separately to the thickness gradient and the creep gradient. 

We assume from (4) that 

VI OC [~~] n an+l. 

If we also assume that at G3, where the strain-rate is small , the velocity is entirely due to the 
thickness gradient, then we can estimate the corresponding velocity at GI taking into account 
the change in the values of a and dH/dx from 

VIGI = [(dH/dX) ,] n [ay] n + l. ( 19) 
VIG3 (dH/dx)3 a 3 

From equations ( 18) and ( 19) using the following values: 

a, = 80 km ., 

dH 
-d = 0·4 X 10- 4, x, 

dV 
dx = 6 X 10- 3 yr.-I, 

a3 = 50 km. , 

dH 
d
- = 1.2 X 10- 4, 

x3 

we obtain values of if> for different values of n. These are plotted in Figure 10 and suggest that 
the most appropriate value of n is about 2. However , in view of the large percentage error in 
the small slope measured a t G I , the value of n can hardly be specified more precisely than as 
lying in a range from 1.5 to 2.5. 

In Table IV are listed the values of n found by various workers with the associated stress 
ranges. Although there is much variation due to such factors as ice type and crystal orientation 
the general conclusion seems to be that [or low shear stress (0. 1- 0.5 bar) the value of n ~ I 
a nd that this value increases with stress, rapidly in the region of 0.75 bar, to values of 
2, 3, 4, ... , as the shear stress increases from I to 10 bars . 

Shear stress 
bars 

range 111ean 

2 

0·5 

0·5 
0·3 

0·3 

0-2 

0 - I 

0 -5 

- 10 
- 10 

- 10 

- 8 
- 3·7 
- 10 

- 2 

- 4 
- 1·4 

- 0-8 

> 1 
< I 

0.01 - I { > 0.2 
< 0·2 

0· 1 - 0 -75 

0-01 - o· I 

T ABLE IV. VALUES OF THE EXPONENT I N THE FLOW LAW OF I CE 

ra nge 

3 - 6 

11 

{2 -3- 4 
1. 3- 1 ·8 

mean 

2 -49 
3 . 2 
1·6 
2 -8 

2·6 

3+ 
1-5 
4-5 

1-5 

1- 0 

Tem/Jeralllre 

cc. 

o to - 13 
~o 

- 5 

- 5 
- 2 3 
- 2- 3 
~o 

~o 

~ 
- 8 

~O 

~O 

- 1· 3 to - 18 9 

Ice studied 

"Byrd" bo re-hole closure 
Polycrysta lline bubbly 

Anta rcti c ice 
Green la nd bore-hole closure 

Rifercllce 

Gow (1 963) 
M elior (1959) 

Hansen and 
Landauer ( 1958) 

Pol ycrys talline ice Glen (1955) 
Jungfrau firn bore-hole closure Nye (1953) 

. ut 'OVIC 1 an Single c rys ta ls (ha rd g lide) and1B k . I d 
. polycrystalhne. Landaucr ( 1958) 

SlI1gle c rysta l (easy glIde) } 
Single crysta l (hard ) . 
Single c rysta l (so ft ) Stcll1emann ( 1954) 
Vertical velocity profi le Salmon Mathews (1959) 

G lacier 
Vertical ve locity profile Blue 

Glac ie r 
Polycrysta lline ice, various 

o rien ta tions 
Vyalov (1958) 

Velocity profi les Saskatchewan M eier (1960) 
Glacie r 

Vertica l velocity profi le 
J ung fraufirn 

Polycrysta lline, artifi cial and 
glac ier ice 

Gerrard a nd o thers 
(1952) 

Butkovich a nd 
Landauer ( 1960) 
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Robin (1958) showed that the maximum stress difference (uz - u x ) in the Maudheim 
ice shelf was about 1.8 bars. This implies a maximum shear stress of 0.9 bar. W e shall now 
consider the shear stress in the Amery Ice Shelf. 

3.3. The shear stress in the ice shelf 

Near the centre of the ice shelf we can neglect the effect of shear across the ice shelf and 
so will consider first the shear stress associated with " Weertman creep" . From Weertman 
(1957) the shear stress T is related to the x and Z principal stresses by 

T = 
2 

Since we have considered the creep rate as constant with depth, the relevant shear stress will 
be the mean value through the ice-shelf thickness. Denoting the mean of a variable over the 
depth by a bar over that variable, we have near the front of the ice shelf, following Weertman, 

H (PI /Pw) 

uxx = ~ J gpw [H::.-Z] dz = -tPigH [:,J , 
o 

H 

Uzz = -~ J Pig(H- z) dz = - tPigH, 

therefore 

Using Pi = 0.85 g. cm.-3, 
we obtain 

o 

- J - H [ Pi] T = 4 Pi g 1 - -. pw 

pw = 1.03 g. cm. -3, g = 980 cm. sec. - 2 , 

T = 0. 73 bar. 

H = 2. 0 X 104 cm., 

As the creep rate decreases going inland from the ice front, Ux x -+ Uz z and h ence i -+ o. 
Thus the shear stress in the centre of the ice shelf is less than ! bar over the whole length of 
the ice shelf. 

The maximum shear stress across the ice shelf occurs at the edge, 80 km. from the centre 
at G I. The value of this shear stress is given by i = a(dp /dx ) . 

Now dp/dx is determined below as 2. 5 bar/ lOo km. , hence we obtain T = 2 bars. Since 
the variation in shear stress across the ice shelf is linear, the average shear stress across the 
ice shelf in the region of G I is I bar. These values of shear stress are hence compatible with the 
effective range of the flow parameter n calculated above. 

3+ Value of p arameter B 
From equation (7) we have 

B{ [ (n~~ ) vrn ~_;K(I l n) - l ~~} pg oH 
2 ox · 

Using n = 2, and substituting the values measured at G I as follows : a = 80 km. (8 X 106 cm. ), 
V = 800m. yr.- 1 (2.5 X IO- 3 cm.sec. - I) , K = 6 x lO-3 yr. - I ( I.9 X IO- Iosec. - I) , dK/dx = 
= 2 X lo- I7cm.- I sec. - I, oH /dx=5.7 x o.4 X IO-4, p = 0 .85g.cm.-3, we obtain an 
estimate for B , viz. 

B = 0 .91 X l O" d yn. cm.- 2 sec. - t . 

In order to compare this value of the flow parameter B with the results of other determina-
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tions, e.g. the values obtained by Glen (1955), it is first necessary to convert to the same 
units, using the same value of n. Following Shumskiy (1961 ) 

} 
We set n2 = 3, T = ro6 dyn. cm. - 2. For the Amery Ice Shelf at GI we use Br = 0.91 X lOll 

dyn . cm. - 2 sec. - ' and n, = 2 to obtain 

B2 = 2.0 X 109 dyn. cm. - 2 sec.- !. 

The values from Glen (1955, p. 528) have been converted to the corresponding shear 
values by the method ofNye (1953, p. 486) and then to c.g.s. units with n = 3. These values 
of B have then been plotted against temperature in Figure 11, together with similar values 
obtained by extrapolation of the curves of Steinemann (1958, p. 189) to a shear stress of 
I bar. The value of 2.0 X I09 for the Amery Ice Shelf has been plotted against - 16°C., 
which is the mean temperature calculated for the Amery Ice Shelf at GI assuming that the 
temperature- depth profile has the same shape as that of the Ross Ice Shelf at " Little America". 
The agreement with the laboratory values is quite close, considering a possible error of 
± 20 per cent, due largely to the possible error in the measured ice-shelf slope. 

4 

3 

'" 0 

0:;>."-

~u ., 2 
'" 

~E 
u 

., 
c: 
>. 

" 
ID 

o -1 0 - 15 - 20 - 25 -3 0 

TEMPER ATURE re. 

Fig . I [ . The value of the flow parameter B from the flow law for ice E = (T I B ) n calculated for different temperatures from the 
laboratory measurements of ice creep by Glen (. ) and Steinemann (0), and converted to shear ualues in units of dyn. cm. - , sec. - I . 
The value calculatedfrom the velocity profile of the A mery Ice Shelf at G I has been plotted against a temperature of - 16°C. 
- the calculated mean temperature of the ice shelf at G I 

3.5. Velocity profile across the ice shelf 

We first require the pressure gradient, at GI say. This can be determined from 

dp = !!...(n+1 v)lln 
dx a 2a 

which, using the same values at G I as those in section 3.4, yields dp/dx = 0.25 dyn. cm. -3 = 
= 2.5 bar/ roo km. 
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Having determined the flow parameters n, B, and the pressure gradient at GI we can 
now calculate an ideal velocity profile across the ice shelf from 

Vm - V = yn+1 ~(dP)n 
n+ IBn dx 

where Vm is the maximum velocity at the centre, V is the velocity at distance y from the 
centre, dp /dx = 0 .25 dyn. cm. -3, B = O.gI X lOll dyn. cm. - ' sec. -! and n = 2. This gives 
the following values: 

y= 0 

Vrn - V= 0 

Putting Vm = 800 m. yr.- I 

20 40 60 80 km. 

12 100 340 800 m. yr. - I 

V = 800 788 700 460 0 m. yr. - I 

This velocity profile is illustrated in Figure 12 together with profiles resulting from taking n 
equal to I and 3. 
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7'~ 
>. 

E600 
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0 
..J400 
w 
> 
Cl 
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,/ . ~ -b ______ ---=~O -===:-::::::::- b - . __ . 
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;/ / \ \ 
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\ \ 
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80 

Fig. 1 2. The calculated ideal velocity profile across the Amery Ice Shelf at G 1 using the calculated }low parameters 11 and B is 
shown together with the correspolldillg profiles that would apply for IZ = I and 11 = 3 . The transverse shear straill is seen 
to be small at the celltre of the ice shelf but increases towards the margins. L arge shear crevasses were observed on the Amery 
Ice Shelf between 30 km. from the centre and the margill 

An interesting result which follows from this profile is that there is very little horizontal 
shear in the centre of the ice shelf but considerable shear between about 30 km. from the 
centre and the edge. This is in agreement with the location of the observed shear crevasses 
on the ice shelf. The curve is a lso in good agreement with the transverse velocity gradient 
measured by Landon-Smith from a strain grid at E (60 km. from the centre) of 16.7 m. /km. yr . 

4. ENERGY CONSIDERATIONS 

For a rapidly deforming ice shelf the following questions arise : (i) does the potential 
energy released have any appreciable effect on the thermal regime of the ice shelf: and (ii) is 
the increase of kinetic energy a significant factor in the energy budget. These questions are 
answered by the following considerations. 
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4- 1. Potential energy 

Consider an iceberg that spreads out uniformly without change of volume. The change in 
potential energy associated with a decrease 6.H in thickness a rises solely from the displacem ent 
of the centres of gravity of the displaced water and the ice, and per unit area is given by: 

gH6.Hpi 
6.E p = (pw - pi ) 

'2Pw 

where g is acceleration due to gravity, H is ice thickness, Pi is the mean d ensity of the ice, and 
pw is the m ean density of the water. 

We now express 6.H in terms of horizontal creep rates Ex and Ey, per unit time 

6.H = H (Ex+ Ey). 

For the Amery Ice Shelf Ey was only a small fraction of Ex, hence we write 

dV 
Ex+ Ey = YE x = Y dx with y::::; I. I. 

Then 
dV 

6.E p = tgH ' Pi uy dx 

where u = ( I - pi/pw). W e now integrate 6.E p over the ice shelf and write V for the m ean 
forward velocity across the ice shelf at distance x from the front and h, '2a for the m ean 
thickness and width. Then 

x 

dE p -, - J dV 
-.- = gH- api uy d- dx, 

at x 
o 

or 
dE p - --
Tt = gHapuy (Vo-V ). 

Putting H = '2 X 104 cm. and a""" 7 X 106 cm. , we obtain 

dE p Tt::::; 4 X I0'4Cal. yr. - 1 • 

The ice-shelf area is 4.5 X 10'4 cm. 2
• This indicates that the average heating produced by 

the d eformation is small , less than I cal. cm .- 2 yr. - 1 average and less than 10 cal. cm. - z yr. - 1 

m aximum. H ence the potential energy loss due to creep will have negligible effect on the 
vertical temperature profile through the ice shelf. 

4.'2. Kinetic energy 

The increase in kinetic energy per year may be obtained from 

x 

dEk 
= '2pHa J V dV dx 

dt dx 
o 

which gives 

After substituting the velocities and the mean values of the other parameters for the ice 
shelf it is found that the change in kinetic energy is m a ny orders smaller than the change in 
potential energy. H ence in energy and hea t budget calculations both the internal heat pro
duced , and the gain in kinetic energy, may be neglected . 
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5. ICE-SHELF REGIME 

5. 1. Variation of" thinning rates" along ice shelf 

Relations for the mass regime of ice-shelves have been discussed by Crary (1961, 1964) and 
Shumskiy and Zotikov (1963, 1965). First these authors have used different approaches in 
calculating the effect and densification and compaction on the change in ice-shelf thickness_ 
The following procedure will be adopted here. 

If Sorge's law is assumed to apply (i.e. the density profile from the surface downwards 
retains the same form with time) then it follows from an integration of Bader's (1954) 
expression 

As dp s = - p2 dZ' 
for the settling rate S of snow at depth z with density p, that the total amount of compaction 
is equal to the difference in thickness between the snow accumulation at surface density and 
the corresponding thickness of snow compressed to ice, thus the total compaction is 

p, 

where As is the mass of snow accumulation per unit area, ps is the surface snow density, and Pi 
is the ice density at the base of the ice shelf. This means that the effect of densification can be 
neglected if the thickness due to the accumulating snow is calculated using A = As/pi 
instead of As/ps. 

Secondly, if the ice-shelf thickness is changing in time, then it is not valid to calculate 
melt rate from the equation of balance. We have for the rate of change in the ice-shelf thickness 
H in a given position with time 

oH oH 
Tt = A-M-(Ex + Ey)H+ V Tx 

where A is the surface accumulation rate in centimetres of ice per year, M is the bottom melt 
rate in centimetres of ice per year, (Ex+ Ey )H is the change in thickness due to spreading, V 
the ice-shelf velocity at the position, and oH/ ox the longitudinal rate of change of ice-shelf 
thickness at the position. The corresponding mass change would be given by 

oH oH 
PTt = Api - J\lIpi - p(Ex+ Ey)H+ pV Tx' (3 1 ) 

Because of the small slope of the Amery Ice Shelf the variation of the density profile along the 
ice shelf is neglected. Actually op/ox does vary slightly, not because op/ax is appreciable but 
because of the thickness gradient and the dense ice being at the base of the ice shelf. 

In equation (30) above the two unknown values for the Amery Ice Shelf are aH / at and M. 
Crary ( /961 ) obtained estimates of bottom melting for the Ross Ice Shelf from the vertical 
temperature profile, but as these data are not available for the Amery Ice Shelf the values of 

are evaluated and listed in Table V for the three positions along the Amery Ice Shelf centre
line, together with the values at the fronts of the Ross Ice Shelf at " Little America" (Crary, 
1961 ) and the Maudheim ice shelf (Swithinbank, 1957[a] , 1957[b], 1958, [1962]; Robin 
1958). 

From the results of Table V it can be seen that the flatter, more rapidly spreading Amery 
Ice Shelf would need to accrue ice at its base in the region of G 1 at the rate of 90 cm. ice yr. - 1 
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TABLE V. I CE-SHELF THINNING AND MELT RATES 

"Little Amery 
America" Maudheim GI G2 GO 

.1 

As g. cm. - ' yr. - ' 24 40 35 18 11 
A cm. ice yr. - ' 27 44 39 20 12 
Ex 10- 4 yr. - 1 8· I 5'5 60 17 5 
€y 10- 4 yr. - I 12'9 13. 8 8 
h X 104 cm. 0'43 0'37 0'38 0'42 0'52 
H X 104 cm. 2'57 2· 10 2·20 2'45 3 ' 30 
" X 10- 4 6· I 5 0 ' 4 0·6 1'2 
oH /ox X 10- 4 36 .6 30 2 ' 4 3. 6 7'2 
V X 104 cm. yr. - ' 2'55 3 ' 0 8'0 5'0 4'1 
ps g. cm.- J 0'35 
pg. cm.- J 0·85 
(ix+ iy ) H cm. yr. - ' 54 41 150 44 20 
V oH /ox cm. yr. - · 93 60 19 18 30 
(M + oH/ot) cm. yr. - ' 66 63 - 92 - 6 22 

to remain in balance. In view of the m elt-rate and current flow calculations of Shumskiy and 
Zotikov (1963) this would seem unlikely and instead melting may even be taking place. 
Hence we conclude that the ice shelf may be thinning at about 1 m ./yr. at this position. This 
thinning rate would decrease inland so that beyond a certain point the ice shelf is probably 
becoming thicker. Hence we conclude that the ice shelf is in a process of continual change 
of form. 

y2. Advance cif ice-shelf front 

The Amery Ice Shelf front has not been in a state of continual balance with small icebergs 
breaking off each year to compensate for the forward motion. On the contrary it may be seen 
from Figure 13 that the front has been gradually advancing, and spreading out, over a period 
of about 40- 50 yr., with increasing speed and little change in form due to iceberg formation 
until a major break out of about a fifth of the ice-shelf area occurred in 1963. After this it is 
expected that such a process may recommence. 

This pattern of change supports the idea of changing form deduced from the thinning 
rates above. Over a period of 40 yr. thinning at the rate of 1 m. yr. - [ would amount to 40 m . 
which would give a resulting change in surface elevation of about 7 m . The rate of change of 
thickness, however, would not be constant with time because it would cause an increased 
longitudinal slope which could then give rise to decreased thinning rates. 

For the flat central section of the Ross Ice Shelf, Crary and others (1962, p. 102) showed 
that the condition of balance and m elting implied negative strain-rates of the order 10- 3 yr. - [ 
in that region. Zumberge (1964) assumed a steady-state profile to calculate the amount of 
m elting or freezing at the base. He found the magnitude of bottom melting would have to 
d ecrease exponentially with distance from the seaward edge of the shelf, to a zone between 
40 and 100 km. southward, beyond which increasing bottom freezing would be required for 
balance. An a lternative explanation for both Crary's and Zumberge's results could be that 
the ice shelf is at present thinning, and this possibility should be kept in mind in considering 
the regime of the Ross Ice Shelf in the same way as has been done here for the Amery Ice Shelf. 

The next re-survey of the Amery Ice Shelf by the A.N.A.R.E. is planned for 1967. In 
addition to new measurements to be carried out, re-surveys of the original 1963 markers 
should greatly reduce the errors in the present estimates of velocity, velocity gradient and 
elevation profile. This could then provide a basis for determining the change of the ice-shelf 
regime with time to test the hypothesis of steady-state conditions. 
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CHANGE IN AMERY ICE-5HELF 

FRONT 1936 - 1965 

Fig. 13. The position of the Amery Ice Shelf front plotted by different expeditions is shown as follows: 
1936 Lars Christensen Expedition 
1955 A.N.A .R .E. 
1957 Soviet Antarctic Expedition 
1963 A . .N . .4.R .E. 
1965 A . .N.A.R .E. 

The errors in positioning are estimated at ± 3 km. but in spite of this the general forward movement and spreading Ollt is 
significant. A position on the front was astrofixed by the Soviet Expedition in 1957 and a repeat of this by A . .N.A.R.E. in 
1963 gave a velocity estimate at Ihefront of 1 ,sOD ± 300 m. y r. - '. The large break Oll t of the ice shelf occurred later in 1.963 
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