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GPR provides high resolution images of aeolian strata in frozen sand in the McMurdo Dry Valleys of
Antarctica. The results have positive implications for potential GPR surveys of aeolian strata on Mars. Within
the Lower Victoria Valley, seasonal changes in climate and a topographically-constrained wind regime result
in significant wind reversals. As a consequence, dunes show reversing crest-lines and flattened dune crests.
Ground-penetrating radar (GPR) surveys of the dunes reveal sets of cross-strata and low-angle bounding
surfaces produced by reversing winds. Summer sand transport appears to be dominant and this is attributed
to the seasonal increase in solar radiation. Solar radiation which heats the valley floor melts ice cements
making sand available for transport. At the same time, solar heating of the valley floor generates easterly
winds that transport the sand, contributing to the resultant westward dune migration. The location of the
dune field along the northern edge of the Lower Victoria Valley provides some shelter from the powerful
föehn and katabatic winds that sweep down the valley. Topographic steering of the winds along the valley
and drag against the valley wall has probably aided the formation, migration and preservation of the dune
field. Optically-stimulated luminescence (OSL) ages from dune deposits range from 0 to 1.3 kyr showing that
the dune field has been present for at least 1000yr. The OSL ages are used to calculate end-point migration
rates of 0.05 to 1.3 m/yr, which are lower than migration rates reported from recent surveys of the Packard
dunes and lower than similar-sized dunes in low-latitude deserts. The relatively low rates of migration are
attributed to a combination of dune crest reversal under a bimodal wind regime and ice cement that reduces
dune deflation and restricts sand entrainment.
ll rights reserved.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Antarctica is the coldest, driest and windiest continent on Earth. In
the areas free of snow and ice, liquid water only flows in streams for
around two months each year during the austral summer. However,
winds blow throughout the year so that aeolian sediment transport is
probably more important than fluvial transport. This is most evident
in the Victoria Valley, one of the McMurdo Dry Valleys of Antarctica
(Fig. 1), where there is a variety of types of sand dunes including
transverse, barchanoid, and whaleback dunes, in addition to proto-
dunes, embryonic dunes, sand-sheets and sand-ramps (Lindsay,
1973; Calkin and Rutford, 1974; Selby et al., 1974; Miotke, 1985;
Bourke et al., 2009; Bristow et al., 2009). In this paper we focus on the
Packard dunefield, which is located along the northern margin of the
Lower Victoria Valley beneath the Packard Glacier (Fig. 1). The Lower
Victoria Valley is around 15 km long and trends east to west. At its
eastern end lies the Victoria Lower Glacier and at its western end is
Lake Vida. The valley slopes from east to west from the toe of the
Victoria Lower Glacier at around 400 m to Lake Vida at 350 m
elevation above sea level (ASL). The valley walls are steep and rise to
elevations of between 1000 and 1500 m ASL.

The first published report of the Victoria Valley dunefield was part
of a wider investigation of the regional geology by Webb and
McKelvey (1959), who described the dunes as barchan and longitu-
dinal types formed under the influence of east–west winds. Research
interest in the Victoria Valley duneswas stimulated in the early 1970's
when the dunes were investigated byMorris et al. (1972a,b) as part of
a geomorphological study that aimed to collect data for visual
comparison with images expected from the Viking Mars Mission
which was launched in1975, arriving at Mars in 1976. Further
geomorphic and sedimentary studies of the dunes were undertaken
by Lindsay (1973); Calkin and Rutford (1974); Selby et al. (1974);
Miotke (1985); Speirs et al. (2008) and Bourke et al. (2009).

The dunes in the Victoria Valley are potential analogues for dunes
on Mars because the low temperatures and high aridity are analogous
to the surface conditions on Mars where a variety of dune forms have
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Fig. 1. A)Map of Antarctica showing location of the McMurdo Dry Valleys. B) Satellite image of the Lower Victoria Valley showing the dunefields. C) LiDAR image of the Packard dune
field in the Lower Victoria Valley showing the location of the GPR profiles across the dunes that are described in this paper. The dunes described are labelled PW1–3 for those west of
the Packard stream and PE1–5 to the east of the Packard stream.
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been observed (Malin et al., 1998; Hayward et al., 2007) including
reversing transverse dunes and barchanoid dunes with reversing
crest-lines (Fenton et al., 2005). The success of the Mars Exploration
Rovers, Spirit and Opportunity, and high resolution images of the
Martian surface have created renewed interest in the geology and
surface processes operating on Mars (e.g.; Squyres et al., 2004a,b;
Grotzinger et al., 2005). The European Space Agency (ESA) ExoMars
mission planned for launch in 2013 will include a rover which will
carry ground-penetrating radar (GPR) as part of the Pasteur payload.
The WISDOM (Water Ice and Subsurface Deposit Observation on
Mars) instrument will be the first space borne GPR on a rover
(Plettemeier et al., 2009). The WISDOM experiment plans to
characterise the soils on Mars and then map their variability such as
alluvial or aeolian layering (Ciarletti et al., 2009). GPR has previously
been deployed within the McMurdo Dry Valleys for Mars analogue
studies (Arcone et al., 2002), and in this paper we present a detailed
analysis of aeolian strata of sand dunes in the Lower Victoria Valley
imaged by GPR.

The Victoria Valley dunes are also potential analogues for the
extensive mid-latitude periglacial aeolian deposits of the Northern
Hemisphere (e.g. Koster, 1988; Seppälä, 2004). Although cold climate
dunes are now recognised in many parts of the northern hemisphere
(Good and Bryant, 1985; McKenna-Neuman and Gilbert, 1986; Koster,
1988; Koster and Dijkmans, 1988; Dijkmans, 1990; Mann et al., 2002;
Mountney and Russell, 2004; Bateman and Murton, 2006) their
structures remain poorly documented. This may be due in part to the
presence of permafrost which prevents excavation of trenches.
However, ice is no barrier to GPR and the structure of cold climate
dunes can be successfully imaged using this approach, as we
demonstrate in this paper.



Table 1
Dune height and width at the time of the surveys in November and December 2006.

Dune Height Width
(m) (m)

PE1 9.8 100
PE2 5.5 76
PE3 7.3 92
PE4 7.8 68
PE5 7.8 92
PW1 12.1 136
PW2 9.1 100
PW3 3.3 46
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The aims of this paper are to describe and interpret the structure of
cold climate dunes as revealed by (GPR) profiles across the Packard
dunefield in the Victoria Valley, Antarctica. These profiles should
provide a template for comparison with potential GPR images of
aeolian strata on Mars. In addition, we investigate the effects of
seasonal wind reversals on the dunes in Victoria Valley that have been
noted previously (Lindsay, 1973; Selby et al., 1974). We present
images of the internal structure of reversing dunes for which there is
almost no data from either warm or cold deserts. This is despite the
fact that reversing dunes are one of the nine types of dune defined by
McKee (1979). In addition, we will use optically-stimulated lumines-
cence (OSL) to constrain the age of the sand dunes and calculate rates
of dune migration. We compare these rates with earlier estimates
from aerial photograph interpretation and field monitoring and
discuss the local climatic controls on dune migration.

2. The Packard dune field

The Packard dunefield is located on the northern side of the Lower
Victoria Valley beneath the Packard Glacier (Fig. 1). According to
Bourke et al. (2009) the dune field is about 3.1 km long and covers an
area of 1.5 km2. It includes over 30 dunes, most of which are
barchanoid or transverse (Fig. 1) although some are climbing dunes
ascending till ridges on the valley margin (Fig. 2). Topographic
profiles across the dunes show that the dune height varies between
3.3 and 12.1 m while the width varies from 46 to 136 m at the time of
our survey in November 2006 (Table 1). These figures compare with
results from LiDAR interpretation whereby Bourke et al. (2009)
determined an average dune height of 5.3 m with a range from 1.8 to
11 m. Their approach tomeasuring dune length and height differ from
ours because they measured the stoss-side width, and dune height
was estimated from the LiDAR data set by selecting the highest point
on the dune crest or brink and a point at the foot of the avalanche
slope and calculating the difference (Bourke et al., 2009). Note that
the apparent elevations on the LiDAR dataset are incorrect but the
relative elevations are believed to be reasonably accurate.

A meltwater stream from the Packard Glacier flows into the
Packard dune field and for convenience we informally use the stream
to divide the dunes into two parts, west of the Packard stream and
Fig. 2. Transverse climbing dune with a northwest facing slip-face (PW3), migrating o
east of the Packard stream. The crests of the dunes are oriented
northeast to southwest oblique to the valley. To the west of the
Packard stream the dune crest-line is closer to north–northeast to
south–southwest probably influenced by the orientation of underly-
ing till ridges (Fig. 2).

The dunes reverse due to seasonal changes in the wind strength
and direction (Lindsay, 1973; Selby et al., 1974). In the summer
months the winds are dominantly from the east and the dunes
develop west facing slip-faces. During the winter months strong
westerly winds reshape the dunes blowing sand and snow from west
to east. The westerly winds are described as katabatic winds draining
from the Polar Plateau (Nylen et al., 2004) but an alternative
suggestion is that they are aerodynamically deflected upper level
winds that produce a föehn effect (e.g. McKendry and Lewthwaite,
1992; McGowan and Speirs, 2008; Speirs et al., 2009). The westerly
winds are most frequent in the winter and less common in the
summer, whilst in the winter the westerly winds are stronger than
those in the summer (Nylen et al., 2004). Both the summer easterly
winds from the Ross Sea and thewesterly katabatic or föehnwinds are
topographically-channelled along the valley (Doran et al., 2002;
Ayling and McGowan, 2006).

East dipping sets of interbedded sand and snow strata dipping
towards the east, in the direction opposite to that of the dune slip-face
are reported by Lindsay (1973), Selby et al. (1974) andMiotke (1985).
They suggest that these sets of cross-stratification formed by westerly
winds during the winter. The contrast between field observations of
nto a till ridge, with the Packard Glacier in the background (December 5th 2006).
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west facing slip-faces during the summer months and trenches that
reveal east dipping strata (e.g. Miotke, 1985, Fig 18 pg. 101) suggests
that the dunes may have a complex internal stratigraphy with many
reactivation surfaces due to seasonal wind reversals. In addition,
monitoring of a small barchan dune by Speirs et al. (2008) shows that
reversals can occur in a matter of days. Speirs et al. (2008) recorded
changes in the crest-line of a dune that migrated east at a rate of
2.25 m/day under a westerly wind and then reversed back at a rate of
1.67 m/day under an easterly wind over a period of five days.

3. Field observations

At the time of the surveys in November–December 2006 the top of
the dunes were free of snow and covered by a layer of fine sand and
wind ripples. Beneath the surface the sand was locally cemented by
ice but most of the dune was dry frozen and sometimes interbedded
with snow layers. The dry frozen sands were sufficiently well
consolidated for wind deflation to produce small outcrops of frozen
sand at the dune crest (Miotke, 1985). These sands would remain
frozen at night but usually soften during the day when solar radiation
increased and thawed interstitial ice. Once thawed, the sand was
more easily mobilised and eroded revealing fresh layers of frozen
sand. Thus, the potential for aeolian sediment transport tended to
increase through the day with increasing surface temperatures driven
by solar radiation. Warming of the valley floor also helps to generate
easterly “sea breezes” that blow inland from McMurdo Sound
(McKendry and Lewthwaite, 1992). Solar radiation is driving both
potential sediment mobility, by melting frozen sand, and increasing
aeolian sediment transport by generating easterly winds during the
summer months.

4. Ground-penetrating radar

Ground-penetrating radar (GPR) has been used successfully to
image the internal structures of a variety of desert and coastal sand
dunes (e.g. Bristow et al., 1996, 2000a,b, 2005, 2007). GPR works well
in dune sands because they have a low conductivity and contain large-
scale sedimentary structures that can be imaged by GPR (Bristow,
2009). In this study GPR profiles were collected along and across eight
of the dunes in the Packard dune field using a PulseEKKO 1000 with
900 and 450 MHz antennas and a PulseEKKO 100 with 100 and
200 MHz antennas, all in bistatic mode. The GPR profiles in this paper
were all collected using a PulseEKKO 100 with 200 MHz antennas, a
step size of 0.1 m, antenna separation 0.5 m, in parallel broadside
configuration, with the exception of PE1 which was collected with
100 MHz antennas, spaced at 1 m, with 0.25 m step size.

Topographic elevations were measured at 5 m intervals along the
profiles and at breaks in slope using a Geodimeter 620 Total Station
survey instrument. Topographic corrections have been applied to the
GPR data. For depth estimates we have used a velocity of 0.15 m/ns
calculated from CMP surveys on the dunes which indicate velocities
between 0.14 and 0.17 m/ns. These velocities are consistent with
published velocities for dry sand 0.12–0.17 m/ns and ice 0.17 m/ns
(Reynolds, 1997). Around 3.2 km of data was collected across five
dunes to the east of the Packard Stream (PE1–5) and three to the west
of the stream (PW1–3). Data processing included Ekko trace fix,
Dewow, AGC gain maximum 100, and migration.

5. Optically-stimulated luminescence

Twelve samples of dune sand were collected for OSL dating in
opaque tubes pushed horizontally into the wall of small hand dug
pits at depths of between 0.3 and 0.9 m. Sample locations were
selected based upon the interpretation of bounding surfaces
identified on the GPR profiles. The OSL ages are used below to
calculate the end-point migration rates for the dunes based upon
the sample's age and the horizontal distance to the slip-face on the
lee-side of the dune following the method of Bristow et al. (2005). A
further sample of surface sand was collected from the active parts of
a dune. The samples were processed under dark room conditions
with sand-sized quartz grains separated using dry sieving and
magnetic separation techniques, followed by etching for 60min in
concentrated HF to remove the outer alpha-irradiated surface of
each grain. Each sample was subsequently resieved to remove grain
fragments.

Initial luminescence measurements were conducted to assess
signal characteristics and sensitivities. These determinations revealed
that the samples displayed OSL and TL (Thermoluminescence)
characteristics typical of quartz, though with an extremely low OSL
sensitivity. No IRSL (Infra Red Stimulated Luminescence) signal above
backgroundwas observed for any of the samples, indicating successful
removal of feldspar grains.

A single aliquot regenerative-dose (SAR) protocol was used for
dating (Murray and Wintle, 2000, 2003; Wintle and Murray, 2006).
For insensitive quartz samples from glacial environments, potential
problems can be caused by thermal transfer during the preheating
steps of the dating protocol (Rhodes and Pownall, 1994; Rhodes,
2000). This effect can give rise to significant apparent age over-
estimates when higher preheat temperatures are used. In order to
avoid these problems, preheat plateau experiments were conducted
for two samples, using both natural and optically-zeroed OSL signals
(Rhodes, 2000). A preheat treatment of 10 s at 180 °C prior to natural
and regenerative OSL measurements, and a heating step of 10 s at
160 °C before each OSL sensitivity measurement were selected on the
basis of these experiments. The full dating protocol, incorporating
these preheat treatments was tested using recovered dose experi-
ments (Wintle and Murray, 2006), providing results in agreement
with the administered doses, and increasing our confidence in the
validity of these age estimates.

As mentioned above, these samples displayed very low OSL signal
sensitivity. This prevented us using single grain measurements to
assess the degree of signal zeroing during grain transport prior to
burial during dune formation. Measurements were made using 12
aliquots each comprising grains adhered to the central 5 mm of
10 mm diameter stainless steel discs using silicone oil, except for
samples PD 4 andMD 1Cwhere low quartz yields limited us to 9 and 3
aliquots respectively. Some samples displayed significant variation
(beyond the uncertainties caused by counting statistics) between the
dose estimates of each aliquot, in the form of several higher dose
values. This observation demonstrates that this measurement
procedure can detect incomplete zeroing, and we expect that larger
multigrain aliquots increase the chance of including rare sensitive
grains. Dose values from outlying aliquots were rejected from the
analysis (Rhodes, 2007), and the signals from the remaining
consistent aliquots were summed to produce a single composite
regenerative growth curve and natural value for each sample. The
resulting dose estimate and associated uncertainty values were used
in the age calculations.

Environmental dose rates were estimated using ICP-MS deter-
minations of sediment U and Th concentration, and ICP-AES for K,
using the conversion factors of Adamiec and Aitken (1998). Beta
attenuation was estimated using the values of Mejdahl (1979) and
ice content attenuation used the equations of Aitken (1985) for
water, assuming that the in situ values were representative of the
burial period. Cosmic dose rate contributions were calculated from
sediment overburden thickness using the equations of Prescott and
Hutton (1994).

The uncertainties for each age estimate represent 1 sigma (68%)
uncertainty limits. For some samples these are large owing to the very
low counts observed for the natural OSL, caused by very low signal
sensitivities and young burial ages. All age estimates are quoted in
years before AD 2007 (Table 2).



Table 2
Optically-stimulated luminescence sample ages.

Sample Lab code Depth Age 1 sigma error
(m) (thousands of years

before AD 2007)
(thousands
of years)

PD2 K1855 0.8 1.30 ±0.13
PD3 K1856 0.46 0.16 ±0.02
PD4 K1857 0.59 0.15 ±0.06
WP1C K1858 0.33 0.27 ±0.12
WP1D K1859 0.33 0.28 ±0.05
WP1E K1860 0.53 0.05 ±0.01
WP1Fb K1861 0.73 −0.09 ±0.10
WP2 K1862 0.52 0.07 ±0.09
WP3 K1863 0.80 0.09 ±0.03
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6. Results

6.1. Eastern Packard dune PE1

PE1 is the tallest of the dunes that we surveyed in the eastern half of
the Packard dune field, standing 9.8 m above the interdune surface. It
has a flat top and is relatively symmetrical although the west facing
slope is slightly steeper than the east facing slope (Fig. 3). Based upon
the geomorphology alone it is difficult to determine which is the stoss
and lee-side of the dune, or which way it has migrated. The 100 MHz
GPRprofile shows inclined reflectionsdipping towards thewest (Fig. 4).
These reflections are interpreted as bounding surfaces between sets of
cross-stratification, with the westward dip indicating that the dune has
been migrating from east to west so that the dominant dune-forming
wind is fromtheeast. It is apparent that thewest facing slopeof thedune
has been reshaped by westerly winds to form the bounding surfaces.
The bounding surfaces are preserved by sand deposited during the
summer easterly winds when the west facing side of the dune becomes
the lee-side visible in Fig. 3. An inclined reflection dipping towards the
east near the crest of the dune is interpreted as a set of cross-strata
dipping towards the east (Fig. 4). This indicates deposition on the east
facing dune slope formed during westerly winds.

The sand is most likely to have been reworked from thewest face as
it is reshapedanddepositedon the east sideof the dunewhich is the lee-
side with respect to westerly winds. The symmetry of the dune and the
inclined reflections on the GPR profile provides evidence for the dune
migration and deposition under the bimodal wind regime. The
Fig. 3. View facing south across the Packard stream towards dune PE1, a reversing dune with
slip-face is visible on the right side of the dune. The slip-face is prograding over a surface th
(December 5th 2006).
dominant dune-forming wind is from the east, which has resulted in
westwardmigration of the dune as indicated by thewest dipping cross-
strata, but westerly winds reprofile the west facing dune surface and
lead to reversal of the crest (Fig. 4). There has been limited reworking of
the east facing slope and crest-line because the dune is partly frozen and
the ice-cemented sand resists wind deflation. Ice-cemented strata are
visible on the top of the dune in Fig. 3.

6.2. East Packard dunes PE3 and PE4

Dunes PE3 and 4 are a compound dune form comprising two
transverse dunes both oriented NE–SW andwith NW facing slip-faces,
but with one transverse dune (PE4) migrating onto the other
transverse dune (PE3) (Fig. 5). In the trough between the two
dunes there was an area of nivation deformation structures including
snow hummocks, sinkholes, tension cracks and snow meltwater fans.
These structures are similar to those observed by Koster and Dijkmans
(1988) at the Great Kobuk Sand Dunes in Alaska where seasonal
melting of snow layers produces niveo-aeolian deformation struc-
tures. Snow layers interbedded with aeolian sands have been
described in the Packard dune field by Lindsay (1973), Calkin and
Rutford (1974), Selby et al. (1974), and Miotke (1985). We
encountered snow layers up to 40 cm thick in most of the trenches
excavated for OSL sample collection. In this location a layer of snow
appears to have accumulated in the lee of the dune slip-face because
most of the deformation structures were located along the base of the
slip-face at the interface between the two dunes. Seasonal melting of
snow layers at the time of the survey appeared to be localised at the
base of NW facing slip-faces. Melting snow has locally disturbed the
reflection patterns of some of the GPR profiles which are interpreted
as denivation structures (e.g. Figs. 5 and 6).

The 200 MHz GPR profile across dune PE3 shows inclined
reflections and a basal sub-horizontal reflection (Fig. 5). The inclined
reflections dip towards the NW with differing inclinations. The
steeper dipping reflections are interpreted as sets of cross-stratifica-
tion. The lower-angle inclined reflections that truncate underlying
inclined reflections and are downlapped by overlying inclined
reflections are interpreted as bounding surfaces. These bounding
surfaces are interpreted as redefinition/reactivation surfaces, as
described by Kocurek (1996), formed by reshaping of the dune
during reversing westerly winds and downlapped as the NW facing
slip-face reformed in response to easterly summer winds. Southeast
a flat top, and displaying slip-face development on both sides. The west facing ‘summer’
at was reshaped by westerly winds. The GPR profile across this dune is shown in Fig. 4



Fig. 4. GPR profile (100 MHz) across dune PE1 showing the symmetrical profile and flat top that is a consequence of reversing winds. Inclined reflections within the dune dip towards
the west, showing that this is the direction of dune migration. The surfaces highlighted in the interpretation diagram are bounding surfaces formed when the dune was reshaped.
Inclined reflections from cross-strata downlap onto the bounding surfaces and are truncated by them. One inclined reflection close to the dune crest is dipping towards the east and is
interpreted to result from the dune crest reversing under westerly winds. Most reflections dip towards the west, indicating dune migration from east to west, driven by east winds.
Vertical exaggeration ×1.6.
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dipping reflections on the stoss-side of the dune are interpreted as
sand layers reworked from the dune crest and deposited during the
previous winter. An OSL sample from a depth of 0.8 m at 92 m along
the GPR profile gives an age of 1.3±0.13 kyr (Fig. 5). This is the oldest
age for any of our samples from the Packard dunes. Projecting this age
to the dune slip-face at 22 m along the GPR profile indicates that the
Fig. 5. PE3 and PE4 are transverse dunes, with PE4 superposed on the stoss-side of PE3. Both d
the NWon the GPR profile. Low-angle inclined reflections are bounding surfaces formedwhe
onto the bounding surfaces represent the former lee-side of the dune. Conformable reflectio
the stoss-side of the dune by westerly winds. Rates of dune migration have been calculated f
dune and the distance to the slip-face where sediment is accumulating at the present day.
dune has migrated ca. 70 m within the past 1300yr giving an end-
point migration rate of ca. 0.05 m/yr.

The GPR profile across dune PE4 shows inclined tangential
reflections dipping towards the NW (Fig. 5). The inclined reflections
are interpreted as sets of cross-stratification that downlap onto a
bounding surface formed by erosion in the lee of the dune as it
unes aremigrating from SE to NW, as evidenced by inclined reflections dipping towards
n the dune was reshaped by reversing winds. Reflections from cross-strata that downlap
ns on the stoss-side of dune PE3 are interpreted as beds of snow and sand deposited on
or each dune based upon the age of OSL samples collected from the trailing edge of each
Vertical exaggeration ×2.



Fig. 6. PE5 has a broadly symmetrical cross-section with the slip-face close to the dune crest. The 200 MHz GPR profile shows inclined tangential reflections from cross-strata dipping
towards the NW and irregular reflections from denivation deformation. There is limited evidence for preservation of east dipping strata formed by west winds. An OSL sample from
292 m has an age of 150±62yr which is used to calculate an end-point migration rate of 0.6 m/yr. Vertical exaggeration ×2.
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migrates onto dune PE3. An OSL sample from a depth of 0.46 m at
150 m along the GPR profile has provided an age of 0.16±0.02 kyr
(Fig. 5). Projecting this age forwards to the base of the dune slip-face
at 103 m indicates that the dune has migrated ca. 47 m in the past
160yr to give an end-point migration rate of ca. 0.3 m/yr. This is much
faster than the migration rate for PE3 and consistent with the
observation that PE4 is superposed upon and migrating over PE3, and
is consistent with observations that smaller dunes migrate faster than
larger dunes (e.g. Cook et al., 1993; Jimenez et al., 1999).

6.3. Eastern Packard dune PE5

PE5 is a transverse dune oriented NE–SW adjacent to the till and
glaciofluvial sediments of the Lower Victoria Valley. The dune has a
convex profile with a NW facing slip-face close to the dune crest.
Melting of snow layers in the lee of the crest created small-scale niveo-
aeolian deformation features observed in the field. The 200 MHz GPR
profile shows low-angle, inclined tangential, and irregular reflections
with the reflection pattern indicating that the dune is a compound
form with one transverse dune superimposed upon another (Fig. 6).
Each dune contains inclined tangential reflections that dip towards the
NW indicatingmigration from SE to NW. The contact between the two
dunes is marked by a sub-horizontal bounding surface (Fig. 6). The
irregular reflections are interpreted as deformed strata formed by the
partial melting and deformation of interbedded snow and sand layers.
An OSL sample from the trailing edge of the dune at a depth of 0.6 m at
290 m along the GPR profile gave an age of 0.15±0.06 kyr. Projecting
this age forward through the dune to an equivalent position on the toe
of the dune at 212 m on the GPR profile gave an end-point migration
rate of ca. 0.5 m/yr.

6.4. Western Packard dune PW1

PW1 is a transverse dune that is climbing onto a till ridge similar to
the dune shown in Fig. 2. It has an asymmetric cross-section with a
slip-face facing towards the west. The 200 MHz GPR profile shows
low-angle inclined, sub-horizontal and inclined tangential bounding
surfaces (Fig. 7). The vertical stacking pattern of sub-horizontal and
low-angle inclined bounding surfaces in the middle and the lower
parts of thedune indicate vertical dune aggradation. The aggradation is
attributed to accretion of superposed dune sediments. It is possible
that the vertical aggradation of the dune is a product of dune
stabilisation by permafrost where ice cements have helped to stabilise
the dune. Ice cements have quite literally frozen the dune sediments.
The inclined tangential surfaces which are apparent in the upper parts
of the dune and to thewest of 55 m on the GPR profile (Fig. 7) indicate
dune migration from east to west. OSL samples 1C, 1D, 1E and 1F,
collected frompits excavated into the stoss-side of the dune, have been
dated at 0.27±0.12, 0.28±0.05, 0.05±0.01, and −0.09±0.10 kyr,
respectively. Sample 1F has a negative age estimate with a large error
which overlaps zero age (−0.09±0.10 kyr) and is effectively modern
sand. Since this sample has a negative age estimate, it is not included in
the subsequent analysis of dune migration rates. The remaining age
estimates are used to calculate a rate of dune migration based upon
sample age and the horizontal distance to the slip-face on the lee-side
of the dune on the GPR profile (Fig. 7). The calculated end-point
migration rates are 1.3 m/yr, 0.3 m/yr, and 0.4 m/yr, respectively. This
is the only dune with multiple OSL ages and the migration rates here
are equivalent to those calculated from individual dunes on the eastern
side of Packard stream.

6.5. Western Packard dune PW2

PW2 is a transverse dune with an asymmetric cross-section, west
facing slip-face and meltwater pools in the lee of the dune. The GPR
profile shows low-angle sub-horizontal and inclined tangential
reflections interpreted as bounding surfaces and sets of cross-
stratification (Fig. 8). The inclined reflections dip towards the west
indicating dunemigration fromeast towest. One reflection close to the
crest of the dune dips towards the east due to dune reversal during the
previous winter. An OSL sample from a depth of 0.52 m at the eastern
side of the dune at 86 m along the GPR profile has an age of 0.07±



Fig. 7. A 200 MHz GPR profile, PW1, shows low-angle inclined and inclined tangential reflections from bounding surfaces and sets of cross-stratification. The stacking of sub-
horizontal bounding surfaces indicates vertical aggradation, while inclined surfaces indicate dune migration from east to west. OSL ages from four locations on the dune are
consistent with the stratigraphy of the dune younging fromwest to east, in the direction of dunemigration. End-point migration rates calculated from the dune OSL age and distance
to the slip-face on the west side of the dune vary between 0.3 and 1.3 m/yr. The youngest sample (WP1Fb) has a negative age with large errors and was excluded from the overall
analysis of dune age and migration. Vertical exaggeration ×1.3.

Fig. 8. PW2 is a transverse dune with an asymmetric cross-section with the crest displaced towards the west due to the effects of the previous winter's wind reversal. The 200 MHz
GPR profile shows low-angle sub-horizontal and inclined reflections interpreted as bounding surfaces and sets of cross-stratification. The inclined reflections dip towards the west,
indicating dune migration from east to west. One reflection close to the crest of the dune dips towards the east due to dune reversal during the previous winter. An OSL sample from
86 m gives an end-point migration rate of ca. 1.2 m/yr. Vertical exaggeration ×1.3.
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0.03 kyr. Projecting this age through to the dune slip-face at 6 m along
the GPR profile gives an end-point migration rate of 1.2 m/yr.

6.6. Western Packard dune PW3

PW3 is a transverse dune which is attached to a till ridge at its
northern end. The west facing slope is relatively steep while the lower
angle east facing stoss slope grades off into a flat interdune area into
which the Packard stream occasionally flows. The GPR profile shows
continuous sub-horizontal reflections within most of the dune, with
inclined reflections on the west side (Fig. 9). The sub-horizontal
reflections are interpreted as bounding surfaces where the dune has
been reshaped by reversing winds and then aggraded vertically. This
interpretation is supported by low-angle inclined reflections dipping
towards the east that indicate deposition from westerly winds, which
may also have deflated the dune crest creating the bounding surface.
The inclined reflections on the western side of the dune dip towards
the west and are interpreted as foresets deposited on the west facing
lee-side slip-face when winds were blowing from the east. An OSL
sample from a depth of 0.8 m at 34 m along the GPR profile gave an
age of 0.09±0.03 kyr. Projecting this age to the dune slip-face at 5 m
along the GPR profile indicates that the dune has migrated 29 m
within the past ca. 90yr giving an end-point migration rate of ca.
0.3 m/yr.

7. Discussion

7.1. Dune ages

Both GPR imaging of the subsurface sediments and OSL dating of
phases of dune aggradation have been shown to give good results in
the frozen dunes from the Victoria Valley, Antarctica. Sample locations
were selected for dating using OSL based upon the stratigraphic
relationships interpreted from the GPR profiles. Although the OSL ages
are young, and the OSL signal is very dim, with consequent large
errors on the ages, where samples were taken from the same dune
(e.g. PW1) the ages are in a consistent stratigraphic order which gives
confidence to the subsequent interpretation of dune ages and rates of
Fig. 9. The 200 MHz GPR profile across PW3 shows continuous sub-horizontal reflections inte
inclined reflections dipping towards the east indicate deposition from westerly winds. Inclin
the lee-side of the dune from easterly winds. An OSL age of 93±25yr gives an end-point m
dune migration. In this study the depth of sampling was limited by
environmental regulations which state that soil pits should be
0.5 m×0.5 m and ice cemented sand layers through which we were
unable to dig by hand. There is more, as yet undated, aeolian
stratigraphy within the west Packard dunes, which might include
older dune deposits.

7.2. GPR in frozen dunes on Earth and Mars

GPR has been proven previously to provide high resolution images
of aeolian strata in desert dunes (e.g. Bristow et al., 2005, 2007). The
results of this study demonstrate that GPR performs equally well, and
sometimes better, in frozen sand, providing excellent images of dune
strata. The results have positive implications for potential GPR surveys
of aeolian strata on Mars. A GPR profile across the Lake Vida dune
images dune stratigraphy to a depth of at least 70 m (Fig. 10), which is
almost double the maximum depth of penetration for 100 MHz
antennas determined in experiments by Smith and Jol (1995). The
high quality of the profile and very high depth of penetration are
attributed to the lack of liquid water in the Antarctic sand dunes. Sand
dunes onMars are unlikely to contain liquid water due to the cold and
arid conditions on the planet's surface. The absence of liquid water
should result in less signal attenuation and increased depths of signal
penetration on Mars (Ori and Ogliani, 1996). The results shown here
contrast with some other GPR surveys of Mars analogues on Earth
where there has been high attenuation e.g. Heggy et al. (2006a,b). Our
results suggest that sand dunes on Mars would be good targets for
GPR surveys with low attenuation and well defined stratigraphy.

7.3. Bounding surfaces and wind reversals

GPR profiles collected across the Packard dunes image the
sedimentary structures revealing a complex internal structure with
many low-angle bounding surfaces within the dunes. The bounding
surfaces are mostly attributed to reworking by seasonally reversing
winds which reshape the dunes (Fig. 11). During the summer months
easterly winds produce a west dipping slip-face. However, westerly
winds can reshape the slip-face, rework sand from the dune crest and
rpreted as bounding surfaces formed by reversing winds reshaping the dune. Low-angle
ed reflections on the western side of the dune are interpreted as foresets deposited on
igration rate of ca. 0.3 m/yr. Vertical exaggeration ×1.3.



Fig. 10. Part of a 100 MHz GPR profile, VD2, across the Lake Vida dune reveals strata dipping from west to east, indicating that the dune has been accreting in that direction. Strata
within the dune are imaged to a depth of over 70 mwhich is almost twice the maximum depth of penetration achieved in experiments by Smith and Jol (1995). The excellent depth
of penetration and resolution of sedimentary strata are due to low attenuation and the lack of liquid water in the sand dunes in Antarctica.
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deposit sand on what would be the stoss slope during the prevailing
easterly summer winds (Fig. 11). The resumption of easterly winds
switches the crest migration and re-establishes a west facing slip-face
with cross-strata downlapping onto the bounding surface (Fig. 11).
Inclined reflections usually dip towards the west indicating deposi-
tion on the lee-side of the dunes during easterly winds. Eastward
dipping inclined reflections are less common, and where observed
they are found close to the dune crest (e.g. PE1 and PE3; Figs. 5 and 7).
Eastward dipping strata can be observed close to the crest of the
dunes on the GPR profiles and have been described previously from
trenches on dunes (Lindsay, 1973; Selby et al., 1974) and in the
interdune areas (Miotke, 1985). However, there appears to be very
little eastward dipping strata preserved at depth within the Packard
dunes. The dominant dune-forming wind in the Packard dunes is
therefore the easterly wind that blows inland from the Ross Ice Shelf
during the summer months. Our results confirm the observations of
Lindsay (1973) that the main period of dune growth occurs when the
wind is from the east.

7.4. Bounding surfaces and superposed dunes

The very low-angle, sub-horizontal bounding surfaces within the
dunes PW1, PW2 and PW3 indicate that the dunes have been eroded
and then aggraded vertically as well as migrating downwind. The
vertical aggradation may have been aided by the presence of
compound transverse dunes with superposed dunes migrating over
older dunes, as observed at PE3 and PE4. Analysis of historic aerial
photographs by Bourke et al. (2009) identified variable rates of dune
migration, which led to dune merging, lateral linking and absorption
within the eastern part of the dune field. Migration of superposed
dunes, dune merging and absorption could well have produced the
sub-horizontal bounding surfaces seen in some dunes. Given its small
size, it is most likely that the horizontal bounding surfaces in PW3 are
also a function of wind reversals because it is too small to support
superposed dunes.

7.5. Ice cements and dune morphology

The presence of ice cements within the frozen dunes probably
prevents more extensive deflation during the winter months when
the temperatures are extremely cold; winter temperatures reach
−50 °C in the Victoria Valley, which has a mean annual temperature
of −30 °C at Lake Vida (Doran et al., 2002). The ice cement helps to
stabilise the dune forms and reduce dune mobility. It also appears to
limit crest reversal and result in flattening of dune tops (e.g. PE1).
Evidence from bounding surfaces and interbedded snow and sand
strata demonstrates that the dunes are reworked during the winter
months. It is likely that, when the dunes are not covered by snow,
sublimation occurs in the hyper-arid conditions in Antarctica, and this
makes sand available for aeolian transport during the winter months
when temperatures almost never rise above freezing.

7.6. Solar radiation forces summer sand movement

There is a causal link between surface melting and the easterly
winds which are the dominant winds with the Victoria Valley during



Fig. 11. Sketch illustrating the effects of reversing winds on dune morphology and dune
migration. A) Deposition on the west facing slope during summer easterly winds.
B) Dune is reshaped by west wind, with reworking of dune crest and deposition on the
east facing slope during winter westerly winds. (C) Summer profile re-established
under the dominant easterly dune-forming winds. Burial of the reshaped surface results
in the formation of bounding surfaces as imaged on GPR profiles. D) Net dunemigration
is from east to west.
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the summer months. This is because the easterly winds are “sea
breezes” driven by solar radiation heating the valley floor (Nylen et al.,
2004). The solar radiation which heats the valley floor promoting
easterly winds also melts the frozen sand on the dunes, liberating
sand and making it available for transport. Thus solar radiation has a
multiplying effect on aeolian sand transport because solar radiation
heats the surface of the valley floor generating wind and thereby
increasing the potential for aeolian sediment transport, whilst at the
same time melting the ice cement in frozen dune sand, increasing the
supply of sediment available for wind deflation. Speirs et al. (2008)
report warming from föehn winds, where increased temperature is
accompanied by a reduction in relative humidity as well as an increase
in wind velocity. This combination of physical factors also results in an
increase in aeolian sand transport.

7.7. Migration of frozen dunes

Lindsay (1973) argued that because the dune cores were frozen
there would be very little dunemigration. However, Calkin and Rutford
(1974) used photogrammetry and field observations to determine rates
of dune migration. They measured the displacement of 205 dune crests
and found an average movement of dune crest of 13 m between
November 7th 1959 and January 27th 1962. This is effectively 13 mover
four austral summers, giving an average migration rate of 3 m/yr. The
mean of 72measurements in the same area for the following seven year
period was only 8m (Calkin and Rutford, 1974), giving an average
migration rate of 1.1 m/yr. Further field measurements over a 30 day
period give an average of 11.2 cm/day (Miotke, 1985). More recent
measurements over a four day period give a gross crest-line movement
of 4.38 m (Speirs et al., 2008), equating to an average migration rate of
1.09 m/day. However, this rate does include a reversal in the direction of
crest-line migration so that the net migration was only 0.12 m/day
(Speirs et al., 2008).

Measurements of dune migration from historic aerial photographs
andLiDARdata over aperiodof 40yr from1961 to2001average1.5 m/yr
(Bourke et al., 2009). End-pointmigration rates calculated formOSL ages
in this study range from 0.05 to 1.3 m/yr, with an average of 0.5 m/yr.
The average rate of migration calculated from OSL ages is less than that
calculated from photogrammetry, and it is interesting to note an
apparent decrease in the rate of migration with the length of time over
which thosemeasurements are made. Measurement of sandmovement
over a four year period (1959–1962) give an average of 3 m/yr, while
measurements over a seven year period give an average of 1.1 m/yr.
Although the 40yr average is 1.5 m/yr (Bourke et al., 2009), theOSL ages
used in this study are up to 1300yr and give rates averaging ca. 0.5 m/yr.
These results could suggest that dune migration rates have increased
over time possibly in response to increasing temperatures in Antarctica
(Bristow et al., in preparation). However, it is also possible that short-
term rates are higher but more variable than longer term rates of dune
migration, and the results presented here are probably realistic for the
longer term (decadal to centennial) rates of dune migration in the
Packard dunefield.

Rates of dune migration reported for warm desert dunes of similar
height are 10 to 30 m/yr (Cook et al., 1993; Thomas, 1997). In
comparison, the rates of dune migration reported for the Packard
dunes are significantly lower and this is attributed to the combination
of reversing winds and the cold climate, both of which act to reduce
the net migration rate. The reversing winds cause crest reversal,
reshape the dunes, and transport sand from the lee to the stoss slope.
The summer winds have to undo the work of the winter wind
reversals before dune progradation can be re-established, thereby
reducing the net dune migration. The cold climate freezes the dunes,
reducing the potential for sand entrainment and aeolian sediment
transport. Thus, the rate of net dune migration is limited by the cold
climate of the McMurdo Dry Valleys, Antarctica.

The westward migration of dunes in the Packard dune field
contrasts with the neighbouring whaleback dunes which appear to be
extending from west to east (Bristow et al., 2009), and the Lake Vida
dune which contains east dipping strata (Fig. 10). The presence of
dunefields in the same valley with opposing migration directions is
attributed to a combination of topographic steering of the more
powerful westerly winds along the axis of the valley where the
whaleback dunes are located as well as drag against the valley wall.
The Packard dunes which are located along the northern side of the
valley, are thus partially sheltered from the west winds. Due to the
curvature of the Lower Victoria Valley the Lake Vida dune is partially
protected from the east winds but exposed to the west winds. The
whaleback dunes which lie in the middle of the valley are exposed to
both east and west winds but show net migration towards the east.
Three dunefields within the same valley experience different wind
regimes due to topographic steering of the winds and drag against the
valley walls. The westerly winds are the dominant dune-forming
winds on thewhaleback dunes and Lake Vida dune, but the east winds
are the dominant dune-forming winds on the Packard dunes.

8. Conclusions

Ground-penetrating radar (GPR)workswell in frozendune sandand
successfully images the internal structures of reversing dunes. Depths of
penetration exceed themaximumdepths of penetration achieved in the
experiments of Smith and Jol (1995). The results indicate that there is
potential to image aeolian stratigraphy on Mars using GPR.

GPR profiles show low-angle bounding surfaces dipping in the
direction of dunemigration. These bounding surfaces record reshaping
of the dunes during the winter months. The packages of sand between
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the bounding surfaces accumulate during the summer months when
the dune surface thaws, allowing increased aeolian sediment trans-
port. During the summer months easterly winds blow inland from the
Ross Sea Ice Shelf. This combination of easterly winds during the
summer months and increased sand availability for transport due to
surfacemelting and sublimationproduces awestwardmigration of the
dunes. Thus, the dominant westward migration of the Packard dunes
in the summer months is assisted by a multiplying effect driven by
increased solar radiation that increases sand supply by melting frozen
sediment and generates winds due to warming of the valley floor.

Westerly winds that reshape the dune slip-face produce bounding
surfaces and rework sand from the west facing slip-face and dune
crest to form a coeval slip-face on the east side of the dune. These
sediments are largely lost through deflation during the summer
months but can be preserved locally within the dune stratigraphy.

Repeated wind reversals can produce flat topped dunes with near-
symmetrical profiles in very low temperature environments where
freezing helps to stabilise the sand.

During the winter months the dunes are frozen and partially
covered by snow. We suggest that the snow cover and ice cements
reduce sand entrainment, although sand may be released through
sublimation. Thus, although the westerly winds are stronger during
the winter they appear to have less effect because the dunes are
frozen and stabilised by ice cements and snow cover at that time of
year. Additional field studies are required to investigate sand
transport and dune migration in the winter months.

The three dunefields within the Lower Victoria Valley experience
different wind regimes due to topographic steering of the east andwest
winds, as well as drag along the valley wall. The Packard dunes are
partially sheltered from the powerful westerly winds that sweep down
the Lower Victoria Valley because they are located along the northern
side of the valley at the foot of the valley wall. In this location the wind
velocity is believed to be reduced due to a combination of wall drag and
topographic steering around a bend in the valley which directs the
westerly winds towards the centre of the Lower Victoria Valley.

Optical dating of sand-sized grains of quartz has been used
successfully to determine the age of dune sands in Antarctica. Further
sampling is required to determine the age of the whaleback dunes, the
much larger Lake Vida dune and deeper parts of the Packard dunes
which are predicted to contain older aeolian deposits extending the
record of dune deposition.

Rates of dunemigration calculated fromOSL ages are less than those
derived from photogrammetric studies of dunemigration, and an order
of magnitude less than the migration rates reported from warm, low-
latitude, desert dunes of similar height and horizontal dimensions.
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