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a b s t r a c t

The geomorphology of the Denton Hills provides insight into the timing and magnitude of glacial retreats
in a region of Antarctica isolated from the influence of the East Antarctic ice sheet. We present 26
Beryllium-10 surface exposure ages from a variety of glacial and lacustrine features in the Garwood and
Miers valleys to document the glacial history of the area from 10 to 286 ka. Our data show that the cold-
based Miers, Joyce and Garwood glaciers retreated little since their maximum positions at 37.2 ± 6.9 (1s
n ¼ 4), 35.1 ± 1.5 (1s, n ¼ 3) and 35.6 ± 10.1 (1s, n ¼ 6) ka respectively. The similar timing of advance of
all three glaciers and the lack of a significant glacial expansion during the global LGM suggests a local
LGM for the Denton Hills between ca. 26 and 51 ka, with a mean age of 36.0 ± 7.5 (1s, n ¼ 13) ka.

A second cohort of exposure ages provides constraints to the behaviour of Glacial Lake Trowbridge that
formerly occupied Miers Valley in the late Pleistocene. These data show active modification of the
landscape from ~20 ka until the withdrawal of ice from the valley mouths, and deposition of Ross Sea
Drift, at 10e14 ka.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Over the last few decades, terrestrial and marine geological re-
cords provided opportunities to study changes in ice sheet volume,
global sea level, and paleo-climate during glacial and interglacial
cycles (Zachos et al., 2001). The Antarctic ice sheets in particular
were shown to respond significantly to warming and cooling cli-
mates, particularly during and since the Last Glacial Maximum
(LGM) ~ 25e19 ka (Anderson et al., 2014; Larter et al., 2014;
Mackintosh et al., 2014; �O Cofaigh et al., 2014).

A 2014 special issue of Quaternary Science Reviews (Bentley
et al., 2014) comprehensively synthesised thirty years of glacio-
logical, geological and numerical modelling studies coupled with
extensive field data to suggest that during warming and cooling
ate Bag 3105, Hamilton, New
periods, the East and West Antarctic ice sheets (EAIS & WAIS)
respond in contrasting ways. During glacial episodes, ice at the
grounding line-ice shelf contact advanced into shallow coastal
basins, for example the grounded expansion of the WAIS into the
Ross Embayment known as the Ross Ice Sheet (RIS; Greenwood
et al., 2012; Hall et al., 2013), whilst interior continental regions
experienced ice thinning (Ackert et al., 2013; Joy et al., 2014;
Mackintosh et al., 2014). Conversely, during warmer interglacial
climates in many sectors of Antarctica the opposite occurred with
coastal ice margins retreating and thinning, while ice sheet in-
teriors thickened (Ackert et al., 2007; Joy et al., 2014;
Mukhopadhyay et al., 2012).

Although the overall understanding of Antarctic ice sheet
response over the Quaternary has improved, particularly for cooler
periods such as the LGM, relatively little is known about the specific
and localised response of the numerous, largely coastal, valley
glacier systems. The advance and retreat of such glaciers is likely to
be more strongly controlled by local topography and catchment
precipitation rather than the larger scale of regional Antarctic ice
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Fig. 1. McMurdo Sound, Antarctica. Area enclosed by the black line is the McMurdo
Dry Valleys specially managed area, and by the red line is the Denton Hills. Also of note
is another large ice-free area, the Darwin-Hatherton Glacial System, 200 km to the
south. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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sheet dynamics (Marchant et al., 1994; Swanger et al., 2017).
The complex mosaic of landscapes found throughout the ice-

free areas of the Transantarctic Mountains provides an opportu-
nity to investigate Quaternary Antarctic climate. Evidence from
glacial (Denton and Marchant, 2000; Hall and Denton, 2000;
Marchant et al., 1994) and paleo-lacustrine sediments (Hall et al.,
2002, 2006) within the McMurdo Dry Valleys (MDV) suggest for-
mation under a variety of climatic settings, with each valley having
different glaciological, hydrological and topographic constraints.
Therefore, understanding the role that geomorphic processes play
in the formation of glacial valley deposits is key to their use as
evidence of past Antarctic climate.

As geomorphological datasets from Antarctic mountain glaciers
are rare, new datasets may provide important information about
the evolution of glaciers and their relationship to climate. Addi-
tionally, the use of such datasets extends and augments other
regional records, such as ice-cores and marine sediment cores,
which albeit of far higher resolution than exposure age dating,
pertain to atmospheric and marine systems.

Therefore, to investigate the relationship between landscape
and glacial/interglacial climates prior to and following the LGM, we
applied the technique of cosmogenic Beryllium-10 (10Be) surface
exposure dating (SED) to a variety of glacial landforms found in the
Denton Hills within the MDV, an ice-free region on the western
coast of McMurdo Sound (Fig. 1).

2. Regional setting

At the southernmargin of theMDVs, the DentonHills are a small
ice-free and ‘dry valley’ region of polar desert (~200 km2) isolated
from the East Antarctic Ice Sheet to the west by the Royal Society
Range and bordered to the east by the McMurdo Sound coast and
Ross Ice Shelf (Fig. 1). The Denton Hills are dissected by east-
trending coastal glacial valleys that drain into the western margin
of the Ross Ice Shelf (RIS). The two largest valleys in the Denton
Hills, the Miers and Garwood are each fed by a pair of glaciers, the
Miers and Adams glaciers (Fig. 2A and B) and the Garwood and
Joyce glaciers (Fig. 2C and D), respectively.

Sugden et al. (1995) suggested that, like the MDV, the valley
systems of the Denton Hills were initially a product of Miocene
glacial expansion. Their study showed that an advance of a warm-
based EAIS into the Transantarctic Mountains that carved the re-
gion's U-shaped valleys and the subsequent overriding ice removed
the majority of surficial regolith from higher elevations. However,
the current valley morphology is the result of increased thickening
of the RIS prior to and during the LGM, subsequent westward up-
valley intrusion of grounded ice, pervasive thick permafrost con-
ditions and development of post-LGM lacustrine and fluvial sys-
tems (Cox et al., 2012).

At the present-day, the Denton Hills are warmer than the
northern Wright, Taylor and Victoria valleys and have one of the
more temperate climates in Antarctica. Daily summer temperatures
(December to February) ranging from �8.0 and 6.5 �C (Hawke and
McConchie, 2001) with a mean of 0 �C. The area has prevailing
anabatic easterly winds during summer and a noticeable absence of
strong westerly katabatics that are commonly observed at other
locations in the MDV (Hawke and McConchie, 2001). Cold-based
glaciers within the Miers and Garwood Valleys are maintained
due to low precipitation (~0.1 m a�1), and limited residence time of
summer snow that rapidly sublimates due to the low relative hu-
midity (McConchie, 1989).

2.1. Glacial and lacustrine geomorphology of the Denton Hills

Miers Valley (78.1�S, 164.0�E, Fig. 1), one of the longest valleys in
the Denton Hills, is ~15 km long, ~5 km wide with flanking ranges
reaching elevations of >1000 masl (metres above sea level). The



Fig. 2. Cold based glaciers located in the Denton Hills region. Glaciers display a typical cold-based morphology of sheer ice faces and thin lobes. (2A) Looking northward across the
Miers Valley towards the Miers Glacier. (2B) The northern terminal ice face of the Adams Glacier. (2C) Looking west across the terminal push moraines at the margin of Joyce Glacier
and Lake Colleen. (2D) The triple moraine at the terminal lobe of the Garwood Glacier.

Fig. 3. Looking westward up the Miers Valley toward Lake Miers, Holiday Peak, the
Adams and Miers (MG) glaciers. The dashed line demarcates the distinctive dark
appearance of the Ross Sea Drift unit observed on the western floor of the Miers Valley.
With proximity to the coast the drift becomes less subdued and the topographic in-
fluence of ice cored moraines becomes more pronounced. The direction of intruding
LGM West Antarctic ice that deposited the material is shown by the arrows.
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valley contains two piedmont glaciers, the Miers and Adams,
located at the valley head (Fig. 2A and B) that drain ice from the
nearby Blue Glacier (77.9�S, 164.3�E). The Miers and Adams glaciers
are morphologically similar to other cold-based Antarctic valley
glaciers (Atkins, 2013) with narrow (<200 m wide) and thin
(<100 m thick) central geometries that terminate on and drain into
the valley floors. Their piedmont terminal ice lobes are charac-
terised by vertical ice faces (~25 m high) with small ice aprons
(2e4 m) that overlie a mix of modern and previously deposited
glacial erratics and lacustrine material.

The main hydrological feature in Miers Valley, Lake Miers
(Figs. 3 and 4), is similar to the other MDV lakes (e.g. Vida, Vanda &
Hoare) and receives significant supra-glacial meltwater input from
up-valley glaciers. With an area of 1.3 km2, a depth of ~21 m and an
ice cover of 3e5 m (Spigel and Priscu, 1998), the lake has one major
outflow, the Miers River (Fig. 4), that runs through the Lower Miers
valley eastward toward McMurdo Sound, and incises hummocky
ice-cored moraines and a section of lacustrine evaporite deposits
(Clayton-Greene et al., 1988).

The Garwood Valley (78.026�S,164.144�E) (Fig.1B), located 9 km
to the north of the Miers Valley, has a similar morphology and size.
Approximately 13 km long and 3.5 kmwide with a typical glacially
carved U-shaped morphology, the Garwood Valley is separated
from its northern and southern neighbours by flanking bedrock
ridges. As with the Miers Valley, the Garwood Valley has a pair of
cold-based piedmont glaciers, the Joyce and Garwood (Fig. 2C and
D), draining into the head of the valley. The larger of the two, Joyce
Glacier, is fed from the Blue Glacier (Fig. 1) catchment and therefore
shares a common ice source with the Miers and Adams glaciers. In
contrast, the smaller Garwood Glacier, drains a ~10 km2 local cirque
in the mountains to the north of Garwood Valley and therefore is
currently disconnected and isolated from the ice source feeding
other glaciers in the area. The lobe of the Garwood Glacier bisects
the upper valley region into a western and eastern section, with
Lake Colleen (~800 m2) occupying the western basin (Fig. 4A and
D). Seasonal drainage of Buddha Lake (Fig. 4A) and supra-glacial
meltwater from Joyce Glacier results in the formation of a large
delta complex feeding into the western edge of Lake Colleen
(Fig. 4D), that continues to drain eastward to theMcMurdo coast via
Garwood River (Levy et al., 2013).

Compared to the glacial landforms and deposits observed in



Fig. 4. (A), Sites selected for surface exposure dating within the Denton Hills. (B) Upper Miers Valley, including Lake Miers, Miers and Adams glaciers. (C) Lower Miers Valley, and
(D) Garwood Valley, including the Joyce and Garwood glaciers. Samples marked by black dots have associated minimum central 10Be exposure ages (bracketed; ka). The extents of
Glacial Lake Trowbridge as inferred by Clayton-Green et al, (1988), and Glacial Lake Howard (Levy et al., 2013) are outlined by red lines. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Miers Valley, those of the Garwood Valley differ significantly. The
Miers and Adams glaciers have limited constructional features
associated with their advance and retreat, while in contrast, the
Garwood and Joyce glaciers have a combination of both cold-based
terminal-lateral boulder belts and distinct push moraines. This is
most evident at the terminal face of Joyce Glacier where ice
advancing over glacio-lacustrine sediments at the former margin of
Lake Colleen, resulted in a complex of mound-like push moraines
up to 30 m in height (Levy et al., 2013).

Garwood Glacier displays a very different style of ice marginal
moraine from the cold-based boulder belts typically observed at
stagnant ice margins (Atkins, 2013). In particular, the terminal
moraine of Garwood Glacier reaches up to 40 m in height and is
comprised of unsorted angular cobbles and boulders (rare exam-
ples up to ~4m in diameter) that form three distinct terminal ridges
at its western apron and merge to a single smaller ridge on the
eastern side.

A distinctive and widespread feature present throughout the
coastal sections of the MDVs is a glacial deposit known as the Ross
Sea Drift (RSD). Characterised by dark coloured volcanic-rich
hummocky moraines, the RSD intrudes westward from the
McMurdo coast into the valleys of Denton Hills (Fig. 3), and is found
at the mouths of the Miers and Garwood valleys. The extended
distribution of RSD further northward along the McMurdo Sound
coastline is significant as it has been used as one of the key
lynchpins in reconstructing terminal positions, magnitudes and
timing of LGM ice expansion within the Ross Embayment (Brook
et al., 1995a,b; Denton and Marchant, 2000; Stuiver et al., 1981).

Across the Denton Hills, RSD is mapped as a younger (post-LGM)
deposit overlying older sediment (Cox et al., 2012). Younger RSD
deposits proximal to McMurdo coast are distinguished by ice cored
moraines, abundant thermokarst, and areas of poorly developed
patterned ground and desert pavements. In addition, an older RSD
unit was described by Stuiver et al. (1981) as being related to an
earlier and larger Pleistocene WAIS advance into the Ross Embay-
ment. In the Garwood Valley, Levy et al. (2013) describe the “up-
valley till” (i.e. older till) as having similar characteristics to younger
RSD, but differentiated by an increase in clast weathering, with
better-developed desert pavements and patterned ground. The
presence of massive buried glacier ice underlying the complex of
deltas suggests that the “down-valley till” (i.e. younger RSD) was
emplaced directly on top of the older unit (Pollard et al., 2002; Levy
et al., 2013).

Geochronological studies in the Denton Hills have primarily
focused on the timing of LGM ice retreat, whilst some pre-LGM
studies (Higgins et al., 2000) have been restricted by the
maximum radiocarbon dating limit of ~50 ka. Prior to this work, age
control for the RSD is predominantly from radiocarbon dating of
organic material (e.g. algal mats) or carbonate sediments preserved
at margins of former pro-glacial lakes within the MDVs (see Hall
and Denton, 2000 for a review). As these pro-glacial lakes are un-
derstood to have formed against the ice margin of an expanded RIS,
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the elevation contours and timing of paleo-lake shorelines may
have been controlled by variations in thickness of damming ice
(Hall et al., 2002; Hall et al., 2006). However, care is needed when
equating algal radiocarbon ages to glacial retreat as two major as-
sumptions need to be validated i.e. 1) that the increase in available
water is a result of warming, and 2) that lake shoreline algal de-
posits are in-situ products and were not redeposited (Storey et al.,
2010).

The existence of a large Pleistocene paleolake in Garwood Val-
ley, named as Glacial Lake Howard (Fig. 4) is supported by the
interpretation of 14C ages from preserved deltas. Levy et al. (2013)
suggest that an expanded RIS initially dammed Glacial Lake
Howard ~26 ka cal BP and with successive ice thinning, the lake
drained from ~7.3e5.5 ka cal BP as the grounding line retreated
south and past the valley mouth. This is largely consistent with the
suggested retreat history for the Ross Embayment (Anderson et al.,
2014; Conway et al., 1999; Denton and Marchant, 2000; McKay
et al., 2008, 2012) and with radiocarbon and 234U/230Th dates ob-
tained from carbonate lacustrine deposits within the eastern basin
from Miers Valley (Clayton-Greene et al., 1988) that suggest
another large paleo-lake, Glacial Lake Trowbridge (Fig. 4) existed
from 26 to 10 ka cal BP.

In addition to radiocarbon dating, a small number of studies
have applied surface exposure dating (SED) on RSD deposits. Brook
et al. (1995) measured terrestrial cosmogenic 3He, 10Be and 26Al in
both younger and older RSD distributed throughout the MDVs and
the Denton Hills. A significant geological scatter was observed in
younger RSD samples, presumably a result of an inheritance
cosmogenic signal (Brook et al., 1995), with elevations from 250 to
400 masl giving ages ranging from 8 to ~106 ka with a mean of
33± 26 ka (n¼ 19). Older RSD deposits (370e550masl) also display
a very wide age scatter (104e572 ka), with a mean age of 253 ± 163
ka (n ¼ 7). Of this second group, three samples directly originating
from the older drift deposit in Miers and Garwood valleys (see Fig. 1
in Brook et al., 1995a,b) yielded 3He exposure ages of 167 (Miers),
104 and 272 ka (Garwood), and a fourth sample from Blue Glacier
gave an exposure age of 212 ka. The mean ages differentiate be-
tween an older and younger phase of RSD deposition. This concurs
with field observations, weathering studies and geomorphic
context (Stuiver et al., 1981) that suggest a Pleistocene age for the
older RSD deposit.

3. Methodology

The use of SED has dramatically increased over the last few
decades and consequently a better appreciation of the limitations
in applying the technique in polar settings has emerged (Balco,
2011). In Antarctica, a number of factors can complicate interpre-
tation of cosmogenic concentration as valid ages of the associated
landform: 1) the preservation of older cold-based landforms which
were overprinted by younger glacial advances (e.g. Atkins, 2013;
Sugden et al., 1999), 2) the recycling of material with a pre-
existing cosmogenic inventory (e.g. Storey et al., 2010; Joy et al.,
2014), and 3) the susceptibility of deposited material to post-
depositional modification (Applegate et al., 2010; Morgan et al.,
2011; Putkonen et al., 2008).

Specifically, as a result of cold-based ice dynamics, coeval
boulder clusters can be deposited over restricted areas such as at
stagnant cold-based ice margins or alternatively distributed over
large areas as sublimation drift (Atkins, 2013). Any combination of
the above processes can lead to a situation where a complex
geological scatter in exposure ages can be obtained from a single
coeval landform (Fink and Smith, 2007; Hein et al., 2011; Storey
et al., 2010; Strasky et al., 2009).

Detailed glacial mapping, identification of weathering limits and
basal ice characteristics (cold-versus warm-based), and selecting
the largest boulders or cobbles found on bedrock can often aid in
reducing such outliers and geologic scatter in exposure age data-
sets. For example, combining perched cobble-bedrock pairs not
only increases sample size but also provides a means to verify the
passage of cold-based ice. However, when exposure ages are
adversely impacted by such processes as described above, the
analytical errors are usually too small to encompass the spread in
the resultant age distribution and it becomes prudent to consider
minimum or maximum age models. We suggest that the
complexity of sampling at the margins of cold-based glaciers (Joy
et al., 2014; Storey et al., 2010) warrants an initial interpretation
based on selecting a minimum or maximum age model for a
landform to assess chrono-stratigraphic relationships. A commonly
adopted practice in other Antarctic studies is the ‘mountain
dipstick’ mode where samples are typically collected over indi-
vidual vertical transects on flanking mountain slopes with an
objective to reconstruct past glacier surfaces and depth profiles
(Mackintosh et al., 2007; Stone et al., 2003). In these studies, the
youngest age at the highest elevation defines the most recent ice
advance. However, given the presence of extensive drifts, limited
elevation change between samples, and the prevalence of cold-
based conditions, we consider that such an approach may not be
suitable for our study.

3.1. Sample selection

Twenty-six samples were collected within the study area for
SED. Table 1 summarises sample description, site data and local
corrections to 10Be production rates. The size of boulders targeted
for surface exposure dating varied considerably from site to site
(Table 1). Although boulders typically were of sub-metre size, a
small number (i.e. MG6-10) were larger glacial erratics (1.5e3.5 m)
emplaced on bedrock or subaerially exposed within glacial drift.
The height of the upper boulder surface above the local ground
tends to reduce issues that arise from snow shielding (though is a
minor correction in this wind prone region) but more importantly,
shielding due to exhumation of the boulder through glacial/
moraine matrix following deposition and during the period of
moraine stabilisation (see Heyman et al., 2016). Therefore, small
clasts or cobbles perched on bedrock outcrops or large flat erratics
are less likely to be impacted by sediment burial or reorientation
during periods of moraine stabilisation. The remaining samples
ranged in height above the host deposit from 0.1 m to 0.4 m.

Figures s1-s9 in supplementary section, provide representative
photos of samples and locations.

3.1.1. Miers Glacier and Upper Miers Valley (MG)
At the head of Miers Valley, two groups of boulders were

sampled from terminal and lateral moraines on the northern and
southern glacial limits. The first group (MG3, 4 & 5, Fig. s1) was
collected at an elevation slightly above the modern Miers Glacier
margin. Here, a moraine wraps around the eastern ridge of Holiday
Peak (Fig. 3) and conjoins with a similar feature at the similar
elevation along the southern side. We conjecture the feature was
constructed during the most recent ice advance and after a possible
merging of the Miers and Adams glaciers. This moraine is
comprised of generally small granitic boulders (<0.5 m) with little
surficial relief. The second group of samples MG 8, 9& 10 (Figs. s2&
s3), were collected from a similar setting on the northern flank of
the glacier terminus. Here, a greater occurrence of very large er-
ratics (>2 m) is observed and the site is ~70 m lower in elevation
compared to that of the MG site described above.

Finally, samples MV 6 and 7 were taken from glacial drift de-
posits on slopes of the Upper Miers Valley (UMV, n ¼ 2) at



Table 1
Sample and site description for Miers and Garwood valleys.

Sample ID Location Latitude (S) Location Longitude (E) Altitude (masl) Boulder Dimensions (LxWxH cm) Thickness (cm) Thickness Correction
a

Topographic
Correction

Miers-Adams Glaciers
Upper Miers Valley
MG6 78.0914 163.7717 238 400 � 350 x 350 1 0.991 0.998
MG7 78.0907 163.7831 237 350 � 300 x 250 6 0.948 0.998
Miers Glacier
MG3 78.0971 163.7133 317 35 � 15 x 20 5 0.956 0.997
MG4 78.0966 163.7142 318 35 � 25 x 25 4 0.965 0.997
MG5 78.0965 163.7117 324 50 � 35 x 30 5 0.956 0.997
MG8 78.0927 163.7478 254 250 � 250 x 200 2 0.982 0.998
MG9 78.0920 163.7381 246 350 � 300 x 200 5 0.956 0.939
MG10 78.0917 163.7368 252 350 � 350 x 150 3 0.973 0.939
Lake Miers
LM3 78.0997 163.7955 181 40 � 20 x 20 4 0.965 0.986
LM4 78.0998 163.7956 184 45 � 25 x 5 5 0.956 0.981
LM5 78.0997 163.7954 179 15 � 15 x 10 5 0.956 0.985
Lower Miers Valley
MV2.3 78.0990 164.1015 27 15 � 10 x 3 3 0.973 0.996
MV2.1 78.1090 164.1308 72 20 � 12 x 20 3 0.973 0.995
MV2.5 78.1080 164.1343 75 18 � 15 x 4 4 0.965 0.996
MV2.4 78.1120 164.1808 40 15 � 15 x 5 3 0.973 0.996
MV3.2 78.0990 163.9871 120 15 � 15 x 5 5 0.956 0.996

Joyce-Garwood Glaciers
Garwood Glacier
GG1 78.0183 163.9045 409 90 � 50 x 40 3 0.973 0.996
GG3 78.0176 163.9040 412 20 � 15 x 20 5 0.956 0.997
GG4 78.0179 163.9042 400 50 � 45 x 20 5 0.956 0.996
GG5 78.0178 163.9060 420 15 � 15 x 15 5 0.956 0.991
GG8 78.0214 163.9228 388 60 � 40 x 40 5 0.956 0.990
GG9 78.0210 163.9202 391 70 � 40 x 50 4 0.965 0.992
GG10 78.0201 163.9144 389 70 � 30 x 15 5 0.956 0.994
Joyce Glacier
JG1 78.0201 163.8097 390 40 � 30 x 40 5 0.956 0.992
JG2 78.0205 163.8155 387 30 � 25 x 10 4 0.965 0.993
JG4 78.0205 163.8147 390 50 � 30 x 25 5 0.956 0.993

a Based on an attenuation length of 150 g cm2 and a rock density of 2.7 g cm3.
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elevations slightly lower and ~ 1 km down valley from those at the
Miers glacier terminus (MG). Here a string of large boulders (>2 m)
sit at a similar elevation above the valleys floor and may suggest
glacial transport and deposition during a far older advance of the
Miers Glacier.

3.1.2. Lake Miers (LM)
Samples collected at Lake Miers (LM, n ¼ 3, Fig. s4) were from a

prominent ridge, located ~1.4 km equidistant down valley from the
modern terminus of Adams andMiers glaciers. As the upper surface
of the ridge-like feature was relative free of high relief material, the
three most pronounced clasts and boulders (0.05e0.20 m) were
collected at an elevation of ~10 m above the current Lake Miers
surface.

Given the up-valley curvature and concentric morphology of
similar features to the north and west of Lake Miers, Clayton-
Greene et al. (1988) suggested the ridges to be more representa-
tive of lake-level high stands as opposed to glacial construction.
Therefore, these samples are likely related to the past expansion of
Pleistocene Glacial Lake Trowbridge as mapped by Clayton-Greene
et al. (1988).

3.1.3. Lower Miers Valley (MV)
In the lower (eastern) Miers Valley, a different methodology was

required for those samples collected from the glacio-marine RSD
material (MV, n ¼ 5, Figs. s5 & s6). Material at this location was
emplaced within drift deposits associated with the last retreat and/
or sublimation of stranded ice. Given the relatively low topographic
relief of these sites, sub-aerially exposed cobbles and boulders were
collected directly from the exposed drift surface. This approach is
well suited for both warm and cold-based glacial deposits draped
across the landscape during periods of slow retreat or sublimation
of stagnant ice, and has been used successfully at a number of ice-
free Antarctic sites (Ackert and Kurz, 2004; Brook et al., 1993, 1995;
Brown et al., 1991; Joy et al., 2014; Storey et al., 2010).

Five samples of RSD (MV) were preferentially collected east of
Lake Miers, outside of the basin formally occupied by Glacial Lake
Trowbridge and away from the reworked fluvial channel incised by
the Miers River. Thus, samples were ensured of not being influ-
enced by any post-depositional lacustrine or fluvial processes. The
subdued topography and rare occurrences of large granitic boulders
in this area, resulted in the collection of generally small boulders
and cobbles emplaced in the desert pavement drift surface.
3.1.4. Garwood Glacier (GG)
At Garwood Glacier, seven samples (GG1, 3, 4, 5, 8, 9, 10; Figs. s7

and s8) were collected along the crest of a moraine complex that
circumscribes the western and southern margin of the modern
piedmont ice limits. Between 5 and 20 m in height, the moraines
are comprised of unconsolidated angular granite and gneiss boul-
ders (<1 m) and in-filled with a sand/silt matrix. These terminal
moraine ridges are one of themost distinctive glacial features in the
Denton Hills due to the uniqueness of its morphology and prox-
imity to the present-day ice-margin. Moving along the ice front to
the south-east towards the toe of the glacier this moraine complex
appears to merge into a single moraine of ~500 m in length.



Table 2
AMS results and zero erosion exposure ages for the Miers and Garwood valleys.

Sample
ID

10Be/9Be ratio a (x
10�15)

Quartz mass
(g)

9Be carrier mass b

(mg)

10Be Concentration c (atom g�1 x
103)

10Be production rate d (atm/
g/yr)

Minimum 10Be exposure age d,e

(ka)

Miers-Adams Glaciers
Upper Miers Valley
MG6 3108 ± 77 (2.5%) 85.08 0.3370 824 ± 27 6.49 135.0 ± 12.8 (4.6)
MG7 4570 ± 180 (2%) 65.19 0.3430 1606 ± 73 6.22 285.6 ± 29.7 (13.9)
Miers Glacier
MG3 669.0 ± 18.3 (2.7%) 80.10 0.4974 277.6 ± 9.8 6.79 42.6 ± 4.0 (1.5)
MG4 615.2 ± 31.2 (5.1%) 80.46 0.4038 206.3 ± 11.4 6.85 31.2 ± 3.2 (1.7)
MG5 509.1 ± 16.8 (3.3%) 79.08 0.4777 205.5 ± 8.2 6.84 31.2 ± 3.0 (1.3)
MG8 5398 ± 37 (0.7%) 84.58 0.3450 1473 ± 34 6.54 245.6 ± 23.1 (6.0)
MG9 3129.2 ± 30.6 (1%) 89.62 0.3960 924.0 ± 23.2 5.96 166.1 ± 15.4 (4.3)
MG10 433.2 ± 14.3 (3.3%) 38.16 0.3370 256.0 ± 10.1 6.09 43.7 ± 4.2 (1.7)
Lake Miers
LM3 472.8 ± 10.3 (2.2%) 100.62 0.4080 128.1 ± 4.0 5.90 22.4 ± 2.1 (0.7)
LM4 237.2 ± 8.6 (3.6%) 80.26 0.4727 93.4 ± 4.0 5.84 16.5 ± 1.6 (0.7)
LM5 537.0 ± 10.3 (1.9%) 99.99 0.4185 150.2 ± 4.4 5.83 26.6 ± 2.4 (0.8)
Lower Miers Valley
MV2.3 133.4 ± 4.1 (3.1%) 71.45 0.5604 69.9 ± 2.7 5.10 14.1 ± 1.3 (0.5)
MV2.1 100.4 ± 4.4 (4.4%) 71.39 0.6178 58.0 ± 2.9 5.53 11.2 ± 1.1 (0.6)
MV2.5 466.2 ± 12.6 (2.7%) 76.24 0.6274 256.4 ± 9.0 5.33 50.0 ± 4.7 (1.8)
MV2.4 86.5 ± 3.7 (4.3%) 69.93 0.6287 52.0 ± 2.5 5.17 10.3 ± 1.0 (0.5)
MV3.2 22.6 ± 1.4 (6.2%) 10.48 0.3909 56.3 ± 3.7 5.54 10.5 ± 1.1 (0.7)

Joyce-Garwood Glaciers
Garwood Glacier
GG1 1133.7 ± 11.4 (1.1%) 101.49 0.3930 293.4 ± 7.2 7.55 40.4 ± 3.6 (1.0)
GG3 1302.6 ± 12 (0.9%) 98.23 0.4120 365.1 ± 8.8 7.46 51.0 ± 4.6 (1.2)
GG4 292.7 ± 10.4 (3.6%) 47.46 0.4891 201.6 ± 8.5 7.36 28.4 ± 2.7 (1.2)
GG5 783.3 ± 17.2 (2.2%) 80.58 0.4525 294.0 ± 9.2 7.47 40.9 ± 3.8 (1.3)
GG8 1768.4 ± 20.2 (1.1%) 102.05 0.4176 483.6 ± 12.1 7.23 70.1 ± 6.3 (1.8)
GG9 483.8 ± 15.1 (3.1%) 79.40 0.4744 193.2 ± 7.4 7.33 27.3 ± 2.6 (1.1)
GG10 505.6 ± 18 (3.6%) 80.19 0.4240 178.7 ± 7.5 7.27 25.5 ± 2.4 (1.1)
Joyce Glacier
JG1 371.7 ± 10.5 (2.8%) 46.50 0.4736 253.0 ± 9.1 7.26 36.2 ± 3.4 (1.3)
JG2 735.4 ± 12.9 (1.8%) 80.42 0.3840 234.7 ± 6.7 7.31 33.4 ± 3.0 (1.0)
JG4 430.9 ± 16.1 (3.7%) 54.66 0.4750 250.2 ± 10.9 7.27 35.7 ± 3.5 (1.6)

a Measured against NIST SRM-4325 with a nominal value of 27900 � 10�15. AMS ratio is the weighted mean of repeat measurements. Error is the larger of total statistical
error or weighted error in mean. All ratios corrected for chemistry processing blanks with 10Be/9Be ¼ 4.2 ± 2.9 � 10�15 (n ¼ 4, 2 targets).

b 9Be spike from solution of beryl crystal with 1385 ± 1% mg 9Be/g solution.
c Additional 2% error added in quadrature based on reproducibility of AMS standard measurements for 10Be and 1% error in 9Be spike solution concentration.
d Production rates calculated using Cronus version 2.3 Lal/Stone scaling scheme (https://hess.ess.washington.edu/math/al_be_v23/al_be_multiple_v23.php).
e Bracketed values are internal (analytical) errors.
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3.1.5. Joyce Glacier (JG)
Approximately 200 m north of Joyce Glacier, a number of small

lateral moraines are perched above the Garwood Valley floor. The
uppermost moraine (~390 masl) runs for approximately 500 m
along the northern valley with an upper surface slightly dipping to
the east (<5�). The moraine is composed of relatively consolidated
material with medium sized boulders partially buried and pro-
truding from the upper surface. This moraine is comprised of
generally small granitic boulders (<0.5 m) with little surficial relief.

Three granitic boulders, JG1, JG2 and JG4 (Fig. s9) were collected
from the inner crest to minimise the possibility of sampling ma-
terial originally sourced from the valley wall.
3.2. Sample preparation, AMS measurement and age calculation

Sample preparation was carried out at the University of Can-
terbury's cosmogenic preparation facility based on procedures
given in Child et al. (2000), and Mifsud et al. (2012). The sampled
lithologies are granitoids from the Granite Harbour Intrusive
Complex (Cox et al., 2012) with a recoverable cleaned quartz per-
centage in the 212e500 mm fraction of approximately 40e45% of
the total sampled mass. Following Beryllium Oxide (BeO) extrac-
tion, 10Be/9Be ratios were measured on the tandem accelerator
mass spectrometer (AMS) at the ANSTOANTARES facility in Sydney,
Australia (Fink and Smith, 2007) with 10Be normalised against the
NIST-4325 standard reference material (10Be/9Be ratio of
27900 � 10�15). A full discussion on background and AMS correc-
tions can be found in Storey et al. (2010).

Measured 10Be concentrations were converted to exposure ages
using the CRONUS-earth exposure age calculator (version 2.3, Balco
et al., 2008), and Stone et al. (2003) scaling methods. This online
calculator (https://hess.ess.washington.edu/) uses the sea-level
high latitude calibration spallation production rate of 4.49 at g�1

a�1 from Stone et al. (2003), which has been renormalised ac-
cording to the re-adjustment of AMS 10Be/9Be standard reference
materials (Nishiizumi et al., 2007). Although the calculator provides
ages for other production rate scaling schemes (Desilets et al.,
2006; Dunai, 2000; Lifton et al., 2008), to maintain consistency
with the majority of other Antarctic exposure age studies (Ackert
et al., 2013; Joy et al., 2014; Lilly et al., 2010; White et al., 2011;
Yamane et al., 2011), site specific 10Be production rates were
calculated based on the time-independent scaling schemes of Stone
et al. (2003) and the adjusted production rates in table 6 of Balco
et al. (2008).

Exposure ages were calculated using a10Be decay constant of
4.99 � 10�7 a�1, based on the half-life value of 1.387 ± 0.012 Ma
(Korschinek et al., 2010).

All quoted age errors are analytical errors only and do not

https://hess.ess.washington.edu/
https://hess.ess.washington.edu/math/al_be_v23/al_be_multiple_v23.php
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include the estimated 9% production rate uncertainty. To maintain
consistency with other Antarctic cosmogenic studies (Lilly et al.,
2010; Hein et al., 2011; White et al., 1011; Ackert et al., 2013;
Suganuma et al., 2014; Kaplan et al., 2017), our exposure ages
employ a zero-erosion rate. Therefore, all calculated exposure ages
should be considered modelled minimum, unless prior exposure is
suspected. For illustrative purposes, using an erosion rate of 0.5
mm/ka (a value considered high for Antarctic conditions) would
increase young ages (<50 ka) by 13%e15% and older ages
(~100e200 ka) by 20%e28%.
4. Results

Our dataset of 26 10Be surface exposure ages (Fig. 4) have a zero-
erosion age range of 10 ka to 286 ka and cover altitudes of 27e420
masl (Table 1). Of the 22 acceptable ages (four are outliers) three
individual ages are Early Holocene at 10e11 ka, two ages lie within
Termination-1at 14 and 17 ka, and 15 ages are spread between 23
and 51 ka spanning Marine Isotope Stage (MIS) 2e4 and the
remaining two pre-date the last glacial cycle and range from 135 to
286 ka.

When referred to our defined individual landforms and their
stratigraphic relationship, a total of four samples, MV2.5 (50 ka),
GG8 (70 ka), MG8 (246 ka) and MG9 (166 ka), can be classed as
outliers being three to four times larger (i.e. older) than mean ages
from the same landform as estimated from the remaining popu-
lation. We plot in Fig. 5 exposure ages versus elevation above sea-
level. Within each location, ages show an internal consistency (i.e.
well clustered), however the apparent overall age-elevation linear
correlation should not be used to infer an ice thinning rate over
time. Although the maximum elevation difference is large (i.e.
~400m), each set of samples comes from a distinct sub-group of the
population, spread over three different valley glaciers, and as such
Fig. 5. Age-Elevation relationship plots for the Denton Hill SED samples. Samples
collected from various discrete landforms cluster in groups (coloured dots) with the
four samples (GG8, MG8, MG9 and MV2.5) considered outliers marked with red dotted
circles. 2 sigma age errors are approximately the same size as the marker, so therefore
have been omitted for clarity. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
are representative of different geomorphological settings and
processes, hence precluding a ‘dipstick’ approach to quantify a
regional ice surface lowering rate.
4.1. Miers Valley

At the Miers Glacier (Fig. 4B), six granitic boulders were dated in
two groups at moraines near the glacier terminus. The first group
(MG3, 4& 5) has 10Be ages of, 42.6 ± 4.0, 31.2 ± 3.2 and 31.2 ± 3.0 ka
respectively, while within the second group (MG8, 9& 10), only one
(MG10) of the three boulders gives an exposure age (43.7 ± 4.2 ka)
within that of MG 3,4 and 5. Therefore, a mean age of 37.2 ± 6.9 ka
(1s, n¼ 4) is assigned. The ages of the older two,MG9 andMG8, are
among the oldest in our dataset, 166.1 ± 15.4 ka and 245.6± 23.1 ka,
respectively, and are in stark contrast to the far younger ages (i.e.
31e44 ka).

Samples MG6 and 7, in the Upper Miers Valley and situated
about 1 km due east from the modern glacier edge (Fig. 4B), gave
10Be ages of 135.0 ± 12.8 and 285.6 ± 29.7 ka. These ages are
anomalously old when compared to the younger ages in our
dataset.

In the lower Miers Valley (Fig. 4C), samples MV2.1, MV2.3,
MV2.4, and MV3.2 collected from the RSD, yield exposure ages of
11.2 ± 1.1, 14.1 ± 1.3, 10.3 ± 1.0 and 10.5 ± 1.1 ka respectively (Fig. 4);
giving a mean age of 11.5 ± 1.8 ka (1s, n ¼ ). Given the weathered
and rounded appearance of MV2.5 (50 ka, the oldest sample) we
conclude that it should considered an outlier and likely has some
degree of prior exposure.

At Lake Miers (Fig. 4C), samples LM3, LM4 and LM5 have 10Be
exposure ages of 22.4± 2.1,16.5± 1.6 and 26.6± 2.4 ka, with amean
age of 21.8 ± 5.1 (1s, n ¼ 3) ka. The lacustrine context most likely
explains the very large spread of ages resulting from complex
exhumation histories. This would preclude any glacially-related
conclusion to be drawn from these ages other than a suggestion
of LGM provenance.
4.2. Garwood Valley

At the Joyce Glacier (Fig. 4D), 10Be ages from boulders JG1, JG2
and JG4, were 36.2 ± 3.4, 33.4 ± 3.0 and 35.7 ± 3.5 ka, with a mean
age of 35.1 ± 1.5 (1s, n ¼ 3).

Eight samples in our dataset originated from the Garwood
Glacier moraine complex. The first cluster, containing samples GG1,
GG3, GG4 and GG5, were collected from a single locality across the
western side of the moraine and have exposure ages of 40.4 ± 3.6,
51.0 ± 4.6, 28.4 ± 2.7 and 40.9 ± 3.8 ka respectively (Fig. 4D). A
second set of three boulders (GG8, GG9 & GG10) were collected
~500 m to the east on the (convergent) single moraine at the ice
terminus and gave ages of 70.1 ± 6.3, 27.3 ± 2.6 and 25.5 ± 2.4 ka,
respectively (Fig. 4D). Given that age for GG-8 is ~2e3 times older
than the other sample ages along the moraine ridges, we suggest
that it can be considered as an outlier. The remaining six samples
range from 26 to 51 ka with an overall population mean age of
35.6 ± 10.1 (1s, n¼ 6) ka. This age distribution could be interpreted
as a ca. 26e40 ka moraine with varying amounts of inheritance
(minimum age model) that accounts for older ages, or an older
moraine that contains some boulders with complex burial-
exposure histories; we are unable to distinguish between these
end-member scenarios and thus present age ranges and means
herein.
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5. Discussion

5.1. Interpretation of exposure ages

5.1.1. Ross Sea Drift and Glacial Lake Trowbridge
A Ross Sea Drift 10Be mean age of 11.5 ± 1.8 ka is consistent with

the presence of a grounded RIS damming the coastal mouths of the
Denton Hills prior to 12 ka (Anderson et al., 2014; Hall et al., 2013).
As the RSD samples are spread over an elevation range of ~90 m
(27e120 masl) and have consistent ages they suggest that rapid
thinning of at least 120 m ice thickness may have occurred,
commencing at about 14 ka up to ~10 ka by which time the coastal
parts of Miers Valley would have been basically ice-free (Fig. 6).
Additionally, the tight clustering of ages, spread over ~20 km2 may
indicate that the RSD was deposited by a combination of overall ice
surface lowering (i.e. ablation and sublimation down-wasting) and
rapid down-valley retreat (Fig. 6). These interpretations are
consistent with the timing of RIS retreat in the Ross Embayment:
sediment cores fromMcMurdo Sound showgrounded ice started to
unground and retreat southward at ~10 ka transitioning to a
floating ice shelf by ~8.8 ka 14C cal BP (McKay et al., 2016). Our age
data are consistent with the “swinging gate” model (Conway et al.,
1999; Hall et al., 2013) of Ross Embayment deglaciation which
suggests the RIS in McMurdo Sound was still at its maximum
thickness and extent by as late as 13 ka, when thinning began.

Our conceptual model for RSD deposition in the Miers Valley is
that as the grounding line retreated southward along the McMurdo
Fig. 6. Centreline profile of the Miers Valley running from Lake Miers (A) in the west to the R
of SED samples collected from within the Ross Sea Drift (marked in red) along this transect
120 m (see text). The direction of ice retreat/thinning is from left to right (A to A'). The posit
the references to colour in this figure legend, the reader is referred to the web version of t
coast, ice which originally filled the Denton Hill valleys thinned
and/or retreated via ablation and sublimation. The reduction of ice
volume would have then concentrated the entrained RSD material
and eventually formed the extensive RSD drift observed today.
When this drift reached a critical thickness for the environment,
underlying ice would have been insulated from further ablation
(Fitzsimons, 1990; Kowalewski et al., 2006). A process especially
evident at the coastal valley mouths, where the deposit is charac-
terised by well-preserved, buried glacial ice-cored moraine (e.g.
Pollard et al., 2002; Levy et al., 2013).

An additional group of samples (LM3, 4 & 5) relate to the areal
extent of Glacial Lake Trowbridge (see Clayton-Greene et al., 1988)
and may provide some additional evidence concerning the lake's
formation and decay within Miers Valley. We interpret the ridge
like feature mapped at the margins of present day Lake Miers to be
a product of a “lake-ice conveyor” process as described by Clayton-
Greene et al. (1987); Hall et al., 2006; and Hendy et al., 2000,
whereby englacial material is transported via lake ice towards its
contemporary margins where it is re-deposited as ice rafted drift.
Our mean exposure age of 21.8 ± 5.1 ka for the feature agrees with
lacustrine sediments at Glacial Lake Washburn (Wright Valley,
Stuiver et al., 1981) and at Glacial Lake Victoria (Victoria Valley, Hall
et al., 2002) that indicate the presence of ice impounded pro-glacial
lakes at 21 to 8.6 ka 14C BP in the MDVs. Additionally, as the
lacustrine radiocarbon ages fromGlacial Lake Trowbridge (Clayton-
Greene et al., 1988) span a similar range, 23 to 10 ka 14C cal BP, it
may suggest that a similar hydrological regime existed in the
oss Ice Shelf (A') to the east (see Fig. 4 for regional setting). Location and bracketed age
estimate West Antarctic ice loss in the eastern section of the Miers Valley to be at least
ion of sample MV2.5, assumed to be an outlier, is labelled in red. (For interpretation of
his article.)
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Denton Hills. Although our exposure ages from the LM site appear
to overlap the same period, they must be viewed with some
caution. Ages of material exhumed at the glacier margin, trans-
ported and re-deposited via the “lake-ice conveyor”, may reflect the
combination of englacial inheritance, i.e. exposure during lake
surface transport and deposition at its margin. In addition, as the
time that material may have been covered by water at the lake
margin is unknown, the effect on 10Be production rate due to cos-
mic ray attenuation cannot be quantified. However, assuming the
latter process is minimal we can conclude that over the past 22 ka
at most, Lake Trowbridge was actively modifying the landscape.

5.1.2. Miers, Joyce and Garwood Glaciers
Exposure ages detailing the Late-Pleistocene behaviour of the

three Denton Hills glaciers comprise the majority of our 10Be
dataset (n ¼ 15) and range from 26 to 286 ka with a cluster of 13
ages from 26 to 51 ka.

Geomorphic field mapping and glacial evidence from terminal
and lateral moraines associated with the Joyce, Adams and Miers
glaciers show evidence of retreat from positions well beyond their
current ice limits. Joyce Glacier appears to have advanced at least
~250m eastward into Garwood Valley and the Adams-Miers glacier
pair appears to have advanced ~1.2 km beyond its current extent.

At Garwood Glacier sample positions and age scatter infers that
even with the omission of GG-8, the remaining age range of 26e51
ka is sufficiently large to restrict a detailed analysis of the timing of
Garwood retreat which led to the deposition of the moraine com-
plex. The morphology (e.g. Fig. 4D) shows two distinct moraine
ridges however, GG4, the youngest sample, resides on the outer
moraine about 50 m from the ice margin, and only tens of metres
from the oldest sample, GG3. If the six samples for Garwood Glacier
were treated as a single population with a mean value of 35.6 ka,
our simplest conclusionwould be that it has not advancedwest into
the Lake Colleen basin from its present terminal position for at least
the past 26 ka and perhaps for as far back as 51 ka.

The Miers (31e44 ka), Joyce (33e36 ka) and Garwood glaciers
(26e51 ka) appear to have all reached their maximum ice volumes
prior to the global LGM (taken as 26e19 ka BP, Clark et al., 2009)
and therefore, the colder climate during the peak and towards the
end of the global LGM may have had little impact on the down
valley extent of the local glacier systems and it appears most likely
that these glaciers did not advance further than their present ice
margins during the LGM.

5.2. Asynchronous deglaciations

Marchant et al. (1994), from observations of glacial sediments in
the Taylor Valley, suggested that during interglacials, valley glaciers
advanced while ice sheet margins thinned at coastal margins. In
contrast, during glacial periods ice sheet margins thickened and
valley glaciers retreated.

This investigation shows evidence of local glacial retreat both in
and out of phase with global glacial cycles. The deposition and
timing of RSD in Miers Valley by the RIS, displays a classic syn-
chronous (or in-phase) response to climate. As global temperatures
cooled prior to the LGM, advance of the RIS grounding line across
the Ross Embayment followed by its retreat at the onset of warming
after 20 ka, after the Last Interglacial, resulted in deposition of RSD.
Conversely, the retreat of valley glaciers in the Denton Hills during
global LGM times would appear to support the asynchronous (out
of phase) deglaciation hypothesis.

We suggest that, since exposure ages reflect periods of glacial
stagnation or ice retreat, local glaciers retreated prior to the local
LGM. As the LGM Ross Embayment fully transitioned from an open
ocean/ice shelf mosaic to an expansive grounded ice sheet, it would
have both decreased evaporation rates and increased the distance
to the nearest moisture source. This situation, combined with a
cooler and drier climate during the LGM, implied by ice-core data
(Jouzel et al., 2007; Petit et al., 1999), may have starved the local
catchments of precipitation, thus prohibiting an advance and
possibly triggering a period of retreat.

The Denton Hills valley glaciers display a somewhat asynchro-
nous response to LGM cooling. These glaciers achieved their ter-
minal positions marginally beyond or at their current ice limits
during the period ~35e25 ka, but there is no record preserved of a
major advance during the MIS-5 interglacial (~125 ka) at more
distal locations such as that observed at the Darwin-Hatherton
outlet glacier system (Fig. 1) in the Transantarctic Mountains (Joy
et al., 2014). The only evidence of late to mid-Pleistocene glacial
advances in the Denton Hills comes from the Miers Valley samples
on slopes proximal to Miers lake (MG 6 and 7), with ages of 135 and
286 ka, respectively (given that MG8 and MG9 are outliers).

An explanation for the differences in the timing and magnitude
of past glacier behaviour between sites at the Darwin-Hatherton
and Denton Hills (~200 km) may be related to the geometry of
the ice catchments that feed them. While the Darwin and Hather-
ton glaciers are directly connected, and may respond quickly to
changes in EAIS ice volume, the Denton Hills glaciers are not. The
presence and elevation (~3500 msl) of the Royal Society Range
(Fig. 1) provides an effective barrier to ice flow into the region, thus
isolating their glacial catchments from the influences of East Ant-
arctic ice. The result of this topographic barrier is that the local
catchments of various sizes may respond very differently, with the
Garwood Glacier being fed by a small steep isolated alpine catch-
ment (~12 km2) and the Adams, Miers and Joyce glaciers fed by the
much larger Blue Glacier catchment (~700 km2).

5.3. Glacial history of the Denton Hills

Our field mapping and 10Be exposure ages provide key insights
into ice sheet and alpine glacier behaviour during the Late-
Pleistocene in the Denton Hills. The development of the modern
landscape within the Miers and Garwood valleys leads to a number
of conclusions about the glacial dynamics and resulting processes
from ~12 to 51 ka.

5.3.1. Pre-LGM
As the grounding line of the WAIS is thought to have been at its

terminal position near the continental shelf well before the LGM
(Denton and Hughes, 2000; Shipp and Domack, 1999; Stuiver et al.,
1981) it is likely that the RIS intruded into the valley mouths by ~30
ka. The Miers and Adams glaciers may have coalesced and
advanced into the Miers Valley forming the lateral moraine feature
wrapping around the side of Holiday Peak and up valley from Lake
Miers. At this time, supra-glacial meltwater generated during the
cooler than present austral summer drained down valley and
started forming Glacial Lake Trowbridge, whose exit was dammed
against the intruded RIS margin.

Our two oldest dates from the Miers Valley (i.e. MG8 and MG9)
and east of the modern Miers Glacier are ~166 ka and 245 ka, and
much older. Because MIS 3 glacial deposits are rare (e.g. Swanger
et al., 2017), these sites present important targets for future work.

During the same period, the Joyce Glacier expanded out to the
northern flank of the Garwood Valley. Although the distribution of
patterned ground observed on the valley wall, and which extends
further past our sampled moraines, suggests that the Garwood and
Joyce glaciers had coalesced in the past, it is likely that the
maximum pre-LGM advance of the Joyce Glacier only reached the
margin of Lake Colleen. The inference from the terminal positions
of the two glaciers is that Lake Colleen had available space to



Fig. 7. Probability density plot (outliers excluded) for exposure ages from the Joyce (green, n ¼ 3), Miers (red, n ¼ 4) and Garwood (blue, n ¼ 6) glaciers. Plots are calculated as per
Lowell (1995) and use the internal (analytical) age error (see Table 2). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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occupy the basin for at least the last ~51 ka.

5.3.2. LGM to present
The behaviour of the Denton Hills valley glaciers during the LGM

is not well defined. Fig. 7 shows the cumulative age probability plot
(Lowell, 1995) for all 13 ages in the range from 26 to 51 ka from the
Denton Hills with a population mean of 35.9 ± 7.5 ka (1s). The
absence of glacial landforms with a majority of exposure ages
commensurate with an Antarctic (or local) LGM at 18e22 ka, as
defined by the onset of warming evidenced in numerous Antarctic
ice cores (Augustin et al., 2004; Petit et al., 1999) indicates that the
local LGM in the Denton Hills preceded the global LGM. Hence, we
conclude the last advance of the Denton Hills glaciers most likely
occurred prior to the global LGM sometime between ~26 and ~44
ka. Our exposure ages cannot preclude the occurrence of an
advance at the global LGM or even during the current interglacial if
evidence for that advance was removed or is obscured. The only
two possibilities are that any advance younger than ~20 ka was
removed by the incursion of an expanding RIS or, that advance now
abuts the pre-LGM moraines we have dated. We believe both op-
tions re highly improbable and hence conclude that the modern
terminal moraines represent the local LGM.

Clayton-Greene et al. (1988) suggest that Glacial Lake Trow-
bridge was at its maximum extent at the local LGM with a
maximum elevation just above that of modern Lake Miers and had
started to drain prior to 14 ka, likely driven by the thinning of the
detached ice in the valley mouths. The youngest Lake Miers site age
of 16.5 ka (LM4) would thus support this observation and conclude
that the lake had considerably reduced in volume. The inference
from this is that a considerable proportion of the lake volume was
lost, likely via evaporation, before ~14 ka.

Falling lake levels in the Holocene appear to have coincidedwith
the continued thinning of the RIS. This process continued until ~9
kawhen valley mouths became predominantly ice-free, the eastern
basin in the Miers Valley now being drained and in-filled with
glacio-lacustrine and evaporite sediments, while the western basin
still contained water and formed the modern Lake Miers.

As the remaining stranded ice in the valley mouth sublimated,
englacial material slowly accumulated and was deposited
throughout the valley floors as the Ross Sea Drift. The RSD was
further modified by fluvial and aeolian reworking of the post-
glacial landscape. In both Miers and Garwood valleys, periods of
enhanced meltwater generation from the alpine glaciers, trans-
ported sandy material down valley to produce large deltas.
Meltwater streams and rivers have continued to incise and rework
sediments, particularly in ice-cored moraines, in the glacial
outwash plains and valley floor drainage channels.

6. Conclusions

Surface exposure ages from a variety of glacial and lacustrine
features in the Garwood and Miers valleys of the Denton Hills
provide new insights into the behaviour of small alpine-style polar
glaciers as well as those of the Ross Ice Shelf over the last ~51 ka.
Within the Denton Hills our 22 new exposure ages (omitting four
outliers) range from 10 to 286 ka and show that:

� Exposure ages representing the local LGM in the Denton Hills
range from 26 to 51 ka with a preferred mean age of 35.9 ± 7.5
(1s) based on 13 boulders taken from the terminal moraines of
the Garwood, Joyce and Miers glaciers.

� The dated terminal moraines are either adjacent to today's
modern ice margin or at most 100 m down valley from the
current ice limits, suggesting that no younger advance has
occurred beyond these limits since their deposition at 36 ka.

� The Lake Colleen basin, in the Garwood Valley, has been glacier-
free since at least 26 ka.

� Glacial Lake Trowbridge over the past 23 ka atmost, was actively
modifying the landscape surrounding both the western and
eastern basins.

� The Ross Sea Drift was deposited in the valley mouths when
West Antarctic ice thinned at ~12e14 ka. The small age range
from our exposure ages suggests an overall rapid thinning of ice,
with most areas exposed at the same time.

� The lack of a significant regional expansion of valley glaciers in
the Denton Hills during global LGM times appears to support the
Marchant et al. (1994) asynchronous (out of phase) deglaciation
hypothesis.
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