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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 particu-
lar, major insights are needed into the mechanisms that 
cause induration of sand dunes and how these mecha-
nisms affect dune migration rates. Possible modes of 
induration include chemical (cementation by salts, 
ferricrete, etc.), physical (settling and compaction of 
sand and/or dust), and niveo-aeolian (cementation by 
pore or interbedded ice) [1-3]. This study aims to 
search for evdience of each of these processes and 
evaluate their relative influence by examining dunes 
within the north polar sand sea, which encircles and is 
sourced from within the north polar plateau (Planum 
Boreum) [4]. The north polar sand sea offers a unique 
opportunity to study all of the above processes in one 
location, as both ice and soluble sulfates are present in 
the dune fields.  

Evidence for dune interior ice:. Analysis of Neu-
tron 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 duneforms in the Antarctic Dry Val-
leys have shown that ice can substantially slow the 
movement of dunes [3], so subsurface ice could ex-
plain 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 [5,6]. 

Evidence for soluble sulfates: The most extensive 
sulfate deposit on Mars is located within Olympia Un-
dae (OU), the largest dune field within the north polar 
sand sea. Near-infrared (NIR) spectra of OU from the 
Mars Express OMEGA imaging spectrometer are con-
sistent with the hydrated calcium sulfate gypsum [7,8]. 
Although the highest gypsum concentrations  (up to 40 
wt.%) are limited in extent, gypsum is likely present at 
low levels throughout the the entire sand sea [8]. 

Methods In this study, we use high-resolution im-
ages (HiRISE) to identify and map decameter-scale 
features on sand dunes in the north polar erg. Ice melt-
ing or sublimation (denivation) has been postulated as 
the cause of some of these features, while others may 
be caused by dry granular flow or surface induration 
due to compaction or cementation [2,9]. However, 
further evidence is needed to confirm these hypothe-
ses. By mapping the distribution of dune surface fea-
tures in key locations in the north polar region and 
comparing the distribution to geographic context, dune 
morphology, thermophysical properties (THEMIS),  

 
Fig. 1: North polar region and locations of HiRISE 
images examined in this study (Basemap: MOC-WA). 
Sand sea encompasses all low-albedo terrains. 
 
 

 
Fig. 2: (a) Complex fan, (b) simple fans, (c) protruding 
layers, (d) pitted slump, (e-f) surface cracks. 
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and spectral properties (OMEGA), we can place con-
straints on the processes responsible for each class of 
features, and therefore on the structure and mobility of 
the dunes.  In particular, we have targeted the highest 
latitude dune fields within Chasma Boreale, where we 
expect to observe ice-related dune features, and the OU 
dune field, where we may observe correlations with 
sulfate abundance (Fig. 1). We have divided observed 
dune surface features into five classes (Fig 2), based on 
morphology and association [10]. 

Fans (dry granular flow features): Fans are fea-
tures with wedge-shaped alcoves above fan-shaped 
deposits, likely the result of dry granular flow during 
failure of an over-steepened slipface (Fig. 2). The steep 
sides of the alcoves may imply that the surrounding 
material is indurated [9]. Fan morphologies range from 
simple (single failure, 1-20m) to complex (multiple 
failures, up to 150m). Co-located HiRISE images taken 
over consecutive summers and within the same season 
show fans appearing and fading, indicating that fans 
are common features that are actively forming and 
eroding. Fans are more common near scarps, where 
katabatic winds are strong, and seem to occur less of-
ten in areas with OMEGA water ice detections [10]. 
These observations suggest that fans are good markers 
for the most active regions of dune fields, and could be 
used to target dune change detection efforts. 

Surface cracks (sulfate cementation features): 
Surface cracks have linear, branching morphologies 
and generally run away from the dune crest on the 
stoss slope [9]. Linear cracks suggest a thin (several 
cm) surficial crust under tension due to thermal expan-
sion or structural changes within the dune. Cracks are 
often observed emanating from fan alcoves, possibly 
indicating a genetic relationship (Fig. 2).  

Across OU, the distribution of surface cracks is not 
uniform (Fig. 3), and appears to correlate with hydra-
tion band depth, which linearly tracks gypsum abun-
dance [8]. This implies that gypsum is cementing the 
dunes. Chemical cementation by salts occurs when the 
salts are dissolved in water and reprecipitated at con-
tacts between sand grains [e.g. 11]. This process re-
quires liquid water, at least in the form of thin films, 
thus implying that brines have been present in these 
dunes since they last moved. Such brines could be 
sourced from interior ice, and may be similar to the 
putative brines observed on the Phoenix lander [12]. 

Remnant layers (sulfate or ice cementation fea-
tures): Remnant layers are indurated layers exposed 
on, protruding from, or preserved behind the stoss 
slope of a dune [9]. Both ice- and salt-cemented layers 
can exhibit this behavior. Remnant layers occur in two 
common locations: (1) on dunes near scarps with 
abundant fans, and (2) on small isolated barchans  

 
Fig. 3: Surface cracks (green dots) on dunes compared 
to OU hydration band depth (gypsum abundance). 
 
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 (ice cementation features): Pits 
occur as singular, chains, or coalesced chains of col-
lapse 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 [9]. Pits may be caused by local-
ized denivation and the associated loss of material, 
while slumps may occur when catastrophic denivation 
destabilizes a slipface layer. Both pits and slumps oc-
cur much more often on dunes at the highest latitudes. 

Ongoing work: We are currently: (1) analyzing the  
distribution of features other than surface cracks in 
OU; (2) searching for correlations with dune morphol-
ogy; (3) incorporating high-resolution CRISM spectral 
maps to analyze the ice content of dunes; and (4) in-
vestigating relationships with dune daytime tempera-
ture and thermal inertia (THEMIS). 
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