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Summary: We identified 12 landslides or land-
slide complexes derived from interior layered deposits
(ILDs) in the Hebes, East Candor, and Melas Chas-
mata of Valles Marineris, Mars. Using slope stability
analysis, we modeled five landslides to determine the
possible failure mechanisms (Fig. 1). Three of the
landslides could have failed readily under dry, static
(e.g., current) conditions. One landslide in East Candor
Chasma most likely required seismic ground accelera-
tion to fail. A slope failure in Melas Chasma probably
resulted from the release of subsurface fluids onto the
ILD slope directly above the landslide.

Introduction: The ILDs of Valles Marineris are
generally accepted to consist of “soft” volcanic or
sedimentary rocks [1-6]. Most hypotheses for the ori-
gin of the ILDs involve deposition in water, such as
lacustrine sedimentation [1-4] or subice/subaqueous
volcanism [1,3,5,6]. Hence, determining the origin of
the ILDs is vital to understanding the spatial and tem-
poral distribution of water in the Valles Marineris re-
gion.

Several possible mass-wasting deposits emanating
from ILDs have been identified in the Candor and Me-
las Chasmata [7-11]. Our search revealed over 60 pos-
sible landslides in central Valles Marineris, from
which we positively identified 12 slides. Slope failures
may be triggered by many processes, but are often
initiated by changes in pore fluid pressure. Thus, the
hydrologic conditions acting on a slope at the time of
failure can be estimated from back-analysis of land-
slides. Slope stability analyses of intact ILD slopes
have been performed previously [12], but landslides in
ILDs have not been mechanically analyzed. We as-
sessed the stability of five failed ILD slopes to evalu-
ate different failure mechanisms, including the pres-
ence of water. Other confirmed landslides could not be
modeled due to multiple failure episodes or poor pres-
ervation.

Approach: Limit equilibrium analysis is com-
monly used in geotechnical engineering to assess the
stability of slopes. If the geometry, material strengths,
pore fluid pressures, and ground acceleration are
known for a given slope, the safety factor (SF) for that
slope may be determined. The SF is the ratio of forces
resisting movement to the forces driving movement of
the portion of a slope that is most prone to fail. Hence,
slopes with a SF less than one are unstable and slopes
with a SF greater than one are stable. Limit equilib-

rium back-analysis is used to determine the conditions
at the time of failure, where SF = 1.0. Slide is a slope
stability program that uses two-dimensional limit equi-
librium analysis to determine the SF for landslides
with circular failure surfaces, such as those observed
in the ILDs.

Because material strengths are unknown for the
ILDs, we used lower bound terrestrial rock mass
strengths for sandstone, shale, welded tuff, nonwelded
tuff, and basalt from rock engineering literature [13-
16] and hyaloclastite breccia strengths from previous
work [17]. The Hoek-Brown strength criterion [18]
accounts for the fractured nature of rock masses by
incorporating Geologic Strength Index (GSI), in addi-
tion to the intact Unconfined Compressive Strength
and intact material parameter, m;, into strength enve-
lope calculations. GSI ranges from 1 (highly weath-
ered soil) to 100 (intact rock). The lower bound GSI
values are 30, 10, 12, 55, 60, and 43 for sandstone,
shale, welded tuff, nonwelded tuff, hyaloclastite brec-
cia, and basalt rock masses, respectively. The lower
bound UCS values (in MPa) are 25, 11, 12, 6, 24, and
142 for sandstone, shale, welded tuff, nonwelded tuff,
hyaloclastite breccia, and basalt, respectively.

Figure 1. Location map of modeled ILD landslides. Blue
and yellow stars denote landslides probably triggered by
water and seismic loading, respectively. Green stars show
landslides that could have failed under dry, static conditions.
Contours are 1 km.
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Utilizing Slide, we back-analyzed estimated pre-
failure ILD slopes derived from a custom MOLA
DEM [19]. Where slopes were predominantly stable
under dry conditions, MOLA DEM, MOC, and
THEMIS images were examined for evidence of trig-
gering agents such as faults or fluids. We used slope
stability modeling to assess the role of possible trigger-
ing agents in causing slope instability.

Results and Implications: Slope stability back-
analyses show that the two Hebes Chasma landslides
and one landslide in East Candor Chasma (Fig. 1)
could have failed under dry, static conditions for the
sandstone, shale, and both tuff rock mass strengths. If
the ILD rock masses comprising the failed slopes were
stronger than the representative strengths, or consisted
of hyaloclastite breccia or basalt similar in strength to
the terrestrial examples, water or ground shaking
would have been involved in landslide initiation.

Analysis of one East Candor Chasma landslide
(Fig. 1) suggests that seismic loading by a nearby fault
under dry (e.g., present-day conditions) was the most
likely triggering mechanism, as there is ho geomorphic
evidence for the presence of fluids. Also, low thermal
inertia material blankets the chasma floor ahead of the
slide toe, possibly indicating an airblast cloud similar
to terrestrial dry rock avalanches. Slope stability back-
analyses and preliminary peak ground accelerations
estimated from empirical relationships [20,21] show
that the trough-bounding normal fault ~20 km to the
north of the landslide (Fig. 1) could produce the
ground shaking necessary for failure of a dry slope for
the sandstone, shale, welded and nonwelded tuff, and
hyaloclastite breccia rock mass strengths.

For the landslide in Melas Chasma, geomorphic
evidence and slope stability modeling indicate that
failure was probably caused by a release of subsurface
fluids from the slope above the landslide. A surface
channel originating at an elevation of ~-240 m is trun-
cated by the landslide scarp at ~-400 m, suggesting
that released fluids eroded a channel in the ILDs and
saturated the slope, causing instability. Back-analyses
show that if the slope was saturated with water, failure
would occur for the shale, welded tuff, and nonwelded
tuff rock mass strengths (Fig. 2). Horizontal ground
accelerations of 9, 76, and 137 cm/s®> would be re-
quired for failure of a saturated slope for the sand-
stone, hyaloclastite breccia, and basalt rock mass
strengths, respectively. The fluid release point implies
a minimum equipotential surface elevation of ~-240 m
for an aquifer in this Melas ILD (Fig. 1). The channel
and landslide cut ILDs; hence, the aquifer existed no
earlier than the Late Hesperian to Early Amazonian
[22].
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the Melas Chasma landslide. The figure shows failure for a
water-saturated slope consisting of nonwelded tuff.
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