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[1] Recent gullies on Mars are suspected to be the result of liquid‐water‐bearing flows. A
formation from wet flows has been challenged by studies invoking granular (dry) flows.
Our study focuses on the sinuous shapes observed for some of the recent Martian
gullies. Sinuous gullies are found in locations and slopes (of 10°–15°) similar to straight
gullies, and they are therefore related to the same formation processes. Numerical
simulations of granular flows are performed here by introducing topographic variations
such as obstacles, roughness, or slope changes that could possibly generate flow sinuosity.
None of these simulations was able to reproduce sinuous shapes on a slope lower than
18° with friction angles typical of dry granular material. The only way to simulate
sinuous shapes is to create small‐amplitude periodic variations of the topography of the
deposit, an origin not supported by current Martian imagery. Given the presence of
sinuosity in natural terrestrial debris flows, we have concluded that sinuous Martian gullies
are better reproduced by liquid‐water‐bearing debris flows. Sinuous shapes in leveed
flows are used to derive mechanical parameters from several Martian gullies using
photoclinometry. Values in yield strength of 100–2200 Pa, velocities of 1.1–3.3 m s−1, and
viscosities from 40 to 1040 Pa s are found, which are all within the range of values for
terrestrial debris flows with various proportions of liquid water (20%–40%).
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1. Introduction

[2] Liquid water is unlikely to persist on the surface of
Mars under current atmospheric conditions [Ingersoll, 1970;
Haberle et al., 2001]. However, geologically recent Martian
hillside gullies, discovered using Mars Orbiter Camera
(MOC) Narrow Angle (NA) images [Malin and Edgett,
2000], exhibit characteristic morphologies similar to terres-
trial features formed by flowing water or water‐rich slurries,
a finding that led Malin and Edgett [2000] to suggest that
they formed by the action of water. Observations based on
gully morphology have confirmed that liquid water mixed in
debris flows can explain the shape of gullies [e.g., Costard
et al., 2002; Mangold et al., 2003]. However, the cause of
melting remains controversial. A subsurface origin was
proposed in the original publication by Malin and Edgett

[2000]. An atmospheric control was proposed in other
models [e.g., Costard et al., 2002; Christensen, 2003; Levy
et al., 2009]. Processes other than liquid water erosion have
also been proposed to explain the formation of gullies,
including the action of CO2‐based debris flows [Hoffman
et al., 2000; Musselwhite et al., 2001], dry granular ava-
lanches [Treiman, 2003; Shinbrot et al., 2004], or the mass
wasting of CO2 frost [Ishii and Sasaki, 2004]. Reasons that
several researchers have interpreted these flows as granular
flows include the overall morphology of gullies, showing an
alcove, a channel, and a debris fan that can be replicated by
simple dry granular flows in a laboratory [Shinbrot et al.,
2004]. In fact, many characteristics of (dry) granular flows,
such as channels and levees, are similar to those of the mass
wasting of viscous slurries containing liquid water [Felix and
Thomas, 2004; Mangeney et al., 2007a], which creates
ambiguity regarding the understanding of gullies and raises
questions regarding their origins by dry or wet processes [e.g.,
Treiman, 2003].
[3] Our goal is to study gullies on Mars that display locally

sinuous channels. Our study aims to (1) determine if sinuous
channels and the more common straight gullies are produced
by similar processes, by determining their distribution, ori-
entation, and slope; (2) use granular flowmodeling to identify
the ability of granular flows to display sinuosity on observed
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slopes; and (3) estimate the physical properties of the flows
(velocity, viscosity) from specific sinuous leveed channels.

2. Morphology and Distribution of Sinuous
Gullies on Mars

2.1. Sinuous Gully Morphometry and Frequency

[4] Martian gullies are incised into hillslopes in terrains
such as impact crater walls, valleys, pits, knobs, buttes, hills,
and escarpments [e.g., Balme et al., 2006]. They comprise
three identifiable components: alcoves, channels, and depo-
sitional fans (Figure 1). The uppermost components of gullies
and alcoves are generally located below or at the brink of the
host slope. They presumably represent the source region for
the flow and are likely formed by backward erosion. Alcoves
frequently narrow downslope [Treiman, 2003; Heldmann
and Mellon, 2004] and sometimes contain boulders, up
to tens of meters in diameter, or other in‐filling material.
Channels, generally up to a few tens of meters in width
[Mellon and Phillips, 2001] and up to a few kilometers in
length [Heldmann and Mellon, 2004], begin at the base of
the alcoves, are incised into hillslopes, and often dissect
lower depositional aprons where they terminate. They often
become narrower and shallower downslope. The transition
between a channel and an apron is either found via a dis-

tributary network incised into the apron, an abrupt termi-
nation at a depositional flow, or a gradual fading of the
channel into apron deposits.
[5] Among channels observed in gullies, some are sinu-

ous. The sinuosity index S is the ratio between the total
channel length (L1) and the straight line from the top to the
bottom of each channel (L0) (Figure 1). Gullies display
diverse shapes, from those exhibiting one or two bends to
some displaying a series of bends similar to meanders of a
river (Figures 2 and 3). We measured the sinuosity of gullies
in 250 MOC images from both hemispheres. By taking the
whole channel length, we underestimate local high sinuosities
of channels that may be locally more sinuous in one sub-
section of the channel than in others, but the average value for
the whole channel is accurate enough to distinguish sinuous
channels from straight channels.
[6] MOC imagery, typically at 2.8 m/pixel, may be locally

too coarse to get a precise measurement of channel sinu-
osity. To achieve accurate statistics, MOC images were
compared to two High Resolution Imaging Science Exper-
iment (HiRISE) [McEwen et al., 2007] images for the same
location (Figures 2 and 3). In Figure 2, the sinuosity indexes
of channels A, B, and C are measured at 1.11, 1.07, and
1.06, respectively, in the MOC image and at 1.12, 1.10, and
1.08 in the HiRISE image. In Figure 3, the sinuosity indexes
of channels A and B are, respectively, 1.23 and 1.19 in the
MOC image and 1.26 and 1.24 in the HiRISE image. The
examples indicate that the measurement in MOC images
underestimates the sinuosity index compared with HiRISE
images by only a few percent. In addition, straight gullies
appear straight in both images, indicating that different
camera phase angles are not responsible for a deformation
sufficient to display gullies as sinuous. Given these results
and since HiRISE images are not yet sufficiently numerous
to give a statistical view ofMartian gullies, theMOC imagery
is used to measure the sinuosity index for most gullies. A
large majority of the 250 MOC images has a 2.8 m/pixel
resolution, guaranteeing a homogeneous result.
[7] A total of approximately 3600 individual gully chan-

nels are present in the 250 MOC images studied (Figure 4).
Indexes larger than 1.05 represent a sinuosity that could be
identified by visual observations: this value is chosen as the
minimum value for a gully to be defined as sinuous. Indexes
higher than 1.20 represent a meandering‐like channel (as seen
in Figure 3). A total of 3.5% of individual gullies display an
index larger than 1.05, with approximately 25% of images
containing at least one sinuous gully (S > 1.05). A decrease
in the number of sinuous gullies with an increase in the
sinuosity index indicates that highly sinuous channels are
not common. We also plotted the sinuosity percentage,
which corresponds to the percentage of channel lengths
longer than a straight line that is directly extracted from
the index (when S = 1.20, the percentage is 20%). The plot
in the log‐log axes shows curves close to straight lines,
which means that the sinuosity index is close to a power law
distribution.
[8] Since both statistical tools (individual gullies and

images containing sinuous gullies) display the same trend, a
study for the distribution of sinuous gullies is hereafter
presented by the total number of images containing at least
one sinuous gully, because it is accurate enough to represent
the geographic distribution of gullies. Indeed, the goal of

Figure 1. Sketch of one typical gully with its (top) alcove,
(middle) channel, and (bottom) debris fan. The sinuosity
index (S) is measured as the ratio between the channel
length (L1) and the straight line joining the channel top
and bottom (L0).
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section 2.2 is to observe if sinuous gullies are typical of the
location where straight gullies are found, but not to map the
highest density of individual sinuous gullies on Mars.

2.2. Geographic Distribution, Elevation, Orientation,
and Slopes of Sinuous Gullies

[9] In general, gullies are more common in the southern
hemisphere than in the northern hemisphere, but they occur
in both hemispheres more frequently between 30° and 50° in

latitude [Malin and Edgett, 2000, 2001; Costard et al., 2002;
Miliken et al., 2003; Heldmann and Mellon, 2004; Balme
et al., 2006]. Studies have reported an almost complete
absence of gullies near the equator, which is also observed
in our mapping (Figure 5a). Sinuous gullies are present in
almost all regions containing straight gullies. In the region
of the Newton basin and its vicinity (190°E, 30°S–40°S), a
region of abundant straight gully occurrences, a high fre-
quency of highly sinuous gullies was also determined.

Figure 2. (left) MOC image E18‐00685 (phase angle 48.3°). (right) HiRISE image PSP_005930_1395
(phase angle 49.5°). The sinuosity indexes of channels A, B, and C are, respectively, 1.11, 1.07, and 1.06
in the MOC image and 1.12, 1.10, and 1.08 in the HiRISE image.

Figure 3. (left) MOC image E16‐00043 (phase angle 35°). (right) HiRISE image PSP_003464_1380
(phase angle 54.9°). The sinuosity index of channels A and B are, respectively, 1.23 and 1.19 in the
MOC image and 1.26 and 1.24 in the HiRISE image.
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[10] The elevations of gullies were taken automatically
using Mars Observer Laser Altimeter (MOLA) data with
MOC image coordinates (Figure 5b). The method does not
provide high precision on the elevation, but it is enough to
compare the distribution of straight and sinuous gullies with
elevation. Straight gullies are scattered at various elevations.
Sinuous gullies also occur over a large variety of elevations,
without a preference for one range in elevation. The highest
occurrences of sinuous channels occur at elevations ranging
from 500 to 1500 m, where the highest occurrences of
straight gullies are also found. Sinuous gullies do not often
occur at low elevations. Such elevations correspond to the
northern hemisphere, where the geographic distribution also
confirms the minority of sinuous channels (Figure 5a),
which display sinuosity indexes below 1.10.
[11] The global distribution of gully orientations is com-

plex. Initial studies have suggested that pole‐facing gullies
were the most common [Malin and Edgett, 2000; Costard
et al., 2002], but as more data have been acquired, the picture
has become more complicated: equator‐facing gullies seem
to be more common in the high northern latitudes, but not in
northern midlatitudes [Bridges and Lackner, 2005]; pole‐
facing gullies are predominant in the southern midlatitudes,
but not much farther south [Berman et al., 2005; Balme et al.,
2006]. Figures 5c–5e display the result of orientations for the
southern hemisphere only (statistics for the north would not
be significant). As with straight gullies, sinuous gullies dis-
play a strong preference for the southern (polar) orientation.
However, the difference from straight gullies comes from the
fact that no gullies with S > 1.10 are found on equator‐facing
slopes, whereas several straight gullies are identified. Addi-

tionally, sinuous gullies occur at various latitudes, not within
a fixed latitude range. For example, they do not occur only
between 30° and 35°, a range of latitude for which equator-
ward gullies are limited in number [Balme et al., 2006]. As
this difference is statistically representative (25 images con-
tain a gully with S > 1.10 over 250 images), it may indicate a
slight but interesting difference between the orientation of
straight gullies and sinuous gullies.
[12] Gullies form where steep slopes are present, with a

large majority occurring on the inner walls of impact craters
and occasionally on central peaks and exterior walls of
impact craters [Baker, 2001;Costard et al., 2002; Reiss et al.,
2009]. No systematic study of slopes was done because
MOLA data are too coarse to give a precise view. Studied
images indicate that sinuous gullies appear on the same parts
of the hillslopes as straight gullies (as in Figures 2 and 3).
Slopes where sinuous channels are observed were measured
using two High Resolution Stereo Camera (HRSC) stereo
pairs (Figure 6). HRSC digital elevation models (DEMs)
were derived using the photogrammetric software developed
by the HRSC team [Scholten et al., 2005; Gwinner et al.,
2007]. DEMs can be locally derived down to a grid size of
30–40 m [Ansan et al., 2008], but in the studied examples the
texture of the surface is not favorable for such a high reso-
lution. Since slope maps are sensitive to high‐frequency
noise, grids at 150 and 200 m sampling were preferred to
calculate the DEMs (Figure 6). Our results indicate that
sinuous channels occur on slopes between 10° and 20°.
Above 20°–25°, alcoves are predominant, locally displaying
straight channels on these steep slopes. Below 10° all chan-
nels vanish inside the debris fans. The sinuous channels

Figure 4. Histogram of gully sinuosity occurrences in 250 MOC images. The number of images with a
corresponding sinuosity index, is shown in black, taking the highest sinuosity index occurrence in each
image. The number of individual gullies with a corresponding sinuosity index is shown in gray. At the top
right the sketch shows a log‐log plot for the percentage of sinuosity versus the number of images, taking
the highest sinuosity index occurring in each image.
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visible in Figures 6f and 6i are, respectively, found on mean
slopes of 14° and 12°. Straight gullies can coexist with sin-
uous gullies on these slopes, but they are more frequent on
steeper slopes. By comparison, Kreslavsky [2008] measured
the detailed slope variations of individual gullies using
HiRISE stereo pairs finding slopes from 17° to 29°. Using
HRSC DEMs, Reiss et al. [2009] found slopes in Hale crater
gully walls from 18° to 28°. These values are consistent with
the slopes at which many straight gullies are observed in our
study, but they are slightly higher than those where sinuous
gullies are found.
[13] In summary, sinuous gullies have distributions in

elevation and latitude similar to usual (straight) gullies. An
exception comes from the orientation, which may have
influenced their formation on poleward‐facing slopes, appar-
ently more than the preferential orientation for straight
gullies. Another difference may come from the slope, when
compared to other studies, which may be slightly lower for
sinuous gullies than for straight gullies. Nevertheless, it can
be concluded from the similar geographic distribution that
sinuous gullies do not correspond to a distinct class of

gullies, and therefore they were likely formed by the same
processes as usual straight gullies.

3. Interpretation in Terms of Granular Flow
Dynamics

3.1. Topography Effects and Sinuosity

[14] A wide range of laboratory experiments has been
performed with dry granular flows over rigid inclined planes
by varying the input flux of particles and the properties of
the granular material of the underlying bed (size and poly-
dispersity of the particles, roughness, etc.). Flow instabilities
such as roll waves have been observed, but to our knowl-
edge, the generation of sinuous channels such as those
observed for Martian gullies has never been obtained [e.g.,
Groupement de Recherche Milieux Divisés, 2004; Forterre
and Pouliquen, 2003, 2008]. Fewer experimental studies
of granular flows over erodible beds have been performed.
Systematic studies of granular flows over thin and thick
erodible substrates near the instability threshold of the
granular bed have produced erosion waves when a granular

Figure 5. (a) Geographic distribution, (b) mean elevation, and (c–e) orientation of hillslopes with
gullies. In blue are images with straight gullies (S < 1.05), in yellow are images with gently sinuous
gullies with 1.05 < S < 1.10, and in orange are highly sinuous gullies with S > 1.10.

MANGOLD ET AL.: SINUOUS GULLIES ON MARS E11001E11001

5 of 18



mass was released on the top of the bed or when a pertur-
bation of the free surface was imposed [Pouliquen and
Forterre, 2002; Maloggi et al., 2006; Mangeney et al.,
2007b]. However, no sinuous flows have been observed.
[15] On Earth, sinuosities or meandering instabilities are

widely observed in natural systems at large scales (rivers) or
small scales (windowpanes during a rainfall), and they are
created by a variety of processes. Dry granular flows of the
scale of Martian gullies can be observed on mountain debris
aprons or on volcanoes in the case of pyroclastic flows. Dry
granular deposits are characterized by a straight channel
with narrow levees (Figure 7a) that can gently bend in
response to slight topographic variations, but to our knowl-
edge, sinuosities have not been reported. On the other hand,
liquid‐water‐bearing debris flows on Earth have been
observed to be sinuous (Figures 7b–7f). Nevertheless, the
origin of sinuosities in these debris flows is unclear. In the
field, variations of the local topography are often observed
at scales varying from few centimeters to tens of meters
(Figure 7d). These variations may play a strong role in the
generation of sinuosities. In contrast, on >25° active debris
aprons, such as in Figure 7a, the underlying topography is
regular and may not generate enough variations to modify
the flow directions. The complex behavior of self‐channeling
flows that create lateral static zones makes it difficult to
easily assess how the flow responds to topographic oscilla-
tions [Mangeney et al., 2007a]. The nonlinear interaction
between flow and topography could then possibly create
bends in response to changes in the steepest slope direc-
tion that can look like sinuosities for specific topography
fluctuations.
[16] Martian gullies exhibit puzzling sinuosities for which

a given wavelength can be defined (Figure 8a), suggesting
that sinuosities result from a flow instability. Given the fact
that sinuous channels are almost always observed together
with straight channels, Martian flows are expected to occur
in a range of conditions (slope, flux, material and bed
properties) close to the potential instability threshold.
Depending on flow conditions, material properties, and/or
external perturbations such as topographic variations, a
given flow would or would not reach the instability
threshold and generate sinuosities. These conditions may be
different on Mars than on Earth.
[17] The emergence of sinuosities could be possibly ex-

plained by two processes: (1) the flow could change direction
in response to topographic variations or (2) flow instability
could develop triggered by flow perturbation initially due to
topographic variations. Thus, numerical simulations have
been performed in order to test the flow response to topo-
graphic variations and in particular to assess if the complex
nonlinear coupling between flow and topography may
generate a sinuous instability for dry granular flows.

3.2. Looking for Sinuous Dry Granular Flows Using
Numerical Modeling

[18] The numerical model used here, SHALTOP, describes
granular flows over a complex three‐dimensional (3D)
topography [Bouchut andWestdickenberg, 2004;Mangeney‐
Castelnau et al., 2005;Mangeney et al., 2007a]. The model is
based on the depth‐averaged thin layer approximation (i.e.,
the flow is supposed to be thin compared to its length along
the topography) and takes into account a Coulomb‐type

Figure 6. Close‐ups of HRSC images from (a) orbit 2399
located at 35°20′S 181°40′E, (d) orbit 2399 located at 38°45′
S, 181°20′E, and (g) orbit 2476 located at 38°40′S, 195°E.
(b, e, and h) Corresponding HRSC slope maps with colors
from blue (10° and below) to red (25° and above) and (c, f,
and i)MOC close‐ups of selected crater walls with the respec-
tive numbers R1002418, E1004872, and S0300928. Gullies
are located in the light blue and red sections of the slopemaps.
Sinuous gullies, such as in Figure 6f, are visible in the slopes
of 10°–20°.
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friction law. It describes the changes in time of the thickness
h(x, y) and of the depth‐averaged velocity of the flow v(x,y)
along the topography. Contrary to most of the models used
in geophysics, the model deals with the full tensor of terrain
curvature that appears in momentum equations when the
asymptotic development is rigorously handled. SHALTOP
has been able to successfully reproduce experimental results
on the spreading of small aspect ratio granular columns
[Mangeney‐Castelnau et al., 2005] as well as natural land-
slides on Earth and on Mars [Lucas and Mangeney, 2007;
Kuo et al., 2009; Lucas et al., 2009]. The model has been
used to show that self‐channeling flows over inclined beds
and levees can be reproduced without taking into account
the presence of water or polydispersity effects [Mangeney
et al., 2007a]. Actually, nonlinear coupling between a
pressure gradient and a thickness‐dependent friction law
plays a key role in the process of levee generation. Here, we

use the flow rule proposed by Pouliquen and Forterre
[2002] for which the frictional coefficient depends on both
the thickness and the velocity of the flow. The law involves
four friction angles (di, i = 1–4) that can be deduced from
laboratory experiments and are representative of the fric-
tional properties of the material and of the underlying bed
(see Mangeney et al. [2007a] for more details about the flow
law and the rheological parameters used in the model).
[19] The rheological parameters used here to mimic dry

granular flows are characteristic of glass beads: d1 = 20°, d2 =
32°, d3 = 21°, and d4 = 34°. In general, higher friction angles
are expected for natural dry granular fragments. The presence
of water leads to smaller effective friction angles due to pore
pressure. Indeed, in numerical models dealing with debris
flows, the first‐order consequence of the presence of fluid is
to decrease the effective friction angle, even though viscous
effects and the interaction between the fluid phase and the

Figure 7. (a) Granular flows (arrows) over a debris apron in Iceland. Small levees are visible, and the
flow is straight. (b) Examples of small leveed debris flows inside fine‐grained material on 3 m high talus
in the Rocky Mountains. The arrows indicate bends with asymmetric levees. Terrestrial examples of
debris flows in (c) the Izoard pass in the Alps and (d and e) over a 500 m high debris apron showing
local sinuosities. (f) In the bend, the external levee is thicker than the internal levee.
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grains also play a significant role [Iverson and Denlinger,
2001; Pelanti et al., 2008]. As friction angles in depth‐
averaged models represent the mean dissipation during the
flow [Lucas and Mangeney, 2007], angles smaller than 20°
will mimic flows that are more fluidized than granular flows,
as could be the case for very small particles in the presence
of air [Roche et al., 2004] or when water is involved. The
extreme case di = 0° represents frictionless pure water flow.
Note that polydispersity effects can also significantly
increase the maximum distance reached by the flow, thus
decreasing the effective dissipation within the flow [Roche
et al., 2002; Goujon et al., 2007]. A wide range of plane
inclination (� 2 [5°, 45°]) and friction angles (di 2 [2°, 35°])
is investigated here.
[20] A series of numerical simulations using 800 × 1500 grid

points was performed (i.e., the space steps in the downslope
x‐direction and transverse y‐direction are dx = 1.8 m and
dy = 0.3 m, respectively). Several tests were done where
granular flows were generated either by the release of a
granular mass at the initial instant or by a constant flux
imposed at the top of the plane, as was done for the simu-
lation of self‐channeling flows by Mangeney et al. [2007a].
In these simulations, sliding materials do not spontaneously
display sinuous shapes when the slope is regular, whatever
the initial and boundary conditions and the inclination of the
plane. Furthermore, the flow always stops on slopes higher
than � ≈ d1 − 2°, which corresponds to 18° for dry granular
flow simulations.
[21] In HiRISE images we observe that several sinuous

Martian gullies may have been helped by various factors
such as variations in slope (as in Figure 8a) or the presence
of an obstacle that modifies the trajectory of the flow (as in
Figure 8b). Another parameter might be the presence of a
meter‐scale roughness, which is observed in several HiRISE
images of depositional fans and may create the instabilities
required for sinuous flows. Simulations were performed by

prescribing a constant granular flux Q0 = 16 m3 s−1 origi-
nating from a supply with a thickness h0 = 1 m, a width w0 =
8 m, and an initial velocity u0 = 2 m s−1 located at the top of
the topography. Figure 9 displays simulations of dry gran-
ular flows (d1 = 20°, d2 = 32°, d3 = 21°, d4 = 34°) over a
topography made of a first plane inclined at � = 20° in the
x‐direction followed by a slope break toward a plane
inclined at � = 20° in the x‐direction and at � = 5° in the
y‐direction (Figure 9a), a topography surmounted by a par-
abolic obstacle of maximum thickness h = 20 m and
extension along the plane l = 150 m (Figure 9b), a random
rough topography with maximum roughness amplitude A =
0.2 m obtained using classical random number calculations
(Figure 9c), and a sinusoidal fluctuation of the topography in
both the longitudinal and transversal directions of wave-
length l = 75 m and amplitude increasing exponentially
from A = 0 m on top of the plane to A = 2 m at 1200 m
downslope (Figure 9d). These examples were chosen as
representative of each studied case.
[22] A slope change of even a few degrees creates a bend

in the flow (Figure 9a). The simulated granular flow has a
typical thickness h = 0.6 m, a width w = 130 m, and a
velocity v = 1 m s−1 before the bend and a thickness h = 0.1
m, a width w = 80 m, and a velocity v = 1.3 m s−1 after the
break slope. The bend can be more or less strong depending
on the flow volume, the velocity, and the difference of the
slope azimuth. However, the bend never creates additional
instabilities forming cyclic bends that may have resembled
Martian sinuous gullies. On the contrary, the flow becomes
straight again after the change of the slope, so this case can
explain single bends as observed locally for some gullies,
but not those observed for sinuous gullies.
[23] The presence of an obstacle thicker than the flow has

a strong effect on the flow channel morphology (Figure 9b).
Granular material accumulates behind the obstacle, increas-
ing its thickness until it is wide enough to flow again, here

Figure 8. Two examples of sinuous gullies in HiRISE images with (a) a change in the main slope and
(b) an obstacle (O) across the flow.
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on one side of the obstacle. Simulated granular flows over
an obstacle have a typical thickness h = 1.5 m, a width w =
180 m, and a velocity v = 0.6 m s−1 before the obstacle
and a thickness h = 0.5m, a widthw = 60m, and a velocity v =
0.5 m s−1 after the obstacle. No sinuosity is obtained in any
test with similar conditions, and again, no flow was possible
on slopes smaller than � ≈ d1 − 2°. Furthermore, this
example shows a strong difference between this type of flow
and the sinuous gullies observed in Figure 8b. Indeed, in
Figure 8b the obstacle modifies the direction of the flow
surrounding the obstacle, but the channel width remains the
same all around the obstacle, contrary to the simulated
granular flow, which displays a decrease in width after the
obstacle. The difference may be an effect of the cohesion
and/or the viscosity of the Martian flow. Cohesion and
viscosity are absent in the case of dry granular flows con-
sidered here. Cohesion may be an important parameter in
Martian gullies where channel width is not modified after

the obstacle, and the flow may act as a viscous cohesive
body.
[24] The third test was done using a constant slope but a

rough surface (Figure 9c). In that case, the typical simulated
thickness, width, and velocity are h = 0.5 m, w = 70 m,
and v = 0.6 m s−1, respectively. Here, the granular flow
displays strong fluctuations of its thickness, but it never
tends to bend or change in direction.
[25] In the last test, the topography fluctuation has char-

acteristic dimensions of the order of the width and thickness
of the flow (Figure 9d). Thus, this test tries to maximize
the possible bending of the flows to generate sinuosities.
The result shows that the flow is driven by the topography
variations, exhibiting sinuosities with a wavelength similar
to the wavelength of the sinusoidal topography variation.
Even though the mean variation of the topography is small
(Figure 10), the steepest slope direction changes from
downslope to transverse and makes the flow follow these

Figure 9. Numerical modeling of dry granular flows on a bed of mean inclination � = 20° (a) with a
bend in the slope, (b) with a large obstacle on the path of the flow, (c) over a 20 cm scale bedrock rough-
ness, and (d) over a sinusoidal variation of the topography with characteristic amplitude and wavelength
similar to that of the thickness and width of the flow, respectively.
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topographic variations. Here the flow generates sinuosi-
ties, but the generated flows do not replicate all Martian
observations. Indeed, it was not possible to make the material
flow on slopes � < 18° such as those measured in DEMs as
typically 10°–15°.
[26] As the minimum slope at which the flow occurred

depends on the chosen friction angle, a series of simulations
was performed with decreasing friction angles (d1 = 20°, d1 =
15°, d1 = 2°). The other friction angles di, i = 2, 3, 4, were
calculated such that di − di(dry) is kept constant whatever
i, di(dry) being the value of di in the dry case. The topography
was taken with slopes decreasing from d = 21° to d = 12°
exponentially and with sinusoidal fluctuations similar to
those used in Figure 9d (Figure 10). Figure 11 shows that the
interaction between the flow and the topography is very
sensitive to the friction angle of the material. As the friction
angle decreases, the flow exhibits less and less sinuosity and

travels farther down the plane on gentler slopes. For d1 = 20°,
the flow becomes sinuous at the very top of the plane where
the amplitude of the topography variations is only of tens of
centimeters and the front of the flow stops on slope � = 18°.
For d1 = 15°, the flow becomes sinuous a short distance
downslope, and the mass front stops on slopes on the order of
� = 13°, as observed on Mars, suggesting that the dissipation
in Martian natural flows is smaller than that in dry granular
flows. For d1 = 2°, the channel is almost straight and never
stops. Thus, although the material is able to flow at 10°–15°
as observed for Martian gullies, the flow tends to be less
sinuous, contrary to the researched effect.
[27] Our results suggest that sinuosity can be generated in

dry granular flow by the topography, if topographic varia-
tions are of the same range as the flow thickness. However,
even with these highly restrictive conditions, it is not pos-
sible to reproduce all gully characteristics. First, bends

Figure 10. Downslope profile of the topography fluctuation used in the simulations. Note that the topog-
raphy is uniform in the direction transverse to the slope in 3‐D.

Figure 11. Numerical modeling of flows over topography with a mean slope varying from 21° on top to
12° at the bottom, with sinusoidal topography fluctuations with amplitude increasing from A = 0 on top of
the plane to A = 2 m at 1200 m downslope, and with wavelength l = 75 m for (a) dry granular flows (d1 =
20°), (b) less dissipative flow (d1 = 15°), and (c) almost frictionless fluid flow (d1 = 2°).
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around obstacles observed in HiRISE images (Figure 8b) are
not well reproduced in simulations (Figure 9b), showing a
difference in the physical parameters of the flow, such as
cohesion. Second, dry granular flows are shown here to stop
on slopes higher than those observed for Martian gully
deposits for realistic friction angles. Third, on Mars, straight
gullies are observed next to several sinuous gullies. For
example, this is visible with gully B in Figure 3 and the
straight gully located 30 m left of gully B. In this example it
is unlikely that the apron topography may be so different so
close to the sinuous flow. Therefore, topographic variations
cannot fully explain the sinuosity of Martian gullies.

4. Comparison of Sinuous Gullies With
Terrestrial Debris Flows

[28] Sinuous terrestrial liquid‐water‐bearing debris flows
exist and have been described in a variety of contexts [e.g.,
Johnson and Rodine, 1984], including alpine flows inside
debris aprons or arctic debris flows formed into permafrost.
Some sinuous channels are visible in the terrestrial examples
presented in Figures 7b–7f. The physical properties associ-
ated with these debris flows may be essential for the origin
of sinuous gullies. The aim of this section is to use methods
developed on Earth for these debris flows to derive physical
properties such as the viscosity and velocity. The physical
origin of sinuosity in terrestrial debris flows will be devel-
oped in the discussion.

4.1. Sinuous Channels in Terrestrial Debris Flows

[29] Debris flow is a term often used to describe any mass
movement over a slope involving a substantial amount of
liquid. In the following, we use the term “debris flow” ac-
cording to its mechanical definition: fluidized material in
which the proportion of solids is approximately 50%–90%
by volume [e.g., Coussot and Meunier, 1996]. Floods and
flows with less than 50% solids correspond to concentrated
fluids in which solid particles are transported and deposited
by the flow. Particles have no interaction except for colli-
sions. In contrast, solid particles of debris flows are all in
contact, and the whole material behaves macroscopically as
a single‐phase plastic fluid with cohesion [Pierson, 1995].
Turbulence is rare in debris flows, which are mainly laminar
[e.g., Coussot and Meunier, 1996]. Therefore, a debris flow
is a gravity‐induced mass movement between landsliding
and fluvial erosion, although with mechanical character-
istics very different from either of these processes [Johnson,
1970; Coussot and Meunier, 1996]. The transition from hy-
perconcentrated flows to debris flows is marked by a rapid
increase in yield strength and features indicative of plastic‐
fluid flow, such as lateral levees [Pierson, 1995]. Lateral
levees are frequently observed in terrestrial debris flows
(Figures 7b and 7f), but they are not ubiquitous, and their
extent depends on particle grain sizes and water content. For
example, water‐rich mudflows may not display thick levees
regardless the size of the flow. Thus, a flow larger than that
in Figure 7b may not display larger levees, if composed of
similar material. On Mars, gullies can display levees in
MOC or HiRISE images (Figures 12a–12g), whereas many
gullies also lack apparent levees (Figures 12h and 12i), but it
is impossible to determine if such channels are levee‐free or
display too small a levee to be visible (<10 cm).

[30] Terrestrial examples show that levees in the external
part of the bend are larger and thicker than the ones present
in the internal part of the bend, a property that has also been
observed for several Martian examples (Figures 12b–12e).
The presence of levees is a critical observation for deter-
mining flow properties. In terrestrial debris flows, levees are
usually visible in the lower part of the gullies, and they are
often absent in the upper part, as observed in the example at
Izoard pass in the French Alps (Figure 7c). The debris flows
are 100–500 m long, with channels 3–15 m wide and levees
from 10 cm to 4 m thick. They are initiated on debris aprons
with steep slopes (>25°). Channels with levees occur at slopes
between 10° and 15° as measured in situ. These debris flows
form inside very rocky material where large rocks (>10 cm)
predominate. Figure 10 shows a much smaller debris flow
with a few 10 cm channels and 1–3 cm high levees that
formed inside muddy deposits where small grain sizes pre-
dominate (<50 mm).
[31] Levees on each side of the channels are typical of

flows with a yield strength [Johnson, 1970; Allen, 1997].
The yield strength corresponds to the minimum shear stress
that should be applied to the material to make it flow. The
Bingham flow, first proposed by Johnson [1970], is the
simplest and most often used viscoplastic model for simu-
lating debris flows [e.g., Allen, 1997]:

� ¼ K þ � d�=dt; if � > K; ð1Þ

where t is the shear stress, K is the yield strength, dg/dt is
the shear rate, and m is the viscosity. If t < K, there is no
internal deformation [e.g., Allen, 1997]. The model is rele-
vant when yield strength is confirmed by the presence of
levees. The difference in yield strength is dependent on
material grain size, the density, and the water content, but
not on the size of the channel. Larger initial volumes of
muddy flows, with the same material as in Figure 10, would
not imply larger levees.
[32] Yield strength does not vary during the flow if the

material does not show changes in water content [Coussot
and Meunier, 1996]. Therefore, at a given yield strength,
the levee thickness increases when the slope decreases. The
lower the slope, the higher and larger the levees are,
explaining why levees are mainly visible in the lower parts
of the channel. At low slope, debris flows frequently end in
a terminal lobe. A change in behavior occurs when the shear
stress drops below the yield strength [e.g., Pierson, 1995].
Such behavior can explain why gully terminal fans exist on
slopes as steep as 10°.

4.2. Flow Properties of Martian Gullies From Levees
and Sinuous Shapes

[33] The yield strength can be calculated from the levee
thickness h and the slope a [e.g., Johnson, 1970; Allen,
1997]:

K ¼ h�g sin �; ð2Þ

where g is the gravity and r is the fluid density. The yield
strength error is directly proportional to the measurement
error on the levee thickness. In the following results, we
present an estimate of K from topographic information
derived from photoclinometric analysis of HiRISE images
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following the method described by Davis and Soderblom
[1984]. Models were calibrated using MOLA profiles as
an envelope for topography at the scale of gullies. Results at
the MOC scale were shown by Mangold et al. [2003] for
gullies on dunes. Cross sections were chosen to be orthog-
onal to the flow. By assuming that the overall channel is in
the direction of the main slope, orthogonal profiles should
have the same elevation on both sides of the gullies, which
allows us to fix the base of the small topographic profile.

[34] The method is not applicable to many of the sinuous
gullies observed. Indeed, this method requires that the image
intensity is uniquely due to the topography, not due to
variations in surface particles’ albedo. Aeolian ripples visi-
ble on many HiRISE images also modify the local topog-
raphy of gully borders and aprons. Many gullies observed in
HiRISE images display albedo variations that are not related
only to the topography of gullies (Figures 12d–12g). Addi-
tionally, low to medium incidence angles of the Sun and a

Figure 12. HiRISE image close‐ups for examples of sinuous debris flows with levees of
(a) PSP_1697_1390, (b) PSP_3464_1380, (c) PSP_1440_1255, (d and e) PSP_5587_1405,
(f) PSP_10749_1325, (g) PSP_5943_1380, (h) PSP_12496_1410, and (i) PSP_6261_1410. Solid arrows
indicate well‐defined levees, and dashed arrows indicate less obvious levees.
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Figure 13
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good image quality are necessary for applying this method.
Finally, among the 40 HIRISE images containing gullies,
photoclinometric profiles were successfully extracted for
only three HiRISE images (Figure 13).
[35] Applying equation (2) to the two terrestrial examples

shown in Figure 7 gives a value of approximately 100 Pa for
small mudflows (Figure 7b) and approximately 10,000 Pa
for rocky debris flows (Figure 7c). Results from Martian
flows for the yield strength give values from a few hundred
pascals to 2200 Pa. These values are in the range of ter-
restrial yield strengths for debris flows [e.g., Major and
Pierson, 1992]. Notice that we estimate to approximately
10 cm the smallest levees identifiable in HiRISE images. As
a consequence, materials having less than 100 Pa of yield
strength could not be identified on Mars using the current
data set.
[36] During the flow, velocity is usually difficult to deter-

mine without in situ measurements. Nevertheless, the asym-
metry in bending levees is commonly used to determine the
velocity of debris flows [Johnson and Rodine, 1984]. The
reason for this asymmetry is that the surface of the flow tilts
toward the center of curvature of the bend as a result of the
radial acceleration of debris (Figure 14). The consequence of
this tilt after the flow is the presence of larger and broader
deposits on the outsides of channel bends. The levees are
much narrower on the insides of channel bends. The method
was applied to the gullies of Russell dunes [Mangold et al.,
2003] using MOC images, but MOC resolution constrained
the results to a large uncertainty. According to Johnson and
Rodine [1984], the mean velocity of flow inside the bends
can be deduced from the radial acceleration a:

a ¼ V 2=R; ð3Þ

where V is the velocity and R is the radius of curvature. The
radial acceleration is also equal, according to Figure 14, to

a ¼ g cos � tan�; ð4Þ

where b is the tilt estimated from the difference of the ele-
vation of levees (g and a as in the previous paragraph).
Therefore, from equations (4) and (5),

V ¼ gR cos � tan �ð Þ1=2: ð5Þ

This method compares favorably with in situ measurements
of velocities on Earth [Johnson and Rodine, 1984]. Veloc-
ities determined using this method in the two terrestrial
examples give approximately 8 m s−1 for thick debris flows
(Figure 7c) and between 1 and 2 m s−1 for small mudflows
(Figure 7b). Results from the Martian examples give values
from 1.1 to 3.3 m s−1 (Table 1).
[37] Viscosity m is the most widely used parameter to

characterize debris flows. The viscosity can be determined
by the relationship [Allen, 1997]

� ¼ �g sin �ð ÞT 2=2V : ð6Þ

All parameters are known except the channel thickness, T,
which can also be measured by photoclinometric profiles
(see Figure 13c). Using this method, the two terrestrial flows
are estimated at approximately 2 Pa s for the small mud-
flows in Figure 7b and at 1500 Pa s for the thick debris
flows in Figure 7c. The viscosity of the Martian examples
(Figure 15) obtained is from 40 to 1040 Pa s.
[38] Uncertainties in these calculations are dominated by

errors in photoclinometric profiles, which are large but
difficult to estimate without better knowledge of the true
topography. In this situation, measurements made using two
sections of the same gullies (examples in A and B or E and
F) are seen as the best estimation for an order of magnitude
of the uncertainties, which correspond to about a factor of
2 for the velocity, with the error for the viscosity being
probably larger.
[39] Velocities are among the range found for terrestrial

debris flows, for the two examples in Figures 7b and 7c and
from a compilation of data from Corominas et al. [1996]. In
this compilation, terrestrial debris flows from around the
world were measured at velocities from 1 to 12 m s−1, with
varying water content. Velocities appear slightly higher for
Russell crater dune gullies (profiles G and H) than for more
classic gullies (profiles C–F).
[40] Figure 15 compares the viscosity of terrestrial debris

flows and experimental slurries to our results. Martian vis-
cosities are in the range of terrestrial debris flows. Terrestrial
and experimental data show an increase in viscosity with the
increase in the solid fraction. Assuming that Martian flows
contain liquid water, the plot suggests that they contain a
relatively low proportion of water (<40%). For Russell
crater dune gullies (cases G–H in Figure 13) our measure-
ments confirmed and improved the rough estimates of
Mangold et al. [2003] done at MOC scale, in which velocity
was estimated in the range 1.1–7.3 m s−1 and viscosity was
estimated from 1 to 105 Pa s. Lower values found for these
dune gullies with regard to the other examples studied may
correspond to either a higher fraction of water (such as
40%–50%) or, alternatively, to the abundance of fine‐grained

Figure 13. Photoclinometric profiles of three HiRISE image close‐ups of (a) PSP_1697_1390, (b–d) PSP_3464_1380, and
(e) PSP_1440_1255. Profiles on the right (A–H) are photoclinometric profiles corresponding to the respective topographic
sections in Figures 13a–13e.

Figure 14. Schematic view of levees inside bends (right)
seen from the top and (left) in cross section. The flow is
tilted inside the bend, and the levees are asymmetric
(adapted from Johnson and Rodine [1984]).
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material that can reduce viscosity without requiring more
liquid water in the mixture. Viscosities found for these flows
from tens to hundreds of Pa.s are comparable to those of the
most fluid volcanic lava flows in Hawaii [e.g.,Nichols, 1939].

5. Discussion

5.1. Control Parameters for the Sinuosity Threshold

[41] The origins of sinuous shapes in liquid‐water‐bearing
debris flows are not well‐known. No terrestrial study has
explained the development of this type of channel in debris
flows, despite the fact that observations exist and are used to
determine velocities. Laboratory experiments are mainly
performed along straight flumes [e.g., Iverson, 1997] where
sinuosities are limited by channel width.
[42] In dry granular numerical modeling, the only way

found to simulate sinuosity has been to impose small topo-
graphic variations at the scale of the thickness and width of
the flow. In that case, simulated flows are deflected and
produce sinuous shapes that can look like those of natural
debris flows. As topography fluctuations investigated here
are small and may be hardly visible in satellite imagery, our
simulations suggest being very careful when analyzing
sinuous shapes in terms of mechanical behavior of the flow.
DEMs at submeter scale are required for a better analysis.
Nevertheless, for the sinuous bends to occur on slopes 10° <
� < 20° (as observed for Martian sinuous gullies), the
effective friction coefficient has to be smaller than the values
typical of dry granular materials. Such small values may be
related to the presence of a fluid phase that can be gas in the
case of small particles (d < 100 mm [Roche et al. 2004]), or a
fluid such as liquid water for larger particles like those
expected to be involved in the gullies studied here. Fur-
thermore, the example in Figure 9b shows how granular
flows are disrupted by an obstacle in a way different from
the observation of Martian gullies (Figure 8b). Therefore,
the cohesion of the flow seems to be a necessary charac-
teristic to generate the sinuous shapes observed.
[43] Although gullies are observed over granular debris

aprons, the flowing mass may erode the initially static
material. Recently, it has been shown that the entrainment of
debris located on debris flow paths can generate instabilities
such as surges and is a key ingredient of debris flow dynamics
[Mangeney et al., 2007a, 2010]. Such a process is poorly
taken into account in current numerical models and may be
a potential ingredient in the generation of sinuous shapes.
That possibility is still to be tested.
[44] Terrestrial rivers display various regimes in alluvial

plains depending on discharge rates, with (1) straight

channels at low discharge rates, then (2) meandering
streams, and then (3) braiding at high discharge rates [e.g.,
Knighton, 1998]. Similar regimes are obtained by Le
Grand‐Piteira et al. [2006] for experimental meter‐scale
sinuous streams (rivulets) of water flowing down a rigid
substrate. They show that, for increasing flow rates, three
main regimes are observed: (1) straight rivulets along the
steepest slope, (2) meandering rivulets (above a critical flow
rate the straight stream is unstable and perturbations of the
flow lead to stationary sinuous streams), and (3) a dynamic
regime where meanders no longer remain stable and vary
like braids. Experiments of Le Grand‐Piteira et al. [2006]
show that the instability threshold increases with decreas-
ing slope angle. As a result, when the slope decreases while
the discharge rate remains the same, the flow may still be
unable to develop sinuosities. Observation of similar regimes
for very different flow types suggests that this condition may
exist for other flows. Several observations of Martian gullies
are consistent with the different regimes described. Indeed,
downstream of sinuous gullies where the slope decreases,
channels are frequently straight (examples in Figures 2 and 3
display straight channels at the termination of the flow).
Although braided flows are locally observed at the HiRISE
scale [e.g., McEwen et al., 2007], and are frequently found
on steep slopes, they seem nevertheless to occur at any
location of the flow. Further work would then be needed to
confirm this comparison. Nevertheless, if this similarity in
flow regimes exists, then it would suggest that sinuous
debris flows follow laws analogous to liquid water flows,

Table 1. Physical Properties of Gullies Using Profiles in Figure 13

Profile
Yield Strength,

K (Pa)
Velocity,
V (m s−1)

Viscosity,
m (Pa s)

A 2200 – –
B <120 – –
C 1800 2.0 460
D 840 1.9 1040
E 1900 1.1 290
F 1100 1.7 450
G 840 3.3 95
H 380 2.6 40

Figure 15. Viscosity versus solid fraction for terrestrial and
experimental slurries and forMartian gullies. In situ measure-
ment compilation from Corominas et al. [1996] (numbered
squares): (1) Mt. Thomas, New Zealand [Pierson, 1981] for
both debris flows and hyperconcentrated flows; (2) Tenmile
Range, Colorado [Curry, 1966]; (3) Jiang Jia, China [Li et al.,
1983]; (4) Wrightwood‐1973, California [Morton and
Campbell, 1974]; (5) Wrightwood‐1941 [Sharp and Nobles,
1953]. Experimental data from Major and Pierson [1992]
for a mixture of sand and fines, with the sand dominating
(circles) or with the fines dominating (triangles). Letters for
Martian gullies C–F and G–H correspond to examples in
Figure 13 for which the viscosities are compiled in Table 1.
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but with different instability thresholds and different phys-
ical mechanisms.
[45] Further work must be performed on both terrestrial

and Martian sinuous debris flows to investigate the role of
cohesion, erosion, or fluid/solid mixture behavior in sinu-
osity instability. This is a very difficult issue because of the
scaling problems between experimental and natural debris
flows [Iverson, 1997; Iverson and Denlinger, 2001; Védie
et al., 2008] and because of the mathematical and numerical
difficulties related to mixture models and to the description
of erosion processes [Pelanti et al., 2008; Bouchut et al., 2008;
Fernandez‐Nieto et al., 2008; Mangeney et al., 2007b]. Our
next step in that direction will be to use a numerical model of
liquid‐water‐bearing debris flows to simulate sinuosities
using tests similar to those performed in the present work.

5.2. Presence or Absence of Levees: Could River
Streams Explain the Observations?

[46] In this study, we showed that levees seen in HiRISE
imagery consist of microlandforms that are key to under-
standing the physical properties of flows. However, in
HiRISE images, levees are often difficult to identify, are
limited in size, or are absent. The presence of levees as part
of the flow on steep slopes (>10°) certifies the channel
origin by a debris flow with a defined yield strength, because
other type of levees formed by rivers are due to deposition in
low‐energy environments. However, the absence of visible
levees does not certify that flows were not formed as debris
flows. Materials with levees of <10 cm (approximately <
100 Pa of yield strength on a 10° slope) likely cannot be
identified with HiRISE imagery. Debris flows containing
fine‐grained material (such as clay‐size grains) or a high
proportion of water (30%–50%) can behave as a debris flow,
but with a yield strength between 1 and 100 Pa, as the small
mud flows observed in Figure 7b, or as shown by the
experimental data for viscous clay‐rich slurries [Major and
Pierson, 1992]. These sorts of clay‐rich/silt‐rich debris
flows are likely present on Mars due to the abundance of
aeolian particles such as dust and silt grains [e.g., Védie et al.,
2008], and therefore, they may explain part of the apparent
lack of levees in flows that would still correspond to debris
flows.
[47] Alternatively, the lack of levees could mean that the

flow is not a debris flow (defined as a viscous fluid with a
given yield strength). Several studies have proposed that
Martian gullies are formed from river‐like activity [e.g., Levy
et al., 2009]. Pure liquid flows, (e.g., clear‐water streams)
are known to generate sinuosity, usually called meanders
when S > 1.2. However, all meandering rivers are observed
at slopes of 1°–2° [e.g., Knighton, 1998]. No river is known
to display the sinuosity of S = 1.2 that has been observed for
several gullies on slopes as steep as 15°. Furthermore,
meanders are the result of an evolution, from a slight curve
to a meander, with progressive erosion of the external bank
[e.g., Knighton, 1998]. The observed gullies (such as in
Figure 3) do not show an evolution from a straight channel
to a sinuous channel. Though we can exclude pure water
stream activity for nonleveed sinuous flows, hyperconcen-
trated flows (with typically >30% solid particles) may be
a plausible process. Indeed, these flows often follow an
intermediate state between turbulent stream flows and
laminar viscous debris flows [e.g., Allen, 1997]. Whether

hyperconcentrated flows explain part of the sinuous non-
leveed flows, they would be less viscous than sinuous leveed
flows, as a consequence of a higher proportion of liquid
water or of higher fine grain content. The presence of levees
would then correspond to upper bounds for the viscosity of
sinuous flows.

5.3. Consequences of the Lack of Equator‐Facing
Slopes in Sinuous Gullies

[48] Most sinuous gullies occur in locations (latitudes,
elevations, and slopes) that are similar to those of straight
gullies. Nevertheless, we have observed that sinuous gullies
are found only in pole‐facing slopes, independent of the
latitude at which they are found. Such a difference may be
due to a different flow rheology such as a higher viscosity or
lower water content for equator‐facing gullies. Indeed, if
pole‐facing gullies are due to debris flows bearing water, or
even hyperconcentrated flows when displaying no levee, the
straight equator‐facing slopes may then correspond to more
viscous flows. The difference may also be due to a stronger
difference in the process of formation. Indeed, morphologic
parameters found in granular flow models are in the same
range of values as those observed for Martian gullies. Thus,
straight dry gullies can display properties similar to those of
straight liquid‐water‐bearing gullies. Therefore, we do not
exclude the possibility that some sparsely gullied crater
walls present on equator‐facing slopes, where sinuous
channels are absent, were formed by dry flows instead of
wet flows.
[49] The presence of sinuous gullies in pole‐facing slopes

is interesting with regard to models explaining gully for-
mation by near‐surface ice/snow melting. In Costard et al.
[2002], modeling conditions of gully formation imply a
preferential orientation toward the poles resulting from a
formation at high obliquity, since the insolation on pole‐
facing slopes considerably increases as soon as the obliquity
reaches values around 35°. Qualitatively, equator‐facing
slopes do not warm up in the 30°–40° latitude regions,
because they are not illuminated by the Sun for enough time,
whereas pole‐facing slopes are warmed all day at these lati-
tudes. The presence of sinuous gullies on pole‐facing slopes
only suggests more wet debris flows on these orientations
than on equator‐facing slopes, as predicted by the model.

6. Conclusions

[50] Our study questions the role of granular flows in
Martian gully formation by focusing on the sinuous shapes
observed for many recent Martian gullies. First, we have
shown using 250 Mars Orbiter Camera images that sinuous
gullies present a sinuosity index up to 1.25, but that only
3.5% of individual gullies display an index > 1.05 indicating
a sinuous shape. They are found in locations and on slopes
similar to those of straight gullies and are, therefore, related
to the same formation processes. The lack of well‐developed
sinuous gullies on equator‐facing slopes suggests a reduced
role for liquid water.
[51] Second, simulations of granular flows were performed

invoking potential instability triggers such as obstacles,
roughness, or slope change in order to generate bends in the
flow, but most simulations failed to reproduce sinuous
shapes. Sinuous shapes are only simulated when grains flow
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over a surface artificially containing periodic topographic
variations with amplitude and wavelength comparable to the
thickness and width of the channel, repectively. Nevertheless,
the required friction angles to produce sinuous shapes at
slopes about 10°–20° are so low that they imply the presence
of an additional fluid phase in the flow. Moreover, simula-
tions with an obstacle on the flow pathway show a strong
difference in behavior with the Martian observation, where
the cohesion of the flow seems to be an important parameter.
Given these results and the presence of sinuous flows in
natural terrestrial debris flows involving water, we have
concluded that Martian gullies are better reproduced by
liquid‐water‐bearing debris flows or perhaps hyperconcen-
trated flows. The physical processes behind the formation of
the sinuous shape are still poorly known, but we suggest that
material entrainment and cohesion may play a key role in
the sinuous channels’ formation. These factors need to be
explored.
[52] Third, we used the presence of bends in leveed flows

to extract the mechanical parameters of several Martian
gullies. We obtained values for yield strength of 100–
2200 Pa, velocities of 1.1–3.3 m s−1, and viscosities from
40 to 1040 Pa s, which are inside the range of values for
terrestrial debris flows with various proportions of liquid
water. Therefore, our work confirms previous interpretations
favoring most of the gully formation by liquid‐water‐bearing
debris flows. A numerical model for liquid‐water‐bearing
debris flows is under development, and simulations will be
presented in future studies.
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