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ABSTRACT. Glaciological estim a tes of the ice supply to George VI Ice 
Shelf are obtained by integrating th e accumu lation over the ca tchment. 
The basal melt (or possible shelf thickening) rates for the ice shelf are 
calculated by ba lancing the acc umulation with calving and melting. We 
calcula te a n average equilibrium melt rate for the ice shelf of2 m a - '. If the 
ice shelf is in mass balance it alone provides 53 km 3a - 1 melt fro m its base 
compared to a total for Antarctica of on ly 320 km'a - ' . 

The mean oxygen isotope com positio n of recent accumulation on the 
catchment is det ermined by using accumulation and isotope data, supple
mented by temperature measurements and a close empirical relationship 
between iso tope ratio and temperature . The catchment has a mea n isotope 
ratio of -20.8%0 relative to SMOW. 

O ceanographi c work has previo usly shown that the sea-water under the 
ice shelf at th e north of George VI Sound is Warm Deep Water modifi ed 
by melting ice. The melting ice has an isotope ratio of - 20.3%0 . The good 
agreement in isotope ratios suggest tha t the melting ice is from th e catch
ment and beca use th e basal ice of George VI Ice Shelf rep resents accumu
lation over lh e last few millenni a the implica tion is that there has been no 
systemati c change in the isotope composition of the accumu lation during 
this period . This implies no sec ular c hange in eith er the eleva tion or the 
climatic tempe raLUre of this part of th e ice sheet. 

R ESUME. Calculs glaciologigues el oceanographiques du bilall de masse el du pour
cenlage de l'isolope de I'oxygene pour UII shelf fo ndalll. Des estimations gla
ciologiques de I'alimentation en g lace pour le George VI Ice Shelf sont 
obtenues en sommant I'accumulatio n sur le bassin. La fonte basale du shel f 
(ou son aminc issement possible ) est calculee en fa isant le bilan de 
I'accumul ation , du velage et de la fonte . On obtient un taux de fante moyen 
d' eq uilibre pour le shelf de 2 In a - I . Si le shelfde glace est equilibrc en bilan , 
ri en que cela conduit a une fonte basale de 53 km 3a - I cl com parer aux 
320 km'a- 1 seulement de I'ense mble de l'Antarctique. 

La tene ur mayenne en isotope d'oxygene des accumu lations rece ntes sur 
le bassin est de te rminec par les donnccs d 'accu mulatio n et d' isotope jointes 
cl des releves d e temperature et une tres bonn e relation e mpiriqu e tem
perature - taux d 'isolOpe. Le taux moycn d'isotope du bassin, relat if au 
SMOW, est d e - 20,8%0. 

Des trava ux oceanogra phiqucs a ni anterieu remcnl montrc que I'eau de 
me r sous le shel f au nord de la G eorge VI Sound est de I'eau chaud e 

INTRODUCTION 

The Antarctic ice sheet is the major determinant 
of global sea-l evel and any departure from a state 
of mass balance is therefore of great interest. The 
net mass input to an ice sheet can, in principle, be 
calculated by integrating net ice accumulation over 
area. If an ice sheet is in balance this mass accre
tion must equal that flowing onto the sea and melting, 
either directly from an ice-shelf base or by calving 
and subsequent iceberg melting. An oceanographic cal
culation is needed to determine whether such melting 
is less than or exceeds that required to balance the 
accumulation. For an ice shelf and that part of the 
ice sheet which forms its catchment, any positive 
difference between the mass accumulation and the mass 
depletion rate must result in a thickening or exten
sion of either the ice sheet or its associated ice 
shelf. Thus both a glaciological estimate of ice 
accumulation and an oceanographic estimate of ice de
pletion are required to determine the state of balance. 

The ice that accumulates within a catchment is 
formed from water molecules comprising the various 
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profond e modifiee par la fusion de la glace. L'eau de fusion a une teneur en 
isolOpe de - 20,3%0. La bonn e concordance d es teneurs en isoto pe sugge re 
que la glace qui fond provient du bassin et du fait que la glace basa le du 
shelfrepresente J'accu mulation sur les quelqu es derni ers mi ll enaires, ccla a 
pour conseq uence qu'i l n'y a pas eu de cha ngcment systematique d ans la 
teneur en isotope de I'accumulation pendant cctte periode. Cela implique 
aucun changemen t seculaire, que ce soit dans I'alt itude ou bien dans la 
temperature c1imatique de cette partie de la calotte de glace. 

ZUSAMMENFASSUNG. Gla:::iologisch, und ol;eanographisch, Berechnullg,n der 
M ass,"bilan? ulld des Sauerslo./fisolop,"verhiillniss,s eines schmei?end", Sch'lfeises. 
Glaziologische Absc hiitzungen des Eisnachschubs zum George VI Ice Shelf 
werden durch Integration der Akkumu lation uber das Einzugsgebiet 
gewonnen. Die Schmelz- oder moglicherweise Zuwachsraten an der U n
terseite des Schelfeiscs werdell aus der Bilanz zwische n Akkumulation bzw. 
K a lben und Schmelzen berechnet. Es ergibt sich eine mittlere G leichge
wichtsschmelzrate von 2 m pro Jahr fU r das Schelfeis. Wenn das Schelfeis 
sich im Massengleichgewicht befin det, liefert es a llein 53 km' Schmelz
wasser proJahr van sei ner Unterseite, vergli chen mit nur 320 km) pro J ahr 
fur ganz Antarktika. 

Die mi ltlere Zusammenselzung an SauerS[OffiSOLOpen cler junge ren Ak
kumulation im Einzugsgebiet wird best immt aus Akkumulations- und Iso
tope ndaten, erganz t du rch Temperaturmessungen und eine empirische 
Beziehung zwischen dem Isotopenverha ltnis und cler Temperatur. D as 
Einzugsgebiet hat ein mittleres Isotopenvcrhaltnis von -20,8%0 rclat iv zu 
SMOW. 

O zeanographische Arbeiten haben fruher gczeigt, dass das Mecrwasser 
unter dem Schelfeis im Norden des George VI Sound warmes Tiefenwasser, 
verandcrt durch schme lzcndes Eis, ist. D as schmelzendc Eis hat cin 
Isoto pen-verhaltni s vo n - 20,3%0. Die gute Obereinstimmung der Iso
to pe nverhaltnisse lassen vermuten, class das schmclze ncle Eis aus dem Ein
zugsgebiet stammt. Da das Eis an der UOlerseite des George V I Ice Shelf 
die Akkumulation liber einige der lelzten J ahrtausend e darstellt, ergibt si ch 
d ie unerwartelc Folgerung , dass in dieser Zc itspanne keine systematische 
And erung in der Iso ropenzusam mensc tzung d e r Akkumulation einge treten 
ist. Di es wiirde bedeuten, d ass weder die H ohe noch di e klima tisc he Tem
pera tur dieses T eiles d es Eisschild es sich langfristig geanderl hat. 

stable and radioactive isotopes of hydrogen and oxy
gen. The stable isotopes cannot be c reated or des
troyed as the snow is compac ted and recrystallizes 
into glacier ice. In a catchment whi ch terminates in 
an i ce shelf there must be a close association between 
the isotope composition of the snow in the catchment 
and that being removed by melting and iceberg calv
ing. It is possible to deduce the isotope ratio of 
18 0/ 16 0 in fresh water discharging into the sea by 
examining profiles of salinity and isotope composition 
in the sea-water. With both glaciological and oceano
graphi c observations we are able to investigate the 
transfer of mass and the 18 0 isotope through a catch
ment from deposition at the surface to melting from 
the bottom of an ice shelf. We are thus able to dis
cuss the secular changes that may have occurred in a 
period comparable to the residence time of ice in the 
catchment. 

THE CATCHMENT 

George VI Sound i s a narrow chann el running north
south between the west coast of the Antarctic Penin
su la and Alexander Island, widening and curving to the 
west at its southern extremi ty (Fi g. 1). George VI Ice 
Shelf occupies this channel and is derived from 
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Fi g . 1. Geor ge VI I ce SheLf (shaded) and its catchment (outlined by a dot -dashed Line) . Acc U7l1iLation data 
sites ar e shown by soL i d circLes n unbered as in the Appendix . HoLLow circLes represent sites of tempera
t ure onLy . ELevat i on conto urs ar e shown at 1000 m intervaLs . 

accumulation over the Pacific sector of the Antqrctic 
Pe~insula, the ice shelf, and parts of Alexander Is
land. The major source of ice is the Antarctic Penin
sula, whose ice streams almost reach the western mar
gin of the ice shelf. In contrast, the Alexander Is
land ice extends only a few kilometres into the ice 
shelf • 

To determine the mass and isotope balance of the 
catchment we need to know a and 6a for the whole of 
the catchment, where a is the accumulation rate as a 
function of position and 6a is the corresponding iso
tope ratio. The accumulation data are sparse south of 
lat. 72°30'5., particularly over the ice shelf, and 
in addition the calving rate for the southern ice 
front is uncertain. The north of the catchment, on the 
other hand, has a more variable accumulation pattern 
and our accumulation model may be less representative 
in this area. For these reasons we have divided the 
ice shelf and its catchment into northern and southern 
sections which are evaluated separately. 

The northern part of Alexander Island is mountain
ous and its accumulation is difficult to assess. We 
know that the part of the island facing George VI Ice 
Shelf is in a severe precipitation shadow (Bishop and 
Walton, 1981). The low accumulation rate and small 
area .. perhaps 8% of the northern catchment, makes 
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the ice contribution from northern Alexander Island 
small. The southern part of Alexander Island is lower
lying and probably has a more typical accumulation 
rate. Even so, the i sl and only represents some 4% of 
the southern catchment area. For simplicity we have 
therefore chosen to neglect Alexander Island and to 
bear in mind that our final ice budget results may be 
some 3-4% low as a result. 

The two catchment sections are therefore contained 
within the boundaries of the east coast of Alexander 
Island, the peninsula crest and assumed flow-lines at 
the northern and southern extremities. The catchment 
boundaries are shown in Figure 1 and were evaluated 
from three sources : 

(1 ) 

(2) 

(3 ) 

A NOAA-2 satellite very-high-resolution radio
meter image of the Antarctic Peninsula, taken on 
22 October 1973 in the visible band on orbit 4657. 
This was used to locate the ice divide at the 
ridge of the peninsula. 
Topographic maps published by the Directorate of 
Overseas Surveys for the British Antarctic Sur
vey (BAS). 
Antarctica sketch map 1:500 000. Palmer Land 
(north part). Reston, Virginia, U.S. Geological 
Survey, 1979. 
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THE GLACIOLOGICAL EVIDENCE 

AccumuLation data 
The Appendix gives the available accumulation 

data and Figure 1 shows their distribution within the 
catchment. These data originate from three sources: 

(1) Sites 1-14 
Oxygen isotope ratios measured from ice cores ex

ceeding 10 m length supported by beta radioactivity 
and density measurements provided accumulation rates 
for these sites. Typically the derived accumulation 
rates are averages over the period 1965-75. 

(2) Sites 15-21 
Data from the Antarctic Peninsula Traverse (1961-

62) provide evidence of the accumulation rate in the 
southern part of the catchment and adjacent area. 
Behrendt (1963, 1965) correlated seismic refraction 
travel times with accumulation rates estimated by 
Shimizu (1964) from studies in pits 2 m to 3 m deep 
and with accumulation rates at Eights station (lat. 
75°15'S., long. 77°07'W.) determined by oxygen isotope 
measurements. Behrendt's analysis showed that 6 out 
of 16 of Shimizu's estimates were incompatible with 
either the seismic or isotope evidence. For the re
maining 10 pits, Shimizu's accumulation rates had an 
error of 0.04 m a-i in the linear correlation of seis
mic velocity and accumulation in a self-consistent 
data set which included the isotope-derived accumula
tion for Eights station. Behrendt's study predated 
Kohnen's (1971) more powerful application of seismic 
data to determine accumulation rates, but it is still 
a valid analysis for an area of varying accumulation 
but with similar ambient temperatures. Behrendt's 
accumulation estimates are long-period averages 

(a) 

Potter , and other s: Ma s s ba Lance of a meLti ng ice sheLf 

typically taken over 40 m of ice depth and along a 
200 m 1 i ne. Such accumul ati on rates shoul d be more 
representative than those obtained from the wall of 
a shallow pit. Behrendt estimated the uncertainty in 
his accumulation values to be 0.03 m a-i . Typically 
his accumulation values are averages over the period 
1900-60 . 

(3) Sites 22-26 on George VI Ice Shelf. 
Several hundred al umi ni um stakes were set up on 

George VI Ice Shelf in networks of varying size and 
shape between latitudes 70 0 S. and 72 °30 ' S. Accumula
tion rates were measured at these stakes over several 
years between 1969 and 1976 (Bi shop and Walton, 19B1). 
Between latitudes 70 0 30'S. and 72°5. extensive melt
ing occurs at the surface in summer and although most 
of this melt re freezes in s i tu , some is lost to the 
sea through moul ins in the ice shelf. Reynol ds (1981 
Cb]) estimates the water drainage loss to be 0.4 ± 
0.2 km3 a-i and we have added thi s to the accumul ation 
measurements integrated over the mel t area to deter
mine the local mass input. The accumulation data were 
then averaged over 30 mi n 1 atitude bands over the ice 
shelf north of lat. 72°30'S. 

A smooth function of latitude, longitude, eleva
tion, and their second-order combinations was fitted 
to the accumulation data in the Appendix using a 
multiple regression to minimize the r.m.s. deviation 
between the function and data. Based on the known 
topography of the catchment, a contour plot of the 
accumulation function values for the catchment is 
shown in Figure 2a. The accumulation map reflects the 
track of maritime depressions moving in from the 
Bellingshausen Sea or on a southerly course from 
South America which increase precipitation near the 
west and north coasts respectively. That part of the 

Fig . 2 . The catchment with (a) conto ur s of the modeLLed accunuLation in cm a- i of i ce and (b) con
tours of the derived 0 fieLd in 0/00 with respect to SMOW . The ice sheLf is shown shaded . 
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catchment with elevation over 1500 m has a~ almost 
uniform accumulation rate of 0. 56 m a-I ice, the 
standard deviation of points ove r 1500 m high being 
on l y 0 .07 m a-I. There is a marked accumulat i on shad
ow in the lee of the Douglas and LeMay ranges (up to 
2987 m high) on Al exander Island which reduces accum
ulation on part of the ice shelf to less than half 
that found el sewhere in the catchment. 

oxygen isot o pi: data 
Oxygen isotope measurements from 10 m ice cores 

are available from only 14 sites within the catchment. 
A more complete set of values was obtained by using 
the close relationship between tempe r atu re and the 
isotope ratio of precipitation, studied by Peel and 
Clausen (1982) . 

TEMPERATURE (OC) 

-30 - 25 - 20 -15 -10 - 5 

Fig . 3 . The 1'- 6 r>el-ationshi p both faT' sites in 
the catchment , shown by sol-id ciT'cl-es , and other> 
s i tes in the Antar>ctic PeninsuLa , s hown by tr>iangl-es . 

.Figure 3 shows the relationship between tempera 
ture and isotope ratio for al l the sites within or 
near the catchment for which both quantities are known. 
The values are tabulated in the Appendix. The relation
ship between temperature and isotope ratio used for 
the calculations in this paper and in the curve in 
Figure 3 is 

6 (1795.05 - 3.0568T - 264540/T)0/00 

where T is the absolute temperature and 6 is with 
respect to SMOW . The scatter of the data about this 
empirical smooth curve is in part due to the inter
annual variability in the climate. Temperature data 
are generally from the bottom of a 10 m drill hole 
and will closely approximate the mean temperature of 
the previous one or two years. The isotope data are 
generally an average over 5-10 years, but this is not 
long enough to prevent part years in the ice core 
biasing the result towards that particular season . 
Nevertheless, the correlation between temperature and 
isotope ratio is good, and given the temperature of a 
site, this enables us to assign an isotope ratio with 
only a small expected error (!: 1.20/oo). 

The temperate fi e 1 d of the catchment was deter
mined by the multiple regression of temperatures 
against latitude and elevation from 53 sites in the 
Antarctic Peninsula. Martin and Peel (1978) and 
Reynolds (1981[aJ) have previously derived the temper
ature field of the Antarctic Peninsula, showing that 
latitude and elevation are the important controlling 
parameters. For our regression we took the temperature 
data of Reynolds (1981[aJ) and added the previously 
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unconsidered data from Shimi zu (1964) together with 
several more recent measurements. All the temperature 
data used are listed with their origin in the Appendix. 
Our resulting equation for temperature as a function 
of latitude and elevation is as follows: 

T = (265.35 - 0.73(latitude - 70 0 S.) -
- 6.38 x elevation)K 

where the elevation is in kilometres . This equation 
agrees very closely with the results of Marti nand 
Peel (1978) and Reynolds (1981[aJ) and has a standard 
deviation of 1.0 deg . The standard deviation is of the 
same size as inter-annual temperature variations over 
the period of the temperature measurements (L imbert, 
1974, 1980) . Although the annual tempe rature varia
tion will be heavily damped at 10 m (the typical 
measuremen t dept h) the inter-annual and, even more 
noticeably, any progressive trend over pe r iods greater 
than about 5 years wi 11 cause a scatter of the tempera
ture data poi nts. We therefore concl ude that the speci
fied tempe r ature field has close to the minimum error 
that climatic variability allows. The isotope field 
derived from this temperature field is shown as a con
tour map over the catchment in Figure 2b. 

Integr>ation over> the catchment 
To eval uate the total accumul ation and its isotope 

composition we must integrate the relevant values over 
the catchment. Si nce the catchment is i rregul ar in 
shape this is difficu l t analytically but simple to do 
numerically by summing over a finite-element grid net
work which contains the catchment. The grid used con
sisted of elements of 15 min latitude by 30 min longi
tude from 1 at . 69°S. to 73°S. and somewhat 1 arger el e
ments of 20 min latitude by 40 min longitude from lat. 
73°S. to 75°S . The larger el ements in the southern 
part of the grid network reflect the poorer accumula
tion data for that area. The catchment 1 imits were de
fined by assigning a weighting of '1' to each element 
wholly in the catchment, a ' 0 ' to each element wholly 
excluded from the catchment and some representative 
fraction for each element partially occupied by the 
catchment . The catchment including the ice shelf 
occupied 211 elements in all. Between lat. 69°S and 
73°S, elevations were assessed from unpublished base 
maps at a scale of 1:250 000 prepared for the BAS 
1:500 000 geological map series. South of lat. 73°S 
elevations were assessed from British Antarctic Ter
ritory 1:3 000 000 (BAS Misc.2 edition 1) 1981. The 
accumulation and isotope ratio was calculated for 
each element from the latitude, longitude, and ele
vation. The elements were multiplied by their weight
ing factor and the area they represent (a function 
of latitude). The total accumulation and isotope com
pOSition were then evaluated by summation. The results 
are shown in Table I. 

THE OCEANOGRAPHIC EVIDENCE 

The oceanographi c data obtained at the northern 
ice front are displayed in Figure 4. Between the 
depths of 10 m and 700 m, temperature T and oxygen 
isotope composition 6 are linearly correlated with 
salinity S. Linear T-S relationships provide evidence 
of the mi xi ng of two water masses. Lennon and others 
(1982) have shown that the gradient of the T- S dia
gram is in good agreement with a theoretical model of 
glacier ice melting in sea-water. A thermohaline con
vective layer occupies the water column from the base 
of the ice shel f at approximately 75 m below sea-
level to at least 200 m. Between 75 m and 200 m depth 
the T-S relationship is linear with a gradient of 
2.39 !: 0 . 05 deg 0 / 00-1 whereas the gradient of the 
theoretical model i s 2.49 deg 0 / 00 - 1 • Lennon and others 
(1982) suggest that Warm Deep Water moves slowl y under 
the ice shelf at depth, upwells supplying heat to melt 
the i ce shel f, and then fl ows away northwards with the 
ice melt water in a surface jet current concentrated 
at the west side of the ice shelf by Coriolis force. 

https://doi.org/10.3189/S002214300000589X Published online by Cambridge University Press

https://doi.org/10.3189/S002214300000589X


thern 
t of 
chment 

thern 
t of 
chment 

th and 
t h of 
chment 
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TABLE I. ACCUMULA TI ON OVE R PALME R LAND AND THE ICE SHELF, ICE LOSSES THROUGH SURFACE DRAINAGE, CALVING, AND 
CALCULATED EQUILIBRIUM BASAL MELT RATES FOR THE NORTHERN, SOUTHERN, AND ENTIRE ICE SHELF 

C (0/00) 

A 
(krn3 a -I ice) 

Area 
(103 krnZ ) 

6 (0/00) 

A 
(krn3 a -I ice) 

Area 
(103 krnZ ) 

6 (0/00) 

A 
(km3 a -I ice) 

Area 
(103 krnZ) 

Ice fLw; Ice-sheLf 
into ice acc U11uLa-

shelf tioY! 

-20.8 ± 0.5 -13.9 ± 1.0 

18.4 ± 2.1 3 .7 ± 1.2 
(17.4)* 

31.7±0.8 10.3± 0.1 

-22.5 ± 0.4 -15.0 ± 0.9 

27.1 ± 1.8 8.4 ± 1.0 
(22.5 )* 

45.6 ± 1.2 14.6 ± 0.1 

-21.8 ± 0.3 -14.7 ± 0.7 

45.6 ± 2.7 12.1 ± 1.6 
(39.9)* 

77 .2 ± 1.5 24 .91: 0.2 

nux i nt o ice Me Lt-water Iceberg Eq ui L ibr i U11 
sheLf + i ce-she Lf drainage caLvi ng basa L melt 

acc tl7luLatioYl 

-19.6 ± 0.5 -14.0 ± 1.0 -14.0 ± 1.0 -19.8 ± 0.5 

22.1 1: 2.4 0.4 1: 0 .2 0.3 ± 0.1 21 .3 ± 2.4 
(2 .07 1: 0. 23 

42.0 ± 0.8 10.3 ± 0.1 

-20.7 1: 0.4 -1 5.0 1: 1.0 -21.5 ± 0.5 

35.51: 2.0 4.0 ± 0.6 31.6 ± 2.1 
(2 .1 7 1: 0.14 

60.1 ± 1.2 14.6 ± 0.1 

-20.3 ± 0.3 -14.0 ± 1.0 -14.9 ± 1.0 - 20 .8 ± 0.3 

57.6 ± 3.1 0.4 ± 0.2 4.3 1: 0 .6 52.9 1: 3.2 
(2.12 ± 0.1 3 

102.1 1: 1.5 24 .9 1: 0. 2 

.M. Reynolds, unpublished data 

Although the jet current has been observed, and the 
quantity of ice melt it carries away ha s been cal
culated, it is not known how much of the ice shelf is 
affected by this circulation and therefore what area 
supplies the ice melt. This prevents a firm oceano
graphic calculation of basal melt rate. 

The oxygen isotope-salinity (o- S) diagram allows 
us to deduce the oxygen isotope composition of the 
ice melting in the sea and that of the Warm Deep 
Water, the water type at the warm saline end of the 
mixing line. Both oxygen isotope ratio and salinity 
are overall conservative properties in the mixing of 
two water types. The processes which alter the iso
tope composition of sea-water are mixing, precipita
tion, evaporation, and, in polar regions, melting or 
freezing of ice. rt is an unhappy coincidence that 
the slopes of o-S lines determined by evaporation 
and precipitation can be very simil ar to th'ose deter
mined by ice melting and freezing (Craig and Gordon, 
1965). For this reason we must identify the dominant 
mechanisms before making interpretations of isotope 
data. 

First, and most importantly, thermodynamic argu
ments presented above based on T-S profiles taken at 
the northern ice front show that the water properties 
under the ice are determined solely by ice melting in 
Warm Deep Water. This eliminates bottom freezing, sea
ice formation, liquid precipitation, evaporation, and 

continental run-off as signif i cant elements because 
these processes would produce quite different T-S 
gradients. We are left only with ice-shelf melt and 
snow precipitation over the sea in Marguerite Bay. 
Lennon and others (1982) have found that there is no 
net southward fl ow from Marguerite Bay towards the ice 
shelf in the zone of mixing . We therefore expect the 
local influence of melt water from the base of the 
ice shelf to be predominant. 

If water of salinity S is formed as a result of 
the mix ing of glacier ice of isotope composition or 
with Warm Deep Water of salinity SWDW and isotope com
position 0WDW, then the isotope composition of the 
mixture, 0 , is given approximately by 

o = 0 I + (S/SWDW) (oWDW - 01). 

This expression is not exact due to a non-linear
ity introduced by the definition of salinity, leading 
to an error in deduced values of 01 of some 3.5% 
(Craig and Gordon, 1965; Paren and Potter, 1984). 
There are 44 0 -S data pai rs plotted in Fi gure 4(b), 
taken from profiles at three sites. Measurements 
taken from surface sea -water and at 1 m depth have 
been omitted since they are dominated by local 
surface effects and are unsuitable for investigating 
the large-scale net melting of the ice shelf. A lin
ear regression of the 44 vaiues gives or = -20.3 0/00 
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Fig . 4 . T- S and 6-S reLationships in the sea at the 
nor thern ice front of George VI Ice SheLf . Measure 
ment depths in metres beLo~ sea- LeveL are sho~ beside 
some data points . 

with a standard deviation of 1.5 0/ 00 (after correct
ing for the 3.5% error). The Warm Deep Water of salin
ity 34.72 0/00 has a 6WDW value of +0.16 ± 0.04 0/00 . 

EQUILIBRIUM MASS BALANCE 

In general, conservation of mass determines that 

J a dx = A = dM/ dt + l. Mi 

where a is the accumulation rate, A is the total 
accumulation rate, M is the total mass in the catch
ment, ~i are the mass loss rates and the integration 
is performed over the catchment area x . We shall be
gin by assuming dM/dt = 0, the equilibrium condition, 
and evaluate the various Mi. 

166 

Run-off t o t he sea 
Net ablation occurs at the low-lying margins of 

the peninsula, at the surface and at the bottom of the 
ice shelf . Although basal melt predominates as the 
source of ablation (Reynolds, 1981[b]) we must allow 
for the estimated 0.4 km3 a-1 of water which perco
lates directly into the sea from the melt lakes be
tween lat. 70 0 30'S. and 72°S. 

CaLving at the nor thern ice f r ont 
Multi-year sea ice in the entrance of George VI 

Sound allows the ice front to calve only episodically, 
the ice front advancing for several years before 
breaking back . Between 1974 and 1979 some 25 km3 of 
ice shelf was lost in this way, probably during the 
austral summer of 1976-77 . The long time interval and 
irregularity of these surges makes it unreasonable to 
assess the rate of calving from changes in ice front 
position especially since accurate observations have 
only been possible since the launching of the LANDSAT 
1 satellite in 1972. Since the northern ice front 
seems to be retreating, which is a non-equilibrium 
state, we chose to perform our mass equilibrium cal
culations using forward ice velocities at the ice 
fronts integrated with ice-front height and width to 
give an ice flux . Also, we use as a boundary for bal
ance calculations a notional boundary which, at pres
ent, coincides with the ice front. In this way any 
non-equi librium calving behavlour of the ice f ronts 
causing advance or retreat does not affect the valid
ity of our equilibrium calculation. To do this we 
must calculate the forward ice velocities near both 
ice fronts . For the north, Bishop and Walton (1981) 
gave surface ice velocities for a stake scheme some 
40 km south of the ice front. The stake scheme veloc
ity was resolved parallel to the sound and following 
Paterson (1981, p. 174) the velocity increase with 
distance down a flow line was calculated for an ice 
shelf with parallel-sided flow. This gave an ice
front velocity of 125 m a -1 with a corresponding 
equilibrium ice loss of 0.3 km3 a- 1 • 

CaL ving a t the so uther n ice fr ont 
The southern ice front is much 1 ess well known 

and we can make only a crude estimate of ice velocity. 
Integrating the mass accumulation over the southern 
section of .the catchment and dividing by the length 
of the grounding line and its mean ice thickness 
gives an ice velocity of 230 m a-1 at the grounding 
1 ine. Kotlyakov and others (1978) suggest that the 
average ice-front velocity for small Antarctic ice 
shelves is 200 m a-1 and for all Antarctic ice shelves 
some 500 m a-I . Ice velocity is unlikely to decrease 
along a flow line once the ice is afloat and so we 
have ta ken 300-400 m a - 1 as the 1 ikely range of the 
southern ice-front velocity. This results in a specu
lative estimate of 3.5 - 4.6 km3 a-I ice for the 
equilibrium calving loss. 

Melt i ng f r om the bottom s urface of the i ce s heLf 
We are now in a posit i on to calculate the only re

maining mass loss, basal melting . Details of the cal
culation are given in Table I. For the northern part 
of the ice shelf the equil ibrium basal melt rate is 
2.07 ± 0 .23 m a-1 and in the south the value is 
2.1 7 ± 0 .14 m a-I . 

If dM/dt * 0 then the ice shelf and catchment are 
not i n equil ibrium and the predicted basal melt rates 
should be re-interpreted as the sum of basal melting 
and some change in thickness of either the ice shelf 
or catchment ice sheet. Reynolds (unpublished) cal
culated an approximate val ue for the ice fl ux across 
the grounding line into George VI Sound. The calcula
tion was done by combining ice depths from radio echo
sounding with velocities partly from measured stake 
schemes a nd partly from assumed velocity profiles 
ac ross 42 glacier units nourishing the ice shelf. 
Reynolds' unpublished data show that north of lat. 
72 °30' S. the groundi ng 1 i ne fl ux is ba sed on fi el d 
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data and has a value of 17.4 km3 a-I ice. Further 
south, there are no field measurements of velocity 
and only a crude estimate of flux is possible. Based 
on the accumulation map of Figure 2a, we estimate the 
ice flux across the grounding line north of 1at. 
72°30' S. to be 18.4 krril a-I, some 6% larger than 
Reyno1ds' estimate. This discrepancy is small compared 
to the uncertainties in each calculation. One inter
pretation of this result is that the present-day 
accumulation balances the contemporary ice flow into 
the sound, confining any non-equilibrium behaviour to 
the ice shelf. The equilibrium basal melt rates can, 
in this case, be considered as the arithmetic sum of 
basal melt and ice-shelf thickening. If a1 so the ice 
shelf is in equilibrium then we predict a total melt 
rate from its base of 53 km3 a-I. Kotlyakov and 
others (1978) estimated the total ice-shelf bottom 
melting for Antarctica at only 320 km3 a-I. If it is 
in equilibrium, George VI Ice Shelf would appear to 
be a major contributor to the ice-melt budget of 
Antarctica, supplying a sixth of the total ice shelf 
melt despite its small size. 

EQUILIBRIUM ISOTOPE BALANCE 

Conservation of mass and isotope species deter
mines that 

)' Oa a dx = 0 t dM/dt + l.<i iMi 

where 0a is the oxygen isotope ratio of the accumula
tion a, 0 t is the mean isotope ratio of the thicken
ing or thlnning ice, and the 0 i are average isotope 
values for the mass 1 osses ~i. Once agai~ we shall be
gin by considering dM/dt = O. We define <5 by 

;;- = j cS a a dx / j a dx = f 0 a a dx / A 

so that 0' represents the accumulation-weighted mean 
isotope ratio. Considering ice losses to be primarily 
calving ~ c' ~,), melting ~m' Am), and surface 
drainage (Od' I'Id), we see that 

om = (C A - 0 ct-1c - o dt>1d )/(A - t-1 c - t>1d )· 

Om is, then, an equil ibrium estimate of the isotope 
ratio of melting ice derived solely from glacio10gical 
evidence. By considering particle paths of the ice 
emerging at each ice front we find that the majority 
of such ice is derived from local precipitation and 
so cS c has been evaluated accordingly. The value of 
Od wlll essentially be that of the accumulation in 
the surface melt zone. 

One problem which could affect the accuracy of our 
calculated om is that our values of .s a are largely 
derived from a smooth function of position evaluated 
from the o -T relationship of Figure 3 and a knowledge 
of mean annual temperature distribution throughout 
the catchment. Any region which experiences atypical 
evaporation causing fractionation wi 11 deviate from 
the model employed . One such area is known: between 
lat. 70 0 30'S. and 72°S. melt lakes develop on the ice 
shel f. These lakes a re open for perhaps six weeks in 
the summer and cover some 30% of the ice shelf area 
between these latitudes. Assuming 30 mm of the water 
surface evaporates and that the evaporated water has 
an isotope ratio 12 0/00 below that of the melt lake, 
this biases the isotope ratio of the ice remaining in 
the northern part of the ice shelf by only 0.03 0/00 , 
a negligible amount. 

Table I displays the isotope ratios calculated 
for the ice shel f and Palmer Land separately for the 
northern and southern sections. From glaciological 
observations we deduce that the 0 value of ice melt
ing in the sea is -19.8 ± 0 .5 0/00 in the north of 
the catchment and - 21.5 ± 0.5 0/00 in the south. If 
we allow for the 0.4 km3 a-I of drainage water with 
a cS value of -14 0/00, which will presumably mix 
with the ice melt from the northern part of the ice 
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shelf, we reduce the isotope ratio that we expect to 
observe in the sea to -19.7 0/00. Even then, the 
difference between the glaciologica1 estimate of the 
ice-melt cS value and that deduced from the o -S re
lationship in the sea at the northern ice front 
(-20.3 0/00 ) is still only 0.6 0/00. This is inSig
nificant compared with the mutual standard deviation 
of 1.6 0/00 between the two estimates. We therefore 
conclude that the ice mel ting at the northern ice 
front is virtually all from the ice shelf without a 
significant contribution from sea ice or snow pre
cipitated ove~ the sea which would have 0 values of 
approximately +2 0/00 and -13 0/00 respectively. 

SECULAR CHANGES IN THE AN TA RC TIC PENINSULA 

Temperat ure 
Limbert (1980) has shown that the Antarctic Penin

sula is currently undergoing a climatic warming of up 
to 0.8 deg/decade and suggests that this warming is 
part of a cycle, several of which have occurred in the 
last century, rather than a secular change. Limbert 
(personal communication) has compiled the temperature 
record from Orcadas (lat. 60 0 45'S., long. 44°43'W.) 
for the years 1904-78 which shows these cycl es. The 
record shows that the post-1965 period, which heavily 
influences our temperature measurements, is no more 
than 0.7 deg warmer than the average for the first 
half of the century. The 0 fi el d which we have used 
is strongly temperature dependent and is applicable 
to contemporary accumul at i on; the Orcadas record 
allays the fear that it is not representative of this 
century. Analysis of a deuterium record from an ice 
core spanning the years 1781-1981 from James Ross 
Island in the Antarctic Peninsula shows no persist
ent temperature trend for this 200 year period 
(Dr L. Merlivat, presentation at IAMAP symposium 
at IUGG Hamburg, 1983). The 0 value deduced from the 
o- S relationship in the sea is relevant to accumula
tion from the present time to a few thousand years 
ago now melting from the under-side of the ice shelf. 
We might expect any secular warming to produce a dis
crepancy between the two 0 val ues. If we assume that 
the oceanic circulation conveys water through the 
entire length of George VI Sound, we should compare 
the oceanographically derived 0 value for old ice 
with the average 0 val ue for the catchment. Such a 
comparison indicates that the old ice is 0 . 5 0/00 
"warmer" than the catchment ice; an insignificant 
difference compared to the mutual standard deviation 
between the two estimates . If, alternatively, we 
assume that the ice modifying the sea-water at the 
northern ice front comes from the north of the catch
ment, then we should use tre 0 Value for that area 
for compari son with the 6 val ue from the sea. In 
this case we find that the old ice is 0.6 0/00 
"co1der", also an insignificant difference. Further
more, from our estimate of the mutual standard devia
tion for the 0 values we can be 80% confident that 
the old ice melting from the ba~e of the ice shelf 
was deposited in a climate on average ' no more than 
2 0/00 "colder" than present. 

Aoo U71uLat i on 
Doake (1982) discusses a 1 evel 1 ine set out in 

1975 on the plateau of the Antarctic Peninsula at 
1at. 70 0 35'S ., long. 64°16'W . adjacent to the catch
ment of George VI Ice Shelf . The line was releve11ed 
five years later in 1980 by C.W.M. Swithinbank (per
sonal communication) . The observations showed no 
change in the surface level 1 ine over the five-year 
period within the accuracy of about ± 30 mm. This im
plies that accumulation is currently balancing out
ward ice flow from the plateau crest. Reynolds' cal
culation for the ice flux across the grounding line 
of George VI Ice Shelf, for which it is di fficult to 
assess an expected error, shows that the old ice 
flowing off Palmer Land near sea-level balances pres 
ent accumulation within 6% . These measurements imply 
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that as far as we can tell the Palmer Land ice sheet 
is currently near balance. 

George VI Ice Shelf, however, is unlikely to be 
in steady state. Bishop and Walton (1981) calcu l ated 
basal melt rates for the ice shelf from strain 
measurements assuming steady state . According to 
Doake (1982 ) their calculated melt pattern is physic
ally unrealist i c, suggesting that both thinning and 
thickening may occur in the ice shelf . But the ice 
shelf as a whole may be in equilibrium . Bishop and 
Walton (1981) pred i ct a mean equilibrium melt rate 
of some 2 m a-I, which is consistent with our result. 
If the mean basal melt rate is close to 2 m a-I, 
sufficient to maintain overall equ il ibrium , George VI 
Ice Shelf is an important sou rce of ice melt in the 
Antarctic mass balance . Alternatively, if the mean 
melt rate is less , there will be an overall th i ckening 
of the ice she l f . Oceanographi c cons i de rat i ons (Lennon 
and others, 1982) suggest that the mean melt rate is 
at least 1 m a~ and is probably no greater than 
2 m a-I mak i ng overa ll thinn i ng an unl i kely poss i bil
ity and limiting any ove rall thicken i ng to less than 
1 m a-I . Si nce the current rate of accumul ati on wi 11 
support the present mass flux at the grounding line, 
we would expect any net th i ckening to continue for 
some time to come . The northern ice front , however, is 
at present retreating , presumably in a delayed res 
ponse to an earlier trough in the ice supply . If the 
ice shelf is currently thickening, we should see the 
northern ice front advance again as this effect propa
gates along the shelf . 

Pourchet and others (1983) show that accumulation 
rates over much of Antarct i ca including the Antarctic 
Peninsula have ri sen by up to 40% in the period 1965-
80 compared to the period 1955-65 . If this is so , 
either the present accumu l ation is high compared to a 
long- term average, or the earlier part of this century 
represented something of a drought . Whichever is the 
case, it appears that the ice flux across the ground
ing line, which corresponds wi th some average of 

APPENDIX . TEMPERATURE , 

Sites near and within 

accumu l ation over several thousand years, is similar 
to that accumulating at the present time . 

We conclude that there are probably quite large 
variations in the temperature and accumulation rate 
with periods ranging from decades to several centur
ies but that there is no strong evidence for a secu
lar change i n the Antarctic Peninsula over the l ast 
few mi 11 ennia . 

CONCLUS IONS 

We have successfully modelled the extent, accumula
tion pattern, and isotope-ratio variations of the 
catchment for George VI Ice She l f. Equil ibr i um estim
ates of the basa l melt rates predict values of some 
2 m a-I which are in agreement with the st r ain-rate 
der i ved est i mates of Bishop and Walto n (1981) . There 
may be some non- equ il ibrium behaviou r ca us i ng t he ice 
shelf to thicken in pl aces , but an average th i ckening 
rate can be no more than 1 m a-I. The isotope rati 0 

of t he present -day accumu l ation on t he catc hment is, 
within the expected erro r , that of the ice mel t which 
modif i es the Warm Deep Water from Marguerite Bay . We 
have therefore shown that the water under the north
ern part of George VI Ice Shelf i s produced l oca ll y 
rathe r than from advected surface water f rom Marguerite 
Bay . Finally, we have found no strong ev i dence for 
secular climat i c change in the Antarctic Peninsula . 
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ACCUMULATION, AND ISOTOPE DATA 

George VI Ice Shel f catchment 

Site Latitu:f.e Longit u:f.e ALtituie TemperatUY'e Acc un uLation 6 18 0 Reference 
No . m °C m a-I of ice 0/00 

1 69°30'5 . 66°16'W . 870 -12 .9 1.06 - 16.80 1 
2 70°14'5 . 65 °05 ' W. 2100 -21.9 0.53 - 25 .65 6 
3 70°50'5 . 64°27'W . 1987 -21 .4 0.48 - 26 .48 1 
4 70°53'5 . 64 °5 7'W . 1860 -20 . 2 0.48 - 25 . 77 1 
5 71°15'5 . 64 °30 ' W. 2010 -23 .7 0.56 - 25 .43 1 
6 71 °23 '5. 65°30'W. 1547 -20.0 0.61 -23.90 1 
7 71°29'5 . 66°58'W . 946 -13.1 0.64 - 18 .00 1 
8 71°42'S . 64°05'W . 1886 -20 .4 0.46 - 24 . 72 1 
9 72°30'S. 72°50 ' W. 488 - 13 .3 0.95 -16 .55 1 

10 72°47'S. 64°30'W . 1797 -21.8 0. 57 - 25 .40 1 
11 72 °56'S . 75°15'W . 539 -13 .3 1.25 - 16 .69 1 
12 72°59'5 . 74°45'W . 408 -12.5 1.29 - 16.12 8 
13 73 °42'5 . 64°47 ' W. 2007 -23 .8 0.47 -27 .84 1 
14 74°01 ' 5. 70038'W. 1140 -17.3 0.97 -22 .97 8 
15 73°32'5 . 68°37'W . 1045 - 16 .0 0.42 2 
16 73°43'5. 67°16 ' W. 1575 -20.0 0.52 2 
17 73°54 ' 5 . 69°26' W. 1215 -1 8.0 0.41 2 
18 74°04'5 . 66 °3 5'W . 2120 -24 .6 0.58 2 
19 74°16 ' 5. 70010'W . 1434 -20 .0 0.42 2 
20 74°27'5 . 67°08'W . 2150 -25 .4 0.42 2 
21 74°38'S . 71 °03 ' W. 1802 - 23 .1 0.40 2 
22 70015'S . 68°27'W . 15 0.67 3 
23 70 °45'5 . 68°00'W . 20 0.25 3 
24 71°15'5. 67°56'W . 25 0.22 3 
25 71 °45'5 . 67 °41 ' W. 35 0.23 3 
26 72°15'S. 67 °46'W . 45 0.55 3 
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Data for othe r sites used to define the temperature field of the Antarctic Pen i nsula 
and the relationship between 6 and temperature 

Latitu:ie Longituie ALtituie Temperat UJ"e 6180 Refer ence 
m °C 0/00 

6r05 ' 5. 58°24'W . 19 - 2 . 4 4 
62°12 ' 5 . 58°58'W . 14 - 3 .8 - 9 . 50 5 
62°59 ' 5 . 60 034 ' W. 8 - 2 . 6 4 
63°24' S. 56°59'W. 11 - 5.6 4 
64°05'S . 59°35'W. 1806 -14.8 -17.13 1 
64°13' S. 57 ° 38'W . 1620 - 12.9 4 
64°13'S. 57°38 ' W. 1500 - 14 . 2 4 
64°46 ' 5 . 64 ° 05'W . 20 - 3.2 4 
65°15 ' S . 64 ° 16'W . 10 - 3 . 5 4 
66 °25'5 . 64°57'W. 1937 - 15.9 - 19.08 1 
67°32 ' S . 66°00'W . 1750 - 16 . 5 -1 8 . 70 1 
67°34 ' S. 68 ° 08 ' W. 20 -6.4 4 
67°46' 5 . 68°55 ' W. 14 -4.7 4 
68°07' S. 66 ° 18 'W. 1315 -15.0 7 
68°08' S . 65°54'W. 1125 -15.0 7 
69°36 ' S. 68 ° 09'W. 660 -11.4 6 
69°40'S . 65°30'W. 1994 -19 . 1 7 
69°42'S. 67°08 ' W. 1020 -1 3 . 1 6 
69°58 'S. 66°14 ' W. 1630 -16.9 6 
70°00'5 75°20'W . 595 -12.1 1 
70 0 01'S . 64°29 ' W. 2131 -21.0 - 27.13 1 
70°25' 5 . 64 ° 32'W . 1861 -20.7 7 
70029'S. 64 ° 12'W. l360 -17.7 6 
70 042'S. 62 ° 45'W . 1140 -1 6 . 7 6 
70043'S. 63 ° 09 ' W. 1860 -1 8 . 2 7 
70 059' S. 66 ° 15'W. llOl -14.8 7 
71°07' 5 . 62 ° 20'W. 1050 -16.6 - 25.94 1 
71°14' S. 63 ° 22'W. 1752 -22.1 -26 . 68 1 
71 °20 ' 5 . 68 ° 17'W. 65 -11.1 4 
73°29'5 . 70 008 'W. 600 -1 3 . 3 4 
74°00' 5 . 70 045'W . 1160 -17.1 4 
74 °58 ' 5 . 68°12'W. 1721 -22.8 3 

References: 1, Peel and Cl ausen (1982 ) ; 2, Behrendt (196 3 , 1965), Shimizu P9641; 
3, Bi s hop and Walton (1981); 4, Rey nold s (1981[aJ); 5 , Morgan 1982; 
6, J . W. Mumford - per sonal communi cation; 7, Martin an d Peel (197 8 ). 
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