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Introduction: Saltation has been a major erosional 

and depositional force on the surface of Mars, but the 
dynamics and timescales that govern the movement of 
martian sand dunes are poorly understood. In 
particular, major insights are needed into the 
mechanisms that cause induration of sand dunes and 
how these mechanisms affect dune migration rates. 
While chemical (cementation) or physical 
(compaction) processes may be responsible for 
stabilization of dunes on Mars [1], dunes in the polar 
regions are likely also stabilized by water ice. Analysis 
of Neutron Spectrometer and thermal-infrared data 
indicate that dunes in the north polar erg are best 
modeled as ice-rich cores covered by several cm of 
loose sand [2]. Studies of ice-rich (niveo-aeolian) 
duneforms in the Antarctic Dry Valleys have shown 
that ice can substantially slow the movement of dunes 
[3], so subsurface ice could explain why dunes in the 
north polar erg look fresh but have shown no 
observable migration (at a ~tens of meters scale) in 30 
years of observations [4,5]. 

In this study, we use high-resolution images to 
identify and map decameter-scale features on sand 
dunes in the north polar erg. Some of these features 
have been postulated to potentially indicate the melting 
or sublimation of snow or ice (denivation), while 
others may indicate dry granular flow or surface 
cementation [2,6]. In particular, induration due to salt 
cementation could possibly occur, as sulfates have 
been identified as a component of sands throughout the 
north polar region [7]. However, further evidence is 
needed to confirm these hypotheses. By mapping the 
distribution of dune surface features in key locations in 
the north polar region and comparing the distribution 
to geographic context, thermophysical properties, and 
spectral properties, we can place constraints on the 
processes responsible for each class of features, and 
therefore on the structure and mobility of the dunes.   

Methods: Dune surface features were identified 
and mapped using images from the MRO HiRISE 
camera (25 cm/pixel). The features were classified into 
categories based on morphology. Differences in the 
thermal properties of the dunes were estimated from 
THEMIS daytime temperature maps. While we would 
prefer to use quantitative thermal inertia values derived 
from temperature measurements, accurate thermal 
inertia models require thermal data taken at night [8], 
which is rare during polar summers when the dunes are 
continuously-illuminated and frost- free. However, we  

 
Fig. 1: Examples of features. (a) Complex fan, 

(b) simple fans, (c) protruding layers, (d) pitted slump. 
 

can use daytime temperature differences as a proxy for 
thermal properties by making the assumption that 
albedo and grain size do not vary greatly within 
individual dune fields. In this model, small temperature 
differences (5-10K) across a dune field result from 
changes in the induration state of the sand. In general, 
sand indurated by ice or duricrust has a higher thermal 
inertia than loose sand and should appear cooler in 
daytime temperature maps.  

Spectra from OMEGA and CRISM observations 
were used to determine the presence of water ice 
exposed on the dunes, by measuring the band depth of 
the 1.5 µm water ice band (relative to 1.3/1.7 µm). 
Water ice is likely present for band depths >2% [7]. 

Classes of Features: Based on preliminary 
mapping efforts in Chasma Boreale, we have divided 
observed dune surface features into five classes, based 
on morphology and association: 

Fans: Fans are features with wedge-shaped alcoves 
above fan-shaped deposits, likely the result of dry 
granular flow during failure of an over-steepened 
slipface (Fig. 1a-b). The steep sides of the alcoves 
could imply that the surrounding material is indurated 
[9]. Fan morphologies range from simple (single 
failure point, 5-20 m wide) to complex (multiple 
failure points, up to 100 m wide). Co-located HiRISE 
images taken over consecutive summers show fans 
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appearing and fading, indicating that fans are common 
features that are actively forming and eroding. Fans 
occur less often in areas with OMEGA water ice 
detections (Fig. 2a), and tend to occur more often near 
scarps, where katabatic winds have the greatest effect.  
These observations suggest that fans are good markers 
for the most active regions of dune fields, and could be 
used to target future dune change detection efforts. 

Surface cracks: Surface cracks have linear, 
crooked, or branching morphologies and generally run 
away from the dune crest on the stoss slope [6]. Cracks 
suggest a thin (several cm) surficial crust under tension 
due to thermal expansion or structural changes within 
the dune. Cracks are often observed emanating from 
fan alcoves, possibly indicating a genetic relationship. 
Although we might expect cracks to be common in 
colder areas if colder temperatures are due to surficial 
induration, cracks are rare in relatively cold areas and 
common in warm areas (Fig. 2b). This may indicate 
that the presence of ice in these dunes has a much 
greater effect on their thermal inertia than surface 
induration [11]. The lack of relatively warm areas 
without cracks suggests that un-indurated sands are 
rare, which is consistent with in situ observations [1]. 

Remnant layers: Remnant layers are indurated 
layers exposed on, protruding from, or preserved 
behind the stoss slope of a dune [6]. Both ice- and salt-
cemented layers can exhibit this behavior. Remnant 
layers occur in two common locations: (1) on warm 
dunes near scarps with abundant fans, and (2) on small 
isolated barchans farthest from scarps. These features 
suggest that these dunes have migrated, although in the 
latter case, the lack of dry granular flow features 
suggests that they may not have migrated recently. 

Pits and slumps: Pits occur as singular, chains, or 
coalesced chains of collapse features usually found 
along dune crests. Slumps are collapse features on 
slipfaces, with the collapse occurring along a portion 
or the entire length of the slipface. These features are 
difficult to distinguish, as slumps are often pitted. 
These collapses are likely a result of denivation [6]. 
Pits may be caused by localized denivation and the 
associated loss of material, while slumps may occur 
when catastrophic denivation destabilizes a slipface 
layer. Both pits and slumps occur much more often on 
dunes that appear indurated and eroded, and are more 
common in dunes farther from the inner Chasma 
Boreale head scarp. 

Grooves and rounded slopes: Many dune fields 
appear smoothed out by erosion, based on the presence 
of rounded slopes. These same dune fields also exhibit 
grooves (erosional lineations), implying induration and 
inactivity. As we expect, these dune fields are 
associated with relatively cooler surface temperatures  

             
Fig. 2: Distribution of (a) fans over THEMIS mosaic 
and (b) cracks over THEMIS daytime temperature. 

 
and occur farther from scarps. 

Discussion and Conclusions: Dunes in the north 
polar region exhibit a range of induration states, from 
relatively fresh dunes characterized by sharp features, 
fans, and possibly remnant layers, to smoothed out, 
obviously eroded forms. The features that we have 
identified indicate that: (1) some dunes are subject to 
dry granular flow and likely migrate, and (2) both 
interior ice and surface induration contribute to dune 
stabilization. Further mapping outside of Chasma 
Boreale will be necessary to understand what controls 
the presence of ice within dunes and whether sulfates 
or other hydrated minerals contribute to induration. 
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