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Measurements of Past Ice Sheet 
Elevations in Interior West 
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A lateral moraine band on Mount Waesche, a volcanic nunatak in Marie Byrd 
Land, provides estimates of past ice sheet surface elevations in West Antarctica. 
Helium-3 and chlorine-36 surface exposure ages indicate that the proximal part 
of the moraine, up to 45 meters above the present ice surface, was deposited 
about 10,000 years ago, substantially later than the maximum ice extent in the 
Ross Embayment. The upper distal part of the moraine may record multiple 
earlier ice sheet high stands. A nonequilibrium ice sheet model predicts a delay 
of several thousand years in maximum ice levels at Mount Waesche relative to  
the maximum ice extent in the Ross Sea. The glacial geologic evidence, coupled 
with the ice sheet model, indicates that the contribution of the Ross Sea sector 
of the West Antarctic Ice Sheet to Holocene sea level rise was only about 3 
meters. These results eliminate West Antarctic ice as the principle source of the 
large meltwater pulse during the early Holocene. 

Knowledge of the past configurations and 
behavior of the West Antarctic Ice Sheet 
(WAIS) is necessaiy to calibrate glaciologi- 
cal models that attempt to predict future re- 
sponses of the ice sheet and to quantify the 
contribution of the Antarctic ice sheets to 
eustatic sea level rise during the last degla- 
ciation. Outlet glaciers in the Transantarctic 
PYIountains were once dammed by thick 
grounded ice in the Ross Embayment, where 
only a floating ice shelf occurs today (1) .  In 
the McMurdo Sound region, '"C and surface 
exposure ages on drift deposited by ice 
grounded in the Ross Sea date to the last 
glacial maximum (LGPYI) (2). Geophysical 
mapping of the Ross Sea floor (3) and 14C 
ages on sediments overlying tills (4) deinon- 
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strate that grounded ice extended to near the 
continental shelf break at the LGPYI, over 
1000 km beyond the present grounding line. 

In contrast to its extent, direct evidence for 
the interior elevation of the W N S  has been 
quite unceiTain. An ice sheet model constrained 
by the evidence from the Ross Embayment; 
trimlines in the Ellsworth Mountains. and stri- 
ations on the Ilobbs coast suggests that ice 
sheet domes in West Antarctica were 450 to 
600 m higher d~uing the LGM (5). However, 
the age of the trimlines and striations is uncer- 
tain, and this reconstruction may overestimate 
interior elevations (5). Total gas content from 
the Byrd ice core, which is largely a fiu~ction of 
past amlospheric pressure (elevation of the site) 
( 6 ) ,  has been inteipreted as indicating that ice 
elevations were -200 m lower (7) and 400 to 
500 m higher (8)  during the LGM and early 
Holocene. Byrd core SISO data imply that ice 
elevations were -500 m higher during the 
LGPYI (9). Here, we present new surface expo- 
sure ages from a lateral moraine band at Mount 
Waesche that directly date the most recent ice 
high stand in interior West Antarctica. 

Mount Waesche is the southenunost volca- 
no in the Executive Committee Range, a line of 
volcanoes that projects through the WAIS in 
Malie Byrd Land (Fig. 1). Regional ice flow is 
southward froin a dome centered on the north- 
em Executive Committee Range, where ice 
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elevations exceed 2200 m. WAIS elevations 
near Mount Waesche are -2000 m. The sum- 
mit caldera reaches 3200 m and is largely snow 
covered; small alpine glaciers terminate 400 m 
above the ice sheet surface. Extensive rock 
outcrops on the southwestern flank and an ad- 
jacent blue-ice area on the ice sheet indicate net 
ice ablation. Parasitic cones consisting of black 

end of the ice-cored moraine northwestward for 
-3 lan along the base of the volcano. The 
moraine varies in width from 150 to 300 m and 
generally increases in elevation to the north- 
west, rising irregularly to a maximum height of 
120 m above the present ice margin. Like the 
ice-cored moraine, the lateral moraine band is 
composed of locally derived volcanic rocks. 

vesicular lavas, cinders, and bombs overlie The rocks are primarily basalts containing pla- 
shield-building lava flows predominantly com- gioclase, olivine, and clinopyroxene. Clasts are 
posed of alkali basalts and hawaiites. Limited 
K-Ar dating indicates that Mount Waesche is 
< 1 million years old (10). 

Two lateral moraines of the WAIS occur on 
the southwestern flank of the volcano (Fig. 2). 
An ice-cored lateral moraine adjacent to the 
present ice margin is composed of local tephra 
and pyroclastic debris. A higher lateral moraine 
band extends from the slope above the western 

Fig. 1. Location map of Antarc- 
tica and Marie Byrd Land. Mount 
Waesche is a volcanic nunatak 
that projects through the WAlS 
near a dome of the ice sheet. Ice 
flows south around Mount Wae- 
sche.to the Ross Ice Shelf. Mo- 
raines on Mount Waesche gauge 
past ice sheet elevations. 

Fig. 2. Geologic sketch 
map of the southern flank 
of Mount Waesche. The 
map (37, 32) shows the 
relation of englacial te- 
phra layers to the lateral 
moraines. The ice-cored 
moraine is formed of te- 
phra, which has been con- 
centrated at the ice mar- 
gin by ablation. Surface 
exposure sample Loca- 
tions are indicated (WA 
prefix omitted). Eleva- 
tions are in meters. 

subangular to angular and are typically <25 cm 
in length; no striated or glacially molded clasts 
were observed. We infer that the lateral mo- 
raines are composed of tephra and volcanic 
debris erupted onto the surface of the ice sheet 
(11). One difference between the ice-cored mo- 
raine and the higher lateral moraine band is that 
the latter is composed primarily of basalt frag- 
ments rather than pyroclastic debris. The great- 
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er abundance of basalt clasts on the higher 
moraine surface may have resulted from lavas 
that flowed out over the ice surface, along the 
ice margin, or from preferential weathering of 
the more erodible pyroclastic debris. 

The uppermost surface of the distal section 
of the lateral moraine band occurs locally as a 
terrace 20 to 30 m wide, roughly parallel to the 
present ice margin. The relief is subdued and 
rarely exceeds 1 m. Below this part, the mo- 
raine surface consists of discontinuous subpar- 
allel ridges up to 5 m high and 100 to 200 m 
long that mark former ice margin positions. In 
general, the surface of the upper distal section 
of moraine is less hummocky than the lower 
proximal section, and the ridges are longer. 
Clast size is more uniform and smaller on the 
upper distal part, and fluting of clasts due to 
wind erosion (ventifaction) is most developed 
there. The change in character of the moraine 
surface from the upper distal to the more prox- 
imal parts of the lateral moraine band suggests 
that the moraine band is a complex feature and 
that the upper parts are older than the lower 
parts. Although there is not a clear morphologic 
break between the upper and lower parts, we 
divide the lateral moraine band into higher dis- 
tal and lower proximal sections on the basis of 
the distribution of the surface exposure ages. 

We collected samples for surface exposure 
dating along two transects across the lateral 
moraine band and from one isolated patch of 
lateral moraine in a similar setting (12). Clasts 
10 to 20 cm in diameter were collected away 
from patterned ground and shattered boulders. 
The presence of pedogenic salts beneath the 
samples and ventifaction of the exposed surfac- 
es were used as criteria for indicating the sur- 
face stability of the samples. In addition, sam- 
ples were taken from in situ lava flow outcrops 
above the moraines and from a large pile of 

moralne band 

m 

W o  

Distance from ice margln (m) 

Fig. 3. (A) Exposure age of samples versus the 
distance along sample transects. Triangles are 
samples from transect 3; ovals are samples 
from transect 4. (B) Profiles and sample loca- 
tions along transects 3 and 4. Dashed Line 
represents the projected moraine surface be- 
neath snow. The samples on the lower moraine 
band (shaded area) range from 6.2 to 10.6 ka; 
the best estimate is -10 ka. The ages of sam- 
ples from the upper section of the lateral mo- 
raine band are older and generally increase in 
exposure age with elevation and distance from 
the present ice margin. 
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coarse tephra on the ice sheet surface (Fig. 2). 
Surface exposure dating was used to con- 

strain the age of the lateral moraine band 
(13). The surface exposure dating technique 
relies on the buildup of cosmogenic nuclides 
(3He, "Ne, ''Be, 26Al, and 36Cl) in rocks 
exposed to cosmic rays at Earth's surface. 
The nuclides are formed primarily during 
spallation reactions between cosmic rays and 
major elements in the rock. A fundamental 
assumption is that accumulation of cosmo- 
genic nuclides commenced at deposition on 
the moraine and has not been interrupted. In 
this case, the surface exposure age yields the 
age of moraine formation and the associated 
ice margin. 

Erosion or shielding of a sample after dep- 
osition on a moraine would result in ages 
younger than the moraine. Exposure to cosmic 
rays before deposition would result in ages 
older than the moraine. Prior exposure in a 
surface exposure data set may be manifested by 
a scatter of ages older than a cluster of younger 
ages or ages substantially older than the age 
anticipated on the basis of other age constraints. 

At Mount Waesche, tephra and lava flows that 
erupted onto the ice sheet and were subsequent- 
ly incorporated in glacial moraines are ideal for 
exposure dating, assuming that burial by ice is 
rapid and exposure after reemergence in the 
ablation zone is short. 

Cosmogenic 3He was measured in 24 sep- 
arates of olivine or clinopyroxene (or both) 
from 19 samples (14). Four whole-rock 36Cl 
measurements were made: two on porphyritic 
samples that also had 3He measurements and 
two on aphanitic basalts in which 3He mea- 
surements were not possible (Tables l and 2). 
In order to calculate accurate surface expo- 
sure ages from measured concentrations of 
cosmogenic nuclides, production rates cali- 
brated on surfaces of known age must be 
scaled to the elevation and latitude of the 
sample (15). An additional complication in 
Antarctica is that anomalous low atmospheric 
pressure (thinner atmospheric depth) results 
in production rates that are up to 20 to 30% 
higher than those at 60' latitude. In this study, 
the high-latitude sea level production rates 
for 3He (16) and 36Cl (1 7). were scaled to the 

Table 1. Helium-3 surface exposure data from Mount Waesche. SD, supraglacial debris; LMB, lower 
moraine band; UMB, upper moraine band; MP, moraine patch; LF, lava flows. Samples followed by "rep" 
are replicates; typically, the initial sample was not crushed, and the WRa crush value of the replicate was 
used for both samples. All samples were olivine separates, unless denoted by "cpx" (clinopyroxene). 

Sample 4He ' la WRa 2 lu Age? 2 lu Elevation WRa* 2 l a  STP,g 
(m) melt ('4 

Sample type 
crush x 10-9) 

DB-94-1 1935 5.90 2 0.04 47.3 * 0.6 6.08 ? 0.1 0.4 2 0.2 SD 
BIT-252 1935 6.142 0.10 2.142 0.02 15.2 2 0.3 0.9 2 0.0 SD 
WA-4D-1 2010 6.27 2 0.08 44.7 * 0.3 11.7 * 0.1 10.6 * 0.2 LMB 
WA-4D-3 cpx 2010 5.62 2 0.41 3.70 2 0.09 44.0 2 0.5 6.2 5 0.2 LMB 
WA-4C-2 2015 6.01 2 0.12 32.8 * 0.3 13.0 * 0.1 10.1 2 0.2 LMB 
WA-4C-2 rep 2015 6.01 2 0.12 3.79 2 0.02 63.5 2 0.5 9.6 2 0.1 LMB 
WA-4C- 1 2015 6.13 * 0.10 4.24 2 0.04 60.6 2 0.7 10.2 2 0.2 LMB 
WA-4B-1 cpx 2035 6.10 * 0.05 31.8 * 0.3 66.0 ? 0.3 83.2 * 1.1 UMB 
WA-4B-1 2035 6.10 2 0.05 19.4 2 0.2 104 2 1 83.2 2 1.0 UMB 
WA-4B-1 cpx 2035 6.10 2 0.05 9.13 2 0.09 226 * 1 87.8 * 1.0 UMB 
WA-4B-3 2035 6.05 2 0.09 0.93 2 0.01 2201 2 30 87.8 2 1.5 UMB 
WA-4A- 1 2040 5.42 2 0.13 40.9 2 0.4 40.9 5 0.2 62.1 * 0.9 UMB 
WA-4A-1 rep 2040 5.42 2 0.13 4.49 ? 0.09 328 2 2 62.1 2 1.3 UMB 
WA-3E-1 1945 6.29 * 0.12 2.27 ? 0.05 485 * 4 49.5 ? 1.3 LMB 
WA-3D-1 1985 5.30 5 0.16 1.81 2 0.02 120 2 1 9.2 2 0.2 LMB 
WA-3D-2 1985 5.91 2 0.15 1.70 2 0.01 104 2 1 7.4 2 0.1 LMB 
WA-3B-1 2025 6.03 5 0.08 2.23 5 0.03 174 5 2 16.1 * 0.3 UMB 
WA-3B-2 2025 5.63 2 0.06 5.45 2 0.04 198 2 1 47.0 2 0.5 UMB 
WA-3B-2 cpx 2025 6.08 * 0.19 6.37 * 0.07 169 2 1 46.5 2 0.7 UMB 
WA-3A- 1 2035 7.22* 0.18 4.4920.04 1217 ? 5 233 * 2 UMB 
WA-3A-2 cpx 2035 5.90 2 0.05 3.41 2 0.03 80.4 2 0.6 10.9 2 0.1 UMB 
WA-3A-2 2035 5.89 2 0.12 10.3 2 0.1 28.1 5 0.4 9.8 2 0.2 UMB 
WA-2-1 1975 6.38 2 0.05 35.1 ? 0.4 94.5 ? 0.4 140.0 * 2 MP 
WA-2-1 1975 6.38 2 0.05 6.64 2 0.06 470 2 2 139.3 2 1 MP 
WA-5-1 2055 6.82 5 0.07 22.8 ? 0.2 376 ? 2 360 ? 4.1 LF 
WA-5-1 rep 2055 6.64 2 0.04 6.60 ? 0.12 1290 2 4 362 5 7 LF 
WA-5-1 CPX 2055 6.64 ? 0.06 6.09 * 0.06 1343 * 4 348 ? 4 LF 
WA-11-1 2055 6.67 2 0.05 3.32 2 0.04 2547 2 14 360 ? 5 LF 

*WRa is the 3He14He ratio in relation to the atmospheric ratio (1.384 X RlRa crush is the ratio of the inherited 
(magmatic) He component. The mean WRa crush (6.11 5 0.46, n = 21) characterizes the mantle source beneath the 
Executive Committee Range. Helium-4 is the gas released on melting in vacuo. ?The surface exposure ages were 
calculated with a 3He production rate of 121 + 4 atomslg per year (high-latitude sea Level) (16). The production rate. 
higher than that previously published, results from an updated conversion from 14C years before the present to calendar 
years (33). Scaling to Antarctic altitudes was done following Stone (18). Uncertainties are propagated analytical 
uncertainties only. Scaling and production rate uncertainties are <lo%. 

appropriate Antarctic altitude (18). 
In general, the exposure ages increase 

with distance from and elevation above the 
ice margin (Fig. 3). The youngest samples, 
from tephra exposed in the ablation area, 
have exposure ages of <900 years ago and 
suggest that prior exposure is minimal. Two 
surface exposure ages [-360,000 years ago 
(-360 ka)] on lava flows are older than any 
sample from the moraine. The old lava flow 
ages indicate that erosion rates are low and 
suggest that mass wasting of material from 
the volcano slopes above has not supplied 
substantial amounts of debris to the lateral 
moraine band. 

The paired 3He and 36Cl data can be used to 
evaluate erosion rates (Tables 1 and 2) (19, 20). 
Because the 36Cl production rate due to neutron 
capture on 35C1 increases downward within the 
uppermost 10 cm of rock, erosion effectively 
increases the 36Cl concentration at the surf8ce. 
Low erosion rates [<5 mm/103 years (ky)] can 
result in apparent 36Cl surface exposure ages 
that are older than the true surface exposure 
age. The opposite effect occurs for 3He, which 
is produced by spallation reactions. Concordant 
ages only occur within a narrow range of ero- 
sion rates that are similar to those determined 
from other Antarctic studies (0.5 to 1 mmiky) 
(21). The younger samples constrain erosion 
rates to <0.5 mm/ky (WA-4C-1) and <3 
d y  (WA-4D-1); the high C1 concentra- 
tion of the older samples makes the ages very 
sensitive to erosion rates even as low as these. 
Comparison of 3He and 36Cl ages from loca- 
tion WA4B suggests that erosion of that 
sample is negligible. 

The surface exposure ages on the seven 
samples from four localities within the lower 
proximal section of the moraine band (Fig. 3) 

2100 1 I 
0 1 2 3 4 5 6 7 8 9 1 0  

Model years (ky) 

Fig. 4. Elevation changes at Mount Waesche gen- 
erated by the ice sheet model, described in text 
(25), tuned to the existing chronology from the 
Ross Embayment (4). Model years are time since 
the start of deglaciation. Maximum ice elevations 
occur over 2000 years after the start of deglacia- 
tion in the Ross Sea (14 to 11 ka). The model 
elevations are for the 20 km by 20 km grid unit 
containing Mount Waesche and are not necessar- 
ily the elevations at the sample sites; the relative 
elevation change is more robust than the abso- 
lute elevations. The timing and magnitude of ice 
elevation changes at Mount Waesche are similar 
to the glacial geologic evidence. 
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show, with one exception, similar ages. The the moraine (Fig. 3). Because nonconcordant 
sample nearest the ice margin (WA-3E-1) has exposure ages occur at most sample locations 
an anomalously old age (-50 ka), suggesting and the ages do not cluster around some value 
prior exposure, and was rejected. The mean of (as is the case on the proximal part of the 
the other six samples is 9.0 ? 1.8 ka. There moraine), we do not assign an age to the upper 
does not appear to be a relation between surface section of the moraine band. The older surface 
exposure age and position on the lower part of exposure ages are consistent with observations 
the moraine. The oldest and youngest samples of surface morphology that indicate an older 
were collected from the same location, so the age for at least some parts of the upper distal 
younger samples do not simply represent pro- section of the moraine band. The scatter of ages 
gressive lowering of the ice margin. Rather, the may reflect breakup of boulders after deposi- 
samples with slightly younger ages probably tion, exhumation by frost action, prior exposure 
reflect postdepositional exhumation by frost ac- of debris derived from the volcano slopes, or 
tion or erosion by boulder shattering (22). If the record earlier WAIS high stand events. Cold- 
two younger samples are removed, the four based ice can ovenide surfaces without causing 
remaining samples form a tight cluster of ages; substantial disturbance. The surface exposure 
the mean of these samples is 10.0 2 0.6 ka and age of sample WA-3A-2, which falls within the 
may be a better age estimate for the lower part age range of samples from the lower part of the 
of the moraine. The uncertainty in the mean is moraine band, may indicate that WAIS eleva- 
similar to the 2a  analytical uncertainty and the tions were up to 85 m above the present ice 
exposure ages of the samples from the ice surface during the last ice sheet high stand. 
surface. In either case, the mean ages indicate The record from the Byrd ice core 
that the interior of the WAIS was up to 45 m indicates that the age obtained for the most 
thicker at - 10 ka. recent ice sheet high stand at Mount Waesche 

The exposure ages of samples from the falls near the end of a 3000-year period of 
transects across the upper distal part of the strong warming in West Antarctica that culmi- 
moraine band and from the isolated moraine nated at the start of the Holocene (23). Ground- 
outcrop (Fig. 2) vary from 10.8 to 23 1 ka along ing line retreat of the WAIS was well underway 

by - 1 1 ka (4). and ice retreat in the McMurdo 

- 3 
sbund regiin'began by 14 ka (2). Apparently, 

. maximum ice elevations around Mount 

: $ Waesche occurred several thousand years after 
1 2  ;; the maximum ice extent in the Ross Sea. This 
: conclusion is consistent with results from a 
: $ quasi-three-dimensional ice sheet model of the 
y ' - g WAIS tuned to fit the available chronology of - 

ice advance and deglaciation from the Ross 
- -. Embayment. The model provides a finite ele- 

0 1 2 3 4 5 6 7 8 9 1 0  ment solution of a two-dimensional (map- 
Model years (ky) plane) time-dependent mass continuity equa- 

Fig. 5. Sea level equivalent and meltwater flux tion that integrates ice flow in a vertical ~ h m n  
from the Ross Sea sector of the WAlS during of ice (24, 25). In the model, the difference 
deglaciation. Model years are time since the between the maximum elevation and that at the 
st& of deglaciation.ice volume is represented end of the model run at M~~~ waesche is 
by line A. Only -3 m of sea level equivalent -40 (Fig. 4). 
remain at -10  ka. Meltwater flux is represent- 
ed by dashed line B. The maximum Holocene Ice sheet growth and decay ' this model is 
values are - 1  Ikv and occur during the middle driven solely by changes in calving rates, 

" 
Holocene. which, to first order, simulate the effects of sea 

Table 2. Chlorine-36 data from Mount Waesche. Z is the macroscopic absorption cross section of the 
rock Exposure ages were calculated with 36Cl spallation production rates (P) from (77): PC, = 73.3 + 4.9 
atomslg of Ca per year, P, = 154 + 10 atomslg of K per year. The thermal neutron activation production 
rate was calculated after (19). Exposure ages were calculated for erosion rates of 0 (e = 0) and 1 mmlky 
(e = 1). Ages calculated with low erosion rates are younger because the production of 36Cl increases with 
depth. Chlorine-36 was measured in AgCl targets at the Purdue Rare Isotope Measurement Laboratory 
(Purdue University, West Lafayette, IN); exposure ages were calculated with the CHLOE program (34). 
Combined analytical and systematic uncertainties are <IS%; ppm, parts per million. 

KzO CaO CI Z 36c"cI 
age (ka) 

Sample (%I (%I 

level change on the ice sheet. This simple ap- 
proach is justified by results from more com- 
plex three-dimensional time-dependent thermo- 
mechanical ice sheet models, which suggest 
that eustatic sea level is the primary control on 
the configuration of the Antarctic Ice Sheet 
(26). In the model, the WAIS does not have 
sufficient time to equilibrate with its extended 
grounding line position during the LGM, con- 
sistent with other models (27). As a conse- 
quence, interior elevations continue to thicken 
during grounding line retreat until the initial 
wave of thinning reaches the interior of the ice 
sheet. 

The similarity of the model results with the 
glacial geologic evidence at Mount Waesche 
may be serendipitous: If a factor-of-2 change in 
snow accumulation rates in the WAIS interior 
between the LGM and the Holocene, as indi- 
cated by ice core data (28), is included in the 
model, maximum elevations are lower and oc- 
cur several thousand years later than what is 
observed. This implies that the current version 
of the model may overestimate the ice-dynam- 
ics response time' to changes in boundary con- 
ditions, likely because of unrealistic simula- 
tion of ice stream dynamics (25). However, 
with accumulation held constant, the model 
produces an elevation history for interior 
West Antarctica that is in excellent agree- 
ment with elevation changes inferred for the 
Byrd ice core (8, 25). 

The model time scale (years after the start 
of grounding line retreat) can be converted to 
calendar years by pinning the maximum ice 
elevations predicted at Mount Waesche to the 
age of the lower part of the moraine band 
(Fig. 4). The model results may then be used 
to constrain the timing and magnitude of 
Holocene ice volume changes in the Ross Sea 
sector of the WAIS. In the model, most ice is 
lost early (Fig. 5, line A). By -10 ka (3000 
model years), only -3 m of excess sea level 
equivalent remains. Because the model accu- 
rately predicts ice levels at Mount Waesche, 
it is unlikely that the interior WAIS volume is 
substantially underestimated. Most of the re- 
maining ice is released during a short pulse in 
the early Holocene (Fig. 5, line B). 

These results have implications for the con- 
tribution of the WAIS to eustatic sea level rise 
during the last termination. The Antarctic Ice 
Sheet, and the WAIS in particular, has been 
suggested as the source of the two meltwater 
pulses responsible for the abrupt rises in sea 
level recorded in the Barbados coral record 
(29). The later of these two events, meltwater 
pulse lB, refers to an -28 m of sea level rise in 
1000 years at 11 ka. The ice mass responsible 
for meltwater pulse 1B is located in Antarctica 
in global models of deglaciation that are based 
on geophysical predictions of postglacial rela- 
tive sea level change (ICE-3G and ICE-4G) 
(30). Our results indicate that there is insuffi- 
cient ice remaining in the WAIS for it to be the 
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primary source of meltwater pulse 1B. This 
conclusion is not strongly dependent on the ice 
sheet model. 
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Past and Future Grounding-Line 
Retreat of the West Antarctic 

Ice Sheet 
H. Conway,' B. 1. Hall,2r3 G. H. Denton,' A. M. Gades,' 

E. D. Waddington' 

The history of deglaciation of the West Antarctic Ice Sheet (WAIS) gives clues 
about its future. Southward grounding-line migration was dated past three 
locations in the Ross Sea Embayment. Results indicate that most recession 
occurred during the middle t o  late Holocene in the absence of substantial sea 
level or climate forcing. Current grounding-line retreat may reflect ongoing ice 
recession that has been under way since the early Holocene. If so, the WAIS 
could continue t o  retreat even in the absence of further external forcing. 

The grounding line of the WAIS has retreated 
nearly 1300 km since the Last Glacial Max- 
imum (LGM) about 20.000 years before 
present (yr B.P.), when grounded ice in the 
Ross Sea Embayment extended almost to 
Coulman Island (1-3) (Fig. 1). Complete col- 
lapse of the WAIS would cause sea level to 
rise 5 to 6 m. Estimates of the present stabil- 
ity of the WAIS are hampered by uncertain- 
ties in the overall mass balance (4) and un- 
certainties concerning the dynamic response 
of the ice sheet to changes in sea level or 
climate. It is thought that it would take -10" 
years for the WAIS to reach equilibrium after 
a perturbation (5 ) ;  but accurate assessment 
is difficult because the dynamics of the 
present ice sheet is dominated by ice 
streams. Fast-flowing ice streams evacuate 
inland ice rapidly, but field evidence indi- 
cates that abrupt changes from fast to slow 
flow have occurred in the past ( 6 ) .  We look 
to the deglacial history of the WAIS for 
clues about its future. Below we present 
dates from three locations, southern Scott 
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Studies and Department o f  Geological Sciences, Uni-  
versity o f  Maine, Orono,  ME 04469,  USA. 3Depart- 
rnent o f  Geology and Geophysics, Woods Hole 
Oceanographic Institution, Woods Hole, M A  02543, 
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Coast, Hatherton Coast, and Roosevelt Is- 
land (Fig. 1). that resolve the Holocene 
deglaciation of the Ross Sea Embayment. 

At the LGM, outlet glaciers that flowed 
through the Transantarctic Mountains and 
across the coast thickened substantially 
where they merged with grounded ice filling 
the Ross Sea Embayment. Only along the 
southern Scott Coast adjacent to McMurdo 
Sound, 450 km south of Coulman Island. did 
the Ross Sea ice sheet teiminate on land in 
the mouths of ice-free Taylor Valley and dry 
valleys fronting the Royal Society Range 
(Fig. 1). This peculiar situation arose because 
only here did East Antarctic ice and alpine 
glaciers te~minate well inland. leaving the 
coast susceptible to incursions of landward- 
flowing grounded ice at the LGM. Over 200 
14C dates of lacustrine algae from proglacial 
lakes (3, 7, 8), dammed in tbese valleys by 
grounded ice, show that the Ross Sea ice 
sheet was close to its LGM position from at 
least 27,820 to 12,880 calendar yr B.P. (9). 

The grounding line was still north of Mc- 
Murdo Sound 9420 yr B.P.; this date corre- 
sponds to the youngest delta of a proglacial 
lake dammed in Taylor Valley by grounded 
Ross Sea ice (3, 8). Two thousand years later. 
the McMurdo Sound region was free of 
grounded ice, based on two lines of evidence. 
First, molluscs recolonized the area after the 
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