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Introduction:  

In this paper frosted granular flow (FGF) is pre-

sented as a new hypothesis for recent mass wasting in 

Martian gullies. FGF is a rare type of terrestrial granu-

lar flow, which has been observed on a maritime talus 

slope in the Province of Québec, Canada [1]. Frost 

coatings on clasts reduce dynamic inter-particle fric-

tion, enabling flows to mobilize onto slope gradients 

that are lower than those involving dry granular flows 

of the same material. Resulting erosional and deposi-

tional features (straight to sinuous channels, levees and 

digitate to branching terminal deposits) closely resem-

ble morphological features associated with water-

saturated debris flows. With diurnal and seasonal frost 

observed in southern mid- to low-latitude regions on 

Mars [2], suitable conditions exist for the development 

FGFs on steep, debris-mantled slopes. To this end, 

recent mass wasting features observed at the terminus 

of gullies on Mars could be interpreted as a product of 

frosted granular flows (Figs. 1, 2).  
 

 
Fig. 1: Subset of HiRISE image PSP_003252_1425 

showing a light-toned gully deposit in Terra Sirenum. 

 

Background: 

A number of hypotheses have been presented re-

garding the development of hillside gullies on Mars [3, 

4, 5, 6, 7, 8, 9, 10]. Three broad categories of mass 

wasting processes are recognized as possibilities: liquid 

flows, vapor-assited flows and dry flows. A major chal-

lenge yet to be addressed, however, is the link between 

the process(es),  composition of the mobilized material 

and the resulting landforms. Geomorphological fea-

tures of gullies (alcoves, channels, aprons) provide the 

most convincing support for hypotheses predicated on 

liquid flows, but atmospheric pressure and tempera-

tures in most areas on present-day Mars suggest limited 

potential for the stability of H2O or CO2 in liquid phase 

at the surface [11, 12]. 

Until recently [13], no convincing evidence had 

been presented to indicate that gullies on Mars were 

active under the constraints of the current atmospheric 

conditions. Costard et al. [6] showed that favorable 

conditions for liquid water stability and surface runoff 

were possible several hundred thousand years ago 

when Mars’ obliquity was higher [15, 16]. Therefore, 

gullies could be relict features in the context of geo-

morphic timescales investigated on Earth [14]. Indeed, 

if most gullies are relict features, the possibility they 

formed by liquid flows of sediment-water mixtures is 

reasonable according to orbital reconstructions.    

Malin et al. [13] recently reported signs of contem-

porary mass wasting activity in two southern mid-

latitude gullies (Fig. 2). From an exhaustive review of 

thousands of images over several hundred sites, Malin 

et al. [14] distinguished two new light-toned gully de-

posits along southeast- and northeast-facing walls of 

craters in the Terra Sirenum and Centauri Montes re-

gions, respectively. Geomorphic characteristics of the 

deposits suggest emplacement by sediment-liquid mix-

tures, but the physical mechanism responsible for sup-

porting liquid at the surface in these regions remains to 

be fully developed. 
 

 
Fig. 2: Subset of HiRISE image PSP_004229_1435 

showing one of the two light-toned gully deposits de-

scribed by Malin et al. [14]. 

 

Because much of our interpretation of gullies on 

Mars is conditioned by terrestrial analogs, exploring all 

aspects of terrestrial mass wasting processes is ex-

tremely important. Recent terrestrial analog research 

has focused on water-carved gullies in polar regions 

[17,18]. However, one terrestrial process not yet inves-

tigated in this context is frosted granular flow (FGF). 
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Originally observed and described by Hétu et al. [1], 

FGF is a type of granular flow in which the translation 

of debris is facilitated by thin frost coatings on clasts.  

Frosted granular flow (FGF): 

FGFs have been observed many times on a mari-

time talus slope in the Gaspé region of the Province of 

Québec, Canada [1]. FGFs develop in late winter when 

air temperatures fluctuate around the freezing point. 

They initiate on the steep, upper portion of snow-free 

talus slopes and mobilize for distances up to 500 m. 

The triggering mechanism is localized rock fall impact 

on the frost-covered talus surface. Once mobilized, 

FGFs develop into small flows 1-3 m wide and move at 

velocities of 3-6 m s
-1
. The flows produce small, shal-

low channels bordered by levees, and end in digitate to 

branching terminal deposits (Fig. 3). Channel mor-

phology ranges from straight to sinuous. Frost coatings 

on clasts reduce dynamic inter-particle friction and 

enable flows to mobilize onto relatively low slope gra-

dients (25-30°). Terminal deposits emplaced by FGFs 

are often found on slope gradients well below the angle 

of repose, which varies between 39° and 41°. During 

the 1989-90 winter season, FGFs occurred over 40% of 

the slope studied by Hétu et al. [1], or some 65,000 m
2
. 

Thus, they are not an isolated phenomenon and have 

played a formative role in the development of the talus 

slope.  
 

 
Fig. 3: Map of FGFs developed from photography 

(modified from Hétu et al. [1]). 

 

Potential and implications of FGFs on Mars: 

FGFs share many similarities with gully systems on 

Mars. They exhibit well-defined, straight to sinuous 

channels, levees and digitate to branching terminal 

deposits [1]. The gross morphology of FGFs closely 

ressemble debris flows, but they are not supported by 

liquid. Instead, the process has more in common with 

dry granular flows, which have been proposed for Mars 

by several authors [8, 10]. The main difference with the 

dry flows is that FGFs can mobilize onto slope gra-

dients well below the angle of repose due to reduced 

inter-particle friction. The process may involve CO2 

vapor produced by sublimation [19]. The most striking 

morphological similarity between terrestrial FGFs and 

recent gully deposits on Mars is the arrangement of 

terminal deposits. Fig. 3 shows multiple lobes and 

branches of terminal deposits emanating from FGF-

generated channels. A very similar pattern is noted at 

the terminus of recently active Martian gullies [13] 

(Figs. 1 and 2). 

Summary: 

This paper briefly describes some of the process-

form characteristics of FGFs that might be relevant to 

recent and contemporary gully processes on Mars. The 

scope of this paper is by no means synoptic as the de-

velopment of gullies and mass wasting deposits on 

Mars is likely polygenetic, reflecting a continuum of 

processes and conditions operating over both cyclic 

and graded timescales [14]. However, the FGF hypo-

thesis is appealing in the context of contemporary mass 

wasting processes on Mars because it does not require 

the mobilization of sediment-water mixtures. The fol-

lowing points summarize the minimium conditions 

required for a FGF to occur on Mars: (i) readily mobi-

lized, unconsolidated sediment at the surface; (ii) a 

slope gradient in the triggering zone at or near the an-

gle of repose; (iii) frost accumulation at the surface; 

and (iv) triggering by rock fall impact. All of these 

criteria appear to be met on present-day Mars [2, 3, 8], 

suggesting that FGFs are possible. Further theoretical 

considerations of FGF processes are currently under 

development [20].  
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