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Introduction: High-resolution monitoring of mar-

tian sand dunes over the past decade has revealed a 
variety of modes of mass movement on martian dunes 
[e.g., 1-10, 13-17]. Various combinations of water, 
water ice, CO2 frost, dry sand flow, dust avalanches, 
and induration have all been proposed as contributing 
to the origin of these features. In some cases, similar 
processes have been proposed to cause mass move-
ments with different morphologies, and vice-versa. In 
an effort to constrain the possible origins of these fea-
tures, here we summarize their characteristics and 
evaluate the possible contribution of various volatile, 
aeolian, and rheologic processes to their development. 

Leveed channels: Sinuous, leveed channels with 
no depositional aprons [1,2] that are the Type I fea-
tures of [3,4]. They appear to initiate both at dune 
crests in intermediate alcoves (10-20m wide) as well as 
further down slope, and extend out onto dune aprons. 
Levees are found primarily on south-facing slopes 
south of 45°S. The properties of the levees are con-
sistent with sediments incorporating liquid water, but 
not CO2 [1]. New levees have been observed during 
the spring season [5]. Sediments fluidized by liquid 
water have also been proposed to explain branching 
streak-like features on CO2 covered dunes in the north 
polar sand sea [6], but morphologic signatures like the 
leveed channels have not been observed in this region. 

Dendritic channels: Large (100m+ wide) alcoves 
composed of dendritic channels, which merge into a 
single sinuous channel ending in a depositional apron. 
These features are only found on south-facing slopes 
poleward of 45°S, and are Type II features in [4]. 
Based on channel morphology, [4] proposed that these 
features were formed by a fluid, but further work is 
needed to constrain how fluids could be involved. 

Dune gullies: While there is some variation in 
morphology of these features, they are generally char-
acterized by large (100+ meters wide), often channeled 
alcoves, with sinuous and long to short and straight 
channels terminating in large (100+ meters long) allu-
vial fan-like deposits [3,4,7,8]. Dune gullies are pri-
marily found south of 45°S on E/W slopes [4,7], and 
correspond to Type III features of [3,4]. New dune 
gullies have been observed [8], and new flows have 
been identified within several existing gullies during 
the winter or spring seasons [7]. Based on the seasonal 
and latitudinal correlation with CO2 frost, [7] proposed 
that fluidization due to CO2 sublimation promoted 
mass wasting in the gullies; however, the triggering 

mechanism for the failure in this scenario is not well 
constrained. Instead, [3] proposed that failure and flu-
idization may have been triggered by melting ice/snow 
(denivation) in the subsurface, based on a strong mor-
phologic similarity to denivation features on terrestrial 
cold-climate dunes [9]. 

Slumps: Partial or full translational or rotational 
collapse of the slipface, as opposed to flows [9]. So far, 
slumps have only been reported in the north polar sand 
sea [10,11], where new slumps have also been ob-
served [10]. Similar slumps occur on terrestrial dunes 
with layers of melting ice or snow incorporated into 
the slipface [12], and this scenario is consistent with 
evidence for ice-cemented dune interiors in the north 
polar region [9,12]. While this process is similar to that 
proposed for the gullies, the difference in morphology 
may be related to the steepness and length of the 
slipface – slumps tend to occur on barchans with short, 
steep slipfaces [3] while gullies tend to occur on large, 
complex dunes with long, relatively shallow slopes [4]. 

Streaks: These long, rectilinear albedo features 
exhibit little to no apparent relief. Streaks are identified 
by their contrasting albedo with the surrounding 
slipface (and thus are only apparent on dusty slipfac-
es), and can appear either darker or lighter in tone. 
Some streaks brighten down slope. These features cor-
respond to Type II features in [3] and Type IV features 
in [4]. Streaks are actively forming in mid-latitude and 
equatorial dune fields [14-16], and here we report 
streaks forming in early summer in the north polar 
sand sea. Streaks have been interpreted to be grain 
flows, similar to rectilinear grain flows on terrestrial 
dune slipfaces [14-16]. Some streaks occur on very 
dusty dunes that clearly have not experienced saltation 
recently, and in these cases, appear to be triggered by 
dust devils (e.g., HiRISE ESP_014426_2070). This 
observation raises the question of whether streaks rep-
resent flow of sand, dust, or both. Dust streaks are 
common features on martian slopes [17]. Bright 
streaks and streaks with bright termini may indicate 
flows incorporating significant dust. However, some 
dark streaks on short slipfaces clearly deposit dark 
sand at their termini, suggesting that at least some 
streaks are indeed sand flows. 

Simple alcoves: These features are characterized 
by wedge-shaped, un-channeled, shallow alcoves 
perched above short, symmetrical, fan-shaped deposits 
(Fig. 1). Alcove widths range from a few meters to a 
few tens of meters. Alcoves were originally identified 
in the north polar sand sea [10,18], but are also present 
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Figure 1: Simple alcove 
examples. All scale bars 
are 50 meters, and illumi-
nation is from the left. 
 
(a) Overlapping alcoves 
in the north polar region. 
(PSP_009252_2640) 
 
(b) A large alcove in the 
north polar sand sea. 
(PSP_ 009905_2650)  
 
(c) Small possible alcoves 
in Herschel Crater, 14°S. 
(ESP_020384_1650) 

in mid-latitude dune fields in both hemispheres. Al-
coves are rare at lower latitudes, but meter-scale struc-
ture on the upper portion of slipfaces may be consistent 
with small alcoves (Fig. 1c). Interestingly, both the 
linear structure of the equatorial alcoves and the chan-
nelized structure of the high latitude alcoves resemble 
features formed in small-scale granular flow experi-
ments designed to simulate martian gravity [19]. 

New alcoves have been observed to form in the 
north polar sand sea between consecutive summer and 
spring seasons [6]. New alcoves are first observed as 
outlines beneath the CO2 frost, implying that they 
formed prior to the deposition of the thick CO2 slab in 
the fall [20], most likely between mid-summer and 
early fall. The orientations of the alcoves are consistent 
with recent wind directions [20], suggesting a genetic 
relationship with aeolian activity. Indeed, the mor-
phology of the alcoves and fans is consistent with 
channelized dry grain flows [21]. These can form 
alongside rectilinear flows on terrestrial slipfaces, and 
the flow morphology may depend on the location of 
greatest over-steepening on the slipface [22]. However, 
the large size of alcoves at mid and high latitudes (~10 
meters) compared to typical terrestrial flows (tens of 
cm) suggests that other processes are affecting the 
martian dunes. One possibility is that the large size, 
steep walls, and multi-year preservation typical of the 
alcoves in the north polar erg is due to partial indura-
tion of the slipface [20], which would lead to less fre-
quent and therefore larger failures [22], and would help 
to preserve alcoves and to create steep walls [3]. 

While most simple alcoves are ~10 meters or less 
in width, we have identified a few examples of larger 
alcoves (50-100m) in the north polar sand sea (Fig. 
1b). Even these large alcoves still appear fundamental-
ly different from either slumps or the more complex 
failure features in the south, as they do not exhibit 
channels within or below the alcove and their deposi-
tional fans are small and do not exhibit evidence for 
multiple events or fluidization. The timing of activity 
also appears to occur in late summer or fall, compared 
to winter or spring for the dune gullies. Thus, simple 
alcoves appear to be less consistent with the presence 
of volatiles than other mass movement features on 
martian dunes, supporting a dry grain flow origin. 

Comparing hemispheres: It has been suggested 
that the difference in modes of mass movement be-
tween northern and southern mid to high latitude dunes 
is related to greater frost accumulation during the 
longer southern winter, causing fluidization of flows 
[7]. However, in this scenario, high-latitude northern 
dunes should also exhibit volatilized flows, which are 
not observed. Our synthesis of available observations 
suggests that the size and morphology of the dunes 

themselves may be as important of a factor as season-
ality. Dune gullies are only observed on the complex 
intracrater dunes with long slipfaces and aprons that 
are common in the southern highlands, but this type of 
dune is rare in the uncratered northern plains. Howev-
er, some hemisphere-dependent effect may still be re-
quired to explain the pole-facing levees and dendritic 
channels observed in the south. 
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