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Gullies are among the youngest landforms formed by liquid water on Mars, and therefore of critical
importance in resolving the planets most recent hydrologic and climatic history. Water-free sediment
flows, debris flows and fluvial flows have all been identified in gullies. These processes require very
different amounts of liquid water, and therefore their relative contribution to gully-formation is of key
importance for climatic inferences. We show that many gullies dominantly formed by debris flows, based
on sedimentological analysis of outcrops in gully-fans in 51 HiRISE images widely distributed over the
southern midlatitudes. The great majority (96%) of outcrop exposures in gully-fans fed by catchments
which mainly comprise bedrock and thus host boulders, contain sedimentological evidence for
debris-flow formation. These exposures contain many randomly distributed large boulders (>1 m)
suspended in a finer matrix and in some cases lens-shaped and truncated layering. Such diagnostic fea-
tures are rare in gully-fan exposures mainly fed by catchments comprising abundant latitude dependent
mantle deposits (LDM; a smooth, often meters-thick deposit consisting mainly of ice and dust), wherein
boulders are largely absent. These LDM-fed gullies may have formed by fine-grained debris flows, but this
cannot be determined from outcrop sedimentology alone because of the lack of boulders in these
systems. The fan surface morphology, in contrast to the subsurface, is dominated by secondary,
post-depositional, processes, mainly weathering, wind erosion, and ice-dust mantling. These processes
have removed or severely reworked the original, primary, debris-flow morphology over time. This
explains the controversy between previously published morphometric analyses implying debris-flow
formation and observations of gully-fan surfaces, which are often interpreted as the product of fluvial
flows because of the absence of surficial debris-flow morphology. The inferred debris-flow origin for
many gullies implies limited and ephemeral liquid water during gully-formation.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Martian gullies are composite landforms that comprise an
alcove, channel and depositional fan (Malin and Edgett, 2000).
They are very young geological features, some of which have been
active over the last million years (Reiss et al., 2004; Schon et al.,
2009; Johnsson et al., 2014). The different processes proposed for
the formation of martian gullies vary greatly in terms of involved
liquid water volumes and duration of liquid water at the planet’s
surface. They range from dry sediment-gravity flows which require
no water, to debris flows wherein water contents generally range
between 20% and 60% on Earth (e.g., Costa, 1988; Pierson, 2005),
and fluvial flows that require sustained water volumes that are
orders of magnitude larger (e.g., Costa, 1988). These landforms
are thus of critical importance for understanding the recent hydrol-
ogy and climate at the martian surface, but their formative mech-
anisms have been heavily debated since their discovery (Malin and
Edgett, 2000). Evidence for water-free sediment flows, often asso-
ciated to CO2 ice, (e.g., Treiman, 2003; Pelletier et al., 2008; Dundas
et al., 2010, 2014; Cedillo-Flores et al., 2011), debris flows (e.g.,
Costard et al., 2002; Hartmann et al., 2003; Levy et al., 2010;
Lanza et al., 2010; Johnsson et al., 2014; De Haas et al., 2015b)
and fluvial flows (dilute or hyperconcentrated) (e.g., Heldmann
and Mellon, 2004; Heldmann et al., 2005; Dickson et al., 2007;
Head et al., 2008; Levy et al., 2009b; Reiss et al., 2011) has been
recognized on gullies, but the relative contribution of these
processes to gully formation appears to differ among sites. The
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morphometry of most gullies is consistent with dominant forma-
tion by liquid water (e.g., Mangold et al., 2010; Conway et al.,
2011; Johnsson et al., 2014; Yue et al., 2014), probably supplied
by melting of snow/ice in alcoves (e.g., Costard et al., 2002;
Christensen, 2003; Dickson and Head, 2009) during glacial periods
forced by high orbital obliquity (Christensen, 2003; Head et al.,
2003). In contrast, in other gullies new deposits have formed over
the last decade, in spite of lacking evidence for liquid water on the
present martian surface suggesting sediment transport unrelated
to liquid water (e.g., Dundas et al., 2010, 2014).

Many authors inferred that most gullies were formed by fluvial
flows because the surface morphology of most gully-fans lacks evi-
dence for debris-flow processes (e.g., Dickson and Head, 2009; Levy
et al., 2009b; Reiss et al., 2011). Paired levees, distinct depositional
lobes and outsized boulders (meter-sized boulders that are much
larger than the surrounding sediments), all characteristic of
debris-flow deposits, are only recognizable on a few fans (e.g.,
Lanza et al., 2010; Levy et al., 2010; Johnsson et al., 2014) but are
generally not reported (e.g., Dickson and Head, 2009; Reiss et al.,
2011; Johnsson et al., 2014). Nevertheless, the morphometric attri-
butes of these gully-fans do suggest a formation by debris flows:
slope-area relations (Lanza et al., 2010; Conway et al., 2011), gully
width-depth relations (Yue et al., 2014), channel sinuosity
(Mangold et al., 2010), the short length of gullies (Heldmann
et al., 2005) and the often steep depositional slopes of the fans
(>15�) (e.g., Heldmann and Mellon, 2004; Dickson et al., 2007;
Lanza et al., 2010; Levy et al., 2010; Conway et al., 2015).

On Earth, fans on which primary processes of aggradation have
been long inactive are exposed to prolonged weathering and ero-
sion. These secondary processes often dominate fan surfaces due
to the long return periods of primary processes, although they gen-
erally have a minimal effect on fan aggradation (Blair and
McPherson, 1994). As such, secondary processes modify the sur-
face and hinder identification of primary depositional processes
based solely on surface morphology (e.g., Hartley et al., 2005;
Blair and McPherson, 2009; De Haas et al., 2013, 2014). We
hypothesize, therefore, that post-depositional modification of mar-
tian gully-fan surfaces may explain the discrepancy between surfi-
cial traits, implying gully formation by fluvial flows, and
morphometric properties indicative of debris flows. The origin of
long-inactive and modified fans can be determined by sedimento-
logical analyses of stratigraphic exposures, because deposits are
generally reworked at their upper surface, but not internally (e.g.,
Blair and McPherson, 1994; De Haas et al., 2014). Such an approach
has recently been successfully employed on an alluvial fan in Gale
crater using Curiosity rover images (Williams et al., 2013). How-
ever, stratigraphic analyses are not obviously feasible for Mars,
where most outcrops can solely be examined from satellite images.
Yet, recent high-resolution HiRISE images (High Resolution Imag-
ing Science Experiment; �0.25 m/px) enable the recognition of
large boulders and large-scale stratigraphic layering in sedimen-
tary outcrops on Mars (e.g., Grotzinger and Milliken, 2012).

Here, we aim to constrain the formative processes of martian
gullies based on outcrop sedimentology. Secondly, we aim to
resolve the apparent discrepancy between genetic interpretations
from gully-fan surface and morphometry.

We found many well-exposed outcrops along deeply incised
channels on HiRISE images of martian gully-fans, showing the pres-
ence of large boulders and large-scale layering patterns. These key
diagnostic features were used to determine the formative processes
of gullies from outcrop sedimentology, by comparison to terrestrial
analogs. CO2-driven dry flows do not occur at the physical condi-
tions encountered on Earth’s surface, so comparison with terrestrial
analogs is not possible for these flows. Our survey focuses on gullies
that probably formed in the presence of liquid water. Therefore,
gullies with morphological and morphometric characteristics
indicative for dominant rockfall or grainflow processes are
excluded from the present work, i.e., very steep fans, near the angle
of repose, with relatively shorter radial lengths than debris-flow
fans and fluvial fans, a downslope coarsening texture and topo-
graphically smooth surfaces (e.g., Blikra and Nemec, 1998; Blair
and McPherson, 2009). To provide the necessary background for
the sedimentological-stratigraphic analysis, a brief summary of
morphometric, morphological and sedimentological-stratigraphic
characteristics of terrestrial deposits formed by debris flows and
fluvial flows is first provided. After a description of study material
and methods, a combined stratigraphic, morphological and mor-
phometric analysis of martian southern mid-latitude gullies forms
the basis to discuss their formative processes.
2. Primary alluvial fan morphology and stratigraphy

Debris flows are dense, non-newtonian, mixtures of sediment
and water, typically containing 20–60% water by volume (e.g.,
Costa, 1988; Iverson, 1997; Pierson, 2005). Outsized boulders with
diameters up to several meters are easily transported for hundreds
of meters by debris flows over depositional fan slopes (e.g., Pierson,
1980; Whipple and Dunne, 1992; Vallance and Scott, 1997), mainly
because of the relatively small difference in density between indi-
vidual boulders and the debris-flow mixture (Fig. 1a and b). In
stratigraphy, debris-flow deposits are generally internally massive,
comprising gravel and outsized boulders randomly dispersed and
generally randomly oriented in a finer matrix (e.g., Fisher, 1971;
Blair and McPherson, 1994; Major, 1997; Blikra and Nemec,
1998; Blair and McPherson, 2009) (Fig. 1a and b). In general,
stacked deposits appear structureless and amalgamated, hamper-
ing the recognition of individual units, but bedding can be evident
from secondary reworking of the exposed boundaries of original
depositional units (e.g., Blair and McPherson, 1994; Blair, 1999).
Individual depositional units are typically quasi-tabular to slightly
irregular, subparallel to the depositional surface and continuous
over distances up to several hundreds of meters in slope-oriented
sections. Locally they are sharply tapering or pinching out where
the section intersects original lobe margins. In slope-transverse
sections debris-flow deposits appear as laterally tapering or trun-
cated plano-convex lenses, possibly with concentrations of coarser
debris at the margins, corresponding to lateral levees and frontal
snouts (Suwa, 1988; Hubert and Filipov, 1989; Johnson et al.,
2012). In planform, debris flows often form elongated deposits,
with coarse-grained lateral levees and snouts (Fig. 2b) (e.g.,
Johnson et al., 2012). Fans or slopes that are dominantly aggraded
by debris flows consist of stacked, vertically and laterally amalga-
mated, elongate, straight to sinuous lobes, which, if not buried by
subsequent lobes, are connected to leveed channels (Fig. 2a) (e.g.,
Johnsson et al., 2014). Local surface relief is generally high in com-
parison to other fan types, due to relatively thick lateral levees and
depositional lobes, and ranges between 0.5 and 4 m (e.g., Volker
et al., 2007; Blair and McPherson, 1998, 2009). Debris flows can
flow on slopes as low as a few degrees, but are immobile on
lower slopes because the vertical component of gravity needs to
overcome the internal yield and frictional strength conferred by
fine- and coarse-grained sediment fractions within the flow,
respectively (e.g., Major and Iverson, 1999). Debris-flow fan slopes
typically decrease from 10� to 20� at the apex to 2–5� at the fan toe,
and radial length typically ranges between 0.5 and 10 km (Fig. 2b)
(e.g., Blikra and Nemec, 1998; Blair and McPherson, 2009). How-
ever, depositional slopes of unconfined hillslope debris flows can
be much higher and often exceed 20� (Conway, 2010).

Fluvial flows (i.e., hyperconcentrated and stream flows) gener-
ally require much larger volumes of liquid water than debris flows
(Pierson and Costa, 1987; Pierson, 2005). Their newtonian rheology



Fig. 1. Terrestrial examples of debris-flow and fluvial-flow deposits in stratigraphy. (a) and (b) Stratigraphic sections through debris-flow fan (Atacama Desert coast, northern
Chile; persons for scale are �1.9 m tall). Note general absence of stratification and textural segregation with randomly dispersed large boulders, and individual depositional
units crudely highlighted by subplanar to slightly curved surfaces. (c) Stratigraphic section through fluvial-fan deposits (Atacama Desert coast, northern Chile; fan shown in
Fig. 2e). Note narrower textural range evidenced by lack of outsized clasts, and general organization in well-stratified depositional units with clear textural contrasts. (d)
High-energy fluvial deposits (Mendoza River Valley, western Argentina; hammer for scale is �33 cm long). Note the generally good sorting for coarser granulometric
framework and imbricated position of clasts. White arrows in all pictures point to downslope transport direction.
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enables flow over very low topographic gradients. Fluvial flows are
able to transport only a relatively restricted range of small-sized
grains compared to debris flows. As a result, the bulk of sediments
transported in fluvial flows commonly ranges in size from clay to
fine gravel. Maximum transported clast size is strongly dependent
on stream power (which in turn depends upon flow depth, veloc-
ity, discharge, slope gradient and hydraulic geometry of the active
flow), but typically does not exceed a few decimeters in diameter
on relatively steep fans. Sediments entrained by fluvial flows are
generally gradually deposited and sorted as flow competence
decreases during waning stages, with the coarsest, least mobile
fractions deposited first (e.g., Todd, 1996). In stratigraphy, this
results in well-organized and sorted deposits, fining-upwards
facies succession (because of progressive decrease in flow energy
at waning hydrograph stages) and imbricated clasts (clast long
axes oriented transverse to flow) (Bluck, 1979; Todd, 1996)
(Fig. 1c,d). Depositional architectures can be organized in associa-
tions of bedforms (e.g., ripples and dunes) and macroforms (e.g.,
mid-channel and lateral bars). In planform, deposits are very well
structured at a variety of scales from millimetric laminations to
metric macroforms (e.g., Collinson, 1970; Miall, 1988; Brierley,
1996; Holbrook, 2001) (Fig. 2c and d). However, the extreme vari-
ety of possible runoff phenomena and regimes results in many dif-
ferent types of deposits, ranging from relatively homogeneous,
tabular sheetflow deposits to channel fills with complex,
braid-like geometry (Fig. 2d). Local relief within individual depos-
its does generally not exceed a few decimeters (Fig. 2d), although
incised channels might locally provide larger relief differences.
Fluvial-flow dominated fans generally have much larger radial
lengths (1–>100 km) than debris-flow fans and relatively low
slopes (<5�) (Fig. 2c) (e.g., Blikra and Nemec, 1998; Horton and
DeCelles, 2001; Wilkinson et al., 2006; Blair and McPherson, 2009).
3. Materials and methods

3.1. Data analyses

This work is based on the analysis of 51 HiRISE images widely
distributed over the southern midlatitudes (Fig. 3), given in Reiss
et al. (2011). The resolution of HiRISE images does not allow for
fully detailed sedimentological analyses of incised sections; only
large boulders (>0.5 m) and layering patterns can clearly be
resolved. As such, the presence or absence, and distribution of
boulders and large-scale layering within stratigraphic sections
are very important for process interpretation of gully-fans on Mars.
Criteria used to evaluate the potential of boulder transport by rock-
falls, debris flows and fluvial flows to gully-fans are presented in
Section 3.3.

The presence of boulders on gully-fans also depends on catch-
ment lithology. Martian gully-catchments may incise into either
bedrock (i.e., original crater wall material) or into the
latitude-dependent mantle (LDM), a smooth, often meters-thick
deposit consisting mainly of ice and dust, deposited from the poles
to midlatitudes during periods of high obliquity (e.g., Mustard et al.,
2001), or into a combination of both (e.g., Aston et al., 2011).



2

4
3

1
9

8
7 6 5

48

45

18

51
50

4947
46

44

43

42

41
40 39

3837

36 35

33

32

30
28 26

25
24

23
22

21
20

19

17
16

13

12

10

150° E

150° E

120° E

120° E

90° E

90° E

60° E

60° E

30° E

30° E

0° 

0° 

30° W

30° W

60° W

60° W

90° W

90° W

120° W

120° W

150° W

150° W

60
° N

60
° N

30
° N

30
° N

0°
 

0°
 

30
° S

30
° S

60
° S

60
° S

Fig. 3. Location of the studied HiRISE images (Table S1).
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Fig. 2. Terrestrial examples of fan-shaped depositional landforms and associated sedimentological features. (a) Debris-flow fans on the Atacama Desert coast (northern
Chile); note sinuous trajectories of recent debris flows. (b) Close-up of the terminal end of a recent debris-flow lobe emplaced on fans shown in panel a (person for scale in
background is �1.7 m tall). (c) Runoff-dominated fan surfaces (Atacama Desert, northern Chile). (d) Fluvial-flow deposit on the fans shown in panel c.
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In general, gullies that mainly erode into LDM have elongate
catchments, whereas gullies cutting into bedrock have more
amphitheater- shaped catchments (Levy et al., 2009a) (Fig. 4). As the
LDM consists mostly of fine sediments, large boulders will generally
be absent in exposures of gullies fed exclusively by the LDM,
regardless of the sediment transport processes involved. Therefore,
it is important to take catchment lithology into account when
using boulders in stratigraphy to infer gully-formative processes.
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Fig. 4. Catchments comprising various fractions of LDM deposits relative to bedrock on Mars. (a) Catchment comprising more than 95% of LDM (HiRISE: PSP_002369_1420).
(b) Catchment comprising more than 50% of LDM (HiRISE: ESP_023809_1415). (c) Catchment comprising less than 50% of LDM (HiRISE: PSP_003162_1445).
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Based on the above, we visually determined for each investi-
gated HiRISE image: (1) if the gullies comprised incised channels
exposing stratigraphic sections; (2) if these exposed large boulders
(>1 m) or evidence for layering, and (3) dominant catchment lithol-
ogy, focusing on the abundance of LDM deposits. Three categories
were visually defined for catchment lithology: (1) catchments that
mostly comprise LDM (approximately >95%) by visual estimate, (2)
catchments of which more than half consists of LDM (approxi-
mately >50% and <95%) and (3) catchments of which less than half
comprises LDM (approximately <50%) (Fig. 4).

3.2. Production of digital elevation model

As a detailed example, the morphometry, morphology and
stratigraphy of gullies in Galap crater (37.7�S, 192.9�E; 5.5 km
diameter), are discussed in Section 4.1. To evaluate the morphom-
etry of these gullies, a digital elevation model (DEM) of the crater
was constructed from HiRISE stereo images ESP_012549_1420
and PSP_003939_1420 using the methods described by Kirk et al.
(2008). The vertical precision of the DEM can be estimated based
on viewing geometry and pixel scale. The stereo convergence angle
of the HiRISE images is 21.7�, the largest ground pixel size of the
two images is 0.291 m, and assuming 1/5 pixel correlations yields
a vertical precision of 0.291/5/tan(21.7) = 0.15 m (Kirk et al., 2008).

3.3. Evaluation of boulder emplacement mechanisms

In contrast to fluvial flows and rockfalls, boulder transport by
debris flows can occur at all slope angles that are typical for terres-
trial and martian fans (e.g., Blair and McPherson, 1994, 2009). In
the following, we review the methods to evaluate the potential
of boulder transport by fluvial flow and rockfall to assess whether
these processes could account for the dislocation of boulders
observed on the fans we studied.

Rockfalls transport boulders under the sole effect of gravity, and
therefore boulders transported by rockfalls generally halt on rela-
tively steep slopes (>20�) (Blikra and Nemec, 1998; Blair and
McPherson, 2009). The runout distance of boulders transported
by rockfall are often evaluated using the reach angle model or
the shadow angle model (Heim, 1932; Evans and Hungr, 1993;
Copons et al., 2009). The reach angle model uses the mobility index
H=L, where H is the vertical fall height (m) and L is the horizontal
runout distance (m). The ratio H=L is equivalent to the arctangent
of the dipping of the line connecting the rockfall source to its depo-
sitional position. Alternatively, the shadow angle is the arctangent
of the relationship Ht=Lt, where Ht is the vertical fall height on the
talus slope, and Lt is the horizontal travel distance on the talus
slope. On Earth, the reach angle typically ranges between 28�
and 34�, and the shadow angle between 22� and 30� (Lied, 1977;
Evans and Hungr, 1993; Wieczorek et al., 2008; Copons et al.,
2009; Dorren et al., 2011). In these models, the longer the travel
distance, the lower the reach angle and shadow angle. Variations
in reach and shadow angle mainly depend on boulder size, angu-
larity and shape, and runout substrate characteristics. Although
these simple empirical models are formulated under terrestrial
conditions they can probably be used as conservative estimates
of rockfall mobility on Mars, i.e., rockfall mobility is probably lower
under the smaller gravitational acceleration on Mars although the
lower atmospheric density might partly counteract the smaller
gravitational acceleration. More qualitatively, on most gullies the
rockfall boundary, the lowest gradient on which boulders trans-
ported as rockfall can be deposited, can often be determined visu-
ally from the HiRISE images by the marked decrease in boulders
downslope from this gradient domain.

The mobility of boulders transported by fluvial flows on a given
slope can be evaluated by comparing the stress exerted on a clast
with the critical stress required to mobilize the clast (e.g., Lamb
et al., 2008). We calculate the critical Shields number for incipient
motion via the method of Lamb et al. (2008) designed for steep
streams, which takes into account slope-specific effects of a
non-logarithmic vertical flow velocity profile, grain emergence,
aeration of the flow and turbulence fluctuations at the bed (for a
detailed description of the equations and assumptions used the
reader is referred to Appendix A). Following Prancevic et al.
(2014), we add the critical shear stress for bed failure (Takahashi,
1978) to our analysis. When bed Shields stress exceeds the critical
Shields stress for bed failure, the entire bed becomes mobile and a
debris flow is initiated, which implies that fluvial flows cannot
develop above the critical Shields stress for bed failure (Prancevic
et al., 2014).

4. Results

This section presents morphological and stratigraphic observa-
tions on the examined gullies. The gullies in Galap crater are dis-
cussed first as a detailed example, describing their stratigraphy,
morphology, morphometry, and their interconnection. We chose
Galap crater because of the presence of a DEM and large
gully-incisions exposing many boulders. Next, general observa-
tions on gully-fan stratigraphy and surface morphology are
summarized.

4.1. Stratigraphy, morphometry and morphology of Galap crater
gullies

4.1.1. Observations
Galap crater hosts multiple large gullies with fans up to 1.7 km

in length on its pole-facing slopes (Fig. 5a). The catchments of
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these gullies mainly comprise bedrock, and have gradients ranging
between 25� and 42�. The gully-fans have surface gradients
between 15� and 20� at the apex, down to 5� at their toe
(Fig. 5b). Such slopes are commonly observed on martian gullies;
although fan toe gradients are relatively low in Galap crater
(gully-fan toe gradients typically range between 5 and 10�).
Stacked, elongate lobes with distinct relief are recognizable on
parts of the distal fan domains (Fig. 5d). Relief differences along
the edges of these lobes are sharp and generally range between 1
and 2 m. However, these lobes are discernible only on a very minor
fraction of the gully-fan surfaces (Fig. 5c and e). Most of the
gully-fan surfaces are composed of irregular, juxtaposed, bar and
swale morphology (Fig. 5c and f). These features are relatively
smooth and lack distinct relief with sharp edges. Local relief on
these surfaces generally does not exceed 0.5–1 m. A few surfaces
on distal fan domains adjacent to the stacked lobes are dominated
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by subparallel alignments of sharp-crested ripples and dunes. Sim-
ilar, but larger dunes occur on the crater floor. Boulders (>1 m) are
scattered throughout the gully-fan surfaces, but not in great num-
bers and approximately with equal abundance over distal and
proximal fan domains, down to slopes of 5�. A marked decrease
in boulder abundance is observed on slopes with gradients lower
than �20� (Fig. 5e). Note that this transition also marks the start
of the gully-fan deposits, rather than colluvial slope deposits
(Fig. 5b).

Multiple incised channels expose stratigraphic sections along
the pole-facing gully-fans (Fig. 5a, b, f, and g). The sections are rel-
atively massive in appearance, but comprise many boulders dis-
persed within clearly finer sediment (Fig. 5f and g). Boulders, up
to 4.5 m in diameter, are visible at all stratigraphic depths along
sections. Their distribution is laterally continuous, but boulder
concentrations are recognizable locally. The stratigraphic section
in Fig. 5f has been divided in three lateral sections of equal length
(�180 m), and the diameters of clearly visible boulders have been
manually measured (within 1 pixel accuracy: �0.25 m) (Fig. 6). It
was possible to measure some boulders down to 0.5 m in diameter
when they were favorably illuminated, but generally only boulders
with diameters >0.75 m were clearly discernible. The bed gradient
is >15� in the proximal domain of the section, decreasing to 10� in
the distal domain. Boulder abundance is generally invariant along
the section, ranging in number between 75 and 80 within each
subsection (note that the real number is higher in all sections, as
only diameters of clearly discernible boulders were measured).
The median size of boulders decreases only slightly downfan, being
1.2 m in the proximal domain of the section and 1.1 m in the med-
ial and distal domain. Maximum boulder size is 4.2 m in the prox-
imal domain, 2.1 m in the medial domain and 2.2 m in the distal
domain. Boulder abundance and size are thus approximately sim-
ilar along the section. This is in good agreement with the gully-fan
surface, whereon boulder abundance is generally equal over the
proximal and distal domains. However, there is a striking differ-
ence in boulder abundance between the stratigraphic section,
which clearly exposes many boulders scattered within the sedi-
ment, and the directly overlying surface, where only very few large
boulders are distinguishable (Fig. 5f).
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4.1.2. Interpretation
The gradient of the pole-facing gully-fans is similar to the typ-

ical gradient of terrestrial debris-flow fans (Blikra and Nemec,
1998; Blair and McPherson, 2009). Moreover, the steep and small
catchment size relatively to fan size implies formation by debris
flows (e.g., Crosta and Frattini, 2004; Wilford et al., 2004; Welsh
and Davies, 2011). The incised channels in the gully-fans might
result from debris-flow incision (e.g., Suwa and Okuda, 1983) or
fluvial runoff, which incises the fan surface but does not signifi-
cantly contribute to fan aggradation (e.g., Blair and McPherson,
1994, 2009). General sedimentological traits in the stratigraphic
sections along incised channels are also typical for debris-flow
deposits. The great abundance of boulders exceeding 1 m in diam-
eter on slopes down to 10� match with the characteristics of
debris-flow deposits (Blikra and Nemec, 1998; Blair, 1999). More-
over, boulders in the studied sections appear dispersed within finer
sediments and are thus matrix-supported, as common in
debris-flow deposits, whereas tractive transport in fluvial flows
generally results in clast-supported, better sorted deposits in
which coarse clasts are in mutual contact (e.g., Bluck, 1979;
Todd, 1996). Finally, the nearly equal abundance and size of boul-
ders from proximal to distal domains along the section in Fig. 6
implies emplacement by debris flows, as fluvial deposits typically
fine downstream, because of the gradual decrease in competence
from higher to lower gradients.

The deposits on the walls of Galap crater show a marked
decrease in boulder abundance at a gradient <20� (Fig. 5e), inter-
preted here as the boundary above which boulders can be
emplaced by rockfall. In contrast, debris flows can transport boul-
ders down to slopes of a few degrees and can therefore not explain
this sharp boundary in boulder abundance. This interpretation is
further supported by a reach angle of 28� and a shadow angle of
22�, similar to the lower boundaries of the reach angle and shadow
angle observed on Earth. The investigated stratigraphic section
extends along gradients down to 10�, far below the angle of repose.
Moreover, the reach angle (23�) and shadow angle (19�) are below
the lowest values possible for rockfall emplacement. As such,
transport of boulders to the stratigraphic section by rockfalls can
probably be excluded. This inference is further supported by the
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marked morphometric, morphological and textural contrast with
the depositional aprons on slopes with non-polar azimuths in
Galap crater, which have slopes, radial lengths, morphological
and textural characteristics typical of accumulation by rockfalls
and grainflows (e.g., very steep fans, near the angle of repose, with
short radial lengths, a downslope coarsening texture and topo-
graphically smooth surfaces; Blikra and Nemec, 1998; Blair and
McPherson, 2009; Ventra et al., 2013).

Deposition by fluvial runoff on fans occurs generally as sheet-
floods (Blair and McPherson, 2009), which are short-duration,
catastrophic floods of unconfined water (Bull, 1972) that develop
when confined runoff from the catchment expands over the fan
surface. Fig. 7 shows the mobility of boulders of 1 m and 2 m in
diameter in sheetfloods on a range of slopes under martian condi-
tions (Section 3.3). For the investigated stratigraphic section in
Galap crater, sheetflood depths of almost 4 m are required for
the transport of 1 m diameter boulders on a slope of 10� (Fig. 7),
while sheetflood depths of almost 8 m are needed to transport
boulders of 2 m in diameter. Given the unconfined nature of sheet-
floods, flow depths rarely exceed 1 m due to lateral expansion over
the fan (e.g., Blair and McPherson, 2009), and considering the rela-
tively small size of gully-catchments on Mars, boulder deposition
by fluvial flows is practically to be excluded. Moreover, the catch-
ments in Galap crater in the vicinity of the investigated strati-
graphic section are proximally connected to relatively steep
slopes ranging in slope from >30� down to �20� (Fig. 5b). In case
of sheetflood sufficiently competent to transport boulders, water-
flow over such steep slopes would exceed the critical Shields stress
for bed failure and mobilize the regolith leading to debris flow
(Fig. 7) (Prancevic et al., 2014).

Despite the morphometric and stratigraphical evidence for deb-
ris flows, stacked, elongate lobes with distinct relief are present
only on the distal fan domains (Fig. 5d), but absent on most of
the gully-fan surfaces. Leveed channels have not been recognized
on the gully-fan surfaces. The marked contrast between the great
number of boulders recognizable from stratigraphic sections and
their scarcity on the surface suggests that many clasts exposed
over gully-fan surfaces may have been disintegrated by weathering
and abrasion. The abundance of boulders on steeper slopes is
caused by the continuous input by rockfalls, whereas there has
been no boulder input to the gully-fans since the last period of
gully-fan activity. The potential for secondary reworking by wind
erosion is testified by the presence of dunes on crater floors, and
incipient dunes on distal parts of the gully-fan surfaces.

In short, the gradients and stratigraphy of gullies on the
pole-facing slopes of Galap crater expose strong evidence for
sediment transport by debris-flows, whereas the vast majority of
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surfaces lack clear morphological evidence for debris-flows, sug-
gesting secondary reworking by weathering and erosion. Later
we will show that this is representative for many of the other
investigated gullies. Observations and interpretations on the
stratigraphy and morphology of these gullies are summarized
below.

4.2. Stratigraphic observations and interpretation

Of the 51 investigated HiRISE images with gullies, 44 show one
or more deep, laterally continuous, incised sections along channels
in the depositional fans (Fig. 8a–d). Of these sections, 57% bear
clear sedimentological evidence of dominant aggradation by debris
flows, by the presence of large boulders and/or subparrallel layer-
ing with lens-shaped to truncated units (Fig. 9a; Table S1). Sedi-
ment in these outcrops is very heterogeneous in texture,
comprising many large boulders, some of which exceed 3 m in
diameter, randomly dispersed within finer debris. Although we
do not have DEMs for many of these gullies, general observations
on gully-fan slopes imply that the vast majority of gullies have gra-
dients similar to those of gully-fans in Galap crater (e.g., Heldmann
and Mellon, 2004; Dickson et al., 2007; Levy et al., 2010; Conway
et al., 2011, 2015). Fluvial transport of such large, isolated boulders
along the investigated gullies is thus highly unlikely. Moreover, the
analysis excluded stratigraphic sections extending above the rock-
fall boundary, as previously defined, as well as outcrops in the
vicinity of steep bedrock relief. As such, the boulders in the ana-
lyzed sections were probably not transported by rockfalls or grain-
flows. Boulder alignments have been observed locally in
stratigraphic sections, with orientations roughly parallel to the
main fan surface indicating possible coarse-clast segregation at
the margins of debris-flow lobes (Figs. 5f and g and 8a–d). Deposits
generally appear massive, but a crude, subparallel layering is visi-
ble along several incisions (Figs. 8 and 9b), with strata varying in
geometry from tabular and continuous downslope to lens-shaped
and locally truncated units (Fig. 8d). Recognizable layers range in
thickness from 1 to 5 m. The combination of textural heterogene-
ity, outsized clasts, and crude tabular bedding extending along vis-
ible outcrops is typical for debris-flow deposits (Blikra and Nemec,
1998; Blair and McPherson, 1998; Blair, 1999). The massive
appearance of most sections is likely the result of stacked deposi-
tional units with poor sorting and lack of internal structure (e.g.,
Major, 1997; Blair, 1999). The very poor sorting of deposits and
the occurrence of very coarse material dispersed in a finer matrix
result from rapid halting of dense sediment mixtures in which high
viscosity and particle interlocking prevent the spatial segregation
of debris according to grain sizes (Pierson and Costa, 1987;
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Fig. 8. Outcrops in Martian fans. (a) Outcrop hosting numerous, randomly distributed boulders, indicating aggradation by debris flows (PSP_006629_1425). (b) Typical
architecture of debris-flow deposits at outcrop, with randomly oriented boulders and crude, subparallel, locally tapering and truncated layering (PSP_005943_1380). (c) False
color image of outcrop showing evidence for debris-flow deposition by numerous randomly distributed boulders (PSP_006629_1425). (d) Debris-flow evidence in false color
image with randomly distributed boulders (PSP_002932_1445). (e) False color image of a fluvial-flow deposits in the Saheki crater alluvial fan; note uniform image tone
corresponding to a probably restricted granulometric range, lack of outsized clasts and distinct parallel bedding (PSP_007688_1575). See Fig. S1 for outcrop context within the
gullies, and Fig. S2 for full-scale images with more context. Arrows denote flow direction. False color images are composites with the near-IR, red and blue–green images
displayed in red, green and blue channels, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Iverson, 1997; Blair and McPherson, 1998). The apparent subverti-
cal orientation of some boulders is a strong indication of such flow
dynamics (e.g., Scott et al., 1995; Blikra and Nemec, 1998; Blair,
2003), in contrast to the horizontal or imbricated coarse-clast ori-
entations typical of deposition from fluvial flows. The continuous,
tabular geometry of most depositional units is also characteristic
of deposition by debris flows (e.g., Blair, 1999, 2003). The lensoidal
shape and sharp terminations of some of these units probably cor-
respond to the high-relief, frontal or lateral margins typical of
debris-flow lobes. These sedimentological traits recognizable in
gully-fan outcrops stand in marked contrast with deposits of flu-
vial origin in outcrops along the large alluvial fan in Saheki crater
(Fig. 8e) (Morgan et al., 2014), which are massive in appearance,
contain no or very few boulders visible at HiRISE resolution, and



With boulders (57%)

Without boulders (43%)

(A) Outcrop characteristics: boulders
With layering (16%)

Without layering (84%)

(B) Outcrop characteristics: layering

> 95% LDM (4%)

>50% LDM (52%)

<50% LDM (44%)

(C) Catchment characteristics of 
outcrops with boulders

<50% LDM (100%)

> 95% LDM (74%)

>50% LDM (26%)

(D) Catchment characteristics of 
outcrops with layering

(E) Catchment characteristics of 
outcrops without boulders/layering

Fig. 9. Outcrop sedimentology statistics. (a) Breakdown of outcrops with and without outsized boulders. (b) Breakdown of outcrops with and without layering. (c) Breakdown
of catchment lithology of gullies that comprise outcrops with boulders. (d) Breakdown of catchment lithology of gullies that comprise outcrops with layering. (e) Breakdown
of catchment lithology of gullies that do not comprise outcrops with boulders or layering.

T. de Haas et al. / Icarus 258 (2015) 92–108 101
feature the uniformly subhorizontal, thin stratification typical of
fluvial-flow deposits, in agreement with the morphometric charac-
teristics of this system.

The great majority (96%) of fans with typical debris-flow sedi-
mentology, as described above, are fed by catchments that com-
prise bedrock exposures (Fig. 9c). Lens-shaped and truncated
layering is evident only in outcrops of gully-fans fed by catchments
comprising <50% of LDM. In contrast, the majority of fans lacking
boulders are fed by catchments comprising only the LDM (74%),
and the remainder by catchments that comprise more than 50%
LDM (26%) (Fig. 9e). Consequently, boulders are very rare in these
gullies and not recognizable in outcrops, regardless of the domi-
nant transport process. These numbers suggest that the majority
of fans lacking debris-flow evidence at outcrop may have formed
by fine-grained debris flows, although an origin by fluvial flows
cannot be excluded.

4.3. Morphological observations and interpretation

A vast majority of studied gully-fan surfaces show evidence of
heavy modification by secondary, post-depositional processes.
Although sedimentological analysis indicates that many of these
investigated gullies were dominantly formed by debris flows, cor-
responding surface features including pristine paired levees
together with depositional lobes occur only in Hale crater out of
the 51 investigated HiRISE images (see Fig. 9 in Reiss et al.,
2011). On a few other fans, modified stacked depositional lobes
are still faintly evident on the most active domains, most likely
as last remnants of the original surface morphology (Fig. 5c). On
many fans within our dataset young depositional lobes (as inferred
from cross-cutting relations) host many more boulders than older
ones (Fig. 10d), and there generally is a marked difference between
the amount of boulders observed within the outcrops and on the
adjacent fan surfaces, which comprise far less boulders (Figs. 5e
and 8), similar to long inactive fan surfaces on Earth (Fig. 11)
(e.g., Wells et al., 1987; Al-Farraj and Harvey, 2000; Frankel and
Dolan, 2007; De Haas et al., 2014). As such, gully-fan lobes of dif-
ferent ages generally show notable differences in morphology
and texture as surface smoothness increases and boulder abun-
dance decreases with age (Fig. 10d). In analogy to terrestrial fans,
this suggests that surface weathering is common on gully-fans
(De Haas et al., 2013), but might alternatively reflect an increasing
abundance of crater-wall material versus LDM deposits as the gully
evolves for some gullies (note that Galap crater appears to be free
of LDM, so the later possibility does not apply to this crater).

Wind erosion is probably the main mechanism of secondary
modification on the investigated gully-fans. The original morphol-
ogy of the fans often appears to be reworked into associations of
ridges with sharp, narrow, subparallel crests (Fig. 10a–c), analo-
gous in shape and spatial pattern to aeolian bedforms, such as rip-
ples and small dunes. The orientation of these bedforms is likely
transverse to the direction of dominant local winds. The sharp
crests probably formed by continuous abrasion by wind, similar
to the formation of the sharp crest on ventifacts or yardangs. More-
over, on fans where these ridges are present, small to large dune
fields are present on the crater floor. On some of the fans sand
sheets and dunes appear to have migrated from the crater floor
onto the gully-fan. There are often discernible differences in the
presence of aeolian ridges and dunes on gully-fan surfaces of
apparently similar age within the same crater, suggesting that
the degree of fan-surface modification by wind does not only
depend on age, but also on fan location and orientation relative
to the dominant wind direction. Additionally, it probably also
depends on the availability of fine sediments. The above described
fan surface modifications by wind have also been observed on
many semiarid to arid region terrestrial fans (Fig. 11d–f) (e.g.,
Anderson and Anderson, 1990; Pelletier, 2007; Blair and
McPherson, 2009). Furthermore, aeolian fines might accelerate
mechanical fragmentation of surficial sediments, by wetting and
drying of fines in cracks, and might accumulate slowly below the
surface during the process of desert pavement development (e.g.,
McFadden et al., 1987). On some gully-fans deflation selectively
winnowed fine, more erodible sediments and left behind coarser
lags (Fig. 10e and f), enhancing the primary depositional relief,
where coarse sediments are concentrated in relatively elevated
remnants of debris-flow lobes and levees. The process is essentially
similar to the formation of inverted channels, which are wide-
spread on large alluvial fans on Mars (e.g., Pain et al., 2007;
Morgan et al., 2014).

Some fans or parts of fan surfaces host polygonal ground pat-
terns. These can both pre-date and post-date gully activity (Levy
et al., 2009a). Moreover, some fans or fan lobes within our dataset
are covered by LDM deposits (Fig. 10g and h). On such fans, the pri-
mary morphology is completely masked by the LDM mantle. This
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may have led to a complex interaction, with ice-dust mantles act-
ing as debris sources for new gully formation, while potentially
masking older gully morphology. Evidence for recent dry flows,
evident from a marked color contrast with their surroundings,
were only found in a few gullies. They affect a spatially restricted
area and their effect on secondary modification is thus considered
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Fig. 11. Terrestrial examples of fan-surface modification by secondary processes. (a) Debris-flow deposit on a fan delta in Nevada (USA), of which the surface has been heavily
modified to form a desert pavement. Scale bar is 15 cm long (from Blair and McPherson, 2009). (b) Partly disintegrated boulder on inactive fan surface (Atacama Desert,
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of debris-flow formation. (f) Different perspective of the sand covered debris-flow fan surface in northern Panamint Valley shown in panel e.
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minor compared to, for example, the effects of wind erosion,
weathering and ice-dust mantling.

Well-developed rills or gullies (Fig. 11c), which typically
emerge in case of secondary erosion by overland flows (either
locally derived or derived from the catchments) (e.g., Blair and
McPherson, 2009), have not been observed on any landforms
within our dataset. Nevertheless, some restricted overland flow
might have occurred on gully-fans but the overall morphology
indicates that the relative effectiveness of wind erosion is signifi-
cantly greater than that of runoff.
5. Discussion

Combined observations of outcrop sedimentology and surface
morphology suggest that the majority of gully-fans on Mars dom-
inantly formed by debris-flow deposition, and that typical
debris-flow features are strongly modified or erased from fan sur-
faces by various post-depositional processes. This implies that the
relative contribution of debris flows to gully development and fan
aggradation has previously been significantly underestimated. This
hypothesis explains the discrepancy between morphometric anal-
yses that imply gully formation by debris flows (e.g., Lanza et al.,
2010; Mangold et al., 2010; Conway et al., 2011) and frequent
observations of fan surfaces lacking clear debris-flow morphology,
implying formation by fluvial flows (e.g., Dickson and Head, 2009;
Levy et al., 2010; Reiss et al., 2011). These considerations also high-
light that interpretation of primary processes based on surface
characteristics only can be misleading for long-inactive martian
depositional landforms.

The inferred dominant debris-flow origin for most martian
gully-fans implies that the volume of available liquid water during
gully formation was relatively small and ephemeral compared to
formation by fluvial flows (De Haas et al., 2015b). This is in better
accordance with the current understanding of recent martian envi-
ronmental conditions (Hecht, 2002) than an origin by fluvial flows,
which would require greater volumes of liquid water over longer
time periods (Kleinhans, 2005). During phases of high-obliquity,
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the amount of snow deposited on mid-latitude regions was rela-
tively restricted and hypothesized to be in the order of centimeters
per martian year (e.g., Madeleine et al., 2009, 2014; De Haas et al.,
2015b). Only a very small fraction of this snow cover is thought to
melt into liquid runoff, as most of its volume sublimated (Williams
et al., 2009). Gully-catchment lithology and the periglacial condi-
tions on Mars form an ideal precondition for triggering debris
flows. Debris flows are easily generated in catchments that yield
large volumes of fine sediment (mostly clay and silt fractions)
(e.g., Blair, 1999; Harvey, 2010). The catchment lithology of the
studied gullies is thus ideal for the formation of debris flows, as
it often partly comprises fine-grained LDM deposits. In permafrost
environments, such as Mars, debris flows can be triggered by very
small amounts of water, as the frozen permafrost table acts as a
shallow-subsurface aquiclude favoring excess pore-water pressure
development in the active layer and providing a failure plane for
regolith mobilization and debris-flow initiation (e.g., Caine,
1980). Moreover, dry areas lacking vegetation such as Mars are rel-
atively susceptible to debris-flow formation via mass wasting
events (e.g., Dorn, 1994).

The young age of many martian gullies (Reiss et al., 2004; Schon
et al., 2009; Johnsson et al., 2014) and the heavily modified sur-
faces of most gully-fans suggest that secondary processes of sur-
face modification are relatively brisk and efficient on Mars. The
marked difference in abundance between the numerous boulders
in many stratigraphic sections and their scarcity or absence on
adjacent overlying fan surfaces, and between many fan surfaces
of different generation and age, testify to pervasive surface weath-
ering. This is in agreement with observations on late Amazonian
weathering and erosion rates. On a gully-fan surface in eastern Pro-
methei Terra, De Haas et al. (2013) found that boulders >3 m shat-
tered into fragments <0.5 m within 1 My. Moreover, De Haas et al.
(2013) found that the fan surface relief was smoothed by �1 m
within the same time period, in good agreement with the complete
absence of debris-flow levees and lobes on most martian
gully-fans. Similarly, recent erosion rates of small craters, ejecta
blocks, sand ripples and dunes, and layered deposits range
between 1 and 10 m/My (Malin and Edgett, 2000; McEwen et al.,
2005; Golombek et al., 2010, 2014; Bridges et al., 2012a;
Grindrod and Warner, 2014). The last high-obliquity period
(>30�) wherein aqueous gullies were thought to be active ended
0.4 Ma (e.g., Dickson and Head, 2009), and therefore melting and
fan aggradation by primary processes involving liquid water did
probably not occur since 0.4 Ma. As such, the secondary weather-
ing and denudation rates have been sufficiently fast to modify
many gully-fan surfaces. This is especially true because weathering
and erosion rates greatly decrease with age, as they are
gradient-driven and therefore highest shortly after cessation of
active depositional processes (De Haas et al., 2013; Golombek
et al., 2014). Similarly, alluvial-fan surfaces in Death Valley on
Earth were found to be severely modified by secondary processes
within a few thousand years, whereas complete smoothing and
the development of mature desert pavement took �70 ka
(Frankel and Dolan, 2007).

Secondary processes of surface modification typically active on
Earth (e.g., Blair and McPherson, 2009; Harvey, 2011; De Haas
et al., 2014), such as wind erosion, weathering and the formation
of patterned ground, have probably also modified gully-fan sur-
faces on Mars. Surficial observations suggest that wind erosion is
the most important secondary process on the investigated
gully-fans. This agrees with recent observations indicating that
erosion of fine sediments by wind is widespread under the current
atmospheric conditions on Mars (e.g., Geissler et al., 2010; Bridges
et al., 2012a,b; Golombek et al., 2014). Conversely, runoff is more
common on Earth, owing to a more active hydrological cycle. Pat-
terned grounds, including polygons and slope stripes, are wide-
spread in high-latitude ground-ice regions on Mars (poleward of
�55�) (e.g., Mangold et al., 2004; Mangold, 2005), and covers the
primary morphology of many gullies in these regions. Such fea-
tures are also common on inactive surfaces of terrestrial fans in
periglacial environments (De Haas et al., 2015a). Surface masking
by ice-dust mantles and surface modification by dry flows driven
by CO2 ice are processes specific for Mars. Gullies are generally
found between 30� and 60�N and S (Balme et al., 2006; Dickson
et al., 2007; Kneissl et al., 2010), whereas the ice-dust mantle is
deposited from polar latitudes down to 30�N and S (Mustard
et al., 2001; Milliken et al., 2003). Both are formed and emplaced
during glacial periods at high obliquity (e.g., Head et al., 2003;
Dickson and Head, 2009). Therefore, gullies that predate the latest
ice-dust mantling episode are probably covered by these LDM
deposits. The relatively high frequency of dry flows in some gullies
on Mars (Dundas et al., 2010, 2014), suggests that these flows
might be an effective process of secondary modification at certain
locations (Dundas et al., 2014). However, we found very little evi-
dence for secondary modification by dry flows, potentially because
these deposits are hard to distinguish in the absence of a marked
color or tonal difference with older deposits.

Consideration of dry CO2 frost-driven flows as a mechanism of
primary aggradation has been excluded from our analyses for lack
of a terrestrial analog. As such, we cannot quantify the relative con-
tribution to gully formation by these flows. However, we estimate
the contribution of such flows to the formation of most gully-fans
to have been relatively small. There is no direct evidence that the
majority of gullies was primary formed by dry flows (e.g., Yue
et al., 2014), because of the scarcity or even complete absence of
gullies in equatorial regions on Mars (e.g., Balme et al., 2006;
Dickson et al., 2007), the frequent occurrence of gullies on slopes
well below the angle of repose (e.g., Dickson et al., 2007), morpho-
metric characteristics typical for aqueous flows (e.g., Conway et al.,
2011; Yue et al., 2014), and strong morphological similarity to ter-
restrial debris flows in some gullies (e.g., Levy et al., 2010;
Johnsson et al., 2014). Moreover, evidence for recent dry flows
has been found only in a few tens of gullies, of which most are
dune gullies, out of thousands of gullies present on Mars
(Diniega et al., 2010; Dundas et al., 2010, 2014). Of course, not
every gully has been monitored, but the available dataset is also
biased as the sites selected for intensive monitoring were mostly
chosen on the basis of previously observed changes, in order to
maximize the probability to observe additional activity (Dundas
et al., 2012). No terrestrial analog is known for dry CO2-driven
flows, and therefore little is known on the morphology and corre-
sponding sedimentology of deposits. To date there are no quantita-
tive or experimental analog models to test the viability of
CO2-driven dry flows, let alone to estimate their deposit sedimen-
tology. Quantitative models evaluating the energetic release of
sublimating CO2 suggest that its energy would be barely sufficient
to entrain dust and sand (Hansen et al., 2011; Diniega et al., 2013).

The investigated gullies are well-distributed over the
mid-latitudes of the planets southern hemisphere. Therefore, it is
reasonable to consider the interplay of primary and secondary pro-
cesses inferred from our dataset as representative for the southern
hemisphere mid-latitude gully population. We do not expect sig-
nificant differences in the interplay of primary and secondary pro-
cesses on northern hemisphere gullies, but this remains to be
investigated.
6. Conclusions

We performed a combined analysis of gully-outcrop sedimen-
tology and surface morphology to constrain the formative pro-
cesses of martian gullies and to resolve the discrepancy between
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interpretations of gully-fan morphometry and surface morphology,
suggesting dominant gully formation by debris flows and fluvial
flows, respectively.

Analyses of outcrop sedimentology on gully-fans in 51 HiRISE
images widely distributed over the southern midlatitudes shows
that a majority of gullies dominantly formed by debris flows. The
great majority (96%) of exposures in gully-fans fed by catchments
that mainly comprise bedrock, and thus contain many boulders,
show typical debris-flow sedimentology; including many ran-
domly distributed and oriented large boulders (>1 m) suspended
in a finer matrix and lens-shaped and truncated layering. These
key diagnostic features for debris-flow formation are rare in
gully-fan exposures mainly fed by LDM catchments, as boulders
are largely absent in these catchments. Probably, these
gully-systems formed by fine-grained debris flows, but this cannot
be determined from outcrop sedimentology alone. The gully-fan
surfaces, in contrast to the subsurface, are dominated by
secondary, post-depositional, processes, mainly wind erosion,
weathering and ice-dust mantling. These processes have
removed or severely reworked the original, primary, debris-flow
morphology.

These combined observations from outcrop sedimentology and
surface morphology provide an explanation for the discrepancy
between previously published morphometric and morphological
analyses. The inferred debris-flow origin for many gullies implies
that the amounts of liquid water during gully-formation were
ephemeral and limited.
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Appendix A. Boulder mobility over fan slopes

Here, we present the methods used to evaluate the mobility of
boulders in fluvial flows on steep gully slopes. Field and experi-
mental data indicate that sediment transport is less efficient in
steep channels, as compared to lowland rivers (e.g., Zimmermann
and Church, 2001; Lenzi et al., 2006; Scheingross et al., 2013). This
has been attributed to the presence of bedforms such as step pools,
changes in the hydrodynamics of shallow, rough flows, incomplete
submergence of grains during transport and large immobile grains
that increase flow resistance (e.g., Yager et al., 2007; Lamb et al.,
2008; Zimmermann et al., 2010; Prancevic et al., 2014). The stress
exerted on a particle is given by the Shields number:

h ¼ sg

ðqs � qÞgD
ðA:1Þ

where qs = sediment density (3400 kg/m3 for basaltic rocks on
Mars), q = density of pure water (1000 kg/m3), g = acceleration
due to gravity (3.74 m/s2 for Mars), D = grain diameter at interest
(in m) and sg = total shear stress on the particles of interest on
the bed:

sT ¼ sg þ sm þ sw ðA:2Þ
wherein sT is the total driving stress at the bed, which is a sum of
the stress spent on the channel walls sw, bed morphology sm and
the particles of interest at the bed sg (e.g., Einstein and
Barbarossa, 1952; Vanoni and Brooks, 1957). For steady and uni-
form flows the total driving stress at the bed can be calculated as:

sT ¼ qghS ðA:3Þ

wherein h = water depth (m) and S = bed slope defined as sin(b),
where b = bed slope angle in degrees. In general, morphological
and wall drag are neglected and the total shear stress on the
particles of interest on the bed is considered equal to the total
driving stress: sg ¼ sT . Deposition by fluvial runoff on fans occurs
generally as sheetfloods (Blair and McPherson, 2009), which are
short-duration, catastrophic floods of unconfined water (Bull,
1972) that develop when confined runoff from the catchment
expands over the fan surface. Flow expansion is promoted by the
conical surface of the fans and begins either on the fan apex or on
an active depositional lobe located downslope of an incised channel
(Blair, 1987). Because discharge is distributed over relatively broad
areas, sheetfloods often have limited depths, which are very rarely
in excess of 1 m (Blair and McPherson, 1994). Given the unconfined
nature of such events, wall drag can be neglected. However, mor-
phological drag or form drag increases with increasing channel
slope (e.g., Ferguson, 2012; Yager et al., 2012a), and is therefore
non-negligible on steep gradients because of morphological struc-
tures like particle clusters (Brayshaw et al., 1983; Hassan and
Reid, 1990; Yager et al., 2012b), immobile or protruding particles
(Millar, 1999; Yager et al., 2007) and step-pools (Zimmermann
and Church, 2001; Wilcox et al., 2006; Zimmermann et al., 2010).
Similarly, unconfined sheetfloods generally encounter high mor-
phological drag over fan surfaces, because of their complex mor-
phology and generally coarse texture. Parker et al. (2007) found
that morphological drag typically accounts for 21–57% of the total
driving stress, and Lamb et al. (2008) found that morphological
and wall drag together account between 0% and 60% of the total
driving shear stress in natural streams and flume experiments, with
a best fit at 40%. Therefore, we define the total shear stress at the
particles of interest at the bed as sg ¼ 0:6sT . We calculate the crit-
ical Shields number for incipient motion via the method of Lamb
et al. (2008) designed for steep streams, which takes into account
slope-specific effects of a non-logarithmic vertical flow velocity pro-
file, grain emergence, aeration of the flow and turbulence fluctua-
tions at the bed:

hcr ¼
hS
rD
¼ 2

CD

u2
H

hu2i
s

s� sm � sw

� �
tanð/0Þ � tanðbÞ

1þ ðFL=FD tanð/0ÞÞ

� �

� Vp

AxsD
1
r

qs

q
� Vps

Vp

� �� �
ðA:4Þ

where r = specific submerged density (kg/m3) defined as
ðqs � qÞ=q;/0 = friction angle between grains in degrees (�50–70�
for natural sediments (Miller and Byrne, 1966)), here set to 60� as
an intermediate estimate. CD is the drag coefficient on a particle.
For flows over natural sediments CD is typically 0.45 (e.g.,
Recking, 2009); however for flows of low relative depth on steep
slopes CD can reach up to 0.9 (e.g., Armanini and Gregoretti, 2005;
Lamb et al., 2008). As an intermediate, we take CD = 0.7 as represen-
tative for steep gradients of martian gullies. The ratio between lift
and drag forces is defined by FL=FD, and is typically set to 0.85
(e.g., Wiberg and Smith, 1987; Armanini and Gregoretti, 2005;
Lamb et al., 2008). Vp is the total volume of the particle (m3). Vps

is the submerged volume of the particle and equal to Vp only when
the particle is fully submerged. Likewise, Ax is the total cross sec-
tional area of the particle perpendicular to the main flow direction
(m2) and Axs is the cross sectional area of the particle that is perpen-
dicular to and exposed to the flow, and does not include any portion
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of the particle that is emergent from the flow. We calculate
Vp;Vps;Ax and Axs by assuming spherical particles, and the latter
two are calculated by integrating a partial sphere (cf., Recking,
2009):

Ax ¼ p D
2

� �2

for h > D ðA:5Þ

Vp ¼
4
3
p D

2

� �3

for h > D ðA:6Þ

Axs ¼ 1� 1
p

2
h
D
� 1

� �
þ 4

p
h
D

� �2

1� D
2h

� � ffiffiffiffiffiffiffiffiffiffiffiffi
D
h
� 1

r" #
Ax for h

6 D

ðA:7Þ

Vps ¼ 1� 2 1� h
D

� �2 1
2
þ h

D

� �" #
Vp for h 6 D ðA:8Þ

Lamb et al. (2008) employ a quadratic velocity profile for flow in
steep streams:

�u
uH

¼ z
a1ks

1� z
2ks

ks

h

� �� �
ðA:9Þ

where the shear velocity uH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sg=qw

p
(m/s) and the coefficient a1 =

0.12 (Lamb et al., 2008). We define the bed roughness ks (m) equal
to D. The local velocity hui (m/s) is defined as the mean of the veloc-
ity profile integrated from z0 6 z P D for h > D or z0 6 z 6 h for
h < D, where z0 = ks=30. Prancevic et al. (2014) show that when
bed Shields stress exceeds the critical Shields stress for bed failure,
the entire bed becomes mobile and a debris flow is initiated. The
critical Shields stress for bed failure hbcr is given by Takahashi
(1978):

hbcr ¼ ð1� gÞðtan /f � tan hÞ � q
qs � q

tan h ðA:10Þ

where g is bed porosity (–). Bed porosity typically ranges between
0.25 and 0.4 in natural streams (Kleinhans, 2005). For rounded,
poorly sorted sediment bed porosity is typically 0.25 (on a scale
0–1), but bed porosity can increase to 0.4 for clast-supported angu-
lar gravel (Allen, 1984). We employ g = 0.4 for the most likely
coarse and angular sediment on martian gullies, given the restricted
transport distance and steep slopes. /f is the failure-plane friction
angle, which ranges between 40� and 60� on Earth (Selby, 1993).
As an intermediate estimate we set /f to 50� for martian gullies
(deviation by the lower martian gravity is unknown).

Appendix B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.icarus.2015.06.
017.
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