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Asstract. The Antarctic ice sheet has been reconstructed at 18 0oo years B.p. by Hughes and others (in
press) using an ice-flow model. The volume of the portion of this reconstruction which contributed to a rise
of post-glacial eustatic sea-level has been calculated and found to be (9.841.5) x 105 km3, This volume is
equivalent to 25+4 m of eustatic sea-level rise, defined as the volume of water added to the ocean divided
by ocean arca. The total volume of the reconstructed Antarctic ice sheet was found to be (3746) x 10 km3.
If the results of Hughes and others are correct, Antarctica was the second largest contributor to post-glacial
custatic sea-level rise after the Laurentide ice sheet. The Farrell and Clark (1976) model for computation of
the relative sea-level changes caused by changes in ice and water loading on a visco-elastic Earth has been
applied to the ice-sheet reconstruction, and the results have been combined with the changes in relative
sea-level caused by Northern Hemisphere deglaciation as previously calculated by Clark and others (1978).
Three families of curves have been compiled, showing calculated relative sea-level change at different times
near the margin of the possibly unstable West Antarctic ice sheet in the Ross Sea, Pine Island Bay, and the
Weddell Sea. The curves suggest that the West Antarctic ice sheet remained grounded to the edge of the
continental shelf until ¢. 13 000 years B.P., when the rate of sea-level rise due to northern ice disintegration
became sufficient to dominate emergence near the margin predicted otherwise to have been caused by
shrinkage of the Antarctic ice mass. In addition, the curves suggest that falling relative sea-levels played a
significant role in slowing and, perhaps, reversing retreat when grounding lines approached their present
positions in the Ross and Weddell Seas. A predicted fall of relative sca-level beneath the central Ross Ice
Shelf of as much as 23 m during the past 2 000 years is found to be compatible with recent field evidence
that the ice shelf is thickening in the south-east quadrant.

Riésumi. Volume de la calotte glaciaire antarctique il y a 18 000 ans et variations Holocéne des niveaux marins aux
confins de Pouest Antarctique. La calotte glaciaire antarctique a été reconstituée comme elle était il y a 18 ooo
ans par Hughes et al. (in press) en utilisant un modéle de I'écoulement de la glace. Le volume de la
portion de cette reconstitution qui a contribué a un relévement du niveau marin eustatique post-glacaire
a été calculé et trouvé étre (9,8-4-1,5) % 10% km3. Ce volume équivaut 4 25+4 m de relévement eustatique
du niveau des mers, défini comme le quotient du volume d’eau ajouté a 'océan, divisé par la surface de
locéan. Le volume total de la calotte glaciaire antarctique reconstituée a été trouvé égal a (3716) X 10® km?,
Si les résultats de Hughes et alt sont corrects, 'Antarctique est le sccond en importance des facteurs du
reldvement eustatique post-glaciaire du niveau des mers aprés la calotte Laurentide. Le modele de Farrell
et Clark (1976) pour le calcul des changements relatifs du niveau des mers provoqués par les changements
dans la charge en glace et en eau sur une terre viscoélastique a été appliqué a la reconstitution de la calotte
glaciaire et les résultats ont été combinés avec les changements dans le niveau relatif des mers résultant de la
déglaciation de ’Hémisphére Nord tels qu’ils ont été précédemment calculés par Clark et al. (1978). Trois
familles de courbes ont été construites montrant le niveau marin relatif calculé a différentes époques prés des
confins de la calotte Quest Antarctique qui peut étre instable dans la Mer de Ross, la Baie de Pine Island
et 1a Mer de Weddell. Les courbes tendent 2 montrer que la calotte glaciaire Ouest Antarctique reposait
encore sur la terre ferme en limite de la calotte continentale jusqu'a environ 13 000 ans avant nos jours,
lorsque la vitesse d’élévation du niveau marin die a la déglaciation dans le Nord devint suffisante pour
P’emporter sur la surrection cétiére présumée par ailleurs s’étre produite du fait de I’allégement de la masse
de la glace Antarctique. De plus, les courbes font penser que I'abaissement des niveaux relatifs des mers a
joué un réle significatif pour ralentir et, peut-étre renverser le mouvement de retrait lorsque les lignes de
décollement de la glace ont approché leur position actuelle dans les Mers de Ross et de Weddell. Une baisse
estimée du niveau relatif des mers en dessous du Ross Ice Shelf de prés de 23 m au cours des deux derniers
millénaires s’est avérée compatible avec les récentes preuves relevées sur place d’un épaississement actuel de
la glace dans le quadrant Sud-Est.

ZUSAMMENFASSUNG. Das Volumen des antarktischen Eisschildes vor 18 0oo Fahren und holozine Meeresspiegel-
schwankungen am Rande der Westantarktis. Der antarktische Eisschild wurde fir die Zeit von 18 ooo Jahren
vor der Gegenwart unter Benutzung eines Fliessmodells von Hughes u.a. (in press) rekonstruiert. Das
Volumen jenes Teiles dieser Rekonstruktion, der zur postglazialen eustatischen Meeresspiegelhebung
beitrug, wurde zu (9.84-1.5) X 10® km3 berechnet. Dieses Volumen entspricht einer eustatischen Meeresspie-
gelhebung von (25-44) m, die als Quotient des dem Ozean zugefithrten Wassers und der Ozeanfliche
definiert ist. Das gesamte Volumen des antarktischen Eisschildes vor 18 ooo Jahren ergab sich zu

213

https://doi.org/10.3189/50022143000014751 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000014751

214 JOURNAL OF GLACIOLOGY

(3746) x 109 km?. Wenn die Ergebnisse von Hughes u.a. stimmen, hat Antarktika nach dem laurentinischen
Eisschild den zweitgrossten Beitrag zur postglazialen eustatischen Meeresspiegelhebung geliefert. Das Modell
von Farrell und Clark (1976) fiir die Berechnung relativer Meeresspiegelschwankungen, hervorgerufen durch
Schwankungen der Eis- und Wasserlast auf einer viskoelastischen Erde, wurde auf die Rekonstruktion des
Eisschildes angewandt; die Ergebnisse wurden mit den relativen Schwankungen des Meeresspiegels infolge
des Eisrickgangs auf der nérdlichen Hemisphire kombiniert, wie sie schon frither von Clark w.a. ( 1978)
berechnet worden waren. Es wurden 3 Kurvenscharen entwickelt, die den berechneten relativen Meeresspie-
gelanstieg zu verschiedenen Zeitpunkten nahe dem Rand des méglicherweise instabilen westantarktischen
Eisschildes (W.E.S.) im Rossmeer, in der Pine Island- Bai und dem Weddellmeer zeigen. Die Kurven lassen
annehmen, dass W.E.S. auf dem Rand des Kontinentalschelfs bis etwa 13 ooo Jahre vor der Gegenwart
aufsass, als die Meeresspiegelhebung infolge des Eisriickganges im Naorden ausreichte, um tiber das
Auftauchen in Randnihe die Oberhand zu gewinnen, das sich aus dem Riickgang der antarktischen Eismasse
berechnen lidsst. Die Kurven zeigen weiterhin, dass fallende relative Meeresspiegel eine wesentliche Rolle bei
der Verzogerung und vielleicht sogar bei der Umkehr des Riickgangs spielten, als die Aufsitzlinien sich ihrer
derzeitigen Lage im Ross- und Weddellmeer niherten. Eine berechnete Senkung des relativen Meeresspiegels
unter dem zentralen Ross-Schelfeis von bis zu 23 m wahrend der letzten 2 0oo Jahre erweist sich als vertriglich
mit der Beobachtung aus jiingster Zeit, dass die Eisdicke im Siidostquandranten zunimmt.

INTRODUCTION

The stability of the West Antarctic ice sheet is closely linked to the position of sea-level
at its margin (Weertman, 1974; Thomas and Bentley, 1978[b]). Hollin (1962), among
others, has suggested that the sea-level rise resulting from disintegration of the large late-
glacial ice sheets of the Northern Hemisphere caused the Antarctic ice sheet to retreat to its
present position. The position of sea-level relative to the ice is, of course, a function of the geoid
distortion and solid-earth deformation associated with the changing mass of the retreating
ice sheet, as well as of the simple rise of eustatic sea-level. Relative sea-level, and the stability
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Fig. 1. The Antarctic ice sheet at present.
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of the West Antarctic ice sheet, are thus dependent upon the change in the mass of the ice
sheet, the eustatic rise of sea-level, and the rheology of the Earth. Here we use a preliminary
reconstruction of the 18 000 years B.P. Antarctic ice sheet done by Hughes and others (in
press) to determine the volume of the Antarctic ice sheet that was in excess of the present ice
sheet, and which thus contributed to eustatic rise of sea-level and a changed configuration of
Earth loading when the ice sheet retreated to its present size (Fig. 1). These results are
incorporated into a model of Earth deformation from surface loads that ultimately predicts
global changes of relative sea-level as a function of deglaciation (Farrell and Clark, 1976).
We interpret the Holocene history of the West Antarctic ice sheet in terms of these calculated
relative sea-level changes at the ice margin.

ANTARCTIC RECONSTRUCTION

The 18 000 years B.P. Antarctic ice sheet has been reconstructed by Hughes and others
(in press), through numerical solutions of the equations of flow for ice along flow lines. The
ice-sheet margin (or grounding line) was assumed to coincide with the 500 m depth contour
near the edge of the continental shelf. Flow lines were hypothesized in accordance with
available geological evidence. Bedrock elevations at discrete intervals along each flow line
were obtained from available maps, and elevations of the present ice sheet, at the same
intervals, were also included as input data. Model output included total ice thickness at
either 100 or 50 km intervals along flow lines, thickness in excess of the thickness of the present
ice sheet, elevation of the reconstructed ice surface with respect to present sea-level, and the
elevation of the depressed bed with respect to present sea-level. The reconstructed ice sheet
was assumed to be in isostatic equilibrium, and the effect of additional bed depression on the
profile of the 18 000 years B.p. ice sheet (Weertman, 1961) was taken into account.

ICE CONTRIBUTING TO EUSTATIC SEA-LEVEL RISE

The mass of the 18 000 years B.p. Antarctic ice sheet which contributed to a rise of eustatic
sea-level when retreat occurred was the portion which exceeded the dimensions of the present
ice sheet, and was either above present sea-level or below the present ice-sheet bed. Figure 2
shows a hypothetical section of the ice sheet which is grounded below sea-level, and which
terminates as a floating ice shelf. G, is the present grounding line and G, is the assumed
18 000 years B.p. grounding line. Seaward of G, the reconstructed surface is below the present
ice-sheet surface, because sea-level at 18 000 years B.p. was lower than at present. Seaward of
S the reconstructed profile is below present sea-level ;* grounded ice within this area actually
contributed to a slight drop of eustatic sea-level during deglaciation, because of the density
difference between ice and water. (This effect is neglected.) Seaward of G, floating ice
contributed neither to an increase nor a decrease of eustatic sea-level.

At points inland of S, the total depth of the 18 ooo years B.p. ice column is

h = hy-+hg+hn (1)

where h, is the present ice thickness, ks is the difference in elevation between the reconstructed
surface and the present surface, and hy is the vertical distance between the present ice-sheet
bed and the isostatically depressed bed of 18 000 years 8.p. The ice thickness which contributed
to a rise of eustatic sea-level when the ice sheet retreated to its present size is

he = hs—+hp. (2)

* When h(x) < (1.1)d(x), where A(x) is the thickness of 18 0oo years .p. ice and d(x) is the present depth of
the ocean at point x, the isostatically adjusted bed is higher than the present bed rather than lower.
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Fig. 2. A hypothetical section of the Antarctic ice sheet which is (and was) grounded below sea-level, and which terminates as a
Sloating ice shelf. (Floating ice seaward of G, was not included in the 18 ooo _years B.P. ice-sheet reconstruction.) Ice
thickness hy, contributed to a rise of eustalic sea-level when the ice sheet retreated to its present size, as did hs, because the
depressed bed rose to its present position between 18 000 years B.®. and the present.

Figure 3 is a contour map of ke in Equation (2). This map was derived from a preliminary
reconstruction of the 18 ooo years B.p. Antarctic ice sheet which was judged by Denton and
Hughes to be too thick in some areas of the interior, particularly over the West Antarctic dome
and in some areas of East Antarctica. A revised reconstruction, judged to be more in accord
with available data, has been completed (Hughes and others, in press). Excess ice thickness
shown in Figure g was used, however, as a starting point for this sea-level study. (The volume
of the revised reconstruction was found to be within the error limits of the preliminary version,
so substitution of the latter would probably cause negligible change in the sea-level results
described here.) Interpolation between calculated values at 100 or 50 km intervals was used
to plot thickness-change values which were multiples of 500 m along each reconstructed flow
line. The contour map was drawn by connecting these points with smooth curves. Areas
seaward of a o thickness-change contour, but inland of the ice-sheet margin, are equivalent
to the segment of 18 000 years B.p. ice sheet between points $ and G, in Figure 2. No attempt
was made to represent 18 000 years B.p. floating ice shelves.

AREA AND VOLUME

An accurate means of measuring area was required for determination of ice volume. The
American Geographical Society map of Antarctica spans a large latitude range, so the
nominal 1 : 5000 000 scale factor could not be used. Area distortion was minimized by
calculating a planimeter scale factor for each 5° interval of latitude. The area of a segment
of the Earth’s surface between two latitude parallels 5° apart and two longitude meridians
10° apart, to an accuracy sufficient for our purposes, is

4= [%gr (cos 8+cos (8+5°)) (3)

where R is the radius of the Earth. 5° by 10° areas on the American Geographical Society map
of Antarctica were measured with a planimeter, and Equation (3) was used to calculate a scale
factor for each latitude interval. The volume of ice represented by the map in Figure 3 was
then found by using a planimeter between the contour lines within each 5° interval of latitude.
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Fig. 3. The portion of a preliminary reconstruction of the 18 0ooo years B.®. Antarctic ice sheet by Hughes and others (in press)
which contributed to a rise of eustatic sea-level, when the ice sheel relreated to ils present size (after Clark and Lingle, 1979).
The reconstruction used to derive this map was judged loo thick in some areas and a revised reconstruction has been completed
(Hughes and others, in press). Ice thickness shown on this map was used as a starting point for this sea-level study, however.
The contours represent ice thickness that exceeded the dimensions of the present ice sheet, and was either above present sea-level
or tgjfow the present ice-sheet bed. T he assumed margin coincides with the 500 m depth contour, near the edge of the continental
shelf.

The volumes between individual latitude intervals were summed over the area of the map.
Gross errors were avoided by comparing the sums of areas between contour lines to larger
areas, as measured independently. The sum of all areas between contour lines was also
compared to the (independently measured) total area of the ice sheet.

Table I shows the result of the volume calculation. The figures are adjusted to reflect
revision of the preliminary ice-sheet reconstruction used to derive Figure 3. The eustatic
sea-level rise caused by retreat of the West Antarctic ice sheet is greater than the rise caused
by retreat of the much larger East Antarctic ice sheet, because the area and thickness change
associated with retreat of the East Antarctic ice sheet from the edge of the continental shelf
was relatively small. (The edge of the continental shelf is close to the present East Antarctic
coast.) The large decrease in West Antarctic ice-sheet volume was caused by the large
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TaBLE 1. AREA AND VOLUME OF THE ANTARCTIC ICE SHEET AT 18 000 YEARS B.P. AS RECONSTRUCTED

By HUGHES AND OTHERS (IN PRESS). THE FIGURES ARE ADJUSTED TO REFLECT REVISION OF THE

PRELIMINARY ICE-SHEET RECONSTRUCTION USED TO DERIVE FIGURE 3. EUSTATIC SEA-LEVEL EQUIVALENT

MEANS THE VERTICAL DISTANCE Vy/d,, WHERE F; IS THE VOLUME OF WATFER ADDED TO THE OCEAN AND
A, 1S THE PRESENT AREA OF THE OCEAN

Volume which

contributed
lo eustatic Eustatic
Total sea-level sea-level
Area volume rise equivalent
106 km? 10% km? 105 km3 m
Antarctic west of prime meridian 6.271-0.05 — 6.5+ 1.0 16 +2.4
Antarctic east of prime meridian 9.81 +o0.07 — 3.340.5 844 1.3
Entire Antarctic 16.1 fo.1 3746 9.841.5 25 +4

thickness change associated with extensive retreat of grounding lines through the Ross Sea
(Thomas and Bentley, 1978[b]) and Weddell Sea since 18 ooo years B.P. Grounding-line
retreat in the Weddell Sea was assumed comparable to retreat in the Ross Sea during the same
period, although this assumption is poorly constrained by data at present. The total volume
of the 18 000 years B.P. Antarctic ice sheet is also shown in Table I. It was calculated in the
manner described above, using total thickness values along each flow line, i.e. & in Equation
(1) rather than ke in Equation (2).

ACCURACY OF ICE-SHEET RECONSTRUCTION

If the dimensions of the 18 000 years B.p. Antarctic ice sheet had been reconstructed by
numerous investigators working independently, it would be possible to infer the uncertainty of
individual reconstructions by noting the variation of the results. Numerous such reconstruc-
tions have not been done; however, several reconstructions of the Laurentide ice sheet have
recently been completed. Hughes and others (in press) have reconstructed the Laurentide
ice sheet, using the same ice-flow equations used to reconstruct Antarctica. A rough indication
of the uncertainty of the Antarctic reconstruction can be obtained by noting the variation of
these recent Laurentide ice-sheet reconstructions. A similar uncertainty can be assumed to
apply to Antarctica.

Paterson (1g972) found the volume of the Laurentide ice sheet during the late Wisconsin
glacial maximum to be 26.5x 10® km?. Sugden (1977) found the volume of the Laurentide
ice sheet during its maximum extent (not necessarily late Wisconsin) to be 37X 10 km?.
Hughes and others (in press) found the volume of the minimum probable Laurentide ice sheet
at 18 000 years B.P. to be 31X 106 km3, and that of the maximum probable Laurentide ice
sheet at that time to be 35x 106 km3. Paterson’s volume is less than the mean by 18%;
Sugden’s is greater by 14%.

The volume of the present Antarctic ice sheet (including ice shelves) was found to be
24.3 X 10 kms by Thiel (1962). Bentley (1964) stated that P. A. Shumskiy found the present
ice-sheet volume to be (2443) % 106 km3. According to Mellor (1967), the preferred volume
estimate is 23 X 106 km3. Radok (1978) quoted a volume of 28 X 106 km3. If the correct value
is assumed to lie between the estimates of Mellor and Radok, the volume of the present ice
sheet is known to within about 410%,. The uncertainty of the 18 000 years B.p. Antarctic ice-
sheet reconstruction is greater than the uncertainty of the present ice-sheet volume, and
perhaps similar to the uncertainty of recent Laurentide ice-sheet reconstructions, if the margins
of Hughes and others are approximately correct. Error limits of 4-15% have been assigned
to the volume figures in Table I.
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DecrAciATION

Thomas and Bentley (1978[b]) have calculated several alternative retreat-rates for the
West Antarctic ice sheet in the Ross Sea, based on differing assumptions regarding shear stress
between ice streams and adjacent ice, and initial isostatic depression. Their results were not
complete at the time this study was done, however, so a simple linear retreat history was
assumed for all of Antarctica. The map shown in Figure § was divided into 174 grid elements,
defined by latitude and longitude. Ice within each element was reduced to o in 12 discrete
I 000 year steps, so the ice sheet attained its present size by 6 ooo years B.p. This time was
chosen because disagreement exists as to whether the volume of the ocean’ increased or
decreased during the past 6 ooo years (Bloom, 1970; Fairbridge, 1976). Clark and others
(1978) have shown that the apparent discrepancies can be explained by geoid distortions
caused by continuing solid-earth deformation, with constant ocean volume assumed during
this period. (Thomasand Bentley (1978[b]) found that the Ross Ice Shelf was free of grounded
ice by about 7 0oo years B.p., for all alternative retreat models considered by them.)

THE SEA-LEVEL MODEL

The Farrell and Clark (1976) model is a numerical method for computation of the relative
sea-level changes caused by re-distribution of ice and water loads on the Earth’s surface, and of
rock within the Earth’s mantle. When an ice sheet shrinks or vanishes, the transfer of mass
from the ice sheet to the ocean causes distortion of the Earth’s gravitational potential field.
In particular, the geoid (the gravitational equipotential surface which coincides with the
surface of the ocean) is distorted. Additional geoid distortion is caused by re-distribution of
rock within the mantle as the solid Earth deforms in response to the changed configuration
of ice and water loads. Thus, the global sea-level changes caused by an episode of either
deglaciation or glaciation are complex and non-uniform. Model output is the time-dependent
change in separation between the ocean surface and the ocean floor, everywhere. The change
in separation between these two dynamic surfaces, at a particular location, is the change in
relative sea-level. For detailed discussion see Clark and others (1978), Farrell and Clark
(1976), Peltier and Andrews (1976), and Peltier (1974).

RELATIVE SEA-LEVEL CHANGES—THE Ro0ss SEA

Figure 4 shows predicted relative sea-level change caused by Antarctic ice-sheet retreat
(alternating dashes and dots), Northern Hemisphere deglaciation (dashed line) and total
relative sea-level change (solid line) in the Ross Sea near the edge of the continental shelf
(Fig. 1). The solid curve is the algebraic sum of the curves representing the Antarctic and
Northern Hemisphere contributions.

The Ross Sea is within Northern Hemisphere sea-level Zone V (see Clark and others, 1978),
as are the Southern Ocean and the Weddell Sea. Within this zone, submergence (rising
relative sea-level) is continuous while water is added to the ocean. Northern Hemisphere
deglaciation was complete by 5 000 years B.p., and solid-earth relaxation is then predicted to
have resulted in about 3 m of emergence between 5 000 years B.p. and the present.

The edge of the continental shelf is within the Transition Zone, between Zones I and 1T
relative to the Antarctic ice sheet. Here, relative sea-level fell during ice retreat because
reduced gravitational attraction of the ice mass caused water to flow away from the shrinking
ice sheet, while the sea-floor gradually rose. Later, a pro-glacial fore-bulge migrating toward
the reduced ice sheet caused relative sea-level to rise. This occurred at about 8 000 years B,P.
in Figure 4.
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Fig. 4. Predicted relative sea-level change against time in the Ross Sea, near the edge of the continental shelf. The dashed and
dotted curve is sea-level change caused by assumed Antarctic ice-sheet retreat. The dashed curve is sea-level change caused
by Northern Hemisphere deglaciation, as previously calculated by Clark and others (1978). The solid curve represents total
relative sea-level change. It is the algebraic sum of the Antarctic and Northern Hemisphere contributions.

Between 16 000 and 13000 years B.p., emergence due to assumed Antarctic ice-sheet
retreat dominated; thus, net emergence is predicted to have occurred near the ice margin in
the Ross Sea. After 13000 years B.p., submergence caused by ice disintegration in the
Northern Hemisphere dominated, so net submergence is predicted to have occurred between
13 000 years B.P. and the present.

Figure 5 shows predicted relative sea-level change at Pennell Bank (Fig. 1) between the
edge of the continental shelf and the present margin of the Ross Ice Shelf. The grounding line
was assumed to retreat such that a floating ice shelf existed here by 12000 years B.P.
Calculated sea-level changes begin one model step later, i.e. at 11 000 years B.p. This location
was also within the Antarctic Zone I to Zone II Transition Zone, so initial emergence due to
Antarctic ice-sheet retreat was followed by submergence starting at 7 0oo years B.p. (dashed
and dotted line). Submergence due to Northern Hemisphere deglaciation dominated
between 11 000 and 5 000 years B.P., however, and submergence due to Antarctic ice-sheet
retreat dominated between 5 000 years B.p. and the present, so net submergence is predicted
to have been continuous between 11 000 years B.p. and the present.

https://doi.org/10.3189/50022143000014751 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000014751

ANTARCTIC ICE-SHEET VOLUME AT 18000 YEARS B.P. 221

1 1 1 1 1 1 1 1 1 1 1
; ROSS SEA, -
i PENNELL BANK i
. 0 ”’I nnnnn
£ .~ 1£
ot 1 ’
’ =
: 10_ I' /.’ p=
ﬁ N, /I _/
..'_. i e - ¥ < 1%
< T Sk
in —2077 ” L
’
w J ’ 5
> )
= ’
= ’
< -301 , -
: 7
o - ,’ -
i
&
.40- / =
-50 L
60 +— T T T T T T T T T T
12 10 8 6 4 2 0

YEAR BP (1000’S)

Fig. 5. Predicted relative sea-level change at Pennell Bank, between the edge of the continental shelf and the present margin of the
Ross Ice Shelf (solid curve). Alternating dashes and dots: Antarctic contribution 5 dashed curve: Northern Hemisphere
contribution.

Figure 6 shows relative sea-level change near the present margin of the Ross Ice Shelf,
at the latitude of McMurdo Sound (Fig. 1). McMurdo Sound is within Antarctic Zone I,
where reduced gravitation between the shrinking ice mass and the ocean, combined with
isostatic uplift of the sea-floor, caused continuous emergence following removal of the ice.
Slight emergence due to Earth relaxation following completion of Northern Hemisphere
deglaciation also occurred (dashed line). Net emergence of 25 m since 5 000 years B.P. (solid
line) is predicted.

McMurdo Sound is one of the few places on Antarctica where sea-level data are available.
Stuiver and others (1976) have dated Adamussium colbecki (Mollusca) in emerged marine
deposits at New Harbor, at the mouth of Taylor Valley in McMurdo Sound. The deposits
were part of a delta-like feature, so these dates and elevations do not represent change in
relative sea-level per se, but rather change in relative sea-level minus initial depth to the
surface of the delta. The data are plotted in Figure 6 (circles). Stuiver and others (1976)
stated that emergence after 5 400 carbon-14 years B.p. exceeded 8.1 m.

Denton and others (1975) have dated Adamussium colbecki shells in the foreset beds of a
delta at South River, near Marble Point (also in McMurdo Sound), at 6 350+60 and
6 430+ 70 carbon-14 years B.p. The foreset beds appeared to be graded to the local marine
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Fig. 6. Predicted relative sea-level change near the present margin of the Ross Ice Shelf (solid curve). Circles represent (dates
from) emerged delta-like features in Ve Murdo Sound obtained by Denton and others (1975), and Stuiver and others (1976) ;

the data represent sea-level change minus initial depth to these features. Stuiver and others stated

that emergence here after

5 400 carbon-14 years B.P. exceeded 8.1 m. The dales are uncorrected for the deficiency of carbon-14 in Antarctic marine
waters and are thus too old by 850—1 400 years (Stuiver and others, 1976). Arrows with question marks represent undated
raised beaches at McMurdo Sound (20 m; Nichols, 1968), and at Terra Nova Bay (30.5 m; Denton an

d others, 1975)-

limit, 12.5 m above present sea-level., Adamussium colbecki shells, in marine silt layers raised
7.5 m above present sea-level, were dated at 6 050470 and 5 800470 carbon-14 years B.P.
(These and other dates plotted in Figure 6 are uncorrected for the deficiency of carbon-14
in Antarctic marine waters and are thus too old. Stuiver and others (1976) stated that a

correction factor of 850—1 400 years B.P. will eventually be applied.)

Raised beaches up to 30.5 m above present sea-level were found at several localities between
Inexpressible Island and Campbell Glacier tongue in T'erra Nova Bay by Denton and others
(1975). Terra Nova Bay is about 280 km north of McMurdo Sound. In terms of distance
from the assumed 18 000 years B.P. ice margin, the bay is roughly midway between Pennell
Bank and McMurdo Sound. The beaches appeared to be associated with nearby distributions
of young drift left by grounded ice from the Ross Sea. Dates were not obtained, however, so

the beaches are represented by arrows with question marks in Figure 6.

Nichols (1968) found numerous raised beaches in the McMurdo Sound area; seven were
20 m above present sea-level. These are also represented by arrows with question marks in

Figure 6, since dates were not obtained.
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If emergence along the coast between McMurdo Sound and Terra Nova Bay was as great
as 20-30.5 m since 6 0oo years B.P., the calculated sea-level curve in Figure 6 is approximately
correct. If emergence was closer to 12.5 m, this might indicate that ice thickness in McMurdo
Sound at 18 000 years B.p. was less than shown in Figure 3.

Figure 7 shows relative sea-level change in the center of the present Ross Ice Shelf. This
location is well within Antarctic Zone 1; 23 m of emergence is predicted to have occurred
during the past 2 ooo years.
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Fig. 7. Predicted sea-level change in the center of the present Ross Ice Shelf (solid curve). Alternating dashes and dots : Antarctic
contribution ; dashed curve: Northern Hemisphere contribution.

PiNE IsLanD Bay

North of Pine Island Bay (Fig. 1), the Southern Ocean at lat. 61° S. is within Antarctic
Zone 11 (Fig. 8). Continuous submergence (dashed and dotted line) was caused by addition
of water to the ocean, combined with collapse of the pro-glacial fore-bulge during flow of
mantle rock toward uplifting areas. Sea-level effects due to northern ice disintegration and
Antarctic ice-sheet retreat thus combined to produce about 100 m of submergence between
16 000 and 5 000 years B.p. About 1.2 m of net emergence between 5 0oo years B.P. and the
present (solid curve) is predicted due to completion of northern deglaciation (dashed curve).

Predicted relative sea-level change within Pine Island Bay (Fig. g) begins at 5 ooo years
B.P., since grounded ice was assumed to exist there until 6 ooo years B.p. Pine Island Bay is
within the Antarctic Transition Zone. The emergence characteristic of this zone during early
stages of deglaciation is not represented, however, because this portion of the curve (dashes
and dots) occurred before the assumed disappearance of grounded ice from the bay. Submer-
gence of about 8 m due to Antarctic ice-sheet retreat is partially counteracted by emergence
due to northern ice retreat, so net submergence of 5 m is predicted between 5 0ooo years B.P.
and the present.
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Fig. 8. Predicted relative sea-level change in the Southern Ocean, north of Pine Island Bay. Alternating dashes and dots:
Antarctic contribution ; dashed curve : Northern Hemisphere contribution.

THE WEDDELL SEA

Near the edge of the continental shelf in the Weddell Sea (Fig. 1), pronounced emergence
due to Antarctic ice-sheet retreat is predicted to have been largely counteracted by submer-
gence due to Northern Hemisphere deglaciation, so that relative sea-level at 11 000 years B.p.
was only 2 m lower than at present (Fig. 10). Relative sea-level is predicted to have remained
within 6 m of present sea-level since 11 000 years B.P., with net submergence of about 5.5 m
between 4 000 years B.p. and the present,

The Antarctic Peninsula forms an arc around the Weddell Sea (Fig. 1). Thus, the edge
of the continental shelf in the Weddell Sea is much closer to the Zone I side of the Transition
Zone than the continental shelf in the Ross Sea, where net submergence is predicted.
Pronounced emergence due to assumed early retreat in the Weddell Sea more nearly counter-
acts submergence caused by northern deglaciation, so Figure 10 is not similar to Figure 4.
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Fig. 9. Predicted relative sea-level change in Pine Island Bay, near the present grounding lines of Pine Island and Thwaites
Glaciers. Alternating dashes and dols: Antarctic contribution ; dashed curve: Northern Hemisphere contribution.

In the southern Weddell Sea, near the present grounding line (Fig. 11), about 4.3 m of
net emergence is predicted during the past 1 ooo years. Emergence due to uplift of the
Antarctic sea-floor is predicted to have been augmented slightly by emergence resulting from
completion of northern deglaciation.

DiscussioN AND CONCLUSIONS

The change in ice volume associated with retreat of the Antarctic ice sheet from its 18 ooo
years B.P. maximum, as reconstructed by Hughes and others (in press), to its present size
suggests that Antarctica may have been the second largest contributor to post-glacial eustatic
sea-level rise after the Laurentide ice sheet. The Farrell and Clark (1976) model predicts
that a change in ice mass of this magnitude would have caused large non-uniform changes of
relative sea-level near the ice margin during retreat. Such changes in sea-level at the ground-
ing line surely affected the stability of the West Antarctic ice sheet. The ice sheet retreated
in regions where relative sea-level was rising but retreat slowed and, perhaps, reversed when
the grounding line moved to within regions of falling sea-level resulting from isostatic uplift
and geoid perturbation.

Hollin (1962) first suggested that the extent of the Antarctic ice sheet as a whole might be
controlled by sea-level. Bentley and Ostenso (1961) found that the West Antarctic ice sheet
is grounded mostly below sea-level. Weertman (1974) showed that such marine ice sheets are
not necessarily stable, and that stability is critically dependent on water depth at the grounding
line. Denton and Armstrong (1968), and Denton and others (1970, 1971) found evidence that
grounded ice existed recently in McMurdo Sound, and Denton and Borns (1974), and Denton
and others (1975) found additional evidence suggesting that the grounded ice sheets that filled
McMurdo Sound were widespread throughout the Ross Sea. Hughes (1973, 1975) synthesized
several lines of evidence indicating the recent and extensive retreat of the West Antarctic ice
sheet, and Thomas and Bentley (1978[b]) calculated retreat-rates in the Ross Sea, assuming a
grounding-line position at 18 0oo years B.p. similar to that reconstructed by Hughes and
others (in press). The relative sea-level curves presented here suggest, more specifically, the
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Fig. 10. Predicted relative sea-level change in the Weddell Sea, near the edge of the continental shelf. Alternating dashes and
dots: Antaretic contribution; dashed curve: Northern Hemisphere contribution.
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Fig. 11. Predicted relative sea-level change in the Weddell Sea, near the present grounding line of the Ronne Ice Shelf. Alternating
dashes and dots : Antarctic contribution ; dashed curve : Northern Hemisphere contribution.
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relationships between Northern Hemisphere deglaciation, sea-level changes at the Antarctic
ice margin and behavior of the West Antarctic ice sheet.

If the West Antarctic ice sheet began retreating from the edge of the continental shelf
immediately after 18 ooo years B.P., as assumed here, net emergence at the ice margin is
predicted to have occurred as shown in Figure 4. Falling sea-level at the ice margin would
have tended to re-stabilize the grounding line, however. This suggests that the West Antarctic
ice sheet probably remained grounded to the edge of the continental shelf during the initial
gradual stages of Northern Hemisphere deglaciation, and that retreat began only after
submergence due to accelerated northern deglaciation became sufficiently pronounced to
dominate the emergence at the Ross Sea ice margin. (This emergence would otherwise have
been caused by reduction of the West Antarctic ice mass.) Figure 4 shows that this is predicted
to have started at ¢. 13 000 years B.p. This is approximately in accord with the assumption
of Thomas and Bentley (1978[b]) that retreat started at ¢. 15 000 years B.p. The first 100 km
of retreat was found by them to take 1 500-2 500 years, but after that retreat-rates accelerated
dramatically. This accords with the continuous net submergence predicted at the grounding
line during the time the grounding line was assumed to retreat across Pennell Bank (Fig. 5).
(Note that comparable net submergence is not predicted for the Weddell Sea near the
continental shelf (Fig. 10), however.)

Immediate decrease of sea depth at the ice margin during retreat due to elastic uplift of
the sea-floor was assumed by Thomas and Bentley to be less than 59, of total isostatic depres-
sion and, since this was within the error limits of their calculation, the effect was neglected.
5% appears to be a substantial underestimate, however. Farrell and Clark (1976) calculated
the instantaneous global response to a 1 m thinning of the Laurentide and Fennoscandian ice
sheets, and the viscous response after a time lapse of 1 000 years. For points beneath interior
regions of the reduced ice loads (e.g. the Baltic Sea), immediate emergence was found to be
50%, greater than the average global rise of sea-level. (That is, the instantaneous decrease in
separation between the geoid and the ocean bottom was found to be greater by 509, than the
average increase in separation between these two surfaces over the world ocean.) Elastic
uplift of the sea-floor was found to account for 379, of this total instantaneous emergence, and
the remaining 63%, resulted from concurrent depression of the geoid due to reduced gravita-
tional attraction of the ice mass. The total instantaneous decrease of relative sea-level was
found to be 60%, of the decrease after 1 000 years of viscous isostatic adjustment and geoid
change. Tmmediate emergence after thinning was found by Clark and others (1978) to be
27% of total emergence after 10 000 years of viscous isostatic adjustment.

These results, which are for the centers of ice sheets, are modulated by angular separation
when a point located elsewhere beneath an ice sheet is considered. Thus, the sea-level
response at the grounding line to thinning of the West Antarctic ice sheet should be somewhat
less than the above values. (Clark and Lingle (1977) found that, if the present West Antarctic
ice sheet thinned uniformly by 1 m, immediate emergence would occur in the Ross Sea.
Viscous flow within the mantle would cause relative sea-level to begin rising, however, after
about 1 200 years. The nature of the coupling between ice-sheet retreat, sea-level change,
and the elastic and viscous response of the solid Earth is not simple.)

Thomas and Bentley (1978[b]) suggested that grounding-line retreat was halted in the
Ross Sea by suitably high bedrock sills, or by the damming effects of an ice shelf that formed
in front of the grounding line, augmented by isostatic uplift of the sea-floor. The results
discussed here indicate that the effect of elastic uplift is greatly increased by simultaneous
depression of the geoid, and both factors constitute a substantial fraction of eventual sea-level
change. Figure 6 shows that when the grounding line retreats beyond a critical distance
(McMurdo Sound, for the initial ice-sheet configuration assumed here), the relative sea-level
response is characterized by dramatic emergence, even though sea-levels are rising elsewhere.
Figure 7 (central Ross Ice Shelf) shows that both the total emergence and the rate of emer-
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gence accompanying further retreat become larger, as the grounding line approaches the
center of the ice sheet. Thus, falling relative sea-levels may have exerted a significant braking
effect on retreat of the West Antarctic ice sheet, when grounding lines in both the Ross and
Weddell Seas retreated into regions where this was the dominant response.

Thomas and Bentley (1978[a]) have found that the south-east corner of the Ross Ice Shelf
is thickening, possibly by more than 0.3 m a—!. They suggested that this is due to compressive
strain-rates up-stream of Crary Ice Rise, where the ice shelf has been pinned by a high point
on the sea-floor due to isostatic uplift, and that thickening might be causing the grounding
lines of ice streams feeding this portion of the ice shelf (such as ice stream B) to advance.
The calculated relative sea-level curves presented here are compatible with this conclusion.
In addition, these curves (Figs 7 and 11) indicate that similar ice-shelf thickening may be
occurring up-stream of pinning points beneath the Ronne Ice Shelf in the Weddell Sea.

Denton and others (1979) and Stuiver and others (in press) have suggested that the
grounding lines of Pine Island and Thwaites Glaciers (which discharge into Pine Island Bay
(Fig. 1)) may be on the verge of rapid retreat. This suggestion is based on the hypothesis that
ice-stream acceleration, accompanied by grounding-line retreat, is prevented by the stabilizing
influence of large fringing ice shelves in cases where the ice-stream bed is below sea-level.
(A suitably high bedrock sill would tend to re-stabilize a retreating grounding line.) Pine
Island and Thwaites Glaciers are not buttressed by large ice shelves. Figure g shows that
5 m of relative sea-level rise since 5 0oo years B.P. is predicted in Pine Island Bay. If the Pine
Island and Thwaites Glaciers grounding lines are metastable or unstable, continuing sea-level
rise in this area would increase the probability of rapid retreat.

The edge of the continental shelf is the maximum possible extent of the Antarctic ice sheet
during the 18 ooo years B.p. glacial maximum. Kellogg and others (1979) have concluded
that sediment cores taken from the bottom of the Ross Sea support the hypothesis that the
grounding line did advance that far in the Ross Sea embayment. Drewry (1979) believes,
however, that Ross Sea sediments indicate that the grounding line was only slightly seaward
of its present position at 18 ooo years B.p., and that only limited grounding of an expanded
Ross Ice Shelf occurred over high points on the sea floor. Because of this disagreement
regarding the former extent of the West Antarctic ice sheet, it is worth considering how the
results obtained here might differ if the ice sheet were only slightly larger at 18 oco years B.p.
instead of substantially larger as shown in Figure 3.

If grounding-line retreat had started, say, from some position between the present margin
of the Ross Ice Shelf and the edge of the continental shelf, the area of the present Ross Ice
Shelf would probably still be within sea-level Zone I, where continuous emergence would be
predicted. However, the point at which submergence at the grounding line during retreat
would be replaced by falling relative sea-level would be further toward the center of the
West Antarctic ice sheet than predicted here. Predicted emergence at McMurdo Sound
would be less, as would the fall of relative sea-level beneath the Ross Ice Shelf during the past
2 000 years. If the grounding line at 18 0oo years B.P. were only slightly seaward of its present
position, with only limited grounding of the Ross Ice Shelf on sea-floor high points, McMurdo
Sound might fall either within the Antarctic Transition Zone (where emergence during
retreat followed by submergence until the present would be predicted), or within Antarctic
Zone I1 (where continuous submergence during and after retreat would be predicted).
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DISCUSSION

D. J. Drewry: Do I gather from your emergence curve for the Ross Sea that the sea-level
change at 18 000 years B.P. was about 75 m? If not, can you predict sea-level depression in
this area at that time?

C. S. LincLe: In the Ross Sea, near the edge of the continental shelf, about 3 m of emergence
is predicted between 16 000 and 13 000 years B.p., followed by 76 m of submergence between
13 000 years B.p. and the present. The total predicted submergence (as opposed to the form of
the emergence-submergence curve), however, is a function of the ice history used as input
to the Farrell and Clark model.

The curve representing relative sea-level change due to deglaciation of the Northern Hemi-
sphere (Fig. 3) was calculated using an assumed eustatic sca-level rise of 75.6 m (Clark and
others, 1978). The curve representing the Antarctic contribution to relative sea-level change
at this location was calculated using an assumed additional eustatic rise of 25 m. The Farrell
and Clark model calculates the time-dependent distribution of relative sea-level change
corresponding to a given initial configuration of ice sheets, and a given history of ice-sheet
thinning. Thus, total submergence predicted for this location might be greater or less,
depending primarily on the deglaciation history assumed for the Northern Hemisphere.

R. H. Tromas: What would be the effect on your emergence curves in the Ross Sea of allowing
the West Antarctic ice sheet to retreat more rapidly than you assumed?

LinorLe: Continuous emergence during and after ice-sheet thinning would still be predicted
for areas beneath the Ross Ice Shelf, but a lesser rate of emergence would be predicted between
2 000 years B.P. and the present (Fig. 6) if the ice sheet retreated to its present size earlier
than we assumed. Further north in the Ross Sea, say in the Pennell Bank area, the curve
representing relative sea-level change due to Antarctic retreat in Figure 5 would show emer-
gence beginning at an earlier time, followed by submergence beginning at an earlier time.
The net effect would be continuous submergence during the past 11 000 years or more, but
with a lesser rate of submergence predicted between 6 000 years B.p. and the present.

O. Oruem: What physical evidence do you have for the assumption that the Filchner—Ronne
Ice Shelf was grounded out to the 500 m bathymetric contour?

LiNGLE: That condition in the Weddell Sea was only an assumption made on similarity around
Antarctica.

T. J. Huches: There are ice-cored moraines at the Ronne Ice Shelf but no dates are available.
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