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Complex interactions between Kkatabatic winds and the cryosphere may lead to the formation of
sedimentation waves at the surface of ice sheets. These have been first described and named snow
megadunes in Antarctica. Here we use topographic data, optical images, subsurface radar soundings and
spectroscopic data acquired by Mars orbiters, to show that the surface of the Martian North Polar Cap
displays two superimposed sets of sedimentation waves with differing wavelengths. These sedimentation
waves have similarities with Antarctic snow megadunes regarding their surface morphology, texture,

Keywords: grain size asymmetry, and internal stratigraphic architecture. Both sets of Martian sedimentation waves
ice sedimentation waves present young ice and occasional sastrugi fields, indicative of net accumulation, on their shallow-
megadunes dipping upwind sides, their tops and the intervening troughs. Old layers of dusty ice, indicative of
polar caps net ablation, are exhumed on the steep-dipping downwind sides of the larger waves. Smooth surfaces

Mars of coarse-grained ice, indicative of reduced accumulation associated with sublimation metamorphism,
Antarctica cover the steep-dipping downwind sides of the smaller waves. These surface characteristics and the
internal stratigraphy revealed by radar soundings are consistent with the interpretation that both sets
of Martian sedimentation waves grow and migrate upwind in response to the development of periodic
accumulation/ablation patterns controlled by katabatic winds. The recognition of these sedimentation
waves provides the basis for the development of a common model of ice/wind interaction at the surface
of Martian and terrestrial glaciers. Martian smaller waves, characterized by reduced net accumulation
on their downwind sides, are analogous to Antarctic snow megadunes that have been described so far.
A terrestrial equivalent remains to be discovered for the larger Martian waves, characterized by net
ablation on their downwind sides.
© 2014 Elsevier B.V. All rights reserved.

The physical processes that govern the development of mega-
dunes are still unclear because they have complex dynamics,
which may involve ice redistribution by winds, ice metamorphism,

1. Introduction

1.1. Scope of the paper

Ice accumulation and ablation patterns on glaciers are driven
by complex mass and heat transfers between the atmosphere and
the cryosphere. Winds, in particular, play a major role in the sur-
face distribution of ice (Parish and Bromwich, 1991; Das et al,
2013) and may lead to the development of sedimentation waves,
so-called megadunes, at the surface of ice sheets (Black and Budd,
1964; Fahnestock et al., 2000).
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and kinematic and thermal feedbacks between the ice sheet sur-
face and the atmospheric boundary layer (Frezzotti et al., 2002a;
Anschiitz et al.,, 2006; Courville et al., 2007). The existence of
megadunes has first-order effects on the glacial mass balance, the
glacial flow and the characteristics of the atmospheric boundary
layer; a clear understanding of their dynamics is therefore of pri-
mary importance for the climatic interpretation of ice records and
for the assessment of processes and rates of mass and heat trans-
fers in glaciers (Frezzotti et al., 2002a; Rémy and Frezzotti, 2006).
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Snow megadunes have first been described in Antarctica. Here
we show that sedimentation waves observed on the North Po-
lar Cap of Mars (Cutts et al.,, 1979; Howard, 2000) have similari-
ties with Antarctic snow megadunes in their morphology, internal
stratigraphic architecture, surface texture, grain size, and in their
dynamics. We illustrate these similarities with (1) topographic data
from the Mars Orbiter Laser Altimeter (MOLA) digital elevation
model (DEM) at 512 pixels/° resolution and 1 m vertical accuracy
(Smith et al., 2001), (2) radar soundings from the SHARAD instru-
ment (Seu et al., 2007), (3) optical images from the Context Camera
(CTX) at up to 8 m/pixel resolution (Malin et al., 2007) and from
the High Resolution Stereo Camera (HRSC) at up to 10 m/pixel res-
olution (Jaumann et al., 2007), and (4) hyper-spectral images from
the Observatoire pour la Minéralogie, 'Eau, les Glaces et I'Activité
(OMEGA) imaging spectrometer at 350 m to 4.8 km/pixel resolu-
tion (Bibring et al., 2004). The identification of these sedimentation
waves brings new constraints on the physical processes that govern
ice accumulation and ablation on Martian polar caps and may pro-
vide the basis for the development of a common model of ice/wind
interaction at the surface of terrestrial and Martian glaciers.

1.2. Snow megadunes on Earth

Remotely-sensed optical and microwave data combined with
field surveys have revealed the existence of extensive fields of
megadunes on the Antarctic ice sheet (Black and Budd, 1964;
Fahnestock et al., 2000; Frezzotti et al.,, 2002a, 2002b; Anschiitz
et al., 2006; Arcone et al., 2012). These megadunes develop pref-
erentially where net ice accumulation rates are low (between 7
and 35 mm/yr w.e.; Frezzotti et al.,, 2002a) and under permanent
and uniform katabatic wind regimes (Parish and Bromwich, 1991;
Fahnestock et al., 2000; Albert et al., 2004; Lenaerts et al., 2012;
Tomasi et al., 2012). Antarctic megadunes generally strike at high
angles to katabatic wind streamlines. They are several tens of
kilometers in length, about 2 to 5 km in wavelength, but only
a few meters in amplitude. Their downwind sides are gener-
ally steeper (0.20°-0.30°) than their upwind sides (0.05°-0.25°)
(Frezzotti et al., 2002a, 2002b). Their surface displays periodic
ice distribution patterns (Goodwin, 1990; Frezzotti et al., 2002a;
Albert et al., 2004). On the one hand, their upwind sides, their tops
and the intervening troughs are generally covered by fields of fine-
grained sastrugi, a few centimeters to 1.5 m in height and parallel
to wind streamlines, indicative of enhanced accumulation. On the
other hand, their downwind sides are generally characterized by
smooth glazed surfaces underlain by thick layers of coarse-grained
depth hoar formed by sublimation metamorphism, indicative of re-
duced net accumulation.

This asymmetry in surface ice properties and net accumulation
rates across megadunes has been mapped from multispectral re-
mote sensing data over wide areas of Antarctica (Fahnestock et al.,
2000; Frezzotti et al., 2002a, 2002b; Scambos et al., 2007, 2012). It
appears to be a long-term pattern according to radar stratigraphic
soundings (Frezzotti et al., 2002a; Anschiitz et al., 2006; Arcone
et al, 2012). As net ice accumulation rates are larger on their
upwind sides than on their downwind sides, snow megadunes be-
have as sedimentation waves that migrate upwind as they build
up, which is at odds with the usual sense of migration of aeolian
dunes (Bagnold, 1954).

1.3. The Martian North Polar Cap

The North Polar Cap is approximately 1300 km in diameter
and its maximal thickness is about 3 km (Fig. 1) (Zuber et al.,
1998). This cap is an accumulation of water ice layers with var-
ious amounts of dust (Grima et al., 2009). It rests on the remark-
ably flat northern plains of Mars (Fig. 1(b)) (Tanaka et al., 2008;

Putzig et al., 2009). Its surface is subject to a permanent and nearly
uniform regime of katabatic winds that turn westward under the
effect of the Coriolis force as they descend and accelerate from the
polar high towards the ice cap margin (Fig. 1(a)) (Howard, 2000;
Spiga, 2011; Massé et al., 2012). The pressure is low (6.5-9.5 mbar
Haberle et al., 2008) and the surface temperature of the North
Polar Cap varies from 145 K in winter (270° < Ly < 360°) to
220 K in summer (90° < Lg < 180°) (Jakosky and Farmer, 1982;
Forget and Pollak, 1996; Pankine et al., 2010).

Ice accumulation processes on the North Polar Cap may include
precipitation of ice crystals from the atmosphere (Whiteway et al.,
2009) and direct condensation of water vapor onto the ice cap sur-
face (Ivanov and Muhleman, 2000). Ablation occurs dominantly by
sublimation during the north polar summer due to the low par-
tial pressure of water vapor in the atmosphere (<10~2 mbar) and
the seasonal increase in temperature (Jakosky and Farmer, 1982;
Ivanov and Muhleman, 2000; Pankine et al., 2010). Long-term net
ice accumulation rates, as computed from tuning the stratigra-
phy of the upper ~500 m of the North Polar Cap with Mar-
tian orbital cycles, are close to 0.5 mm/yr (Laskar et al., 2002;
Fishbaugh and Hvidberg, 2006; Milkovich et al., 2008), whereas
short-term rates derived from the obliteration of recent impact
craters are an order of magnitude higher (Herkenhoff and Plaut,
2000; Banks et al., 2010). This discrepancy might reveal either a
recent increase in the net ice accumulation rate or a difference be-
tween short-term and long-term accumulation rates. Whatever its
reason, this supports the idea that the relationship between the
ice cap stratigraphy and the chronology of past orbital cycles is
not trivial (Sori et al., 2014).

2. Two sets of sedimentation waves on the Martian North Polar
Cap

2.1. Large sedimentation waves

The surface morphology of the North Polar Cap is dominated
by large spiral-shaped topographic waves that strike at high an-
gles to katabatic winds (Fig. 1) (Howard, 2000; Massé et al., 2012;
Smith et al., 2013). These topographic waves define alternating
ridges and troughs, hundreds of kilometers in length, 60 km in
average wavelength and hundreds of meters in amplitude. The
downwind sides of the ridges are steeper (2°-15°) than their up-
wind sides (0.5°-7°) (Howard, 2000; Pathare and Paige, 2005). The
surface composition differs between both sides (Fig. 2): nearly pure
and young ice uniformly covers their upwind sides and tops, while
old layers of ice mixed with dust and hydrated minerals are ex-
humed on their downwind sides (Howard et al., 1982; Massé et
al,, 2010, 2012).

These large topographic waves correspond to sedimentation
waves that migrate upwind as they build up, in response to an
asymmetry in the accumulation/ablation pattern (Fig. 1(b), Fig. 2(b)
and (c)) (Smith and Holt, 2010; Smith et al., 2013). Stratigraphic
unconformities visible on SHARAD radargrams and differences in
ice surface properties reveal that long-term net accumulation oc-
curs on their upwind sides and tops, while long-term net ablation,
leading to exhumation of old ice and dust layers, occurs on their
downwind sides (Fig. 1(b), Fig. 2(a) and (c)) (Cutts et al, 1979;
Squyres, 1979; Howard, 2000; Ivanov and Muhleman, 2000; Ng
and Zuber, 2006; Smith and Holt, 2010; Massé et al., 2010, 2012;
Smith et al,, 2013). This asymmetry in the accumulation/ablation
pattern has been attributed to the combined action of (1) kata-
batic winds and (2) sublimation/condensation processes due to
the volatile nature of water ice at Martian conditions of pressure
and temperature (Howard, 2000; Ivanov and Muhleman, 2000;
Ng and Zuber, 2006; Smith and Holt, 2010; Massé et al., 2012).
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Fig. 1. (a) Shaded-relief map of the North Polar Cap of Mars computed from the MOLA DEM (Zuber et al., 1998), with superimposed katabatic wind streamlines from Massé
et al. (2012). Profile AA" corresponds to the location of the transect presented in (b). Profile BB’ corresponds to the location of Fig. 2. The study area (red box) is located on
a small sedimentation wave field of the Gemina Lingula lobe. Profile CC' corresponds to the topographic profile location of Fig. 3 and Fig. 6. The blue box corresponds to
the footprint of OMEGA hyperspectral cube ORB1090_1. The green box corresponds to the footprint of Fig. 7. (b) Interpretative cross-section along profile AA" (delineated by
yellow line in (a)), based on ice surface topographic profile (thick gray line) derived from the MOLA DEM and radar reflectors. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

As noted by Smith et al. (2013), the overall morphology and
stratigraphy of these large sedimentation waves are comparable
to those of Antarctic megadunes, though they differ by one or-
der of magnitude in wavelength and by two orders of magnitude
in amplitude. Another difference is that their downwind sides are
subject to net ablation (Howard, 2000; Cutts et al., 1979; Ng and
Zuber, 2006; Smith and Holt, 2010; Massé et al., 2010, 2012;
Smith et al., 2013), whereas megadune downwind sides in Antarc-
tica are most commonly subject to reduced net accumulation
(Frezzotti et al., 2002a; Albert et al., 2004; Anschiitz et al., 2006;
Courville et al., 2007).

2.2. Small sedimentation waves

Smaller linear topographic waves, also called undulations, are
superimposed on the upwind sides of the large spiral-shaped to-
pographic waves of the North Polar Cap (Fig. 2) (Cutts et al., 1979;
Howard, 2000; Smith et al., 2013). These are particularly visible on
the Gemina Lingula lobe (Fig. 1(a)). Various origins have been pro-
posed for these small topographic waves, including (1) periodic ad-
vance and retreat of the polar cap (Cutts et al., 1979), (2) poleward

migration of spiral-shaped troughs (Squyres, 1979), (3) closure of
ancient spiral-shaped troughs by viscous relaxation (Pathare and
Paige, 2005), (4) filling of ancient spiral-shaped troughs (Rodriguez
et al., 2007) and (5) interactions between atmospheric waves and
the ice cap (Howard, 2000; Smith et al., 2013).

The small topographic waves have morphological, textural and
stratigraphic similarities with Antarctic megadunes. (1) They are
organized in periodic sub-parallel patterns that strike at high an-
gles to katabatic wind streamlines. (2) Their downwind sides are
generally steeper (0.2°-2°) than their upwind sides (0.02°-1°)
(Fig. 3). (3) They are hundreds of kilometers in length, about
10 km in wavelength and 10 to 50 m in amplitude (Cutts et al.,
1979). Though they are about 2 to 5 times as large as Antarc-
tic megadunes, their amplitude/wavelength ratio is on the same
order of magnitude of about 1/1000. (4) SHARAD radar sound-
ings reveal that their internal stratigraphy undulates conformably
with their surface topography (Fig. 2). This indicates that the small
topographic waves are the surface expression of internal sedi-
mentation waves. No stratigraphic unconformity is however visi-
ble on available SHARAD radargrams on the Gemina Lingula lobe,
which suggests that both sides of these sedimentation waves are
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Fig. 2. (a) Mosaic of HRSC images (Ls = 134.9° to 137.9°) showing the surface of the ice cap along profile BB’ (Fig. 1). Dusty ice layers are exposed on the downwind side
of the large topographic waves, while pure ice covers their upwind sides and tops. (b) Interpretative cross-section along profile BB’ (delineated by dark blue line in (a) and
in Fig. 1), based on ice surface topographic profile (thick black line) derived from the MOLA DEM and radar reflectors (thin grey lines) visible in (c). (c) Portion of SHARAD
radargram 4428_01 along the profile BB'. Unfortunately, no SHARAD radargram parallel to wind streamlines is available on the Gemina Lingula lobe; though this radargram
strikes at high angle to the wind azimuth, the internal stratigraphic architecture of large and small topographic waves is visible and correspond to sedimentation waves.

subject to long-term net accumulation. The high angle orienta-
tion of the radar profile (Fig. 2(c)) to the wind streamlines do
not allow us to conclude to a migration direction of the small
sedimentation waves. (5) Optical CTX images, acquired during the
Martian north polar summer to avoid disturbances due to win-
ter condensation of CO, and H;O ices (Appéré et al., 2011), reveal
that the surface texture of the North Polar Cap comprises alter-
nating smooth and rough stripes. These are parallel to and cor-
related with the small sedimentation waves (Fig. 4). The smooth
stripes do not display a specific texture at the CTX image reso-
lution, while the rough stripes are characterized by longitudinal
ridges and furrows, several kilometers in length and between 100
and 500 m apart. The ridges and furrows are parallel to wind
streamlines and resemble “severe sastrugi”, up to 1.5 m in height,
observed at the surface of some Antarctic megadune fields (Frez-
zotti et al., 2002a, 2002b). The rough stripes occur preferentially
on the sedimentation wave upwind sides, crests and interven-
ing troughs, while the smooth stripes occur dominantly on their
downwind sides. This periodically striped surface texture is sim-
ilar to that of Antarctic megadune fields, where sastrugi fields
alternate with smooth glazed surfaces (Frezzotti et al., 2002a;
Albert et al., 2004).

3. Variations in ice optical grain size on the Martian North Polar
Cap

In Antarctica, the asymmetry of ice grain size across megadunes
affects the optical reflectance spectrum of the ice surface, thus pro-
viding a way to map megadunes from multispectral optical images

(Fahnestock et al., 2000; Frezzotti et al., 2002a, 2002b; Scambos
et al., 2007, 2012). Here we investigate similar spectroscopic vari-
ations over the Gemina Lingula lobe with hyperspectral data ac-
quired by the OMEGA imaging spectrometer.

3.1. Depth of water ice absorption bands

Water ice displays specific spectroscopic absorption bands at
optical wavelengths. The depth of these absorption bands depends
on the physical properties of the ice (including grain size, crys-
tal shape and impurity content) (Warren, 1982; Clark and Roush,
1984; Lucey and Clark, 1985). The surface properties of the Mar-
tian North Polar Cap can therefore be investigated by monitoring
water ice absorption band depths in data acquired by the OMEGA
imaging spectrometer.

For each pixel of an image, OMEGA acquires a spectrum of the
surface in 352 narrow spectral channels. It includes one detector in
the Visible-Near InfraRed, between 0.36 and 1.07 um, and another
one in the Short Wavelength InfraRed, between 0.93 and 5.1 pm
(Bibring et al., 2004). We selected data acquired during the Martian
northern summer to minimize the effects of the seasonal CO, and
H;O frost coverage (Appéré et al.,, 2011). The atmospheric spectral
contribution was removed using the empirical atmospheric trans-
mission law defined by Langevin et al. (2005).

Hyperspectral cube ORB1090_1, acquired at Ls = 119.2°, covers
the Gemina Lingua lobe with a pixel size of 2.5 km, smaller than
the wavelength of the small sedimentation waves (Fig. 3). Spectral
signatures observed on these sedimentation waves are typical of
pure water ice, with higher reflectance values in the visible than
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Fig. 3. (a) Slope map derived from the MOLA DEM over the area outlined by a red box in Fig. 1, emphasizing small sedimentation waves on the Gemina Lingula lobe. The
black dotted and dashed lines represent topographic troughs and crests respectively. Negative slope values (green to blue) correspond to sedimentation wave downwind
sides and positive slope values (yellow to red) to their upwind sides. Small wavelength sedimentation waves have slopes values comprised between —2° and +2° and are
generally steeper on their downwind sides (b). The steepest positive and negative slopes in the image (< —3° or >+ 3°) correspond to the tips of large sedimentation waves.
(b) Ice surface elevation along profile CC’' delineated by red line in (a). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Fig. 4. Portion of CTX image P20_008995_2593_XI_79N001W, acquired at Ls =
90.96° and outlined by black box in Fig. 3(a), showing fields of wind-parallel sas-
trugi (highlighted in light blue) alternating with sastrugi-free fields on the small
wavelength sedimentation waves. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

in the infrared and four large absorption bands at 1.04, 1.25, 1.50
and 2.02 um (Fig. 5). Reflectance values in the visible are generally
similar on both sides of the small sedimentation waves, but water
ice absorption bands in the near infrared are generally deeper on
their downwind sides than on their upwind sides.

To emphasize these spectral variations, we mapped the depth
of the 1.25 pm absorption band over the Gemina Lingula lobe. We
selected this band because the 1.50 and 2.02 ym bands become
saturated with increasing grain size (Brown and Calvin, 2012) and
because computing the 1.04 pm band depth is impeded by the
change of OMEGA detector between 0.93 and 1.07 pm (Fig. 5). The
1.25 pm absorption band depth, BD (1.25 pm), is computed as fol-
lows:

BD(1.25um) =1 — R(.25) (1)
(0.5 x R(1.36) + 0.5 x R(1.16))

Reflectance

0.5 1.0 1.5 20 25
Wavelength (um)

Fig. 5. Reflectance spectra of small sedimentation wave upwind sides (black line)
and downwind sides (grey line). Black and grey spectra correspond to the average
of several spectra of OMEGA cube ORB1090_1 acquired respectively on the upwind
sides (black dotted lines in Fig. 6(b)) and on the downwind sides (grey dotted
lines in Fig. 6(b)). Vertical dashed lines indicate wavelengths of diagnostic water
ice absorption bands. The grey area corresponds to the change of OMEGA detector
between 0.93 and 1.07 pm.

where R(x) is the reflectance value at the x nm wavelength. In or-
der to reduce the spectral noise, the reflectance value at a given
wavelength is taken as the median of the reflectance values mea-
sured in three adjacent spectral channels centered on this wave-
length (Massé et al., 2010, 2012).

The resulting map reveals linear stripes of alternatively deeper
and shallower water ice absorption band at 1.25 pm (Fig. 6(a)
and (b)). These periodic spectroscopic variations are correlated
with the small sedimentation waves. Absorption maxima are ob-
served on their downwind sides whereas absorption minima are
observed on their upwind sides (Fig. 6(c)). This result, obtained
on Mars from hyperspectral data, is comparable to spectroscopic
variations observed on Antarctic megadunes from multispectral
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Fig. 6. (a) Map of ice absorption band depth at 1.25 pm, derived from hyperspectral OMEGA cube ORB1090_1, acquired at Ly = 119.2° during Martian Year 27 (cube footprint
delineated by a blue box), overlaid on a shaded-relief map of the Gemina Lingula lobe computed from MOLA DEM. The map reveals linear stripes of alternatively shallower
(blue) and deeper (orange) absorption at 1.25 pm. (b) Zoom on the area outlined by a red box in (a). The white dotted and dashed lines represent sedimentation wave
troughs and crests respectively. The grey and black dotted contours refer to the footprint of the regions of interest used to compute average spectra on the sedimentation
wave downwind and upwind sides respectively. (c) Ice surface elevation (black line) compared to band depth at 1.25 pm (blue line) along profile CC' delineated by red line
in (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

data (Fahnestock et al., 2000; Frezzotti et al., 2002a, 2002b; Scam-
bos et al., 2007, 2012).

3.2. Interpretation

The correlation between spectroscopic variations and small sed-
imentation waves on the North Polar Cap can be caused by two
parameters: these are the viewing geometry of the OMEGA obser-
vation (incidence and emergence angles of light on the surface)
and the ice surface properties (including impurity content, grain
size and crystal shape) (Warren, 1982; Clark and Roush, 1984;
Lucey and Clark, 1985). The effects of these parameters on the ob-
served spectroscopic variations are now discussed.

Changes in surface topographic slopes produce changes in the
incidence and emergence angles of the light recorded by orbital
imaging spectrometers. Photometric effects associated with these
changes in the viewing geometry alter the shape of the spectral

continuum and the absolute value of the reflectance (Nolin, 1998;
Nolin and Dozier, 2000; Vincendon et al., 2007; Dumont et al.,
2010). However, absorption band depths computed as in Eq. (1)
are theoretically insensitive to the shape of the continuum and
thereby to topographic slopes (Clark and Roush, 1984; Nolin and
Dozier, 2000; Frezzotti et al., 2002a, 2002b; Painter et al., 2003).
In order to rule out definitively these effects as possible causes
for the observed correlation between spectroscopic variations at
1.25 pm and the small sedimentation waves, we analyzed several
OMEGA cubes acquired with various viewing geometries (Fig. 7).
The band depth variations at 1.25 pm occur at the same locations
on the small sedimentation waves (Fig. 7(a) and (c)), though the
illumination directions differ greatly between the cubes (Fig. 7(b)
and (d)). For all the analyzed cubes, maximal absorptions occur on
sedimentation wave downwind sides, while minimal absorptions
occur on their upwind sides. By contrast, the variations of the
1.25 pm absorption band depth is independent of the incidence
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(Ls = 133.5°) respectively. Profiles DD’ show ice surface elevation derived from the MOLA DEM (black lines) compared to 1.25 pm band depth (blue lines). (b) and (d) Maps
of local incidence angles associated to hyperspectral OMEGA cubes ORB1150_2 and ORB1200_0. The illumination orientations (white arrows) are opposite between these two
observations. Profiles DD’ show local incidence angles (red lines) compared to 1.25 pm band depth (blue lines). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

angle (Fig. 7(b) and (d)): both vary in phase for one observation
geometry (Fig. 7(d)) while band depth is in antiphase for an op-
posite illumination direction (Fig. 7(b)). This observation, together
with the very small range of incidence variations (0.4° in (b) and
1.2° in (d)), lead us to the conclusion that photometric effects due
to topographic slopes do not cause these spectroscopic variations.

The North Polar Ice Cap is contaminated by mafic dust and
hydrated minerals, particularly on the large sedimentation wave
downwind sides (Massé et al.,, 2010, 2012). The presence of im-
purities in ice tends to flatten its reflectance spectrum and may
introduce mineral hydration absorption bands that can interfere

with water ice absorption bands (Lucey and Clark, 1985; Massé
et al., 2010). Experimental measurements and modeling studies on
water ice and dust mixtures reveal that small amounts of dust pro-
duce a strong decrease of reflectance in the visible part of the
spectrum while they do not affect significantly the reflectance of
ice in the near-infrared (Warren, 1982; Lucey and Clark, 1985).
By contrast, the reflectance in the visible does not vary signifi-
cantly across the small sedimentation waves of the North Polar
Cap (Fig. 5). The diagnostic absorption bands of polar dust (Massé
et al., 2010, 2012) are not detected on the small sedimentation
waves in our study area. These observations indicate that the dust
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content of the ice is both constant and low. Therefore, it cannot
be responsible for the observed spectroscopic variations over the
small topographic waves.

Spatial variations in accumulation/ablation rates and in post-
depositional metamorphism intensity lead to spatial variations in
the shape and size of ice crystals at the surface of glaciers. This
has been well documented in Antarctica, where fine-grained pris-
tine ice generally covers areas of enhanced net accumulation,
while coarse-grained metamorphosed ice is generally exposed in
areas of reduced net accumulation (Goodwin, 1990; Frezzotti et
al., 2002a; Gay et al., 2002; Albert et al.,, 2004; Courville et al.,
2007). These variations may in turn affect the spectroscopic sig-
nature of the ice surface on remotely-sensed images (Fahnestock
et al.,, 2000; Frezzotti et al., 2002a, 2002b; Langevin et al., 2005;
Courville et al., 2007; Scambos et al., 2007, 2012). The optical
grain size refers to the mean free path of photons in the ice pack
between two scattering events and it depends on the ice composi-
tion, crystals size and shape (Warren, 1982; Lucey and Clark, 1985;
Scambos et al., 2007). Experimental and modeling studies re-
veal that infrared reflectance values generally decrease and wa-
ter ice absorption band depths generally increase as the optical
grain size increases (Warren, 1982; Lucey and Clark, 1985; Nolin
and Dozier, 2000; Langevin et al., 2005; Brown and Calvin, 2012;
Taffin et al., 2012). On this basis, it is reasonable to assume that
the spectroscopic variations observed across the small sedimen-
tation waves of the Martian North Polar Cap are due to smaller
optical grain sizes on their upwind sides than on their downwind
sides. By analogy with Antarctica, this difference may be attributed
to an asymmetry in surface ice distribution processes on the small
sedimentation waves: smaller grains on their upwind sides would
correspond to pristine ice indicative of enhanced net accumulation,
while coarser grains on their downwind sides would correspond to
metamorphosed ice indicative of reduced net accumulation.

4. Discussion

4.1. Analogy between Martian sedimentation waves and Antarctic
megadunes

Sedimentation waves on the Martian North Polar Cap are simi-
lar to Antarctic megadunes in many respects, although they differ
in amplitude and wavelength.

(1) They are organized in periodic sub-parallel patterns that
strike at high angles to katabatic wind streamlines.

(2) Their downwind sides are generally steeper than their up-
wind sides.

(3) They are associated to periodic variations in the properties
of the ice surface. The large sedimentation waves are covered by
pure young ice on their upwind sides and tops, while layers of
dusty old ice are exhumed on their downwind sides. The small
sedimentation waves are generally covered by rough surfaces re-
sembling terrestrial sastrugi fields on their upwind sides, their
crests and the intervening troughs, while smooth areas are exposed
on their downwind sides.

(4) Spectroscopic variations at the surface of the small sedi-
mentation waves are consistent with the presence of fine-grained
pristine ice indicative of enhanced net accumulation on their up-
wind sides and of coarser-grained metamorphosed ice, indicative
of reduced net accumulation on their downwind sides. We were
not able to detect equivalent variations in ice grain size on the
large sedimentation waves, because exhumed dust alters the ice
spectrum on their downwind sides (Massé et al., 2010, 2012).
Nonetheless, old ice layers exposed by sublimation on these large
sedimentation wave downwind sides (Massé et al., 2010, 2012;
Smith and Holt, 2010) are expected to be composed of coarse-
grained metamorphosed ice.

(5) Radar stratigraphic soundings reveal an asymmetry in long-
term ice distribution patterns across the large sedimentation
waves: net accumulation occurs on their upwind sides and tops,
while net ablation occurs on their downwind sides (Smith and
Holt, 2010). A similar stratigraphic asymmetry cannot be detected
unambiguously for the small sedimentation waves on the study
area; the available SHARAD radargrams however show that their
internal stratigraphy is conformable with their undulating surface
topography and that both sides are subject to net accumulation.

4.2. Toward a common model of ice/wind interaction on Earth and Mars

The development of Antarctic megadunes has been attributed
to dynamic feedbacks between the atmosphere and the cryosphere
(Fuji and Kusunoki, 1982; Frezzotti et al., 2002a; Albert et al.,
2004; Courville et al., 2007; Scambos et al., 2012; Dadic et al,,
2013). The acceleration of katabatic winds on their downwind
sides enhances ablation, thus reducing long-term net accumula-
tion and leading to prolonged sublimation metamorphism that
drives the formation of coarse-grained ice and glazed surfaces. By
contrast, fine-grained ice accumulates on their upwind sides, and
deceleration of katabatic winds above these sastrugi-covered sur-
faces further enhances accumulation. Over time, the accumulated
ice progressively buries uphill glazed surfaces and the megadunes
migrate upwind.

We propose that dynamics comparable to those of Antarctic
megadunes are involved in the development of large and small
sedimentation waves on the Martian North Polar Cap. Our favored
model is illustrated in Fig. 8. Fine-grained pristine ice accumu-
lates at the surface of the ice cap by condensation of water vapor
transported by katabatic winds, and/or by deposition of wind-
blown crystals formed in the atmosphere (Whiteway et al., 2009;
Smith et al., 2013). Katabatic winds partially depleted from their
water vapor content flow over sedimentation wave downwind side,
thus enhancing sublimation there and generating either long-term
net ablation or reduced long-term net accumulation. Enhanced
sublimation leads to the formation of coarse-grained metamor-
phosed ice on the sedimentation wave downwind side and the
water vapor produced by sublimation is transported by katabatic
winds toward the next sedimentation wave upwind side. There,
the physical conditions are favorable for the water ice to con-
dense back to the ice cap surface, thus enhancing long-term net
accumulation. This model is consistent with previous inferences
that sublimation, condensation, katabatic winds and atmospheric
waves are involved in the development of sedimentation waves on
Martian polar caps (Howard, 2000; Ivanov and Muhleman, 2000;
Smith and Holt, 2010; Massé et al., 2012; Smith et al., 2013).

Martian topographic waves are larger in wavelength and am-
plitude than Antarctic megadunes. This difference reflects differ-
ences in gravity, atmospheric conditions (e.g., pressure, tempera-
ture, density, viscosity, atmospheric boundary layer) and ice prop-
erties (e.g., crystal sizes and shapes, density, porosity, presence
of dust) between the two planets (Claudin and Andreotti, 2006;
Andreotti et al., 2009; Bourke et al., 2010). Megadunes in Antarc-
tica and sedimentation waves on Mars thus provide two natural
cases with different boundary conditions, against which models of
ice/wind interactions at the surface of glaciers may be tested. As
suggested by Frezzotti et al. (2002a), Dadic et al. (2013) and Smith
et al. (2013), the Froude number controls these interactions as it
does for sedimentation waves, antidunes and cyclic steps in sub-
aerial and submarine environments (Flood, 1988; Lee et al., 2002;
Kostic et al., 2010).
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Fig. 8. Interpretative cross-section of Gemina Lingula, illustrating the surface topography, the internal architecture and the physical processes involved in the dynamics of the

two sets of Martian ice sedimentation waves.

4.3. Difference between large and small sedimentation waves

The relative magnitude of ice distribution processes differs be-
tween large and small sedimentation waves (Fig. 8). The inter-
nal stratigraphic architecture and the surface spectroscopic prop-
erties of the small ones are consistent with enhanced net accu-
mulation on their upwind sides and reduced net accumulation
on their downwind sides. By contrast, the large ones are subject
to net accumulation on their upwind sides and net ablation on
their downwind sides (Howard, 1978, 2000; Howard et al., 1982;
Cutts et al., 1979; Ng and Zuber, 2006; Smith and Holt, 2010;
Massé et al, 2010, 2012; Smith et al, 2013). The analogy with
Antarctic megadunes is therefore probably more relevant for the
small Martian sedimentation waves than for the large ones.

This difference also suggests that, although the large and small
Martian sedimentation waves are comparable in their overall dy-
namics, additional mechanisms must dramatically promote abla-
tion on the downwind sides of the large ones. These mechanisms
most probably involve enhanced friction and sublimation due to
strong wind acceleration associated to the formation of katabatic
jumps in the near surface winds (Smith et al., 2013).

Stationary katabatic jumps occur at the surface of the Antarctic
ice sheet (Pettré and André, 1991); they could lead to the forma-
tion of terrestrial equivalents of the Martian large sedimentation
waves. These terrestrial equivalents have not been discovered so
far however, perhaps because the small dust content in the Antarc-
tic ice relative to the Martian ice does not allow the development
of significant albedo contrasts between megadune upwind and
downwind sides, while such albedo contrasts have been argued to
promote the growth of large sedimentation waves on Mars (Ivanov
and Muhleman, 2000; Ng and Zuber, 2006).

4.4. Remaining questions

Major issues on the dynamics of Martian sedimentation waves
and Antarctic megadunes remain to be resolved.

(1) While one wavelength only has been described so far for
Antarctic megadunes, there are two wavelengths of sedimenta-
tion wave on the Martian North Polar Cap. The relation between
these two wavelengths is unclear. Do they develop independently
or do the large ones control the formation of the small ones, as
was suggested by Howard (2000) and Smith et al. (2013)? Do the
large ones result from the development of the small ones (Howard,
2000)? Does a terrestrial equivalent exist for the large ones?

(2) Accumulation on Antarctic megadunes fields is thought to
be dominated by the deposition of wind-blown snow particles
(Goodwin, 1990; Rémy and Frezzotti, 2006), when accumulation
on the Martian North Polar Cap is generally attributed to direct
condensation of atmospheric water vapor onto the ice cap surface
(Ivanov and Muhleman, 2000; Ng and Zuber, 2006). The respective
contributions of atmospheric precipitation and direct condensation
thus remain to be fully evaluated both in Antarctica and on Mars.

(3) Seasonal variations in short-term accumulation and ablation
rates on either side of sedimentation waves are still to be assessed
on Earth and on Mars. In other words, do the asymmetry in long-
term net accumulation/ablation rates across sedimentation waves
and megadunes results from an asymmetry in seasonal accumula-
tion rates, in seasonal sublimation rates, or both?

5. Conclusion
The Martian North Polar Cap and the Antarctic Ice Sheet inter-

act with cold and dry atmospheres, have low accumulation rates
and are subject to permanent and uniform katabatic wind regimes.
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These environmental similarities lead to the development of ana-
log ice/wind interaction features on their surfaces. These include
sedimentation waves that are comparable in their surface mor-
phology, texture, grain size, and internal stratigraphic architecture.
Their shallow-dipping upwind sides, their tops and the intervening
troughs are covered by young ice and occasional sastrugi fields,
indicative of net accumulation. On the other hand, their steep-
dipping downwind sides either expose exhumed layers of old ice
or correspond to smooth surfaces of coarse-grained ice, indicative
of net ablation or reduced net accumulation associated with sub-
limation and metamorphism. These surface characteristics and the
internal stratigraphic architecture revealed by radar sounding are
consistent with the interpretation that these sedimentation waves
grow and migrate upwind in response to the development of peri-
odic accumulation/ablation patterns controlled by katabatic winds.

In Antarctica, only one wavelength has been described so far for
these sedimentation waves. By contrast, the Martian North Polar
Cap displays two superimposed sets of sedimentation wave with
differing wavelengths. The smaller waves, characterized by reduced
net accumulation on their downwind sides, are probably Martian
ice megadunes analogous to the Antarctic megadunes that have
been described so far. On the other hand, a terrestrial equivalent
remains to be discovered for the larger sedimentation waves, char-
acterized by net ablation on their downwind sides.

This work provides a basis for the future development of a
common model of ice/wind interaction at the surface of Martian
and terrestrial glaciers. A clear understanding of these interac-
tions is of primary importance for the climatic interpretation of
ice records and for the assessment of processes and rates of mass
and heat transfers in glaciers on Earth and on Mars.
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