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INTRODUCTION
The evolution of ice sheets during periods of 

climate and sea-level variability since the Last 
Glacial Maximum (LGM) provides important 
clues to their response to future climate warm-
ing. Records of former ice geometries in Antarc-
tica are becoming more comprehensive (Wright 
et al., 2008), but most focus on the small, coastal 
ice drainage systems, where ice volume reduc-
tion is mainly by low-velocity ice sheet calving 
into shallow coastal waters, resulting in a slow 
ice margin retreat. The behavior of the large, fast 
fl owing ice streams that drain much of the mod-
ern ice sheet is less certain. Sediments from the 
continental shelf at the terminus of these large 

ice streams (Anderson et al., 2002) provide a 
wealth of glacio-sedimentological information 
but only partially constrain former ice geom-
etries. Thus, our understanding of the sensitivity 
of large ice drainage systems to future climate 
change is currently limited.

The Lambert Glacier–Amery Ice Shelf drain-
age system (LG-AIS) extends ~1500 km from 
the Antarctic interior to Prydz Bay (~78°–68°S), 
draining ~14% by area of the East Antarctic Ice 
Sheet (Fig. 1). In the northern 500 km of the 
LG-AIS, major outlet glaciers fl ow through the 
Prince Charles Mountains and join to form a 
single (trunk) stream in a central, overdeepened 
channel. The mountains fl ank these ice streams, 

and act as vertical dipsticks recording former 
ice elevations, providing a rare opportunity to 
constrain the former geometry of a large and 
dynamic ice drainage system. Evidence from 
Prydz Bay (Domack et al., 1998) suggests that 
grounded ice was present in Prydz Bay between 
ca. 20 and 12 14C kyr B.P. (Fig. 1). 

We measured cosmogenic 10Be and 26Al expo-
sure ages of debris deposited by outlet glaciers 
to reconstruct timing of changes in the height of 
the LG-AIS following this advance, and com-
pare these results with those from nearby coastal 
oases and ranges to investigate the relative sen-
sitivity of these systems to late Quaternary cli-
matic events.

GLACIAL GEOMORPHOLOGY
Thin debris drapes and moraine ridges that 

overlie Cenozoic glaciomarine sediments are 
present at almost every ice-free area in the 
Prince Charles Mountains, and were depos-
ited during at least two distinct periods (Bar-
din, 1982; Fig. 2). Older phase sediments have 
a subdued surface topography, are strongly 
weathered, and provide exposure ages ranging 
from 150 to 1400 ka (Fink et al., 2006; White, 
2007; White and Hermichen, 2007). Younger 
phase sediments are preserved in landforms 
such as sharp-crested, typically ice-cored 
moraines, hummocky diamict sheets, and scat-
tered cobbles. Soil formation on these younger 
deposits is minimal, and weathering on surface 
clasts is usually restricted to poorly developed 
iron staining and weathering pits. The lightly 
weathered debris of the younger phase extends 
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Figure 1. Lower Lambert 
Glacier–Amery Ice Shelf 
system (LG-AIS), Antarc-
tica. Ice-free areas are 
shown in gray; light gray 
contour lines indicate 
ice elevation and gray 
arrows indicate major 
present-day ice streams. 
Thick dashed line A–B 
indicates position of pro-
fi le in Figure 4. Ground-
ing zone wedges (GZW, 
hachured lines upgla-
cier) and megafl utes (MF; 
O’Brien, 1994) indicate 
extent and fl ow of LG-
AIS ice into Prydz Bay. 
Thin dashed line indi-
cates shelf edge (–500 m 
bathymetric contour). 
Mt—Mount; Gl.—glacier. 

Figure 2. Lightly weathered debris draped 
over older patterned surface on southern 
fl ank of Mount Lanyon. White arrows indi-
cate weathering demarcation line.

ABSTRACT
Glacial sediments from the Prince Charles Mountains, East Antarctica, record late Pleis-

tocene ice thickness variability in the Lambert Glacier–Amery Ice Shelf system, one of the 
world’s largest ice drainages. A former glacial limit, demarcated by minimally weathered 
deposits, follows a concave longitudinal profi le, indicating a zone of strong ice streaming 
through the northernmost 500 km of the Lambert Graben. In situ 10Be and 26Al exposure ages 
from these relatively unweathered deposits indicate that the most recent phase of ice lowering 
occurred between ca. 18 and 8 ka, preceding by as many as 6 k.y. the deglaciation of adjacent 
coastal regions. Earlier onset of deglaciation in an area of strong ice streaming suggests a 
heightened sensitivity of the East Antarctic Ice Sheet to climate and sea-level changes follow-
ing the Last Glacial Maximum than previously recognized.
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from the modern glacier margin to a striking 
demarcation line, beyond which only heavily 
weathered bedrock, felsenmeer, and older gla-
cial sediment are preserved. We consider that the 
highest elevation of unweathered sediments at 
any one site denotes the local LGM ice surface, 
and reject the possibility that the demarcation 
lines are englacial boundaries. Evidence for 
present-day englacial boundaries above which 
subglacial debris is not deposited is lacking, 
as this debris is released from the ice surface 
at every ablation zone observed in the Prince 
Charles Mountains. Also, the lightly weathered 
debris defi ning the demarcation line was often 
composed of supraglacial debris derived from 
local bedrock.

METHODS
Using published reports (Mabin, 1992; 

Whitehead and McKelvey, 2002), aerial pho-
tograph interpretation, fi eld assessment of the 
degree of weathering, landscape relaxation, 
and sedimentology of the deposits, we deter-
mined the maximum height of the younger 
debris drapes at 10 ice-free localities along 
the fl anks of the major outlet glaciers, from 
~600 km inland adjacent to the current ground-
ing line to near the modern ice shelf edge. At 
three major ice-free massifs, Mount Ruker, 
Mount Stinear, and Amery Oasis (Fig. 1), we 
constrained the timing of deglaciation with 
34 in situ 10Be and 26Al exposure ages (Fink 
and Smith, 2007) on altitudinal transects from 
the maximum height of the lightly weathered 
debris down to the modern ice margin. We 
aimed to minimize the collection of samples 
with inheritance or a complex exposure history, 
these being the dominant causes of exposure 
age uncertainties in Antarctic glacial deposits 
(Stone et al., 2003). In order of preference, we 
targeted subglacially abraded cobbles on bed-
rock, cobbles perched on large blocky boulders 
on sediment, or the fl at uppermost surface of 
large (>100 cm high) boulders, and intact bed-
rock surfaces. Where stratigraphic age-altitude 
reversals occur, the youngest age at a given 
elevation is considered to provide the best 
estimate of deglaciation timing (Sugden et al., 
2005). Appendix DR1 in the GSA Data Repos-
itory1 presents sample descriptions, analytical 

methods, and age calculations. Unless stated, 
exposure ages are reported as the weighted 
mean of paired 10Be and 26Al ages.

RESULTS

Upper Ice Stream: Mount Ruker
Mount Ruker, the southernmost site on Gey-

sen Glacier (Fig. 1), is mantled by three units 
of unconsolidated debris. In order of decreas-
ing age, these are (1) a spatially widespread, 
typically ~1-m-thick layer of strongly weath-
ered felsenmeer and glacial debris reworked by 
active layer processes into unsorted polygonal 
nets, (2) lightly weathered debris with minor 
iron staining and preserved glacial polish, as 
much as 300 m above the modern outlet gla-
cier surface, and (3) an unweathered scatter of 
erratics <~160 m above the modern outlet gla-
cier surface that displays no iron staining and 
is visually indistinguishable from debris being 
released from the modern Geysen Glacier. 
The two younger units were deposited over 
the older patterned surface without disrupting 
either the preexisting polygon morphology or 
preexisting weathering rinds (see Fig. 2). We 
infer that the most recent ice advance was dry 
based, as observed in Marie Byrd Land in West 
Antarctica (Sugden et al., 2005).

All 11 erratics from Mount Ruker were 
taken from the 2 younger units. Samples with 
minor iron staining range from 154 ± 11 ka to 
24.9 ± 1.3 ka (Fig. 3; Table DR3 in the Data 
Repository; excluding Ruk-251, which shows 
a complex burial history), indicating that unit 2 
was deposited prior to the global LGM. Those 
with little or no visible weathering (Ruk-199A, 
Ruk-235A, Ruk-261b, Ruk-201) range from 
14.3 ± 0.7 ka to 9.0 ± 0.5 ka, recording a period 
during which ~50 m of the ~160 m of post-
LGM ice lowering occurred.

Near the Modern Grounding Line: Mount 
Stinear, Mount Rymill, and Accidental Valley

The transition from weathered to unweath-
ered debris is poorly defi ned at Mount Stinear, 
100 km downglacier of Mount Ruker. We infer 
that a local ice dome covered the broad sum-
mit and disgorged ice onto the outlet glaciers, 
precluding the deposition of ice-marginal debris 
at the LGM limit at Mount Stinear. Thus, the 
local LGM (at ~1000 m above sea level, asl) 
was deduced from interpolation of the clear 
demarcation between highly and lightly weath-
ered glacial deposits at Mount Rymill (to the 
west) and Accidental Valley (to the east; see 
Fig. DR6). This is 800 m higher than today’s ice 
surface at Mount Stinear.

Samples of lightly weathered debris dated at 
Mount Stinear include (1) subrounded cobbles, 
perched on bedrock ridges on the steep west-
ern fl ank, (2) blocky boulders on an ice-cored 
diamict sheet that drapes the gentle slopes of 
the eastern fl ank, and (3) subrounded cobbles 
from a scatter of debris and moraines on the 
low, glacially rounded and striated hills on the 
north of the massif. As no suffi ciently stable or 
snow-free sites were found above 600 m asl at 
Mount Stinear, a large blocky boulder (Rym-
173) on diamict a few meters below the limit of 
lightly weathered debris at Mount Rymill was 
also analyzed.

The 14 erratics provide ages from 90.5 
± 6.7 ka to 9.2 ± 0.6 ka, with a strong bias 
toward the youngest end of this range. Ages for 
8 of the 9 subrounded cobble-sized erratics form 
a tight age cluster from 12.2 to 9.2 ka (exclud-
ing Stin-7a) (Fig. 3). We consider these samples 
to provide the most reliable deglaciation ages at 
this site. Subangular cobbles (Stin-5a and Stin-
148) from northern Mount Stinear have older 
ages (44 ka and “complex,” respectively), which 
we attribute to inheritance from a prior exposure 
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1GSA Data Repository item 2011026,  methods 
and procedures, weathering demarcation and paleo-
ice heights, Tables DR1–DR3 (sample information, 
accelerator mass spectrometry measurements, and 
exposure ages), Figures DR1–DR3 (sample site pho-
tos and maps), Figure DR4 (26Al/10Be vs. 10Be plot), 
Figure DR5 (Last Glacial Maximum ice sheet recon-
struction), Figure DR6 (local Last Glacial Maximum 
weathering demarcation lines), and Figure DR7 (Else 
Platform surfi cial stratigraphy), is available online at 
www.geosociety.org/pubs/ft2011.htm, or on request 
from editing@geosociety.org or Documents Secre-
tary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.

Figure 3. 10Be exposure ages at Mount Ruker, Mounts Stinear and Rymill, and Loewe Mas-
sif, Antarctica. Black x at Loewe Massif represents onset of biogenic sedimentation in Lake 
Terrasovoja (Wagner et al., 2004). Horizontal lines at left axes indicate local Last Glacial Max-
imum ice elevation deduced from highest observed lightly weathered (LW), and unweathered 
(UW) debris. LW debris limits at Mount Stinear and Mount Rymill are ~800 m and 400 m, 
respectively, above modern glacier. Seven samples (3 from Mount Stinear, 4 from Mount 
Ruker) with ages older than 30 ka are not shown.
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and are not discussed further. The remaining 
four samples are large subangular boulders, 
most likely supraglacially transported (>2 m3; 
Rym-173, Stin-117, Stin-140, Stin-139) with 
exposure ages of 21.5–10.0 ka. Ages of the two 
younger subangular boulders are consistent with 
the cluster of subrounded cobbles, while the old-
est have ages as much as 8 k.y. older, suggesting 
exposure during transport or prior to detachment 
from the rock wall above. Thus, the 21 ka local 
LGM exposure age for Rym-173 may overes-
timate the true deglaciation age by a few thou-
sand years. In summary, the cosmogenic ages 
indicate that while ice lowering at this site may 
have begun as early as 21 ka, the fi nal 400 m of 
lowering occurred between 12 and 9 ka.

Near the Modern Ice Shelf Edge: Amery 
Oasis

Amery Oasis, 300 km to the north of Mount 
Stinear, is a large ice-free area fl anked by the 
Amery Ice Shelf to the east and Charybdis Gla-
cier to the north, and is mantled by a complex 
assortment of Cenozoic glacial deposits (Ham-
brey et al., 2007). Else Platform, the northern 
extremity of Amery Oasis, is at the junction of 
these two ice drainage channels.

Lightly weathered outlet glacier depos-
its were found only on the northern margins 
of Amery Oasis at Loewe Massif and Else 
Platform. Here Charybdis Glacier has depos-
ited a hummocky and partly supraglacially 
derived debris mantle as much as 1.5 m thick 
(Figs. DR1, DR6, and DR7). Weathering of 
these deposits is limited to minor crumbling 
and iron staining, and shallow (<3 cm) tafoni, 
providing a strong contrast to the highly weath-
ered bedrock and sediment surfaces across the 
remainder of Amery Oasis. At numerous loca-
tions the debris sheet is shaped into curvilinear 
ridges, which likely represent ice-contact screes 
deposited during the retreat of Charybdis Gla-
cier from its most recent advance position.

No lightly weathered glacial sediments or 
landforms produced by the LG-AIS trunk were 
found at Amery Oasis, so the thickness of the 
LG-AIS trunk stream during the local LGM at 
this location is not directly constrained. How-
ever, the maximum height of lightly weathered 
diamicts along the Charybdis and Scylla Gla-
ciers increases from zero near the ice divide in 
the west to ~200 m above the present ice on Else 
Platform (Wellman, 1982; Mabin, 1992). This 
suggests that the Charybdis Glacier was dammed 
by the trunk stream of the LG-AIS, in a fashion 
similar to the damming of the Darwin Glacier 
by the much larger Hatherton Glacier at this 
time in West Antarctica (Denton and Hughes, 
2000). Because the Charybdis moraines at Else 
Platform have not been overridden, the LG-AIS 
trunk stream was no higher than the Charybdis 
Glacier during and following the local LGM. 

We infer that ice elevations in the lower portions 
of the drainage system (i.e., at Loewe Massif) 
were effectively controlled by the LG-AIS trunk 
stream, and the height of Charybdis Glacier 
alongside Amery Oasis is a proxy for ice height 
of the LG-AIS trunk stream at this latitude.

Four samples from the Charybdis Glacier 
debris sheet on Loewe Massif provide a chro-
nostratigraphic-consistent sequence of 10Be and 
26Al ages that decrease from ca. 18 ka near the 
upper ice limit, to ca. 12 ka near to the modern 
glacial margin (Fig. 3). These ages correlate with 
onset of biogenic sedimentation in the then ice-
marginal Lake Terrasovoja, ca. 12.4 calibrated 
(cal) kyr B.P. (Wagner et al., 2004). We consider 
that these exposure ages directly constrain the 
timing of retreat of the former margin of the 
Charybdis Glacier following the local LGM.

DISCUSSION
Exposure ages from Mounts Ruker and Stin-

ear and Loewe Massif (Table DR3), together 
with constraints from fi eld mapping of weather-
ing demarcation altitudes at these massifs and 
from seven other sites (see Fig. DR5), enable 
us to reconstruct a concave local LGM ice 
profi le along the LG-AIS trunk system (black 
bars in Fig. 4). The elevation of this profi le 
leads us to conclude that prior to ca. 18 ka, ice 
was grounded across the entire area covered 
today by the Amery Ice Shelf. This is because 
the lower sea level (Fleming et al., 1998) and 
increased ice surface height ca. 18 ka was suf-
fi cient to ground ice under hydrostatic balance. 
Thus, ice was continuously grounded from 
Mount Stinear to at least as far offshore as the 
megascale glacial lineations in inner Prydz Bay 
(O’Brien, 1994); however, based on marine sed-
iment cores, it did not ground all the way to the 
continental shelf break (Domack et al., 1998). 
Most important, the low-elevation, low-gradi-
ent, concave ice profi le north of 72.5ºS (denoted 

by length of black arrow, Fig. 4) is inconsistent 
with the parabolic shape of ice undergoing slow 
ice sheet fl ow, and instead conforms to that of 
a rapidly fl owing ice stream (Bennett, 2003). 
Thus, we conclude that the Lambert Graben 
north of 72.5ºS was occupied by a fast-fl owing 
ice stream during the local LGM.

As a result of this low-gradient ice stream in 
the LG-AIS, the increase in grounded ice vol-
ume during the local LGM was modest. Mini-
mal ice thickening relative to the modern ice 
surface in areas proximal to other large outlet 
glaciers has also been observed elsewhere in 
East Antarctica for this time, such as eastern 
Larsemann Hills (Hodgson et al., 2001), Lüt-
zow-Holm Bay (Miura et al., 1998), and south-
ern Bunger Hills (Gore et al., 2001), suggesting 
that this may have been a widespread feature 
of the LGM ice sheet. Based on the difference 
in ice volume between our reconstructed local 
LGM and today’s ice-surface profi les, we calcu-
late that the LG-AIS contributed 0.4 ± 0.3 m to 
sea-level rise since the global LGM (for calcula-
tions, see the Data Repository).

Exposure ages from the northern LG-AIS 
sector (i.e., Loewe Massif) indicate that ice low-
ering commenced as early as ca. 18 ka, reach-
ing the modern ice margin by ca. 12 ka. Further 
inland at Mounts Stinear and Ruker, ice lower-
ing occurred from 14 to 8 ka, the delay most 
likely being due to the time required to propa-
gate the deglaciation response upglacier. The 
timing of ice lowering in the ice stream–affected 
region of the LG-AIS is roughly coeval with the 
recession of ice streams in the western Ross Sea 
(Anderson et al., 2002). In contrast, deglaciation 
at Loewe Massif preceded by a few thousand 
years the phase of post-global LGM ice loss in 
Mac.Robertson Land (Mackintosh et al., 2007; 
Leventer et al., 2006) and Wilkes Land (Good-
win and Zweck, 2000), both of which are char-
acterized by slow ice sheet fl ow.
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Figure 4. Vertical section of ice sheet along transect A–B (shown in Fig. 1; masl—meters 
above sea level). Thin dotted line indicates maximum height of outlet glaciers along this 
profi le since local Last Glacial Maximum (LGM) (ca. 18 ka) based on exposure ages and fi eld 
observations (of weathering demarcation altitudes). Thick solid line indicates zone of ice 
streaming at this time. Modern ice sheet and bedrock elevation were extracted from BEDMAP 
folio (Lythe et al., 2001). Mount Ruker, Mount Stinear, and Loewe Massif are labeled as R, S, 
and LM, respectively. Thick horizontal bars indicate maximum elevation of lightly weathered 
erratics, while thin bar at Mount Ruker indicates maximum elevation of unweathered debris.
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The earlier deglaciation in areas of Antarc-
tica with large ice streams indicates that they 
were more responsive to changes in climate 
and sea level at the end of the global LGM than 
areas dominated by slower, more diffuse ice 
fl ow. This sensitivity is not currently captured 
in ice sheet models used to predict Antarctic-
wide contribution to sea-level rise over the next 
few centuries (Gregory and Huybrechts, 2006). 
Thus, such simulations should be regarded as 
minimum estimates of deglaciation, particu-
larly given that dynamic thinning is currently 
occurring at most major Antarctic ice stream 
outlets (Pritchard et al., 2009).
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