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Abstract Measurements of the loss or gain of ice mass from large ice sheets are presently achieved through
satellite-based techniques such as GRACE (Gravity Recovery and Climate Experiment). The accuracy of these
satellite-based measurements to changes in modern ice sheet mass depends on our knowledge of present-day
glacio-isostatic crustal uplift rates caused by past ice sheet changes. To improve models of glacio-isostatic rebound
in East Antarctica, we investigated ice histories along Rayner Glacier, Enderby Land, and a little explored sector of
the ice sheet where GRACE data had suggested signiﬁcant mass gain during the last decade. Observations from a
recent glacial geomorphic reconnaissance coupled with cosmogenic nuclide dating indicate that in the lower part
of the Rayner Glacier, Enderby Land, ice heights lowered by at least 300 m and the calving margin retreated by at
least 10 km in the early Holocene (~6 to 9 ka B.P.). The magnitude and timing of deglaciation are consistent
with ice histories used to model the postglacial rebound corrections for present-day GRACE mass trends. These
observations strengthen the body of evidence that suggests ice mass gain in Enderby Land is presently partly
offsetting mass loss in other parts of Antarctica.

1. Introduction
An accurate record of past ice sheet changes in East Antarctica is important for a variety of applications.
Variations in former ice sheet geometries provide a direct record of their sensitivity to past climate and
sea level ﬂuctuations [Bentley, 2010], which in turn are critical input constraints determining the accuracy
of numerical ice sheet models and their projections for future sea level rise [Simpson et al., 2009]. Records
of the spatial extent of past ice sheets have also allowed measurement of the inﬂuence of ice sheet
advances on the evolution of terrestrial ecosystems [Magalhães et al., 2012].
Past changes in ice sheet geometries also inﬂuence our measurement of present-day rates of ice mass loss or
gain in Antarctica, particularly those based on gravity-based methods such as the Gravity Recovery and
Climate Experiment (GRACE) [e.g., King et al., 2012; Ivins et al., 2013]. The mass of the ice sheet depresses the
Earth’s crust through isostatic loading, but the response time of the crust is usually slower than changes in ice
load. Thus, the crust is still responding to late Quaternary ice mass changes, altering both the elevation of the
land surface and its gravitational attraction in areas of former ice load [James and Ivins, 1998; Zwartz et al.,
1999; Tregoning et al., 2000; Kaufmann, 2002]. The residual changes produced by former ice load variations
form a linear trend in the long wavelength component of the regional gravity and must be accounted for
when monitoring modern-day rates of ice volume change using gravity-based measurements such as GRACE.
Reﬁning the history of former ice geometries subsequently improves our estimate of the contribution of
Antarctic ice melt to modern-day rates of sea level rise [Shepherd et al., 2012].
Expansion of ice onto the continental shelf produced ice thickening in the order of a few hundred meters
around some parts of the East Antarctic margin during the Last Glacial Maximum (LGM) [e.g., Mackintosh
et al., 2007; Yamane et al., 2011]. Recession from this expanded position is expected to have produced
present-day glacio-isostatic uplift around the East Antarctic margin of a few millimeters per year [Ivins and
James, 2005]. However, the degree of thickening and timing of retreat was spatially variable, with other areas
displaying evidence of limited ice thickening at the LGM [Gore et al., 2001; Hodgson et al., 2001; White et al.,
2011a; Hein et al., 2012]. The causes of this variability are not yet well understood, precluding extrapolation of
glacial histories around the circumference of the ice sheet.
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Figure 1. (top left) Location of Rayner Glacier ice drainage system and nearby sites where former ice surface heights have been observed via glacial geologic reconstructions,
including Lutzow-Holm Bay (LHB), the Lambert Glacier-Amery Ice Shelf system (LG-AIS), and Framnes Mountains (FM). Major East Antarctic ice divides shown by dashed
grey lines. (top right) Regional ice drainages. The hillshade image derived from ICESat 1 km gridded digital elevation model [DiMarzio et al., 2007]. Black square indicates
location of bottom panel. (bottom) Landsat image of the lower Rayner Glacier [Bindschadler et al., 2008] (image from 1999) and the locations sampled for cosmogenic
nuclide exposure dating in this study, labeled DDI (Demidov Island), CHU, and CHL (Condon Hills upper and lower, respectively). Grounding line position during 2009 is
marked by dashed black line (from R. Bindschalder, personal communication, 2011).
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The Enderby Land coastline (40–55°E) is of special interest with regard to former ice geometries as GRACE
observations suggest signiﬁcant increase in the gravitational ﬁeld in this area during the last decade,
implying a substantial increase in ice sheet mass. Some interpretations of the mass anomaly have suggested
that it is caused by high rates of coastal snow accumulation leading to coastal ice sheet thickening [e.g., Chen
et al., 2008; Yamamoto et al., 2008]. However, this region is very remote, even for Antarctica, and thus direct
measurements of snow accumulation in this region are limited. Also, the postglacial rebound models in this
area are relatively unconstrained. There are no well-dated observations of former ice elevation and extent,
and there are limited GPS observations of modern crustal uplift rates [Tregoning et al., 2009]. As a result, there
is substantial variability in models of glacio-isostatic adjustment in the region, ranging from 1 to 5 mm/yr
[Peltier, 2004; Ivins and James, 2005; Whitehouse et al., 2012; Ivins et al., 2013]. Thus, the degree to which the
GRACE gravity trend anomaly in Enderby Land is caused by increased ice mass during the past decade or by
uncorrected glacio-isostatic adjustment is unclear.
This study aims to improve our understanding of former ice geometries in the Enderby Land region through
reconnaissance investigations of the glacial geology of ice-free areas along the lower Rayner Glacier. We
use the ice sheet history of the site to determine if glacio-isostatic models applied to this region are reliable
and whether or not these observations can be used to generalize ice histories along the broader East
Antarctic margin.

2. Regional Setting: Glaciology and Glacial History
The Rayner Glacier is a midsized Antarctic ice drainage system (1.04 × 105 km2; Figure 1), collecting ice from
the coast to the ice divide with the Lambert Glacier-Amery Ice Shelf system, ~ 600 km inland [Rignot and
Thomas, 2002]. Radarsat imagery [Haran et al., 2005] and radar interferometry [Rignot et al., 2011] indicate
that the Rayner Glacier has a well-deﬁned ice stream ﬂowing at > 200 m/yr up to 200 km inland, with deﬁned
ice ﬂow lines and ﬂow rates of > 30 m/yr extending a further 100 km inland. The glacier ﬂows through the
strongly conﬁned outlet past the Condon Hills, decoupling from the bed at the grounding line approximately
40 km from the calving margin. Ice ﬂow accelerates to ~ 1 km/yr on the shelf surface (informally termed the
Rayner Ice Shelf) [Rignot, 2006] and then connects with ice ﬂowing from Thyer Glacier. Icebergs discharge
from a ~ 30 m high ice cliff at the terminus of the Rayner Ice Shelf in Casey Bay.
Ice surface elevations and extents across the region have shown no consistent trend of advance or retreat
during the last 50 years. Topographic maps [Department of National Development, Division of National
Mapping, Australia, 1962], aerial photography [Australian Antarctic Data Centre, 1976], LandSat imagery (1992,
1999, 2006, and 2010), Radarsat imagery [Haran et al., 2005], and ﬁeld observations in 2007 indicate that the
position of the Rayner Ice Shelf calving margin has oscillated within about 2–3 km of the average 1962–2010
position, occasionally calving large (> 5 × 5 km) icebergs. Changes in present-day ice elevation measurements display spatial variability. Inland, increased accumulation has produced a small increase in ice surface
elevation [Yamamoto et al., 2008]. Conversely, ICESat (Ice, Cloud, and land Elevation Satellite) measurements
from small ice domes on the margins of Casey Bay have thinned by up to 20 cm/yr [Pritchard et al., 2009].
Surface elevation changes for Rayner Glacier near the grounding line are less clear, but there is no strong
evidence of signiﬁcant dynamic thinning during the period of the ICESat campaign (2003–2007) [Pritchard
et al., 2009].
Records of the Quaternary glacial history in the Rayner Glacier ice drainage system are limited, with the
nearest studied areas being located ~ 100 km away at Mount Riiser-Larsen and the Sôya Coast [Mackintosh et al.,
2013; Wright et al., 2009]. A distinct trimline is present at ~ 500 m above sea level (asl) at Mount Riiser-Larsen,
above which neither erratics nor striated bedrock are found [Zwartz and Stone, 1997]. Ice lowering and
retreat from this position has potentially resulted in glacio-eustatic uplift that has produced a distinct, likely
Holocene, marine limit at ~ 15 m asl at Mount Riiser-Larsen [Zwartz et al., 1998]. Well-preserved 46–30 ka B.
P. shorelines in the northern part of Lutzow-Holm Bay (37.5°E), ~ 400 km from the Rayner Glacier, indicate
that this site probably remained ice-free through the LGM [Miura et al., 1998; Takada et al., 2003]. However,
Holocene shorelines up to ~ 15 m asl [Maemoku et al., 1997] at Lutzow-Holm Bay indicate a signiﬁcant
decrease in regional ice load in this area since the LGM [Nakada et al., 2000], and cosmogenic nuclide
dating indicates that the 400 m high islands and peninsulas in the southern part of the bay became ice-free
between 10 and 6 ka [Yamane et al., 2011].
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QFG gneiss
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QFP gneiss
QFB pegmatite
QFP gneiss
QFP gneiss
QFP gneiss
QA gneiss
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30, 15, 18

n/a

30, 30, 15

>30, > 20, > 10

10, 10, 10

>40, >40, 20
n/a

100, 80, 60

Bedrock samples CHU-1e, CHL-2e, and DDI-3 are highlighted in italics; all other samples are erratics.
Q = Quartz, F = Feldspar, G = Garnet, P = Pyroxene, M = Mica, B = Biotite, A = Amphibole.
SA = subangular, SR = subrounded, WR = well rounded, BR = bedrock.

a

48.5427

67.9569

CHL-2c

48.5427

67.9569

Condon Hills Lower
CHL-2b

48.6167
48.6167

48.6167
48.6167

67.9182
67.9182

67.9182
67.9182

CHU-1d
CHU-1e

Condon Hills Upper
CHU-1b
CHU-1c

Table 1. Location, Morphology, and Weathering of Cosmogenic Nuclide Exposure Samplesa
Sample
Latitude °S Longitude °E Altitude (m asl) Rock Typeb Shapec A, B, and C Axis (cm)

Wind polish and small-scale crumbling
across entire surface. Broad crumbling
in pits—>2 4 cm lost
Wind polish all over. Broad pits 2 cm deep.
Moderate oxidation, very minor crumbling
Highly crumbled, stained, and pitted

crumbling on edges, broad pits 1 × 5 cm
minor ﬂaking
minor ﬂaking, broad pits 2–4 cm deep,
wind polish, and crumbling
minor (2 × 0.5 cm) pits in two places, wind
polish on faces
minor wind polish, highly stained

minor pitting and oxidation
minor coloring of mineral grains, very minor
crumbling, pits and ﬂaking. <0.5 cm lost
broad pits with wind polish, minor oxidation
minor wind polish, some staining, much
crumbling

Weathering

no polish or striae

no polish or striae

no polish or striae

polished and striated surface

polish and faint striae on edges

no polish or striae

no polish or striae

minor glacial polish, no striae
no polish or striae

some glacial polish
minor glacial polish, no striae

Glacial Morphology
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Bedrock outcrops in the Rayner
Glacier region are composed of
highly metamorphosed and
deformed Precambrian gneiss
[Sheraton et al., 1987]. Tonalitic
orthogneiss and the layered pelitic
and psammitic paragneiss of the
Archean Napier Complex outcrop
north of the Thyer Glacier, including at Demidov Island (our sample
site, DDI). South of the Thyer Glacier
rock outcrops (including our upper
Condon Hills site, CHU) form part of
the Mesoproterozoic Rayner
Complex, which are also dominated
by tonalitic to granitic orthogneiss,
with minor metasediment and
maﬁc granulite. The Condon Hills
(including our lower Condon Hills
site, CHL) also contain some foliated
Neoproterozoic granite and pegmatite [Black and McCulloch, 1987].

3. Methods

A reconnaissance geomorphological investigation of the Condon
Hills and Demidov Island was
conducted via a 5 h helicopterbased survey in February 2007,
departing and returning from R/V
Polarstern on voyage ANTXXIII/9.

A total of 11 samples (eight from
glacially transported cobbles and
three from glaciated bedrock
surfaces) for cosmogenic nuclide
dating were collected from three
sites to constrain the timing of
deglaciation (Figure 1 and Table 1).
Two sites, Condon Hills Lower (CHL)
and Condon Hills Upper (CHU), lie
on the eastern margin of the
Rayner Glacier ~ 40 km from the
modern calving margin at the
Condon Hills. CHL and CHU are
respectively located ~ 12 and
15 km north of the southernmost
point of the present-day grounding
line (limit of tidal ﬂexure)
[Bindschalder, 2010]. The third site,
Demidov Island (DDI), lies 10 km
offshore on a direct ice ﬂow line
from the present-day calving
margin of the Rayner Glacier.

404

Journal of Geophysical Research: Earth Surface

10.1002/2013JF002870

The sample sites were selected to avoid glaciological factors that may complicate the interpretation of cosmogenic exposure ages, such as snow accumulation or overriding by local ice masses. The inland study sites
are located in a zone where satellite imagery indicates a predominantly easterly wind direction (Figure 1). The
easterly winds produce a zone of ablation on the eastern ﬂank of the glacier, with outcrops including CHL and
CHU and blue ice areas kept snow-free by winds that converge and warm as they descend from the plateau
[e.g., Van Lipzig et al., 2004]. Thus, these sites are unlikely to have been affected by changes in local snow
accumulation since the retreat of the Rayner Glacier after the LGM. Further, samples at Condon Hills were
taken from narrow, elongate bedrock ridges that sit high above possible outlets for the local ice dome lying
between the Nye Mountains and the Thyer and Rayner Glaciers. Thus, local glacial expansions are unlikely to
have overridden either site CHU or CHL since the retreat of the Rayner Glacier.
The relative degree of weathering on the surface of glacial sediments at each site was estimated using the
modiﬁed version of the Moriwaki index [Moriwaki et al., 1994] described by White et al. [2009]. The Moriwaki
index is a weathering scale based on the proportion of boulders exhibiting crumbling, iron staining, and
tafoni development and has been used to record the degree of weathering of the surface of glacial sediments
in East Antarctica [Augustinus, 2002; White and Hermichen, 2007; White et al., 2009].
Subglacially rounded and striated cobbles were preferentially collected as these have been shown to be
the least affected by inherited 10Be and thus produce the most reliable deglaciation ages in other areas of
Antarctica [e.g., White et al., 2011a, 2011b]. Where possible, we avoided boulders (clasts >50 cm diameter), as
these are often the product of supraglacial rockfall, which, given the low erosion rates in Antarctica, may have
a few thousand years of inheritance and thus provide unreliable deglaciation ages [White et al., 2011a]. Field
observations indicate that such subrounded cobbles made up ~ 20% of the erratic population at CHU and
> 90% at sites CHL and DDI. Cobbles with uncharacteristically weathered surfaces compared to the broader
population were avoided. At each site a bedrock surface was collected to measure the signiﬁcance of
subglacial bedrock scouring during the last period of glacial overriding [e.g., Sugden et al., 2005]. Bedrock
sites with microscale evidence of glacial abrasion (i.e., striae and glacial polish) were targeted but are only
present at the lower Condon Hills site CHL. At the other two sites, the tops of upstanding bedrock ridges
were collected.
All samples were sliced to 5 ± 0.5 cm thickness, as measured by a ruler (4% age increase using a rock density
of 2.7 g/cm3 and a cosmic ray attenuation length of 150 g/cm2). Altitude and position were measured using a
Garmin e-Trex GPS, with quoted horizontal accuracy of < 5 m. Topographic shielding was negligible (< 5°) at
all sites, so no topographic horizon shielding correction was used.
Quartz puriﬁcation was completed at Macquarie University, and wet chemical procedures were completed at
the Australian National University following standard processes [Child et al., 2000]. Accelerator mass spectrometry (AMS) measurements were carried out at the Australian National Tandem Research Accelerator
(ANTARES) AMS Facility at Australian Nuclear Science and Technology Organisation, Australia, following
methods described by Fink and Smith [2007]. Measured 10Be/Be ratios were corrected by full chemistry
procedural blanks and normalized to the National Institute of Standards and Technology standard 4325
(NIST-4325) 10Be/Be AMS standard using a nominal ratio of 27,900 × 10 15 [Nishiizumi et al., 2007]. Procedural
blank samples gave a 10Be/Be ratio of 16 ± 5 × 10 15 resulting in < 8% correction for all but one sample, CHL-2b
with a 15% correction. Final analytical error in concentrations (atoms/gram quartz) was derived from a quadrature
sum of the larger of the total statistical error or standard mean error from repeat AMS ratios, 2% for AMS standard
reproducibility and 1% in Be spike assay, and ranged from ~ 3 to 6%. Four samples (CHU-1c, CHL-2e, DDI-1, and
DDI-2) required an additional correction due to high Boron concentrations that resulted in increased apparent 10Be
count rates. This correction was effectively equivalent to applying a background subtraction of 34 ± 17 × 10 15
resulting in elevated total analytical errors of 5–12%.
Sample exposure ages were calculated using the CRONUS online calculator, using V2.2 of the main calculator
and V2.2.1 of the constants ﬁle. We quote ages calculated with the time-invariant Stone [2000]/Lal [1991]
production model, using the Balco et al. [2008] sea level high-latitude production rate of 4.96 ± 0.43 atoms/g/yr
and Antarctic atmospheric pressure corrections. Ages would increase by between 1 and 4% using alternate
scaling schemes as listed in Balco et al. [2008], and would increase by approximately 10–20% if we applied more
recently measured production rates such as Young et al. [2013]. We have not corrected ages for postglacial
erosion as the samples from Condon Hills have geological evidence in the form of striations and glacial polish
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Figure 2. Overview of cosmogenic nuclide sample sites (a) Condon Hills, looking southwest and displaying the location of sites
CHU, CHL, Rayner Glacier, and local accumulation zone. (b) CHL looking south. (c) CHU looking east toward the local ice dome.
Note the snow patch immediately above CHU in this photo is only a thin veneer that has accumulated by windblown
snow. The true height of the ice dome at CHU is best represented by the small outlet glacier that ﬂows down toward the
Rayner Glacier on the left-hand side of this photo. (d) Demidov Island, looking south toward the Rayner Glacier calving front.

that preclude this being a signiﬁcant effect. Also, the relatively young (< 10 ka) exposure ages of the erratics at
Demidov Island would also lead to small age increases for these samples for any reasonable choice in Antarctic
erosion rates. If we apply the upper bound of modern erosion rates of ~ 25 mm/kyr measured in coastal metamorphic Antarctic bedrock [Spate et al., 1995], erosion-corrected ages for samples from Demidov Island would
increase by no more than 10–20%. Hence, our conclusions are independent of the choice of scaling scheme,
erosion rate, and the current uncertainties in sea level high-latitude production rates.

4. Results
The upper Condon Hills site (CHU, 560 m asl) is located on a narrow windswept bedrock ridge aligned perpendicular to the Rayner Glacier. The crest of the ridge slopes down toward the Rayner Glacier. Samples were
collected from the crest of the Rayner Glacier end of this ridge, which was about 50 m lower in elevation than
the summit of the range (Figure 2). Glacial sediment at CHU was rare, but a very thin scatter of cobble to
boulder-sized erratics was found perched on the weathered bedrock surfaces (Figure 3). Erratic lithologies
matched those exposed in the Nye Mountains [Sheraton et al., 1987] but otherwise absent in the Rayner
Complex, indicating glacial transport from the south, likely by an expanded Rayner Glacier. The erratic clasts
all retained glacial polish, and many had subrounded morphologies consistent with subglacial transport
(Table 1). All three dated erratics (CHU-1b at 8.7 ka ± 0.8, CHU-1c at 9.2 ka ± 0.9, and CHU-1d at 9.2 ± 0.9 ka)
returned 10Be ages consistent with deglaciation at ~9 ka (Table 2 and Figure 4).
The felsic gneiss and migmatite bedrock at CHU had been eroded into small hillocks and dales, oriented E-W with
the structural trend of the Rayner Complex at this site [Black and McCulloch, 1987]. No striae or glacial polish was
observed on the bedrock, but signiﬁcant crumbling and iron staining were found on most bedrock surfaces.
Bedrock sample CHU-1e, located 20 m from CHU-1a, gave an age of 103 ka and is clearly older than the erratics in
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Figure 3. Detail of cosmogenic nuclide samples and styles of bedrock weathering. (a) Detail of sample CHU-1b displaying
fresh erratic deposited on highly weathered and iron-stained bedrock. (b) CHL-2b showing strongly ice-sculpted bedrock.
(c) Demidov Island with strongly pitted and etched bedrock typical of coastal zones with strong physical weathering. (d)
Close-up of striae and glacial polish at the lower Condon Hills site (CHL).

close proximity. As interpreted from many other Antarctic works [Sugden et al., 2005; Mackintosh et al., 2007;
White and Hermichen, 2007; White et al., 2011a], the presence of fresh young erratics on highly weathered old
bedrock demonstrates that the last ice advance across the summits of the Condon Hills was not erosive enough
to remove the weathered (and cosmogenically exposed) bedrock and thus was cold based.
Table 2. Beryllium-10 Exposure Age Calculationsa
10

10

Sample ID
Condon Hills Upper
CHU-1b
CHU-1c
CHU-1d
CHU-1e
Condon Hills Lower
CHL-2b
CHL-2c
CHL-2d
CHL-2e
Demidov Island
DDI-1
DDI-2
DDI-3

9

Sample Weight (g) Carrier Be (mg)

10

9

Be/ Be ×10

15

Be Concentration
3
(×10 Atoms/Gram)

Be Muon
Production Rate
(atoms/g/yr)

10

Be Spallation
Production Rate
(atoms/g/yr)

10

Be Age (ka)
(± Total Absolute
Error)

80.0602
43.7857
46.3053
34.0543

255.2
253.9
254.2
253.9

394 ± 7.9
229 ± 6.4
243 ± 6.4
1950 ± 18

83.9 ± 2.5
89.0 ± 3.1
89.1 ± 3.0
972 ± 23

0.237
0.237
0.237
0.237

9.43
9.43
9.43
9.43

8.7 ± 0.8
9.2 ± 0.9
9.2 ± 0.9
103.1 ± 9.5

30.1962
41.3273
44.1930
56.9187

253.7
253.8
253.5
252.2

73 ± 5.2
107 ± 5.7
122 ± 7.2
627 ± 74

40.9 ± 3.0
43.9 ± 2.5
46.7 ± 2.9
186 ± 22

0.211
0.211
0.211
0.211

6.90
6.90
6.90
6.90

5.8 ± 0.7
6.1 ± 0.6
6.6 ± 0.7
26.3 ± 3.9

33.1665
80.3049
80.2807

253.5
253.8
253.6

102. ± 9.6
239 ± 11
228 ± 7.2

52.1 ± 5.0
50.6 ± 2.7
48.2 ± 1.8

0.196
0.196
0.196

5.56
5.56
5.56

9.1 ± 1.2
8.8 ± 0.9
8.4 ± 0.8

10

a
Bedrock samples are italicized. Samples were corrected for full chemistry procedural banks and normalized to the Be NIST-4325 standard reference material.
10
9
Final Be concentration errors include a 1% uncertainty in Be spike value, a 2% error due to reproducibility based on the standard deviation of repeat measure of
10
9
AMS standards, and the analytical error in the Be/ Be ratio. Exposure ages are derived from CRONUS web calculator (V2.2.1) as described by Balco et al. [2008],
using the Lal [1991]/Stone [2000] time invariant production rate scaling scheme.
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Figure 4. Cosmogenic nuclide ages from the lower reaches of Rayner Glacier. Note the concordance of erratic ages at each
locality. The erratic ages provide the best measurement of the timing of deglaciation at each site and provide strong
evidence for an early Holocene retreat and lowering of lower Rayner Glacier. Also note the difference between bedrock and
erratic ages at the two Condon Hills sites. This indicates that minimal glacial erosion occurred on these areas during the ice
advance that deposited the erratics.

The lower Condon Hills site (CHL, 240 m asl) lies directly adjacent to the Rayner Ice Shelf on a narrow, elongate
ridge oriented in the direction of ice ﬂow approximately 100 m above the present ice surface. Here the
bedrock surface was heavily littered with glacial erratics similar in lithology to those observed at the upper
site. Glacial diamict or ﬁne-grained glacial sediment was again not observed. Few erratics at CHL retained
glacial polish or striae, most (~ 90%) mildly Fe-stained, and some (~ 30%) were beginning to display evidence
of granular disintegration or small (< 1 cm diameter) tafoni. As at CHU, all three dated erratics (CHL-2b at
5.8 ka, CHL-2c at 6.1 ka, and CHL-2d at 6.6 ka) provide concordant ages and indicate deglaciation of the ridge
occurred at ~ 6 ka, suggesting the ~ 300 m of Holocene lowering of the Rayner Glacier ice surface between
CHU and CHL took ~ 3 ka.
In contrast to the highly weathered bedrock at CHU, the bedrock at CHL was relatively unweathered in most
places, and approximately a quarter of the bedrock surface was striated (directed toward 355° true north, i.e.,
the orientation of the modern glacier) or glacially polished. Some crumbling and weathering pits up to 10 cm
deep were found on the bedrock surface, but the overall form was ice molded. The weathering evidence
indicates that the ice that deposited the fresh 6 ka old erratics was erosive and warm based. However, the 10Be
age of ~ 26 ka for bedrock at this site (CHL-2e) indicates that ice from the Rayner Glacier was not erosive enough
to remove the ~ 2 m of bedrock needed to completely reset cosmogenic nuclide bedrock exposure ages.
These new cosmogenic nuclide results coupled with ground-based observations of bedrock weathering
provide clear evidence for a transition in erosion regime beneath the expanded Rayner glacier between sites
CHU and CHL. The transition between glacially polished and highly weathered bedrock was not observed on
the ground, but helicopter-based observations on the steep (~ 40–60°), partly scree-mantled slope facing the
Rayner Glacier below site CHU indicate that the boundary occurs as a subhorizontal trimline between ~ 300
and 450 m asl on this nunatak (Figure 5). Thus, based on the available evidence, we interpret the trimline as a
transition from warm- to cold-based ice along an expanded Rayner Glacier.
Demidov Island is a 1.3 × 0.3 km elongate outcrop that rises to ~ 60 m above sea level offshore from the
present terminus of the Rayner Ice Shelf. The sample site lies on a small bench at 35 m asl on the northern
(ice distal) side of the island. Both the erratics and the maﬁc bedrock at Demidov Island were very strongly
physically weathered. The surface of the clasts and bedrock had not been strongly oxidized but was instead weathered through granular disintegration and had signiﬁcant tafoni development. Weathering
characteristics of both bedrock and erratics were similar to that observed in areas affected by sea spray or
downwind of hypersaline lakes in the coastal oases of Princess Elizabeth Land [Gore et al., 1996; Gore and
Colhoun, 1997; Kiernan et al., 2009]. Unlike at CHU and CHL, here, the two erratics (DDI-1 at 9.1 ka and DDI-2

WHITE AND FINK

©2014. American Geophysical Union. All Rights Reserved.

408

Journal of Geophysical Research: Earth Surface

10.1002/2013JF002870

Figure 5. Trimline on nunatak at Condon Hills below sample site CHU. The dashed line indicates the boundary between
strongly weathered and relatively fresh bedrock zones, as deduced from helicopter-based observations. Above the line
the bedrock is strongly iron stained (red-brown) and fractured, while below it is grey-brown and largely intact. We interpret
the transition between these two bedrock weathering zones to match the transition from cold-based (upper) and wet-based
ice during the LGM.

at 8.8 ka) gave identical exposure ages as for the sampled adjacent bedrock (DDI-3, 8.4 ka). Thus, glacial
erosion during the LGM at Demidov Island was deep enough to completely remove any preexisting 10Be in
the bedrock.

5. Discussion
5.1. Late Quaternary Enderby Land LGM Ice Geometry
The magnitude and consistency of the three groups of cosmogenic nuclide exposure ages from CHU, CHL,
and DDI sites at the lower Rayner Glacier provide evidence for a substantial early Holocene deglaciation
resulting in a reduction of ice elevation at the modern grounding line from 560 to 240 m asl. The timing of the
remainder of the ice lowering to the present ice surface elevation at this site (~ 150 m asl) is less clear, as we
did not observe any moraines or trimlines below CHL that would indicate any signiﬁcant stillstands or
readvances during the retreat from CHL to the modern ice surface. Regardless, the early Holocene timing and
magnitude of ice elevation lowering along the lower Rayner Glacier is very similar to that measured near the
modern grounding line at the Framnes Mountains [Mackintosh et al., 2007], where ~ 350 m was lost between
12 and 6 ka, and also Lutzow-Holm Bay, where ~ 350 m of ice was lost between 10 and 6 ka [Yamane et al.,
2011]. The synchronicity of ice retreat at sites in similar glaciological positions along their ice drainages to the
east and west ﬂags the possibility that this event may have been regional in extent. We note though that the
onset of deglaciation at Rayner Glacier and Lutzow-Holm Bay is unconstrained.
Holocene erratics were observed at the highest elevation site that we visited. Thus, unlike other studies of
LGM ice elevation in Antarctica, where the position of a boulder belt or a moraine on the ﬂank of a nunatak or
where an elevation transect (mountain “dipstick”) deﬁnes the limit of ice thickening [e.g., White et al., 2011a],
we cannot place a strict upper limit on the magnitude of ice loss in this region. However, we propose that the
bedrock weathering transition noted between sites CHU and CHL can be used to estimate the former ice
elevation (Figure 6).
In the nearby Prince Charles Mountains, White [2007] mapped the preservation of weathered bedrock in
areas covered by the upper, presumably cold-based portions of expanded outlet glaciers during the LGM. The
elevation of the LGM ice maximum was independently constrained through the position of LGM moraines or
boulder limits and ranged from 200 to 1500 m asl in the eight massifs studied. The transition from fresh to
weathered bedrock at these sites occurred between 100 and 300 m in elevation below the highest freshly
deposited erratics at each site—i.e., ice thicknesses at the peak of the LGM of 100–300 m. Elsewhere in
Antarctica, evidence published to date also indicates that preservation of strongly weathered bedrock (like
that observed at CHU) under ice thicknesses of greater than about 300 m is rare [e.g., Bentley et al., 2010;
Bromley et al., 2010]. We consider that the empirical evidence constrains the transition from cold-based
to warm-based ice ﬂow on the margins of large outlet glaciers to ice thicknesses of no greater than
a few hundred meters, although we caution that this relationship should not be applied beyond this
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Figure 6. Schematic cross section through Rayner Glacier, marking the cosmogenic nuclide sample sites (CHL, CHU, and DDI)
10
and the site average Be ages from erratics measured in this study. Ice completely covered the Condon Hills prior to ~ 9 ka.
However, a transition from weathered to fresh bedrock (reﬂecting a transition from cold to warm-based ice) between CHU
and CHL provides an imprecise limit on former ice elevations and suggests that ice thickening above the Condon Hills prior to
9 ka was limited (black bar). Solid black polygons denote schematic position and relative elevation of the mountain ranges
following the eastern ﬂank of the Rayner Glacier. Grounding line position (at CHL, from R. Binschalder, personal communication,
2011) is derived from ICESat and radar data. Ice surface and bed elevations (possibly unreliable due to the sparse geophysical
data collection in this area) are derived from Bedmap [Lythe et al., 2001]. Colored dashed lines represent LGM ice thickness
based on different ice sheet models, including a recent thermomechanical model (M11, orange) [Mackintosh et al., 2011] and a
variety of models used to estimate magnitude of postglacial rebound: ICE5G [Peltier, 2004] (red dashed line); IJ05/IJ05_R2, Ivins
and James, 2005; Ivins et al., 2013 (blue); W12, Whitehouse et al., 2012 (green). Note that the IJ05_R2 and IJ05 models have
similar LGM ice heights in the area of this ﬁgure, but IJ05_R2 has a substantially increased ice load further inland than the
earlier model. For comparison, the dashed grey line (DH02) represents the ice surface for the Denton-Hughes ice model
[Denton and Hughes, 2002] where the ice sheet grounded to the edge of the continental shelf.

glaciological setting. For example, it may not apply to nunataks near ice divides, where ice ﬂow is slower
and subglacial erosion is likely to have been limited [e.g., Jamieson et al., 2010]. At Condon Hills we
suggest (see above) that a similar weathering transition and thus a change in subglacial erosion regime
is evident at 300–450 m asl.
Thus, by comparison with the empirical evidence from the Prince Charles Mountains and elsewhere in
Antarctica described above, it is unlikely that the Condon Hills were covered by much more than a few
hundred meters of ice during the LGM. The amount of LGM ice thickening we estimate at the Rayner Glacier
is similar to that deduced from an inferred LGM trimline nearby at Mount Riiser-Larsen [Zwartz and Stone,
1997]. Although we cannot explicitly or directly measure an LGM ice height in the lower Rayner Glacier, our
inferences and ﬁeld observations suggest that “big ice” models for this region, such as that proposed by
Denton and Hughes [2002], are not applicable.
Our direct ice height observations were limited to the lower reaches of the ice drainage system, near the
modern grounding line. To place these observations in context, we note that ice geometry reconstructions
deduced from similar methods based on cosmogenic exposure ages [e.g., Lilly et al., 2010; Mackintosh et al.,
2011; White et al., 2011a] and ice sheet models [e.g., Huybrechts, 2002; Wright et al., 2008; Pollard and Deconto,
2009; Mackintosh et al., 2011; Golledge et al., 2013] indicate that the maximum ice thickening during the LGM
was centered on the modern grounding zones.
Similarly, the timing of ice retreat measured in this study provides only a snapshot of the evolution of ice
volume changes at the lower (or coastal) end of the ice drainage system. In other regions of Antarctica, a
reduction in glacier ice thickness at its outlet can generate a response signal that can take many thousand
years for surface lowering to propagate up-glacier [e.g., Todd et al., 2010; White et al., 2011a], although we
note that Rayner Glacier has a smaller ice drainage length than the better studied sites, and thus the propagation of surface lowering may have been faster.
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5.2. Accuracy of Glacio-Isostatic Models and Implications for GRACE Observations Along the East
Antarctic Margin
The former ice surface histories compiled in this study signiﬁcantly improve our understanding of the
inﬂuence of post-LGM ice loss on glacio-isostatic uplift in the Enderby Land region. Recent models of
postglacial rebound (e.g., IJ05/IJ05_R2 [Ivins and James, 2005; Ivins et al., 2013] and W12/W12a [Whitehouse
et al., 2012]) assumed ice histories after the LGM in Enderby Land were similar to that at Framnes
Mountains and Lutzow-Holm Bay. Thus, as the post-LGM change in ice heights in these three areas is
broadly concordant, the ice load assumed in these models for Rayner Glacier is reasonable when compared
to the ﬁeld evidence. In turn, this improves the reliability of GRACE ice mass change assessments in this
area that use these postglacial rebound models [Chen et al., 2008; Yamamoto et al., 2008; Luo et al., 2012;
King et al., 2012].
The improvements in estimating magnitude of post-LGM ice surface retreat and its timing increase our
understanding of the nature of the GRACE-based mass trend in Enderby Land. The small rates of glacioisostatic uplift measured by GPS observations at Mount Riiser-Larsen [Tregoning et al., 2009] are consistent with the rates predicted by the models that use ice histories similar to those that we measured at
Rayner Glacier [e.g., Whitehouse et al., 2012]. Thus, on the balance of the present evidence, it appears that
the apparent mass gain in this area from 2002 to 2010 is likely caused by increased snow accumulation
and is not an artifact of unaccounted postglacial rebound. However, our data provide only a “hard”
minimum and “soft” maximum value of the true former post-LGM ice mass (hence modern postglacial
rebound) at a few sites along the lower portion of the ice drainage system. Also, if the ﬁnal 100 m of ice
lowering at Condon Hills (for which we have no strict temporal constraint) occurred during the late
Holocene, it could have had a signiﬁcant effect on modern glacio-isostatic adjustment rates. Further GPS
and glacial geological observations are warranted to fully investigate the cause of the GRACE anomaly in
Enderby Land.
The coupling of recently acquired GPS-derived crustal uplift rates and reconstructed ice sheet surface
proﬁles in Enderby Land has provided a test of the predictive power of the various techniques used to
estimate continent-wide maps of present-day glacio-isostatic adjustment. The models that have been
most successful at predicting former ice thickness and modern GPS-derived uplift rates in Enderby Land
are those that have extrapolated former ice elevations from surrounding well-constrained regions [Ivins
and James, 2005] or used a numerical ice model tuned to such observations [Whitehouse et al., 2012]. We
suggest that the success of these techniques in Enderby Land is due to the similarity in glaciological
characteristics (e.g., bed topography, ice drainage size, and climate), and thus likely ice sheet behavior,
between Enderby Land and the nearby sectors of the ice sheet where the glacial history had been well
constrained. Therefore, it may be expected that models such as IJ05 or W12 models will be most reliable
where glaciological criteria do not differ too greatly from the existing well-characterized regions. In
contrast, models and techniques that do not rely on existing observations of present-day uplift or former
ice histories [e.g., Riva et al., 2009] may have more predictive power in areas where glaciological parameters differ from those with well-constrained former ice sheet histories or rates of modern isostatic uplift.
Testing this hypothesis is beyond the scope of this study but would be an appropriate target for future
studies of former ice history around Antarctica.

6. Conclusions
Observations of relatively unweathered erratics on Demidov Island and the Condon Hills indicate that the lower
Rayner Glacier has lowered by more than 400 m and retreated by at least 10 km during the late Quaternary. The
ﬁnal phase of thinning in the vicinity of the modern grounding line and retreat to the present-day calving
margin occurred in the early Holocene (9 to 6 ka B.P.).
At Rayner Glacier, the timing of this deglaciation is similar to that used to model the glacio-isostatic adjustment in most studies that use GRACE measurements of modern-day mass change in the region. Thus, this
study adds weight to the body of evidence that indicates the gravity anomaly observed by GRACE studies in
this area since 2002 appears to be a function of increased ice mass during the last decade rather than underrecognized glacio-isostatic adjustment.

WHITE AND FINK

©2014. American Geophysical Union. All Rights Reserved.

411

Journal of Geophysical Research: Earth Surface

Acknowledgments
Samples were collected through the
support of the Alfred-Wegener-Institut
für Polar und Meeresforschung on R/V
Polarstern voyage ANTXXIII/9. Tim
Keighley, Katrina Butow, and Tim
Barrows completed the majority of the
sample processing, funded through
Macquarie University (MQNS
9200800775). AMS analysis was funded
by the Australian Institute of Nuclear
Science and Engineering
(AINGRA08069). Maps in this manuscript
were generated with data provided by
the Australian Antarctic Data Centre. We
acknowledge the careful reviews of
Mike Bentley, Andrew Hein, and two
anonymous reviewers that substantially
improved the clarity of the manuscript.
We also acknowledge the guidance of
Paul Tregoning and Damian Gore who
provided comments on an earlier version of the manuscript.

WHITE AND FINK

10.1002/2013JF002870

References
Augustinus, P. C. (2002), Weathering characteristics of the glacial drifts, Bunger Hills, east Antarctica, Arct. Antarct. Alp. Res., 3465–3475.
Australian Antarctic Data Centre (1976), SQ39-40/13, Simpson Peak. 1:25,000 scale aerial photograph collection, Run CAS/C8656, Tie Run B,
frames 1848-1852.
Balco, G., J. Stone, N. Lifton, and T. Dunai (2008), A simple, internally consistent, and easily accessible means of calculating surface exposure
ages and erosion rates from Be-10 and Al-26 measurements, Quat. Geochronology, 3, 174–195.
Bentley, M. J., C. J. Fogwill, A. M. Le Brocq, A. L. Hubbard, D. E. Sugden, T. J. Dunai, and S. P. Freeman (2010), Deglacial history of the West
Antarctic Ice Sheet in the Weddell Sea embayment: Constraints on past ice volume change, Geology, 38(5), 411–414.
Bindschadler, R., P. Vornberger, A. Fleming, A. Fox, J. Mullins, D. Binnie, S. J. Paulsen, B. Granneman, and D. Gorodetzky (2008), The Landsat
Image Mosaic of Antarctic, Remote Sens. Environ., 112(12), 4214–4226.
Bindschalder, R. (2010), The new high-resolution Antarctic grounding line: An IPY benchmark data set. International Polar Year Oslo Science
Conference, Oslo.
Black, L. P., and M. T. McCulloch (1987), Evidence for isotopic equilibration of Sm-Nd whole-rock systems in early Achaean crust of Enderby
Land, Antarctica, Earth Planet. Sci. Lett., 82, 15–24.
Bromley, G. R. M., G. Hall, J. Stone, H. Conway, and C. Todd (2010), Late Cenozoic deposits at Reedy Glacier, Transantarctic Mountains implications for former thickness of the West Antarctic Ice Sheet, Quat. Sci. Rev., 29, 384–398.
Chen, J. L., C. R. Wilson, B. D. Tapley, D. Blankenship, and D. Young (2008), Antarctic regional ice loss rates from GRACE, Earth Planet. Sci. Lett.,
266(1-2), 140.
Child, D., G. Elliot, C. Misfud, A. M. Smith, and D. Fink (2000), Sample processing for earth science studies at ANTARES, Nucl. Instrum. Method
Phys. Res. B, 172, 856–860.
Denton, G. H., and T. J. Hughes (2002), Reconstructing the Antarctic Ice Sheet at the Last Glacial Maximum, Quat. Sci. Rev., 21(1-3), 193–202.
Department of National Development, Division of National Mapping, Australia (1962), Sheet SQ 38-39/15, Simpson Peak, Enderby Land.
1:250,000 scale topographic map. First Edition.
DiMarzio, J., A. Brenner, R. Schutz, C. A. Shuman, and H. J. Zwally (2007), GLAS/ICESat 500 m laser altimetry digital elevation model of
Antarctica, [accessed 26/5/2009]. Boulder, Colorado USA: National Snow and Ice Data Center. Digital media.
10
26
Fink, D., and A. Smith (2007), An inter-comparison of Be and Al AMS reference standards and the 10Be half-life, Nucl. Instrum. Methods,
B259, 600–609.
Golledge, N. R., et al. (2013), Glaciology and geological signature of the Last Glacial Maximum Antarctic ice sheet, Quat. Sci. Rev., 78, 225–247.
Gore, D. B., and E. A. Colhoun (1997), Regional contrasts in weathering and glacial sediments suggests long term subaerial exposure of
Vestfold Hills, East Antarctica, in International Symposium on Antarctic Earth Sciences, vol. 7, edited by C. A. Ricci, pp. 835–839, Terra
Antarctica Publication, Siena.
Gore, D. B., D. C. Creagh, J. Burgess, E. A. Colhoun, A. Spate, and A. S. Baird (1996), Composition, distribution and origin of surﬁcial salts in the
Vestfold Hills, East Antarctica, Antarct. Sci., 8(1), 73–84.
Gore, D. B., E. J. Rhodes, P. C. Augustinus, M. R. Leishman, E. A. Colhoun, and J. Rees-Jones (2001), Bunger Hills, East Antarctica: Ice free at the
Last Glacial Maximum, Geology, 29(12), 1103–1106.
Haran, T., J. Bohlander, T. Scambos, T. Painter, and M. Fahnestock compilers (2005, updated 2006), MODIS mosaic of Antarctica (MOA) image
map. Boulder, Colorado USA: National Snow and Ice Data Center. Digital media. http://nsidc.org/data/nsidc-0280.html.
Hein, A. S., C. J. Fogwill, D. E. Sugden, and S. Xu (2012), Glacial/interglacial ice-stream stability in the Weddell Sea embayment, Antarctica,
Earth Planet. Sci. Lett., 307, 211–221.
Hodgson, D. A., et al. (2001), Were the Larsemann Hills ice-free through the last glacial maximum?, Antarct. Sci., 13(4), 440–454.
Huybrechts, P. (2002), Sea-level changes at the LGM from ice-dynamic reconstructions of the Greenland and Antarctic ice sheets during the
glacial cycles, Quat. Sci. Rev., 21, 203–231.
Ivins, E., and T. James (2005), Antarctic glacial isostatic adjustment: A new assessment, Antarct. Sci., 17(4), 541–553.
Ivins, E., T. James, J. Wahr, E. Schrama, F. Landerer, and K. Simon (2013), Antarctic contribution to sea level rise observed by GRACE with
improved GIA correction, J. Geophys. Res. Solid Earth, 11, 3126–3141, doi:10.1002/jgrb.50208.
James, T. S., and E. R. Ivins (1998), Predictions of Antarctic crustal motions driven by present-day ice sheet evolution and by isostatic memory
of the Last Glacial Maximum, J. Geophys. Res., 103, 4993–5017.
Jamieson, S. S. R., D. Sugden, and N. R. Hulton (2010), The evolution of the subglacial landscape of Antarctica, Earth Planet. Sci. Lett., 293, 1–27.
Kaufmann, G. (2002), Predictions of secular geoid changes from Late Pleistocene and Holocene Antarctic ice-ocean mass imbalance,
Geophys. J. Int., 148, 340–347.
Kiernan, K., D. B. Gore, D. Fink, D. A. White, A. McConnell, and I. A. Sigurdsson (2009), Deglaciation and weathering of the Larsemann Hills, East
Antarctica, Antarct. Sci., 21(4), 373–382.
King, M. A., R. J. Bingham, P. Moore, P. L. Whitehouse, M. J. Bentley, and G. A. Milne (2012), Lower satellite-gravimetry estimates of Antarctic
sea-level contribution, Nature, 491, 586–589.
Lal, D. (1991), Cosmic ray labeling of erosion surfaces; in situ nuclide production rates and erosion models, Earth Planet. Sci. Lett., 104(2-4),
424–439.
Lilly, K., D. Fink, D. Fabel, and K. Lambeck (2010), Pleistocene dynamics of the interior East Antarctic ice sheet, Geology, 38, 703–706.
Luo, Z., Q. Li, K. Zhang, and H. Wang (2012), Trend of mass change in the Antarctic ice sheet recovered from the GRACE temporal gravity ﬁeld,
Sci. China Earth Sci., 55(1), 76–82.
Lythe, M. B., et al. (2001), BEDMAP: A new ice thickness and subglacial topographic model of Antarctica, J. Geophys. Res., 106(6), 11,335–11,351.
Mackintosh, A., D. White, D. Fink, D. Gore, J. Pickard, and P. Fanning (2007), Late Glacial and Holocene deglaciation of Mac. Robertson Land,
East Antarctica, Geology, 35, 551–504.
Mackintosh, A., et al. (2011), The East Antarctic Ice Sheet during the last glacial termination, Nat. Geosci., 4(3), 195–202.
Mackintosh, A., et al. (2013), Retreat history of the East Antarctic Ice Sheet since the Last Glacial Maximum, Quat. Sci. Rev., doi:10.1016/j.
quascirev.2013.07.024, in press.
Maemoku, H., H. Miura, S. Saigusa, and K. Moriwaki (1997), Stratigraphy of Late Quaternary raised beach deposits in the northern part of
Langhovde, Lutzow-Holm Bay, East Antarctica, Proc. NIPR Symp. Antarct. Geosci., 10, 178–186.
Magalhães, C., M. I. Stevens, S. C. Cary, B. A. Ball, B. Storey, D. Wall, R. Türk, and U. Ruprecht (2012), At limits of life: Multidisciplinary insights
reveal environmental constraints on biotic diversity in continental Antarctica, PLoS One, 7(9, e44578), doi:10.1371/journal.,pone.0044578.
Miura, H., H. Maemoku, K. Seto, and K. Moriwaki (1998), Late Quaternary East Antarctic melting event in the Soya Coast region based on
stratigraphy and oxygen isotopic ratio of fossil molluscs, Polar Geosci., 11, 260–274.

©2014. American Geophysical Union. All Rights Reserved.

412

Journal of Geophysical Research: Earth Surface

10.1002/2013JF002870

Moriwaki, K., S. Iwata, N. Matsuoka, H. Hasegawa, and K. Hirakawa (1994), Weathering stage as a relative age of till in the central Sør-Rondane,
Proc. NIPR Symp. Antarct. Geosci., 7, 156–161.
Nakada, M., R. Kimura, J. Okuno, K. Moriwaki, H. Miura, and H. Maemoku (2000), Late Pleistocene and Holocene melting history of the
Antarctic ice sheet derived from sea-level variations, Mar. Geol., 167, 85–103.
Nishiizumi, K., M. Imamura, M. W. Caffee, J. R. Southon, R. C. Finkel, and J. McAninch (2007), Absolute calibration of 10Be AMS standards, Nucl.
Instrum. Method Phys. Res. B Beam Interact. Mater. Atoms, 258, 403–413.
Peltier, W. R. (2004), Global glacial isostasy and the surface of the ice-age Earth: The ICE-5G (VM2) model and GRACE, Annu. Rev. Earth Planet.
Sci., 32, 111–149.
Pollard, D., and R. M. DeConto (2009), Modelling West Antarctic ice sheet growth and collapse through the past ﬁve million years, Nature, 458,
329–332.
Pritchard, H. D., R. J. Arthern, D. G. Vaughan, and L. A. Edwards (2009), Extensive dynamic thinning on the margins of the Greenland and
Antarctic ice sheets, Nature, 461, 971–975.
Rignot, E. (2006), Changes in the ice dynamics and mass balance of the Antarctic Ice Sheet, Philos. trans. Roy. Soc. A Math. Phys. Eng. Sci., 364,
1637–1655, doi:10.1098/rsta.2006.1793.
Rignot, E., and R. H. Thomas (2002), Mass balance of polar ice sheets, Science, 297, 1502–1506.
Rignot, E., J. Mouginot, and B. Scheuchi (2011), Ice ﬂow of the Antarctic ice sheet, Science, 333, 1427–1430.
Riva, R., B. Gunter, T. Urban, B. Vermeersen, R. Lindenbergh, M. Helsen, J. Bamber, R. van der Wal, M. van den Broeke, and B. Schutz (2009),
Glacial isostatic adjustment over Antarctica from combined ICESat and GRACE satellite data, Earth Planet. Sci. Lett., 288, 516–523.
Shepherd, A., et al. (2012), A reconciled estimate of ice-sheet mass balance, Science, 338, 1183–1189.
Sheraton, J. W., R. J. Tingey, L. P. Black, L. A. Offe, and D. J. Ellis (1987), Geology of Enderby Land and Western Kemp Land, Antarctica, Bureau of
Mineral Resources Bulletin 223, Australian Government Publishing Service, Canberra.
Simpson, M. J. R., G. A. Milne, P. Huybrechts, and A. J. Long (2009), Calibrating a glaciological model of the Greenland ice sheet from the Last
Glacial Maximum to present-day using ﬁeld observations of relative sea level and ice extent, Quat. Sci. Rev., 28, 1631–1657.
Spate, A., J. Burgess, and J. Shevlin (1995), Rates of rock surface lowering, Princess Elizabeth Land, eastern Antarctica, Earth Surf. Processes
Landforms, 20(6), 567–573.
Stone, J. O. (2000), Air pressure and cosmogenic isotope production, J. Geophys. Res., 105(10), 23,753–23,759.
Sugden, D. E., G. Balco, S. G. Cowdery, J. Stone, and L. C. Sass (2005), Selective glacial erosion and weathering zones in the coastal mountains
of Marie Byrd Land, Antarctica, Geomorphology, 67(3-4), 317–334, doi:10.1016/j.geomorph.2004.10.007.
Takada, M., A. Tani, H. Miura, K. Moriwaki, and T. Nagatomo (2003), ESR dating of fossil shells in the Lützow-Holm Bay region, East Antarctica,
Quat. Sci. Rev., 22, 1323–1328.
Todd, C., J. Stone, H. Conway, B. Hall, and G. Bromley (2010), Late Quaternary evolution of Reedy Glacier, Antarctica, Quat. Sci. Rev., 29,
1328–1341.
Tregoning, P., A. Welsh, H. McQueen, and K. Lambeck (2000), The search for postglacial rebound near the Lambert Glacier, Antarctica, Earth
Planets Space, 52(11), 1037–1041.
Tregoning, P., G. Ramillien, H. McQueen, and D. Zwartz (2009), Glacial isostatic adjustment and nonstationary signals observed by GRACE,
J. Geophys. Res., 114, B06406, doi:10.1029/2008JB006161.
Van Lipzig, N. P. M., J. Turner, S. R. Colwell, and M. R. Van Den Broeke (2004), The near-surface wind ﬁeld over the Antarctic Continent, Int. J.
Climatol., 24, 1973–1982.
White, D., and W.-D. Hermichen (2007), Glacial and periglacial history of the southern Prince Charles Mountains, East Antarctica, Terra
Antartica, 14, 5–12.
White, D., O. Bennike, S. Harley, D. Fink, K. Kiernan, A. McConnell, and B. Wagner (2009), Geomorphology and glacial history of the Rauer
Group, East Antarctica, Quat. Res., 72(1), 80–90.
White, D., D. Fink, and D. Gore (2011a), Cosmogenic nuclide evidence for enhanced sensitivity of an East Antarctic ice stream to change
during the last deglaciation, Geology, 39(1), 23–26.
14
White, D., R.-H. Fülöp, P. Bishop, A. Mackintosh, and G. Cook (2011b), Can in situ cosmogenic C be used to assess the inﬂuence of clast
recycling on exposure dating of ice retreat in Antarctica?, Quat. Geochronology, 6(3-4), 289–294.
White, D. A. (2007), Cenozoic glacial history and landscape evolution of Mac.Robertson Land and the Lambert Glacier-Amery Ice Shelf
System, East Antarctica, PhD thesis, Department of Physical Geography, Macquarie University, Australia, pp. 168.
Whitehouse, P. L., M. J. Bentley, and A. M. Le Brocq (2012), A deglacial model for Antarctica: Geological constraints and glaciological
modelling as a basis for a new model of Antarctic glacial isostatic adjustment, Quat. Sci. Rev., 32, 1–24.
Wright, A. P., D. A. White, D. B. Gore, and M. J. Siegert (2009), Antarctica at the Last Glacial Maximum, deglaciation and the Holocene, in
Antarctic Climate Evolution, edited by F. Florindo and M. Siegert, pp. 531–570, Elsevier.
Yamamoto, K., Y. Fukuda, K. Doi, and H. Motoyama (2008), Interpretation of the GRACE-derived mass trend in Enderby Land, Antarctica, Polar
Sci., 2, 267–276.
Yamane, M., Y. Yokoyama, H. Miura, H. Maemoku, S. Iwasaki, and H. Matsuzaki (2011), The last deglacial history of Lutzow-Holm Bay, East
Antarctica, J. Quat. Sci., 26(1), 3–6.
Young, N. E., J. M. Schaefer, J. P. Briner, and B. M. Goehring (2013), A Be-10 production rate calibration for the Arctic, J. Quat. Sci., 28, 515–526.
th
Zwartz, D., and J. Stone (1997), Cosmogenic isotope exposure dating at Mt Riiser Larsen. Implications for ice sheet history. The 17
Symposium on Antarctic Geosciences, Program and Abstracts, 1997 Tokyo, National institute for Polar Research, 45, 1997 Tokyo, National
institute for Polar Research, 45.
Zwartz, D., M. I. Bird, J. Stone, and K. Lambeck (1998), Holocene sea-level change and ice-sheet history in the Vestfold Hills, East Antarctica,
Earth Planet. Sci. Lett., 155, 131–145.
Zwartz, D., P. Tregoning, K. Lambeck, P. Johnston, and J. Stone (1999), Estimates of present-day glacial rebound in the Lambert Glacier
region, Antarctica, Geophys. Res. Lett., 26(10), 1461–1464.

WHITE AND FINK

©2014. American Geophysical Union. All Rights Reserved.

413

