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Abstract

The walls of the Valles Marineris canyons are affected by about 45 landslides. The study of these landslides provides a test of the

hypothesis of processes having affected Martian wallslopes after their formation. The dynamics of Valles Marineris landslides are

controversial : either the landslides are interpreted as large debris flows or as dry rock avalanches. Their morphology and their

topography are basic parameters to understand their dynamics. From topographic MOLA data and remote sensing images acquired

with different spatial resolutions (Viking, THEMIS, MOC), the 3D geometry of 45 landslides of Valles Marineris has been studied.

The landslides have been classified in 3 geomorphologic classes from the topography of the landslide deposits: the ‘‘chaotic’’

landslides without well identified structures, the ‘‘structured deposit without debris aprons’’ landslides with tectonic structures and

small roughness at the deposit front and the ‘‘structured deposit with debris aprons’’ which display circular normal faults at the back

of the deposit and several debris aprons at the front of the landslide. The spatial distribution of the three morphological types is in

relation with the confinement of the canyons. The initial volume and the total deposited volume were also measured to compute

volume balances. The deposited volumes range from 50 to 5000 km3: All volume balances display a maximum deficit ranging from
5% to 70%. The landslides with the largest deficits take place within an enclosed-canyon (Hebes Chasma). Lacking material

exportation, these deficits could be interpreted as reflecting the porosity of the landslide source. This fact is in agreement with the

hypothesis of a karstic origin of these enclosed-canyons. The Valles Marineris landslides have large mobilities (length/vertical drop)

ranging from 1.8 to 12 implying low coefficients of friction and so fluidization mechanisms. The possible filling up of the porosity by

volatile could be compatible with the fluidization patterns of Valles Marineris landslides.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Martian wallslopes are affected by numerous land-
slides especially within Valles Marineris (V.M). The
analysis of these Martian morphologies permits first to
study gravitational processes under different gravities
and secondly to test the hypothesis of processes that
affected Martian wallslopes after their formation. The
landslides of Valles Marineris discovered with Viking
pictures were initially interpreted as large wet debris
flows implying the intervention of water in order to
e front matter r 2004 Elsevier Ltd. All rights reserved.
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explain the mobility (ratio between the length of the
landslide and the vertical drop) of these landslides and
the interactions between landslides and water-worn
morphologies (Lucchitta, 1978, 1979, 1987). In contrast
to this interpretation, a second study has found that the
mobilities of Valles Marineris landslides are analogous
to dry terrestrial rock avalanches (McEven, 1989). The
role of fluids in the Martian landslide dynamics is not
unanimously admitted yet. More than the dynamics of
the landslide events, the dynamics of their initiation is
unknown. On Earth, these processes are related to
ground conditions within the wallslopes for the intrinsic
factors and to the climate or the seismicity for the
external factors. The topographic data of Mars Orbiter
Laser Altimeter (MOLA) and the high spatial resolution
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images acquired by Mars Orbiter Camera (MOC) from
Mars Global Surveyor (MGS) permit a new analysis of
the final geometry of Valles Marineris landslides. We
present the results of a multidisciplinary study of
landslide morphology and geometry using images with
different spatial resolutions and altimetric data. These
results allow us to propose hypothesis about the ground
conditions of Valles Marineris wallslope at landslide
time.
2. Geological setting and data set

2.1. Valles Marineris

Valles Marineris is a 4000 km long east–west trough
system located in the equatorial zone of Mars on the
eastern flank of the Tharsis zone. The width of the
canyon ranges from 50 km to more than 500 km in the
central part of Valles Marineris. Width variations could
correspond to rock strength variations relative to the
erosional process (McCauley, 1978). The walls of the
canyon, which have an average slope of 20�; are shaped
by normal fault with 6 km of throw (Banerdt et al.,
1992). Triangular faceted spurs are visible on the walls
of the canyon and indicate that the faulting is important
to the origin of the canyon. The initiation of tectonics
has been dated from the Hesperian period (Head et al.,
2001).
The morphology of the canyons has been modified by

external processes like gravitational mechanisms and
fluvial events, which have contributed to the present
morphology after the tectonic episode (Peulvast et al.,
2001). The existence of water in the Valles Marineris
area is demonstrated by the presence of lobate ejecta
craters in the neighboring zones such as Lunea Planum
or Sinai Planum. These craters indicate the existence of
fluids at the time of impact in the upper part of the crust
to around 5 km depth (Boyce et al., 1996).
The trough system also displays a completely enclosed

canyon, Hebes Chasma. Layered deposits within the
enclosed canyon suggest emplacement in covered lakes
(Nedell and Squyres, 1987). This enclosed troughs could
have been originated by thermokarstic or karstic
processes (Spencer and Fanale, 1990; Carr, 1996).

2.2. Data sets

Forty-six landslides were identified and mapped on
Viking Orbiter images (Table 1). The boundaries of
landslide deposits were defined on the Viking Orbiter
images, on the available MOC images and with Digital
Elevation Models (DEM) derived from the interpolation
of MOLA profiles. Spatial resolution of MOLA data is
300m along the profiles and around 2 km between two
profiles in Valles Marineris (Smith et al., 2001), the
vertical accuracy is few meters. The quality of DEM is
better North–South than East–West because of the
polar orbit of the MGS probe. As the walls of Valles
Marineris are roughly East–West, the flow of landslides
has been mainly in N–S direction. So, MOLA DEM’s
are accurate to study geometrical parameters of the
landslides (Table 1), especially along profiles realized on
the DEM.
3. Characteristics of Valles Marineris landslides

Valles Marineris landslides are prominent features
because the landslides scarps affect all the wallslopes
and form re-entrants in the neighboring plateau of
Valles Marineris. The dimensions of the landslides are
one order in magnitude larger than terrestrial ones. The
average deposit area is 938 km2; their average length
36 km, their width 32 km (Table 1). The average vertical
drop is 6 km. Those values are not observed on Earth
excepted in submarine slides. However, the relationships
between geometrical parameters of Valles Marineris
landslides are the same as for terrestrial ones despite the
scale difference (Legros, 2002). The thickness of the
landslide deposits decreases from about 2 km at the foot
of the scarp to 100m at the front of the landslide. The
surface of the landslide deposit is characterized by a
hectometric scale roughness, which is observed on the
Viking images and topographic profiles.
In this section, the particular features of Valles

Marineris landslides are described. A classification of
Valles Marineris landslides based on the morphology of
their deposits is proposed. The distribution of the
different types within Valles Marineris is then studied.
The volumes of the landslides are presented and volume
balances between the landslide deposits and source areas
are discussed. Finally, an analysis of the landslide
dynamics is presented based on mobility measurement
and comparison with terrestrial landslides.

3.1. Classification of Martian landslides from their

morphology

A landslide classification is proposed according to the
morphological and topographic features of the landslide
deposits. Four morphological types are defined: (1)
chaotic (C), (2) structured deposit without debris aprons
(SD), (3) structured deposit with debris aprons
(SDWDA) and (4) hanging (H).
(1) The C type (11 landslides) displays rough deposits

without well-identified tectonic structures (Fig. 1). The
amplitude of the roughness could reach 1 km (Fig. 1)
and the roughness is not organized. The deposits
sometimes display some local linear topographies
parallel to the landslide scarp but these topographies
are not continuous along the width of the landslide.
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Table 1

Geometrical features of Valles Marineris landslides

IDa Location Morphological Deposit Length Vertical Coefficient Depositf Widthg Widthh Factor Initial Landslide Material
typeb area ðkm2Þ ðkmÞ

c drop ðkmÞ
d of frictione slope ð0Þ (km) of the canyon (km) of confinement volume ðkm3Þ volume ðkm3Þ balance (%)

1 Tithonium Chasma S.D.W.D.A 702 12.4 6.9 0.554 11.1 6.4 62.11 0.10 550.79 389.07 29.36
2 Tithonium Chasma S.D:W.D.A 379.44 25.23 6.4 0.254 4.4 22.1 34.3 0.64 155.51 151.5 2.58
3 Tithonium Chasma S.D.W.D.A 178.83 22.69 6.4 0.283 4 14.4 38 0.38 100.49 73.34 27.02
4 Tithonium Chasma S.D. 806 41.13 7 0.171 7.9 29 45 0.64 1167.05 848.43 27.3
5 Tithonium Chasma S.D. 513.54 21.6 6.9 0.319 8.6 39.91 40.8 0.98 1093.99 663.61 39.34
6 Tithonium Chasma C. 101.97 10.21 2.9 0.284 6 19.55 13.2 1.48 204.39 201.12 1.6
7 Tithonium Chasma S.D. 383.49 29.6 5.6 0.189 7.8 19.33 35.5 0.54 736.79 439.52 40.34
8 Tithonium Chasma S.D. 56.7 10.3 4.9 0.475 3.6 8.7 19.6 0.44 196.94 129.48 34.25
9 Ius Chasma C. 678.33 29.1 6.5 0.225 5.7 3.12 46.2 0.68 1495.67 1021.7 31.68
10 Ius Chasma C. 3735.72 51.38 6.8 0.133 �1.1 96.31 54 1.78 5977.78 4835.72 19.1
11 Ius Chasma C. 1464.75 45.6 7.7. 0.17 13 40.68 59 0.69 1960.3 1520.97 22.41
12 Ius Chasma S.D. 1151.64 53 7.9 0.148 3.2 43.23 54.3 0.80 1132.12 1068.15 5.65
13 Ius Chasma S.D. 658.89 35.22 7.9 0.225 4.4 19.58 70.6 0.28 562.42 534.76 4.92
14 Ius Chasma S.D.W.D.A 1141.47 83 8.5 0.103 4.9 44.49 100 0.44 397.25 3079.77 22.46
15 Hebes Chasma C. 489.33 19.4 7.2 0.371 8.8 24.1 46.2 0.52 335.76 128.92 61.6
16 Hebes Chasma C. 966.33 48.3 7.5 0155 1.9 31.4 36.6 0.86 1445.4 751.84 47.98
17 Hebes Chasma C. 1411.92 59.22 8 0.135 2.5 22.02 63 0.35 1850.29 599.72 67.58
18 Hebes Chasma C. 1386.45 36.8 6 0.163 4.8 61.7 33 1.87 319.62 102.62 67.89
19 Hebes Chasma C. 1796.67 37.98 7 0.184 1.8 72.3 35.5 2.04 6361.2 2017.59 68.28
20 Candor Chasma C. 487.98 32.9 5.4 0.165 4.3 24.4 51.6 0.47 165.4 161.24 2.52
21 Candor Chasma S.D. 853.47 42.705 6.8 0.159 3.7 32.10 63.6 0.50 230.67 224.39 2.72
22 Ophir Chasma S.D. 1232.37 54.21 5.8 0.107 2.9 38.46 60.4 0.64 1743.64 1496.22 14.19
23 Ophir Chasma S.D.W.D.A 3416.22 66.3 8 0.12 5.1 69.97 100 0.70 9081.83 5204.68 42.69
24 Melas Chasma S.D.W.D.A 1398.24 62.74 7.9 0.126 3.2 46.5 100 0.46 1646.10 1451.19 11.84
25 Melas Chasma S.D. 516.24 48.69 7.6 0.157 0.7 17.5 100 0.18 248.63 193.07 22.34
26 Melas Chasma H. 740.88 26.55 8.6 0.322 4.2 24.29 100 0.24 376.20 237.29 36.92
27 Melas Chasma S.D.W.D.A 2099.16 51.38 6.1 0.118 1.4 55.4 94.6 0.59 2420.79 1630.64 32.64
28 Melas Chasma S.D. 191.79 15.09 6.7 0.445 10.5 17.16 69 0.25 128.76 101.71 21
29 Melas Chasma S.D.W.D.A 170.55 12.7 6.7 0.529 14.5 12.48 56.6 0.22 391.07 329.48 15.75
30 Melas Chasma S.D.W.D.A 186.4 18.49 6.7 0.363 10.9 15.56 56.5 0.28 423.75 265.98 37.23
31 Coprates Chasma S.D.WD.A 1573.02 69.01 9.3 0.135 2.1 34.77 60.2 0.58 637.77 458.09 28.17
32 Coprates Chasma S.D.W.D.A 1927.8 60.7 5 0.082 2.4 57.91 99.4 0.58 500 346.52 30.69
33 Coprates Chasma H. 296.91 29.7 9.7 0.327 13.7 11.13 99.4 0.11 60.6 50.4 16.83
34 Coprates Chasma S.D. 4435.83 61.8 7 0.113 3.9 107.56 65.6 1.64 6181 4915.29 20.47
35 Coprates Chasma C. 442.89 30.6 4.5 0.147 6.5 22.88 37 0.62 261.04 199.45 23.59
36 Coprates Chasma S.D.WD.A 1348.29 61.19 8 0.13 3.3 48.31 68.3 0.71 1583.46 1021.61 35.49
37 Coprates Chasma S.D.W.D.A 2082 48 8 0.166 0.5 40 100 0.40 910.12 671.33 26.18
38 Gangis Chasma S.D.W.D.A 934.29 53.54 5.6 0.105 2.8 31.57 100 0.32 698.72 404.81 42.06
39 Gangis Chasma S.D. 869.31 30.1257 5.5 0.182 7.6 34.45 100 034 349.9 279.12 20.22
40 Gangis Chasma S.D.W.D.A 258.48 26.81 5.5 0.205 1.5 19.5 100 0.20 307.24 194.88 36.57
41 Gangis Chasma S.D.W.D.A 699.93 38.5 5.5 0.142 2.6 37.8 64.4 0.59 851.59 464.6 45.44
42 Gangis Chasma S.D.W.D.A 2334.69 63.83 5 0.078 2.1 73.08 92 0.79 1003.39 556.67 44.52
43 Gangis Chasma S.D.W.D.A 679.23 29.95 4 0.133 7.1 27.55 92 0.30 316.23 232.23 26.56
44 Gangis Chasma S.D.W.D.A 321.39 32.47 5.2 0.16 0 12.44 56 0.22 179.2 74.75 58.28
45 Gangis Chasma S.D.W.D.A 226.89 20.05 2.5 0.124 0.4 14.4 49.2 0.29 15.98 15.26 4.51

aNumber referring to the Fig. 7.
bHanging (H.) chaotic (C.), structured deposit without debirs approas (S.D.), structured deposit with debris (S.D.W.D.A).
cHorizontal distance from the scarp to front of landslide.
dFrom the top of the landslide scarp to floor of the canyon at the landslide front.
eVertical drop/length.
fAveraged slope from the foot of the landslide scarp to front of landslide.
gWidth of the re-entrant of the landslide scarp.
hFrom top of wallslope to top of opposite wall. A maximum width of 100 km was used.
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Fig. 1. Morphological features of the chaotic type (C): (a) Viking environment of the example (landslide in Ius Chasma no 10, Table 1) and location

of the profile A–B. (b) Topographic profile A–B. The landslide deposit fills up the whole canyon and covers the lower part of the opposite wall.

Fig. 2. Morphological features of the structured deposit without debris apron (SD) type: (a) Part of day time THEMIS (Mars Odyssey Mission)

mosaic (landslide in Coprates Chasma no 34, Table 1) and location of the profile A–B. (b) Topographic profile A–B. Notice the extensive structures

at the back of the landslide deposit and the unorganized roughness at the toe.

C. Quantin et al. / Planetary and Space Science 52 (2004) 1011–10221014
(2) The structured deposits without debris aprons
(SD) type (12 landslides) display tectonic structures at
the back of the deposit whereas the front shows
unorganized roughness (Fig. 2). Indeed, the topogra-
phies located at the back of the landslide result from
normal fault structures like often observed on terrestrial
landslide areas. The distal part of the deposit is affected
by small-scale roughness in order to 100m in height.
(3) The structured landslides with debris aprons

(SDWDA) type (20 landslides) also shows well-identi-
fied extensive structures at the back of the deposit
whereas the main part of the deposit consists of large
debris aprons (Fig. 3). The structures of the back part
correspond to circular normal faults (Fig. 4) well
observed on available MOC images crossing this kind
of landslide (Fig. 4). The distal and main parts of the
deposit are constituted by one or more large debris
aprons. These debris aprons show longitudinal ridges
observed in details on high-resolution images (Fig. 4).
These morphologies would result from high velocity
mechanisms (Shreve, 1966; Lucchitta, 1979). The debris
aprons that are visible on DEM (Fig. 5) have a lobate
shape and a thickness of 200m. The emplacement of
these debris aprons occurs at high velocities because
they sometimes overlap other aprons. For example, the
landslide of Fig. 6 coming from the north wall overlaps
an other 200m high apron. According to Chow’s
potential energy equation (Chow, 1959), this run up of
200m implies a velocity at least of 38m/s.
(4) The hanging (H) type (2 landslides) corresponds to

landslides affecting only the upper part of the wallslope
(Fig. 6). We note that the lower part of the wallslope



ARTICLE IN PRESS

Fig. 4. Landslide deposit of the SDWDA type at high resolution: (a) Part of night time THEMIS mosaic (landslide no 39, Table 1): the landslide

deposit is partly covered by dust in its distal part. (b) Part of MOC image no ab102802 covering the back part of the landslide deposit. (c) Part of

MOC image no ab102802 covering the debris aprons.

Fig. 3. Morphological features of the structured deposit with debris apron (SDWDA) type: (a) Part of day time THEMIS mosaic (landslide in

Coprates Chasma no 42, Table 1) and location of the profile A–B. (b) Topographic profile A–B. Notice the extensive structures at the back of the

landslide and the large debris apron at the toe.

C. Quantin et al. / Planetary and Space Science 52 (2004) 1011–1022 1015
displays spurs, gullies and triangular facets shaped
during the tectonic formation of Valles Marineris. This
kind of landslide either implies a middle slope dis-
continuity or a landslide emplacement before the end of
the tectonic formation of the canyon allowing the later
shaping of the lower part of the wallslope. Due to its
poor representativeness, this kind of landslides was
excluded from the following studies.
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Fig. 5. Landslide debris aprons: (a) Part of day time THEMIS mosaic (landslide in Gangis Chasma no 45, Table 1) and location of the profile A–B.

(b) DEM of the debris apron: the thickness of the deposit is about 200m. (c) Topographic profile A–B. The landslide coming from the north wall

overlaps another debris apron coming from the south wall.

Fig. 6. Morphological feature of the H-type: (a) Viking environment of the example (landslide in Coprates Chasma no 26, Table 1) and location of

the profile A–B. (b) Topographic profile A–B. The slope of the landslide scarp is larger than the slope of the basal part of the wallslope unaffected by

the landslide which corresponds to the average slope of Valles Marineris wallslopes.

C. Quantin et al. / Planetary and Space Science 52 (2004) 1011–10221016
3.2. Distribution of morphological types within Valles

Marineris

The landslides are located in all main open canyons of
Valles Marineris and within enclosed canyons like
Hebes Chasma. The spatial distribution of the morpho-
logical types of landslides is shown on the Fig. 7. The C
landslides are mainly located within narrow canyons like
Ius Chasma and in the enclosed Hebes Chasma. The
SDWDA landslides are mainly located in Gangis
Chasma and on the walls of the central parts of Valles
Marineris. The SD landslides are distributed all over the
Valles Marineris area without evident local concentra-
tions. The distribution of C and SDWA types seems to
be related to the width of the canyon where they
are located. To test this hypothesis, a ‘‘factor of
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Fig. 7. Distribution of morphologic types within Valles Marineris. Numbers refer to the Table 1.

Fig. 8. Relationship between the three main morphologic types and

the factor of confinement. The abscise axis correspond to three

increasing classes of factor of confinement. The ordinate axis displays

relative part in percent of the three landslide types. The relative part

was computed from frequency of each type because they have different

total populations. (AFC: Average Factor of Confinement).

C. Quantin et al. / Planetary and Space Science 52 (2004) 1011–1022 1017
confinement’’ (FC) has been measured for each land-
slide. The FC is given by:

FC ¼Width of landslide scarp=Width of the canyon

This factor measures the ratio between the width of
the landslide and the available space for the flow. On
Earth, the geometrical parameters of landslides display
scale-relation (Legros, 2002) so, in this study, the width
of the landslides could be considered as a measure of
their potential length. The value of the ratio between the
length and the width of a terrestrial landslide is around
0.75 (from data of Morgan et al., 1997). If FC is under
0.75, the length of the landslide is controlled by the
width of the canyon instead of by the scale of the
landslide.
Fig. 8 shows the frequency of the three morphological

types for three classes of FC. The frequency of the
SDWDA decreases for an increasing FC from 60% for
the lower class of the FC ðo0:5Þ to lower than 5% for
the upper class ðo0:75Þ: The frequency of the SD
decreases for an increasing FC from 50% for the lower
class of the FC ðo0:5Þ to 25% for the upper class
ðo0:75Þ: In contrast, the frequency of the C type
increases for an increasing F.C from 18% for the lower
class to 45% for the upper class. So, the three
morphological types are correlated with FC. Indeed,
the C type corresponds to the larger FC values with an
average of 1.03. This type of landslide occurs in confined
environment according the ratio between the length and
the width of terrestrial landslides. The SD type has a
medium factor of confinement with an average of 0.6.
This type of landslide corresponds to a middle type
between the confined and the unconfined landslides.
Lastly, the SDWDA types with an average factor of 0.44
are unconfined landslides.
Two assumptions can be proposed to explain the

relation between the morphological type and the
confinement of the landslide. The landslide typology
could depend only on geometrical parameters of the
canyon where the landslide flows. On Earth, the control
of the shape of landslides by the local topography is
observed (Nicoletti and Sorriso-Valvo, 1991). According
to this assumption, all the landslides would then display
debris aprons if they had enough space to flow. On the
other hand, the local topography, particularly the width
of the canyons like Melas Chasma and Ophir Chasma,
seems to depend on the water content of the regolith
(Peulvast et al., 2001). If a decrease of the width of
canyon were related to a decrease of volatile amount,
the three morphologic types would characterize three
different volatile amounts. In this case, the existence of
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Fig. 9. Illustration of the computing Method of landslide volumes: (a)

3D surface view of a landslides area (Viking image overlapped on

MOLA DEM). The black straight line corresponds to the topographic

profile of the landslide area on the Fig. 9b and the white straight lines

correspond to topographic profiles of unslided wallslopes on each side

of the landslide area. (b) Overlap of two topographic profiles: the black

one corresponds to the landslide areas and the Grey one is a linear

interpolation of both white profiles of the Fig. 9a in order to obtain the

pre-landslide geometry. The difference between both profiles corre-

sponds to the eroded volume for the part under the pre-landslide

surface and to the settled volume for the above part. The dotted line

represents the part of deposited volume which is under the pre-

landslide profile (filling up volume).

C. Quantin et al. / Planetary and Space Science 52 (2004) 1011–10221018
debris aprons could be controlled by the presence of
fluids rather than the available space.

3.3. Landslide volumes and volume balance

The volume of about 30 landslides of Valles Marineris
has been estimated by McEven (1989) from Viking data.
For most of the landslides, the volumes were estimated
from the volume of the void of the landslide scarp. For
the others, the volumes were estimated from the surface
of the deposit and the height at the deposit front. The
volume of the landslides is smaller when estimated with
the second method (Legros, 2002). Legros (2002) has
suggested multiplying by 7 the volume estimated by this
second method because the thickness at the toe of the
deposit is not representative of the thickness of the
whole deposit. The volumes of the 46 landslides of this
study have been computed from topographic MOLA
data.
The first step of volume estimation is the reconstruc-

tion of the pre-landslide geometry. Two reference
topographic profiles were measured on each side of
each landslide across unslided wallslopes (Fig. 9).
Assuming that these unslided wallslopes were similar
to the geometry of the landslide area before the landslide
occurs, the pre-landslide geometry was constructed by
the linear interpolation between these two profiles. In a
second step, topographic profiles perpendicular to the
landslide scarp were measured starting from the plateau
to the toe of the landslide deposit. Then, These profiles
were linearly interpolated. For most landslides, striking
north-south, the spacing between the profiles for the
interpolation was 300m whereas this spacing for the
several landslides with other orientation was 2 km. In
the third step, the DEM of the landslide has been
subtracted to the DEM of the pre-landslide geometry in
order to estimate the landslide volumes.
Two kinds of volumes have been computed in this

way: the eroded volume which is under the pre-landslide
surface and the settled volume, which is above (Fig. 9).
The ‘‘filling up’’ volumes that correspond to the
displaced material located under the pre-landslide sur-
face has been modeled by a quarter of an ellipsoid. The
three axes are the width of landslide scarp, the deposit
thickness and the re-entrant length at the profiles
crossing. The total deposited volume of the landslide is
equal to the settled volume plus the ‘‘filling up’’ volume.
The initial volume is equal to the eroded volume plus the
‘‘filling up’’ volume. The volume balance corresponds to
the difference between the initial volume and the total
deposited volume.
The errors in these volume estimations mostly depend

on the exactness of the pre-landslide geometry. As a pre-
landslide geometry was defined from the local topogra-
phies of the hillslopes and canyon’s floors close to every
landslide, the errors related to the pre-landslide geome-
try are limited. This pre-landslide geometry represents a
maximum volume geometry because of the possible
dissection of the wallslope before the landslide. The
estimation of the ‘‘filling up’’ volume by an ellipsoid is a
second source of error for both types of volume (initial
and deposited). Indeed, the shape of the lower part of
the landslide scarp is unknown because the deposit
covers this zone. A quarter of ellipsoid gives a maximum
value of this volume. The volume balance does not need
the estimation of the ‘‘filling up’’ volume and is then
more accurate.
The deposited landslide volumes range from 50 up to

5000 km3 (Table 1, Fig. 10). The initial volumes range
between 60 and 9000 km3: The maximum values are
three orders of magnitude larger than terrestrial land-
slides volumes, which reach 50 km3 (i.e. 50 km3 for the
Gobi-Atlay sub-aerial landslide, Mongolia, Philip and
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Fig. 10. Distribution of the volumes and material balances within Valles Marineris. The areas of the circles are proportional to the settled volumes.

Grey levels correspond to increasing classes of material deficit.

Fig. 11. Relationships between volume and coefficient of friction for

terrestrial rock avalanches and Martian landslides (Table 1). Martian

and terrestrial landslides correspond to two distinct scatter plots. The

data of terrestrial coefficients of friction from: Evans et al. (1989,

1994), Hewitt (1988, 1998), Mudge (1965), Nicoletti and Sorriso-Valvo

(1991), Philip and Ritz (1999), Shreve (1966).
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Ritz, 1999, 14 km3 for Traenadjupet submarine slide,
Laberg and Vorren, 2000). This observation can be
explained by the lower gravity on Mars than on the
Earth, which favors the existence of high wallslopes such
as those of Valles Marineris which are in average 6 km
high.
The distribution of the landslide volumes within

Valles Marineris is independent from the distribution
of the landslides and from the morphological type.
The volume balances display deficits ranging from 5%

for the more equilibrated balances up to 70% for the
largest deficits. The landslides with the largest volume
deficits are located in Hebes Chasma (Fig. 10). All the
five landslides of this canyon have a material deficit
larger than 50%. Hebes Chasma is an enclosed canyon
where material exportation after the landslide is not
possible. The other large deficits locate within Ophir and
Gangis Chasma (Fig. 10). Ophir and Gangis Chasma
are also both semi-enclosed canyons with a possible
karstic origin (Carr, 1996; Spencer and Fanale, 1990).

3.4. Mobility of Martian landslides

The mobility of landslides is measured by the ratio
between the runout of the landslide and the vertical
drop. This ratio is directly related to the coefficient of
friction of landslides (ratio between vertical drop and
length) (Legros, 2001). The coefficient of friction of
most dry rocks is 0.6. The coefficients of friction of
terrestrial rock avalanches range from 0.1 to 0.3
(Fig. 11) whereas the coefficients of the saturated
landslides are lower than 0.1 and about 0.01 for the
submarine landslides (Legros, 2002). The mobility of the
terrestrial rock avalanches have been explained by four
hypothesis: (1) sliding on a layer of trapped air (Shreve,
1966), (2) presence of a basal layer of melted ice (Hewitt,
1988), (3) fluidization due to effects of low amounts of
water in unsaturated landslides (Goguel, 1978), or (4)
acoustic fluidization (Melosh, 1979).
On the graph showing the landslide volumes and the

coefficient of friction (Fig. 11), terrestrial and Martian
landslides correspond to two distinct scatter plots.
Martian landslides have the same range of coefficient
of friction (0.1–0.3) as terrestrial rock avalanches (Table
1, Fig. 11) and differ from the terrestrial ones only by
the magnitude of the volume. The low coefficients of
friction are also supported by the low slope angle of the
Valles Marineris landslide deposits (Table 1) which are
lower than 5�: These physical features, long run-out and
low slope angle deposits, involve a fluidization mechan-
ism or a basal decollement layer. Recent numerical
simulations trying to explain the long run-out of
Martian landslides indicate that neither Bingham
rheology, nor acoustic fluidization, nor a frictional
rheology corresponds to Martian landslides (Harrison
and Grimm, 2003) because the final geometry of the
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models is different from the observations. The explana-
tion for large mobility of terrestrial rock avalanches and
Valles Marineris landslides is not unanimously accepted
as yet.
The most cited rock avalanche similar to Martian

landslides is the Sherman landslide (Lucchitta, 1978,
1979). Triggered by an earthquake, this rock avalanche
occurred in 1962 on the Sherman glacier in Alaska
(Shreve, 1966). The shape of the landslide deposit and
the morphologic features display similarities with debris
aprons at the toe of several Martian landslides. On a
vertical view, the deposit of the landslide has a lobate
shape and shows longitudinal divergent ridges as
Martian debris aprons (Fig. 12). The origin of the
longitudinal ridges is unknown. The long-runout of this
landslide was first explained by a mechanism implying a
Fig. 12. (a) Part of the Advanced Spaceborne Thermal Emission and Reflecti

January 2001. The landslide deposit covers a part of the glacier Sherman with

source on a sketch of the ASTER scene. The Saterred Peak is located at 60

Fig. 13. Distribution of the landslide mobility within Valles Marineris. The

length ðLÞ relative to the vertical drop ðHÞ). The average mobility ðMÞ is co
layer of trapped air under the landslide. A basal layer of
melted ice from the overlaying glacier is also a
possibility. On Mars, mechanism with implying a
cushion of atmosphere is improbable because of the
low atmospheric pressure. On the other hand, the
presence basal layers of melted ice, the role of low
amount on liquid water or acoustic fluidization are
possible assumptions.
The largest landslide mobilities are located within the

widest canyons of Valles Marineris (Fig. 13). Indeed,
Gangis Chasma (7.92), Ophir Chasma (7.2) and Melas
Chasma (6.21) display the greatest average mobility. If
the mobility is related to fluidization mechanisms, there
is a relationship between the probable amount in volatile
of the widest zone of Valles Marineris and the mobility
of the landslides within these zones.
on Radiometer (ASTER) band 1 (0.52–0:6mm) scene over Alaska on 27
a lobated shape. (b) Location of the landslide deposit and the landslide
�320N; 145�060W:

diameters of the circles are proportional to the mobility (the runout

mputed for each locality.
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4. Discussion

4.1. Possible origin of volume deficits

Every landslide studied here has a volume deficit. The
largest deficits occur for landslides located within
enclosed canyons. Two hypotheses can explain these
volume deficits: (1) The deficits result from material
transports after the landslide event or (2) the deficits
result from the porosity of the landslide source. The first
hypothesis can be easily rejected because there is no
evidence of material exportation at the surface of the
landslides and because the largest deficits occur within
enclosed canyons. Generally, the porosity of landslide
deposits is larger than the porosity of the landslide
source (Dikau et al., 1996). This is the result from of the
re-organization of the slide particles during the landslide
event. The material of the Martian landslide deposits
has certainly a residual porosity, so the porosity of the
material of the landslide source is larger than the volume
deficit. The volume deficits are lower bounds for the
porosity of the landslide source.
It is generally assumed that the porosity of the

Martian regolith decreases exponentially with depth
starting from values around 50% at the surface to values
lower than 5% at 8 km depth (Clifford and Parker,
2001). So the average porosity of an 8 km high profile of
Martian upper crust material is around 30%. The
volume deficits or the lower band values of porosity for
27 landslides are lower than this value. However, 19
landslides whose among which 5 are located within the
Hebes Chasma enclosed canyon, have porosity larger
than this average value. The lower porosity deduced
from volume balances for these 19 landslides is larger
than the values of packing arrangements for uniformly
sized (36%) spheres which is a maximum value obtained
by grain arrangement (Pye, 1994). So, it is possible that
the value of porosity results from the existence of
cavities inside coherent material. These results are in
agreement with the predicted strengths of Valles
Marineris wallslopes from topographic data which
imply fracturing rocks (Schultz, 2002).
This large-scale porosity is either filled up by atmo-

sphere, ice or liquid water. The first assumption implies
that there is no water in the first 8 km of the Martian
regolith around the equatorial though system. Although
the ground water around this area has been lost by the
activity of the outflow channels and by escape to the
atmosphere (Carr, 1996), it is difficult to assume that
outflows have dried to a depth of eight kilometers of
upper crust material. For the second possibility, the kind
of porosity previously brought to the fore would imply
that the materials in the landslide area have ice lenses as
it was previously proposed by Lucchitta (1987). After
the landslide event, these ice lenses would have been
sublimed and the landslide deposit would display
thermokarstic degradations like pits and troughs. But,
available MOC images of landslide deposits do not
display these kinds of features. Furthermore, according
to the hypothesis of ice presence in abundance within
the VM wallslopes, the slopes would have typical convex
pattern of ice-rich wallslopes like in the middle latitudes
on Mars (Mangold and Allemand, 2001) and VM does
not display these features. The last assumption of a
partial filling of the porosity by water is more probable
(partial filling up is used because the shallow part of the
regolith was probably dry). The hypothesis is in
agreement with the fluidization shape of the debris
aprons and the occurrence of the landslides with debris
aprons within the widest parts of Valles Marineris which
have a more important amount in volatiles at time
formation of the canyons (Peulvast et al., 2001). The
large mobility of the landslides of Valles Marineris is
perhaps explained by this amount of water within the
source material.

4.2. Implications for the geology of Valles Marineris

The distribution of the parameters of the landslides
within Valles Marineris brings to the fore some features
of the equatorial trough system. There are correlations
between the widest zones of Valles Marineris, the
occurrence of the landslides with debris aprons and
also the mobility of the landslides. The widest zones like
Melas Chasma, would contained a larger amount of
volatiles than the other zones of Valles Marineris at time
of their formation. This hypothesis is supported by the
distribution of the largest mobility of the lobated ejecta
around Valles Marineris (Peulvast et al., 2001). Either
debris aprons developed in the widest canyons because
they had enough space to flow, either there is a
correlation between the presence of debris aprons and
the possible presence of volatiles in the regolith at the
landslide time.
Lastly, we have observed that the largest material

deficits occur within the enclosed and semi-enclosed
canyons of Valles Marineris (Hebes Chasma, Ophir
Chasma and Gangis Chasma). At the canyon scale,
these enclosed troughs suggest deficits of material (Carr,
1996). Different models for the origin of these depres-
sions have been proposed among which thermokarstic
processes by fusion of interstitial ice or karstic processes
by dissolution of carbonate (Spencer and Fanale, 1990).
These processes have produced cavities in the wallslope
material, so large porosities in the upper crust material.
We observe in this study that at the landslides scale, the
volume balance displays larger deficits within the
enclosed canyons than within other canyons. These
results so suggest that the material of the upper crust
around the enclosed canyon have larger porosities
supporting the possible scenario of karstic or thermo-
karstic processes at the origin of these canyons.
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5. Conclusion

This study reveals that Valles Marineris landslide
morphology depends on the factor of confinement of
canyons. The chaotic morphologies emplace in narrow
canyon whereas landslides with debris aprons occurred
in unconfined canyons particularly in the widest part of
Valles Marineris. The computing of the landslide
volume from MOLA data has revealed that the
deposited volumes of individual Valles Marineris land-
slides reached up to 5000 km3: The landslide volume
balances show volume deficits, the largest of which are
located within enclosed-canyons. This observation
suggests a large porosity of the landslide source in
agreement with the hypothesis of a karstic origin of the
enclosed-canyons. The large porosities of the landslide
source can be filled up by volatiles within the wallslopes
of Valles Marineris. The fluidization patterns (large
mobility and debris aprons) of the landslide deposits are
in agreement with the presence of volatiles within the
wallslopes of Valles Marineris at landslide time.
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