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a b s t r a c t
Gullies are a class of geologically recent landform on Mars that show evidence of downslope transport of
sedimentary material from recessed alcoves, through incised channels, to distributary fans or aprons. The
mechanisms invoked to account for the formation of gullies on Mars range from completely dry, granular
ﬂows or landslides, to debris ﬂows that incorporate some component of liquid water, to ﬂuvial erosion and
alluvial-fan-like deposition. Each of these processes requires different amounts of liquid water, and produces
different characteristic morphologies. We report on the identiﬁcation of unusual lobate structures present in
proximity to gullies in Protonilus Mensae. The lobes are up to ~ 3 m thick and terminate in rounded snouts.
These lobate structures are present mostly downslope of gullies, and can be traced upslope through
channels, to gully fan termini, and in places, onto gully fan surfaces. Crater dating indicates that the deposits
formed recently—potentially within the past ~ 500 ka. We use HRSC digital elevation models to constrain
mechanical properties of the lobate deposits, and to compare their formation environment to that of typical
martian gullies. The Protonilus Mensae lobate deposits are interpreted to indicate local dominance of wet
debris ﬂows in the formation of the observed gullies and lobes. These observations are consistent with
1) top-down melting of the ice component of the latitude-dependent mantle terrain in which the gullies
form and 2) initiation of debris ﬂows by mobilization of the dusty lithic component of the mantle. The suite
of morphological observations diagnostic of wet debris ﬂow processes suggests the identiﬁcation of an
unusual environment in which the wet debris-ﬂow formational end-member is locally the dominant gully
forming process; elsewhere on Mars gully morphology may be more consistent with a range of other waterrelated sediment transport mechanisms including ﬂuvial erosion, hyperconcentrated ﬂow, and low-strength
mudﬂows (that deposit as fans rather than lobes). These results suggest that 1) gully-forming processes
involve liquid water, 2) that the water source is associated with the martian latitude-dependent mantle,
and 3) that a range of water-related sediment transport processes is involved in gully formation.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Martian gullies are characterized by evidence for the geologically
recent downslope movement of sediment from topographically high
alcoves, through incised channels, to lower-lying depositional fans
(Malin and Edgett, 2000) (Fig. 1). Leading hypotheses for the origin of
martian gullies range from entirely dry sediment ﬂows (e.g., Treiman,
2003; Shinbrot et al., 2004; Pelletier et al., 2008), to debris ﬂows with
variable water contents (Malin and Edgett, 2000; Costard et al., 2002;
Hartmann et al., 2003; Mangold et al., 2008a,b; Pelletier et al., 2008), to
ﬂuvial (water-rich) erosion and alluvial deposition (Heldmann and
Mellon, 2004; Heldmann et al., 2005; Dickson et al., 2007a; Dickson
and Head, 2008; Head et al., 2008; Parsons et al., 2008). Determining
gully formation mechanisms is critical for assessing the amount, origin,
timing, and climatological signiﬁcance of liquid water involved in gully
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formation. Previous studies favoring a debris ﬂow origin for gullies
have been based on indirect evidence from the morphology of gully
channels (Costard et al., 2002; Mangold et al., 2008a,b) or gully
depositional fans (Malin and Edgett, 2000; Malin et al., 2006; Pelletier
et al., 2008). Here, we present HiRISE observations of gully-related
deposits in Protonilus Mensae (44°N, 51°E) (Fig. 2) that meet many of
the morphological criteria for identifying terrestrial debris ﬂow
deposits (Johnson and Rodine, 1984; Coussot and Meunier, 1996). To
our knowledge, such deposits have not been detected in HiRISE images
of gullied terrain elsewhere on Mars (McEwen et al., 2007; Dickson
and Head, 2008), suggesting that the Protonilus Mensae fretted terrain
(Sharp, 1973; Lucchitta, 1984) may be a unique environment in which
debris ﬂows were the dominant gully formation mechanism.
2. Morphological observations
The study site is located on an isolated mesa surrounded by
lineated valley ﬁll and lobate debris aprons (Carr, 2001; Head et al.,

