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The Valles Marineris canyon system in Mars shows large landslides across its walls, 

which can be 40 km wide and up to 60 km long, with fall scarps height as high as 7 km. 

These landslides were produced through a large mass movement at high speed by 

gravity across the trough floor. Although the triggering factors are unclear, several 

mechanisms have been proposed as, among others, large amounts of subsurface water, 

quake produced through normal faulting close to the canyon walls, and meteoritic 

impacts. In this work we examine the limit equilibrium slope stability of three landslides 

(placed respectively at Ius, Candor, and Melas Chasmata), which can be considered 

representative, with the aims of constraining their formation conditions. Our results 
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suggest that external factors (as high pore fluid pressure, seismic loading or rock mass 

disturbance) do not seem necessary for the failure of slopes if they are composed of 

unconsolidated materials, while high pore water pressure or ground acceleration are 

needed to trigger slides in slopes composed of strong basaltic-like materials. Moreover, 

the presence of sub-surface ice would contribute to slope stability. As a whole, our 

findings point to ground shaking due to meteorite impacts as the main triggering force for 

most landslides in the Valles Marineris. 

Mars; Martian landslides; Valles Marineris; groundwater 

 

1 Introduction 

Mars is roughly half the size of Earth but many of its geomorphologic and 

tectonic landforms are substantially larger than those of Earth. Valles Marineris 

forms an immense east-west-trending, 4500-km-long canyon system of tectonic 

origin (with magmatic influence), and affected by water action (e.g., Lucchita et 

al. 1992; Schultz 1998; Dohm et al. 2009). On its floor, the trough displays large 

landslides generated from the wall rock with lengths and widths reaching 60 km 

and 40 km, respectively, as well as scarps up to 7 km (Quantin et al. 2004a). The 

long-runout subaerial mass movement is one of the most prominent geomorphic 

processes shaping Valles Marineris. The role of basal lubrication by water, ice, 

snow, evaporites or dry granular flow in this long-distance transport has been 

debated for decades. In a recent study Watkins et al. (2015), indicate 

morphological and structural evidence of pervasive deformation at Ius Chasma, 

suggesting the presence of minerals such as possibly phyllosilicates in the outer 

zones of the landslides that could have played a decisive role in facilitating 

landslide transport by lubricating the basal sliding zone.   

The forces that triggered the landslides have also generated large 

discussion. The discovery of ice in the Martian subsurface (Boynton et al. 2002; 
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Möhlmann 2004) has prompted many authors to propose ice melt as the main 

landslide trigger (Mangold et al. 2000; Harrison and Grimm 2003; Wang et al. 

2005; De Blasio 2012). In contrast, other authors suggest slope failure under dry 

static conditions (yielding transverse ridge morphologies and hummocky 

structures) as sufficient to mobilize materials without the need for elevated 

surface or subsurface water. Consistent with this hypothesis, several works 

attribute a key role in initiating slides to tectonic control through normal faulting 

close to landslide scarps (Peulvast et al. 2001; Schultz 2002; Quantin et al. 

2004a), or to meteoritic impacts generating seismic waves and ground 

acceleration (Soukhovitskaya and Manga 2006). Neuffer and Schultz (2006) 

suggested the need for elevated pore-fluid pressures or ground acceleration, or 

both, to trigger landslides at the slopes composed of competent rock materials 

such as possibly basalt. These two mechanisms could arise from meteoritic 

impacts, and when coupled with seismic forces, would imply a heat mechanism to 

liquefy the ice possibly present in the first few kilometers of the Martian surface 

leading to increased pore-fluid pressure. Brunetti et al. (2014) also concluded that 

an external energy source is necessary to produce the landslides observed in 

Valles Marineris. 

Recently, Lucas et al. (2011) assessed the effects of the initial geometry of 

the fractured surface on the dynamics of landslides and the volume of mobilized 

material. Crosta et al. (2014) addressed the stability of the slopes of the canyon 

walls of Valles Marineris, constraining the mechanical properties of the rock 

masses forming the rock walls and affected by landslides, suggesting that rock 

masses have comparable strengths to their Earth equivalents. These authors 

concluded that rocky materials comprising slopes must be highly affected by 

seismic loading produced by meteoritic impacts. The damage of these materials 

would lead to weaker mechanical properties even at great depths.   

In this work, we investigated the triggering mechanism of the landslides 

through limit equilibrium slope analysis of three representative landslides (Fig. 1 

and Fig. 2). In addition, our study sought to determine the conditions and 

mechanisms that are necessary to initiate the three representative landslides using 

a parametric slope stability analyses and reportedly appropriate lithological 
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materials. Our analysis, which investigates the effects of material strength, 

groundwater amount, rock mass disturbance and external forces, is based on the 

methodology described by Abramson et al. (2001) and Neuffer and Schultz 

(2006). Finally, we discuss the implications of our results regarding existing 

models of landslide formation and subsurface conditions on Mars. 

2 Studied landslides 

As mentioned above, there are several large landslides associated with 

prominent scarps of Valles Marineris (Quantin et al. 2004a; Brunetti et al. 2014). 

These landslides likely involve materials of ranging characteristics and 

lithologies, probably from high strength basalts to low resistance piroclasts 

(Lucchitta 1999; McEwen et al. 1999; Chapman 2002; Hynek et al. 2003; 

Komatsu et al. 2004; Bigot-Cormier and Montgomery 2007). In this work we 

examine three landslides (placed respectively at Ius, Candor, and Melas 

Chasmata; Fig. 2), which can be considered representative because their 

complementary geomorphologic characteristics. The selection of the landslides 

for geomorphologic characterization was performed using both Context Camera 

(CTX) and the High Resolution Imaging Science Experiment (HiRISE) images 

acquired from the Mars Reconnaissance Orbiter (MRO) spacecraft. 

The first landslide that we examined is located in Ius Chasma, a canyon of 

the western part of Valles Marineris (Fig. 2a). This landslide, which is estimated 

to be >1 Ga based on crater statistics (Quantin et al. 2004b), extends nearly 50 km 

onto the opposing slope and has a width surpassing 100 km. Scarp tops exceed 

5000 m above reference level, while the canyon floor occurs at some -500 m and -

2000 m, respectively in the western and eastern parts of the landslide. This 

landslide consists entirely of large blocks; those larger in size reach lengths of 6 

km and are covered by eolian dunes. The scarp slope is estimated to range from 

40% to 45%, while adjacent non-failed slopes from 43% to 35%. Minor landslides 

with distinct flow features appear in zones closest to the scarp. In the upper 2000 

m of the scarp, layered stratigraphy is exposed in the walls of Ius Chasma; such 

stratification here and elsewhere has been interpreted to be igneous rocks with 
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intercalations of competent basalt and poorly resistant materials (including 

pyroclasts or hyaloclastite) (McEwen et al. 1999; Komatsu et al. 2004; Dromart et 

al. 2007). The rest of the scarp appears to be covered by remobilized materials.  

The second examined landslide, estimated to have formed 0.2 Ga (Quantin 

et al. 2004b), is located in the northwest part of Candor Chasma (Fig. 2b). This 

landslide is distally confined by a stratified plateau. Its run-out distance is 25 km 

and the width of its central region is 20 km, though owing to the presence of the 

plateau, its width decreases distally to give the landslide a triangular shape. This 

landslide also has a vertical drop of about 4800 m. While the top and scarp of the 

landslide display many features common to the investigated landslide of Ius 

Chasma, it differs in terms of the composing slide materials. For example, though 

this landslide likewise comprises many broken blocks, its main body consists of 

smaller blocks giving it a gentler topography.  

The third examined landslide, estimated as 1 Ga old (Quantin et al. 

2004b), is located in Melas Chasma (Fig. 2c). This landslide is laterally confined 

by mountainous crests that span from the base of the canyon system to the top of 

the plateau (Ophir Planum) which partly encompasses its source area. This 

configuration confines the main body of the slide, composed of blocks hundreds 

of meters in length, from reaching the main part of the canyon floor (leaving it 

"hanging"). Otherwise, the landslide’s scarp is smaller than the two other 

examined landslides, with a height difference of around 3000 m between the slide 

top and the failed material at the bottom. At the top of the scarp, rock materials 

can be seen projecting out of the canyon wall. The slide distal region (run-out), 

which extends as far as 74 km, displays distinctive flow morphologies. 

The three analyzed landslides are hereafter referred to as Ius Chasma, 

Candor Chasma and Melas Chasma landslides. The failure surfaces of these 

landslides are circular, especially observed in the present-day morphology of the 

Ius and Melas Chasmata (see Section 3). A feature common to the three landslides 

is the presence of multiple fractured surfaces of constant diameter. This suggests a 

landslide integrated by several smaller slides occurring at the same time or within 

a short time period (Quantin et al. 2004b), which is supported by the presence of 
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clearly overlapping lobes that have nevertheless a similar age (Quantin et al. 

2004b). 

3 Slope stability analysis 

For slope stability analysis of the three studied landslides, we used a 

simplified limit equilibrium analysis, which estimates the vertical force 

equilibrium for the slice of slipped material and the overall moment equilibrium 

about the center of the circular failure surface (Abramson et al. 2001). We 

investigate the safety factor (SF) of the appropriate slope as a function of the 

initial slope characteristics and properties of the material assumed to be 

representative of Martian conditions. For SF < 1, the slope is unstable, and a 

landslide can occur. 

We perform a parametric slope stability analyses adjusting realistic 

geometry of the failure surface to the initial pre-failure geometry of the landslide 

walls. Thus, we first define a geometrical model of the initial slope for each of 

three analyzed landslides, based on Mars Orbiter Laser Altimeter (MOLA) 

topography (Smith et al. 2001) of the adjacent, non-slipped, canyon walls (Fig. 3). 

To estimate the safety facto , we did the following: (1) introduced a failure surface 

with rotational movement deduced from the geomorphologic evidence observed 

in the walls of Valles Marineris, and (2) allowed the program to generate the 

lowest safety factor. 

 The safety factor was estimated for the initial slope of each of the three 

studied landslides from varying the values of three key parameters: water pressure 

(Ru), disturbance factor (D), and seismic load coefficient (SLC). The water 

pressure is defined as the ratio between the pore fluid pressure at a point in the 

rock mass and the lithostatic pressure at that same point. In this work we consider 

Ru values between 0 and 1; Ru values of 0 and 0.5 indicate, respectively, dry and 

saturated conditions in the slope, whereas values higher than 0.5 were used to 

examine the effect of possible existence of excess pore water pressure as landslide 

triggering factor or stress reduction element. The disturbance factor, D, is a 
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measure of the potential modifications in the rock mass related to triggering 

factors (Hoek et al. 2002), and accounts for the weakened rock mass due to 

numerous meteoritic impacts near a particular wall of Valles Marineris (Crosta et 

al. 2014; Frattini et al. 2014). Thus, we consider D values between 0 and 1 for, 

respectively, undisturbed in situ rock masses properties and highly disturbed 

mechanical properties in the landslide failure models. On the other hand, the 

seismic load coefficient (SLC) is a measurement of horizontal ground acceleration 

in the movement direction. Previous works suggested that the activity of normal 

faults close to landslide scarps and/or the numerous meteoritic impacts could 

produce an important ground motion near the slopes, which can exceed the 

estimated critical acceleration value of about 0.2gM (Bigot-Cormier and 

Montgomery, 2007) (where gM = 3.72 m s-2 is the Martian gravity), and hence 

contribute to trigger some of the Valles Marineris landslides. To evaluate these 

conditions, the three slopes were modeled assuming SLC values between 0 and 

1.5 gM; extreme SLC values similar to the ones Earth. It is worth mentioning that 

the acceleration force contributes mainly as vertical and horizontal driving forces 

at the slope surface. 

Considered appropriate for Mars (Neuffer and Schultz, 2006), six different 

classes of materials were used in the analysis, ranging from strong-very strong 

rocks similar to basalt and gabbro, to weak-very weak rocks as non-welded tuffs 

or fractured hyaloclastite, with their geotechnical properties shown in Table 1. 

Also, we assume isotropic and homogeneous behavior of the materials across the 

entire slope. 

In order to determinate SF for the cases involving the properties of 

sandstone, non-welded tuff, welded tuff, hyaloclastite, basalt, and gabbro, we use 

the Hoek and Brown failure criterion for isotropic materials (Hoek et al. 2002; 

Eberhardt 2012), defined by: 

 

, (1) 
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where σ1 and σ3 are the main maximum and minimum stress, σc is the simple 

compression strength of the rock, and mi, s and α are non-dimensional constants 

that depend on the rock mass. 

On the other hand, for the fractured hyaloclastite (representative of soil-

like materials), we apply the Mohr-Coulomb failure criterion:   

τ = c + σn tan (�), (2) 

 

where τ is the shear stress, σn is the normal stress, c is cohesion, and � is the angle 

of internal friction (c and � for fractured hyaloclastite are shown in Table 1). 

4 Results 

The modelled slope stability varies widely according to the lithology used 

in the calculations (see Table 2 for D = 0, and Table 3 for D = 1). For slopes 

composed of intact basalt or gabbro (both highly resistant) and D = 0, Ru = 0 and 

SLC = 0 gM, we obtain SF values greater than 3.8 (even greater than 7 in the case 

of the Candor Chasma landslide), precluding the possibility of slope failure; slope 

instability (SF < 1) was only observed for Ru > 0.8-0.9 or SLC > 0.6-1.3 gM, with 

the exact lower limits depending on each landslide (because of the differences in 

the geometries of the examined slopes). For D = 1, Ru = 0 and SLC = 0 gM, the 

obtained SF ranges from 2 to 5, yet somewhat greater for slopes assumed to be 

formed by a gabbro lithology; slope instability (SF < 1) was only observed for Ru 

> 0.6-0.8 or SLC > 0.3-0.8 gM. Thus, instability for basalt-like materials requires 

high amounts of subsurface water (higher than saturation) or significant ground 

accelerations. 

When slopes of hyaloclastite breccia-like materials (i.e., weak rocks) are 

considered, our results are more variable and, taking Ru = 0 and SLC = 0 gM, yield 
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SF values from 2.7 to 5.2 for D = 0, and from 1.6 to 3.2 for D = 1. These results  

indicate that: for undisturbed conditions, slope instability would need Ru > 0.7-0.9 

or SLC > 0.6-0.8 gM, whereas conditions with D = 1, slope instability would 

require Ru > 0.5-0.8 or SLC > 0.2-0.5 gM. These results are similar, maybe slightly 

weaker, than those obtained for basalt-like materials. Slopes modeled using 

hyaloclastite fracture-like lithologies are much more unstable, with SF values 

between 0.8 and 1.7 for both undisturbed and disturbed conditions. In general, 

slope instability does not require highly restrictive conditions: Ru > 0.0-0.4 or 

SLC > 0.0-0.3 gM for D = 0, and Ru > 0.0-0.4 or SLC > 0.0-0.1 gM for D = 1.  

For slopes modeled using the properties of welded tuffs, taking Ru = 0 and 

SLC = 0 gM,  we obtain SF values from 0.8 to 1.5 for D = 0, and from 0.1 to 0.3 

for D = 1. Thus, for D = 0 slope instability would require Ru > 0.0-0.5 or SLC > 

0.0-1.1 gM, whereas that for D = 1 slope instability could be obtained with zero Ru 

or SLC. Otherwise, for slopes composed of non-welded tuffs and Ru = 0 and SLC 

= 0 gM we obtain SF values between 1.1 and 2.4 and between 0.6 and 1.2 for, 

respectively, D = 0 and D = 1. For D = 0, instability could occur when Ru > 0.2-

0.7 or SLC > 0.07-0.3 gM, whereas for D = 1, landslides could initiate when Ru > 

0.0-0.3 or SLC > 0.0-0.05 gM. Thus, a slope lithology of non-welded tuff implies 

the more favorable condition for landslide initiation. 

5 Discussion and conclusions 

The results of the landslide models presented in this study vary widely 

according to pore fluid pressure and seismic ground acceleration as triggering 

factors. 

For a slope composed of materials with geomechanical properties 

approximating those of partially-welded tuffs with porosity ranging from 14% to 

42% (Aydan and Ulusay 2003) and fully saturated with water, the volume of 

water involved in a landslide would be significant. Such a large water volume 

would help explain the presence of flow morphologies similar to those found in 

the more distal areas of terrestrial landslides, related to the lubricating actions of 
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water (Weitz et al. 2003; De Blasio 2012). However, our findings indicate that in 

this case are not need large amounts of liquid water for slope failure, which would 

therefore imply the instability of the whole scarp complex of Valles Marineris. 

Therefore, the presence of flow-type movements in the distal areas of some of the 

landslides does not necessarily indicate the presence of liquid water at the moment 

of failure; indeed, post-failure speed could be as high as 400 km/h (De Blasio 

2012), which would produce strong particle friction leading to the melting of ice 

contained in the failed material, and in turn making its behavior that of a viscous 

body. 

For slopes formed by materials with geomechanical properties 

approximating those of basalt with low disturbance factors, the Ru necessary for 

failure rises to >0.8, corresponding to a situation of pore water over-pressure. 

However, if the amount of liquid water present in the Martian subsurface is as 

abundant as suggested by Ru values obtained for basalt (or gabbro) rock masses, 

the evidences for surface or subsurface liquid water (for example as valley or run-

off morphologies, or collapsed terrains) during the times when the landslides 

occurred should be greater. 

If most of the underground water is in solid state, the weight of this 

subsurface ice will increase the SF of the slopes due to the contributions of the 

stabilizing forces, contributing therefore to the slope stability. Given the climate 

conditions prevailing on Mars over the last billions of years (e.g., Shuster and 

Weiss 2005), any water existing in the upper crust during the formation of the 

studied landslides would have likely occurred in solid state. It has been suggested 

that this ice currently forms part of a cryosphere extending from the planet’s 

surface to a depth of 9 km at the Martian equator (Clifford et al. 2010), thus fully 

comprising the sections of failed material in Valles Marineris. Although the 

thermal state of the martian crust most probably vary (and varied in the past) 

across the planet, paleo-heat flow estimates for the Valles Marineris region based 

on lithospheric strength (Ruiz et al. 2011) do not find specially high values for 

this region, and therefore average cryosphere depths could be representative here. 

Thus, it does not seem that the presence of subsurface water, whether liquid or 

solid, was necessary to trigger the landslides examined here. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



11 

Landslides could be seismically induced, regardless of the saturation 

conditions (Brunetti et al. 2014). Indeed, a possible triggering mechanism is the 

ground shaking produced by volcanic processes, tectonic activity or meteoritic 

impacts. The tectonic history of Mars suggests that ground acceleration could be a 

consequence of the activity of some of the faults observed in the Valles Marineris 

canyon system, although the tectonic activity that led to the formation of Valles 

Marineris has been reported to have ended around 3.5 Ga ago (Hartmann and 

Neukum 2001) while the more recent landslides are 100 Ma old (Quentin et al. 

2004b). On the other hand, other studies indicate that tectonism contributed to the 

development of Valles Marineris in the Late Hesperian and likely the Amazonian 

Period (Schultz, 1991; Dohm et al., 2009; Anderson et al., 2001; Yin, 2012), 

though likely diminished when compared to earlier activity such as during the 

Late Noachian/Early Hesperian (Anderson et al.,, 2001; Dohm et al., 2001). 

The ground acceleration generated by meteoritic impacts could be an 

important contributing factor given the density of craters around Valles Marineris. 

Further, the disturbance factor D could increase as the number of impacts in a 

given zone accumulates, considerably reducing the rock mass strength and 

favoring their failure.  As previously suggested (e.g., Crosta et al. 2014), even the 

presence of impact craters prior to the formation of the valley itself could be a 

determining factor for the landslides observed in Valles Marineris, because these 

impact could have fractured, and hence weakened, the rock massif. 

In conclusion, the presence of subsurface water does not seem necessary to 

trigger the failure of slope materials that are not too consolidated (perhaps even 

could produce an excessive instability of wall rock, inconsistent with the present-

day morphology and configuration of the canyon system), while large amounts of 

water are necessary to promote failure of more consolidated, basalt-type, 

materials. The presence of water in solid state in fact would contribute to slope 

stability because it implies a higher rock weight. If there is limited to no 

geologically recent magmatic or tectonic activity in the region, then ground 

shaking caused by meteoritic impacts is a likely primary triggering mechanism for 

the landslides in Valles Marineris based on our results. 
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Fig. 1. Mars Orbiter Laser Altimeter (MOLA) topographic shaded relief map of the Valles 

Marineris region, showing the location of the studied landslides (hereafter referred after 

the canyon where the landslide is located): Ius Chasma landslide, Candor Chasma 

landslide, and Melas Chasma landslide. The context boxes show the location of, 

respectively, Figure 2a, 2b and 2c. 

Fig. 2. CTX (MRO) mosaics of the studied landslides: (a) Ius Chasma landslide, (b) 

Candor Chasma landslide, and (c) Melas Chasma landslide (see Figure 1 for context). 

Black arrows show movement directions for respective landslides. Illumination from left in 

all the cases. 

Fig. 3. Topographic profile model of the initial slope for each analyzed landslides, based 

on the MOLA topography of the adjacent, non-slipped, canyon walls. We also indicate the 

obtained failure surface, and the area (gray) of slipped material. 
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Table 1. Geomechanical parameters used in slope stability modelling. Modified from 

Neuffer and Schultz (2006). GSI: Geologic Strength Index; UCS: Uniaxial Compressive 

Strength; mi: material constant for intact rock; �: unit weight; c: cohesion; �: friction angle. 

Lithology GSI UCS 
(MPa) 

mi�� �� 
(kN m-3) 

c 
(MPa)��

�� Reference 

Nonwelded  
tuff 

55 6 8 5.4   Aydan and Ulusay 
(2003) 

Welded 
tuff 

12 12 10 6.8   Ozsan and Basarir 
(2003) 

Hyaloclastite breccia 60 24 18 6.1   Neuffer et al. (2006) 
Hyaloclastite fracture     0.11 18 Neuffer et al. (2006) 
Basalt 43 142 25 9.1   Ozsan and Basarir 

(2003) 
Gabbro 63 96 27 11.3   Wines and Lilly 

(2001) 
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Table 2. Results for the slope stability modeling with D = 0. (ss) means the surface was 

numerically calculated. SF: Safety Factor; Ru: water pressure; SLC: seismic load 

coefficient, which is given in gM units. 

Landslide Lithology SF Ru (for SF = 1) SLC 
(for SF = 1) 

Ius Chasma Nonwelded tuff 1.37 0.366 0.114 
Ius Chasma Welded tuff 0.877 0.000 0.000 
Ius Chasma Hyaloclastite breccia 3.100 0.738 0.580 
Ius Chasma Hyaloclastite fracture 1.096 0.083 0.290 
Ius Chasma Basalt 4.309 0.798 0.849 
Ius Chasma Gabbro 4.623 0.817 0.917 
Ius Chasma (ss) Nonwelded tuff 1.119 0.239 0.067 
Ius Chasma (ss) Welded tuff 0.786 0.000 0.000 
Ius Chasma (ss) Hyaloclastite breccia 2.752 0.697 0.569 
Ius Chasma (ss) Hyaloclastite fracture 0.805 0.000 0.000 
Ius Chasma (ss) Basalt 3.833 0.773 0.585 
Ius Chasma (ss) Gabbro 4.111 0.794 0.931 
Candor Chasma Nonwelded tuff 2.387 0.715 0.288 
Candor Chasma Welded tuff 1.526 0.454 0.112 
Candor Chasma Hyaloclastite breccia 5.269 0.884 0.823 
Candor Chasma Hyaloclastite fracture 1.686 0.411 0.145 
Candor Chasma Basalt 7.244 0.917 1.159 
Candor Chasma Gabbro 7.787 0.935 1.251 
Candor Chasma (ss) Nonwelded tuff 1.878 0.619 0.210 
Candor Chasma (ss) Welded tuff 1.232 0.265 0.056 
Candor Chasma (ss) Hyaloclastite breccia 4.340 0.869 0.764 
Candor Chasma (ss) Hyaloclastite fracture 1.328 0.256 0.086 
Candor Chasma (ss) Basalt 6.028 0.890 1.127 
Candor Chasma (ss) Gabbro 6.478 0.921 1.216 
Melas Chasma Nonwelded tuff 1.497 0.452 0.141 
Melas Chasma Welded tuff 0.974 0.000 0.000 
Melas Chasma Hyaloclastite breccia 3.419 0.791 0.633 
Melas Chasma Hyaloclastite fracture 1.257 0.197 0.072 
Melas Chasma Basalt 4.772 0.852 0.945 
Melas Chasma Gabbro 5.116 0.871 1.024 
Melas Chasma (ss) Nonwelded tuff 1.400 0.415 0.105 
Melas Chasma (ss) Welded tuff 0.931 0.000 0.000 
Melas Chasma (ss) Hyaloclastite breccia 3.309 0.794 0.593 
Melas Chasma (ss) Hyaloclastite fracture 1.009 0.009 0.003 
Melas Chasma (ss) Basalt 4.665 0.851 0.916 
Melas Chasma (ss) Gabbro 4.994 0.869 0.992 
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Table 3. Results for the slope stability modeling with D = 1. (ss) means the surface was 

numerically calculated. SF: Safety Factor ; Ru: water pressure; SLC: seismic load 

coefficient, which is given in gM units. 

Landslide Lithology SF Ru (for SF = 1) SLC 
(for SF = 1) 

Ius Chasma Nonwelded tuff 0.689 0.000 0.000 
Ius Chasma Welded tuff 0.168 0.000 0.000 
Ius Chasma Hyaloclastite breccia 1.877 0.567 0.261 
Ius Chasma Hyaloclastite fracture 1.096 0.083 0.029 
Ius Chasma Basalt 2.193 0.630 0.348 
Ius Chasma Gabbro 3.052 0.734 0.569 
Ius Chasma (ss) Nonwelded tuff 0.589 0.000 0.000 
Ius Chasma (ss) Welded tuff 0.146 0.000 0.000 
Ius Chasma (ss) Hyaloclastite breccia 1.659 0.511 0.218 
Ius Chasma (ss) Hyaloclastite fracture 0.805 0.000 0.000 
Ius Chasma (ss) Basalt 1.943 0.566 0.324 
Ius Chasma (ss) Gabbro 2.709 0.692 0.555 
Candor Chasma Nonwelded tuff 1.219 0.278 0.047 
Candor Chasma Welded tuff 0.294 0.000 0.000 
Candor Chasma Hyaloclastite breccia 3.237 0.798 0.453 
Candor Chasma Hyaloclastite fracture 1.686 0.411 0.143 
Candor Chasma Basalt 3.755 0.823 0.549 
Candor Chasma Gabbro 5.188 0.884 0.809 
Candor Chasma (ss) Nonwelded tuff 0.926 0.000 0.000 
Candor Chasma (ss) Welded tuff 0.229 0.000 0.000 
Candor Chasma (ss) Hyaloclastite breccia 2.529 0.747 0.375 
Candor Chasma (ss) Hyaloclastite fracture 1.328 0.256 0.086 
Candor Chasma (ss) Basalt 3.049 0.789 0.478 
Candor Chasma (ss) Gabbro 4.271 0.865 0.749 
Melas Chasma Nonwelded tuff 0.748 0.000 0.000 
Melas Chasma Welded tuff 0.183 0.000 0.000 
Melas Chasma Hyaloclastite breccia 2.057 0.633 0.292 
Melas Chasma Hyaloclastite fracture 1.257 0.197 0.072 
Melas Chasma Basalt 2.411 0.689 0.384 
Melas Chasma Gabbro 3.365 0.786 0.620 
Melas Chasma (ss) Nonwelded tuff 0.682 0.000 0.000 
Melas Chasma (ss) Welded tuff 0.171 0.000 0.000 
Melas Chasma (ss) Hyaloclastite breccia 1.952 0.626 0.250 
Melas Chasma (ss) Hyaloclastite fracture 1.009 0.009 0.003 
Melas Chasma (ss) Basalt 2.311 0.687 0.347 
Melas Chasma (ss) Gabbro 3.255 0.790 0.58 
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