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Martian global climate models that account for evidence of past glaciations reported in tropical to mid-latitude
regions of Mars predict accumulation of water ice in Valles Marineris during past periods of high obliquity.
Observational evidence for such glaciations is given here. Topographic basement ridges of tectonic origin are
common in Valles Marineris, and display sackung features, an assemblage of tectonic patterns that are diagnostic
of deep-seated gravitational slope deformation. This deformation is most easily explained by paraglacial ridge failure
subsequent to ridge wall debuttressing and decohesion following the retreat of glaciers. This interpretation is

supported by extensive bibliographic analysis of sackung triggers on Earth, by morphological evidence of subglacial
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erosion of the lower parts of Valles Marineris wallslopes, of periglacial erosion of their upper parts and by the
presence of various types of glacial landforms on the floors of Valles Marineris troughs. The age of these equatorial
glaciations is found to be older than 1.4 Gy and younger than 3.5 Gy.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Over ~3.5 Gy of geologic record, the wallslopes of Valles Marineris,
the giant equatorial trough system of Mars, have preserved many
tectonic and geomorphologic processes that developed under a variety
of morphoclimatic conditions. These are still debated and may include
glacial, alpine, fluvial, submarine, and subglacial processes. Valles
Marineris (Fig. 1) is a series of 4-10 km-deep interconnected troughs
that covers a surface area of 650 by 2000 km in the equatorial region
of Mars (Blasius et al., 1977; Sharp, 1973). This is basically a system of
alternating, E-W striking, grabens and horsts (Mége and Masson,
1996a; Peulvast et al., 2001; Schultz, 1991, 1995) associated with
large-scale collapse depressions (Schultz, 1998) that recorded a
complex history of tectonic, erosional, and depositional processes
(Chojnacki and Hynek, 2008; Fueten et al., 2008; Le Deit et al., 2008;
Lucchitta, 1977, 1981, 1999; Lucchitta et al., 1992; Mége and Masson,
1996a; Nedell, 1987; Okubo, 2010; Okubo et al., 2008; Peulvast and
Masson, 1993a,b; Peulvast et al., 2001). The horst topographic ridges
display two remarkable deformation features: crestal grabens, indicat-
ing ridge-top splitting, and uphill-facing normal faults scarps on ridge
flanks (Fig. 2a to f). These two features are suggestive of sackung, a
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large-scale and slow mass-wasting mechanism of topographic ridges
observed in formerly glaciated terrestrial mountains (e.g., Bachman et
al., 2009; Hippolyte et al., 2006; Jarman, 2006; Kobayashi, 1956; Reitner
and Linner, 2009; and Supplementary Table 1). Sackung (Fig. 2g-h),
initially defined as a continuous, viscous mechanism of slope
deformation (Zischinsky, 1966), was shown by Varnes et al. (1989) to
be characterised by (1) double-crested ridges; (2) crestal grabens,
symmetrical or asymmetrical; (3) uphill-facing fault scarps, striking
approximately parallel with topographic contours, along the upper
part of ridge slopes, and (4) bulging of the lower part of the ridge slopes;
(5) ridge topography higher than 300 m.

This specific tectonic assemblage is diagnostic of gravitational spread-
ing of topographic ridges: the development of crestal grabens (Fig. 2a-b)
and uphill-facing fault scarps along ridge slopes (Fig. 2c-f) is compensat-
ed downslope by compressive bulging (Beget, 1985; Chigira, 1992;
Discenza et al., 2011; Hippolyte et al., 2006, 2009; Reitner et al., 1993;
Varnes et al., 1989), or thrusting of the sagging slope over the neighbour-
ing valley (Bachman et al., 2009; Guerricchio and Melidoro, 1979; Savage
and Varnes, 1987).

As we shall now discuss from examples selected in Ius Chasma, in
western Coprates Chasma, at the Melas-Candor and Candor-Ophir
boundaries and in Candor Chasma (Fig. 1), this specific tectonic
assemblage is observed in Valles Marineris. Valles Marineris thus
provides the most spectacular and comprehensive range of sackung
features identified in the solar system to date.
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Fig. 1. Location of the main Valles Marineris chasmata, the major gravitational spreading sites, and some of the figures.

Crestal grabens and uphill-facing fault scarps have been identified
using the HRSC, THEMIS, MOC, CTX image datasets, as well as topographic
profiles obtained from the MOLA Precision Experiment Data Records
(PEDR). Basal slope deformation has been identified and characterised
using the abovementioned datasets and HiRISE images.

2. Sackung features in Valles Marineris

[us Chasma displays two parallel grabens and an intervening
horst, Geryon Montes, which forms a ridge showing a complex crestal
graben (Figs. 2b, 3, and 4). The Geryon Montes ridge also displays
ridge-parallel, up-hill facing, normal faults on its southern slope
(Figs. 2¢, 3 and 4). Normal faulting has not, or weakly, affected the
northern ridge slope, similar to documented terrestrial sackung
instances in which deformation affects one of the ridge slopes mostly,
leaving the other slope almost intact (e.g., Jarman, 2006; Reitner and
Linner, 2009). The stratified sedimentary material covering the
basement on the floor of the graben south of Geryon Montes is folded,
as was already apparent on stereoscopic Viking images (Blasius et al.,
1977), in the form of a gently dipping anticline-syncline pair (Figs. 3
and 4, and Supplementary Figs. 1 and 2). Strata dip angles, as
measured along MOLA PEDR profiles perpendicular to Ius Chasma,
are as high as 12° on the fold flanks (Figs. 3 and 4).

In southwestern Coprates Chasma, sackung was locally followed
by landsliding. The landslide failure plane, on the southern side of
the ridge, cut through the crestal graben and the entire landslide
mass moved to the north (Fig. 5). Debris apron geometry can be
used to infer pristine landslide failure surface steepness; the arrow-
head shape of the Coprates Chasma landslide is consistent with a
deep-seated failure surface formed by reactivation of a sackung nor-
mal fault (Lucas et al., in press). At the Candor-Ophir boundary also,
sackung was followed by landsliding (Lucchitta, 1999) prior to the
deposition of the so-called Valles Marineris interior layered deposits
(ILDs; Fig. 6). In several instances on Earth (see Supplementary
Table 1), landsliding has been similarly described as a consequence
of renewed slip along sackung normal faults located on the opposite
ridge slope; many other terrestrial cases probably exist and await
proper characterisation (Hewitt et al., 2008).

At the Melas-Candor boundary, the plateau edge, at an elevation
of ~4000 m, gradually turns into a narrow ridge that lowers and splits
at the middle (Fig. 7). Ridge-top splitting and development of uphill-
facing fault scarps (Fig. 2d) have proceeded until the elevation of the
crestal depression decreased from ca. 4000 m to ca. — 3500 m. A large

debris slope has developed at the eastern lateral boundary of the
ridge, indicating that the ridge was much higher in the past indeed.
In addition to the selected examples described above, tectonic
assemblages diagnostic of sackung are observed along the flanks of
most topographic ridges in Valles Marineris (Fig. 1). In some
instances (e.g., Coprates Chasma, Fig. 1), uphill-facing fault scarps
are observed on the lower half of the wallslopes only. Similar basal
uphill-facing normal fault scarps have been rarely described on
Earth, but in areas where they were identified they were ascribed to
postglacial unloading and rebound (Ustaszewski et al., 2008).

3. Origin of sackung features on Earth and implications for Valles
Marineris

Treiman (2008) suggested that the crestal grabens of Geryon
Montes may be inherited from the early rifting history of Valles
Marineris (e.g., Mége and Masson, 1996a,b; Schultz, 1995) and were
preserved by ridge strengthening by groundwater mineralization or
dyke injection along the graben faults. Two mechanisms of ridge
strengthening may be advocated, either (1) fault strengthening and
fault activity locking, or (2) (Treiman, 2008) increase of erosional
resistance in the graben fault zone. (1) Fault strengthening faces
mechanical problems in that groundwater mineralization and other
mechanisms of fault infilling are some of the fundamental processes
by which stick-slip faulting is made possible (e.g., Bos and Spiers,
2002; Cowie, 1998; Marone, 1998; Olsen et al., 1998), inconsistent
with strengthening of the considered volume of crust. (2) Influence
of increase of erosional resistance in the graben zone on preservation
of earlier graben geometry can be tested by examining ridge
morphology. In case of mechanically homogeneous rock mass, spur-
and-gully morphology development by erosion of an initially flat
plateau is expected to produce a symmetrical ridge morphology in
which the crestline separates two wallslopes of similar length.
Conversely, locally increased erosional resistance along inherited pla-
teau graben should result in development of asymmetrical ridge to-
pography, except by coincidence, depending on the location of the
inherited graben. Ius Chasma mapping (Fig. 3) reveals that Geryon
Montes does not show such a topographic asymmetry. Moreover,
the Candor-Ophir boundary and the Melas Chasma ridges (Figs. 6-7),
which are connected to the plateau, are not aligned with nearby
plateau grabens, indicating that the crestal grabens are likely not
inherited from the rifting period. We infer from these considerations
that the grabens inherited from Valles Marineris rifting probably
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Fig. 2. Sackung deformation on Earth and analogue features on Mars. a, View of crestal graben at Bodeneck in the Austrian Alps. Note the glacial valleys and lakes on the ridge sides
(satellite image made available by Google Earth®). b, View of crestal graben at Geryon Montes (THEMIS day IR mosaic draped over HRSC digital elevation model). North is to the
right. Location in Fig. 3. ¢, Uphill-facing fault scarps in Tyrol, Austria, NW of Lienz (Reitner and Linner, 2009). d, Uphill-facing scarps at the Melas-Candor chasma boundary (location
in Fig. 7b). North is to the background. e, Same as c, perpendicular view. f, Uphill facing fault scarps at the Candor-Ophir chasma boundary (mirrored for easier comparison with
Fig. 2e). North to the left. Location in Fig. 6. g, Plastic flow of a gravitationally spreading ridge (Savage and Varnes, 1987). h, Typical geometry of sackung features from examples in
crystalline and sedimentary rocks in the Tatra Mountains, modified after Mahr (1977), Nem&cok (1972) and Nemcok and Baliak (1977). The thickest lines locate normal faults (on
the ridge) and a thrust fault (in the valley). One of the uppermost normal faults on the ridge is connected to the basal thrust (dashed line), forming a décollement (Nemcok and
Baliak, 1977). It has been suggested that a zone of crushed rocks exists instead of the décollement in crystalline basement (Mahr, 1977).

played not more than a coincidental role in the formation of the
crestal grabens.

In contrast, the geometry of grabens follows the geometry of the
crestline so perfectly that a major influence of body forces postdat-
ing Ius Chasma opening on their development appears likely. This

interpretation is consistent with terrestrial analogues that suggest
a common origin for the specific tectonic assemblage that the
crestal grabens form with uphill-facing fault scarps and basal
ridge slope bulging. On Earth, this tectonic assemblage, diagnostic
of sackung, has been almost exclusively observed in mountain
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Fig. 3. Structural and geomorphologic map of part of Ius Chasma. Mapping has been carried out using THEMIS visible and infrared day-time and night-time images, MOC images,
and CTX images. Night-time THEMIS images have been of critical help for identifying the succession of geologic units in the Ius Chasma floor.

ranges that were glaciated during the Quaternary. It has been
nearly systematically attributed to paraglacial topographic read-
justment. From amongst 44 articles published in peer-reviewed
papers on distinct sackung cases on Earth in which the sackung
triggering mechanism has been explicitly discussed by the authors
(Supplementary Table 1), 39 conclude that sackung is strictly a
paraglacial process. According to these studies, slope debuttressing
by the removal of valley glaciers on both sides of topographic
ridges is a key process for sackung to initiate, and may be in
some cases assisted by postglacial unloading and rebound (Jarman,
2006). Two other articles suggest that it is a paraglacial process
assisted by regional neotectonic activity, two others ascribe
sackung fault scarps to collateral events of intense seismic shaking
on a nearby fault with no discussion about the possible influence of
past glaciations, and one sackung case has an unidentified origin.
In the paraglacial environment, ridge debuttressing is mandato-
ry, but not sufficient for sackung to initiate; otherwise sackung
would pervasively affect many terrestrial mountain ranges, which
is far from being the case. Factors promoting sackung have not
been comprehensively investigated; nevertheless the following
have been shown to be of primary importance, altogether or in
partial combination. Wallslope height and glacial oversteepening
(Beget, 1985) must first concur to bring the topography close to
destabilisation. Chemical alteration by groundwater flow has been
shown to actively participate to ridge decohesion, as illustrated
by accumulations of clay minerals at the bottom of crestal graben
scarps (Hippolyte et al., 2006). Ridge confinement by glacial load
and subsequent debuttressing after valley deglaciation may also
significantly decrease ridge rock mass strength (Cossart et al.,
2008; Reitner and Linner, 2009) through mechanisms that have
not been clearly identified but may include stress corrosion of

existing discontinuities and subcritical crack growth, and hydraulic
fracturing in response to e.g. melting/freezing cycles. The orienta-
tion of the rock pre-existing discontinuities, such as stratification
planes, faults, joints, and schistosity, may guide the geometry of
the sackung features (Chigira, 1992; Nemcok, 1977; Nemcok and
Baliak, 1977; Reitner and Linner, 2009; Ustaszewski et al., 2008)
but are not required for sackung to operate. Selective weakening
of lithologic sequences, for instance preferential alteration of
horizontal volcanic tuff levels to argillite, produces mechanical
contrasts that may assist in sackung initiation (Beget, 1985). Both
the existence of major discontinuities and alternating lithological
sequences pertain to the case of Valles Marineris, where the
wallrock is dominantly a succession of subhorizontal volcanic
layers of contrasting albedo (McEwen et al, 1999) of possibly
different composition, that were probably fractured by thermal
contraction following their emplacement and by regional tectonic
extension and dyke emplacement during chasma initiation (Mege,
2001; Mége and Masson, 1996b).

4. Further evidence of glaciation in Valles Marineris chasmata

From the excellent correlation between sackung occurrences and
paraglacial settings on Earth, we infer that sackung in Valles Marineris
is likely to result from deglaciation of the ridge-surrounding chasmata.
This interpretation is supported by a series of morphological and
mineralogical similarities between chasmata in Valles Marineris and
formerly glaciated valleys on Earth.

Valles Marineris chasmata have steep walls where the bedrock
displays spur-and-gully morphologies and flat floors where the
bedrock is covered with soft sediments (Figs. 2b, 3, 4a,d, 5, 6). On
Earth, these features are characteristic of formerly glaciated valleys
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Fig. 4. Examples of sackung features in Ius Chasma and geological cross section along MOLA topographic profile MOLA-AP 16707B.L. Chasma floor deposits are identified following
mineralogical interpretation from Roach et al. (2010), who also noted the erosional surface between the smectite-rich layers and the overlying hydrated silicate-rich formation. The
three-dimensional views are THEMIS day-time images draped over HRSC DEM. Location in Fig. 1.

(Fig. 2a). Spur-and-gully morphology on walls of terrestrial glacial
valleys is due to periglacial weathering processes acting above the
surface of glaciers, whereas flat valley floors generally correspond to
glacial and/or post-glacial sedimentary infills (Evans, 2005). As we
shall now discuss, both walls and floors of Valles Marineris chasmata
have morphological similarities with slopes and floors of terrestrial
glacial valleys.

In areas of Valles Marineris where the spur-and-gully morphol-
ogy has not been removed by further erosional processes, the base
of the chasma walls usually displays a continuous scarp that is gen-
erally mantled by debris (Figs. 3, 4a, 5, 6, 8-10). Spurs and gullies
are systematically located above this basal scarp. In an earlier work
(Peulvast et al., 2001), we interpreted such basal scarps as normal
fault scarps. However, (1) the continuous basal scarp described
here runs nearly parallel to topographic contours, hence has a cur-
vilinear shape in map view (Fig. 3), which is inconsistent with the
rectilinear shape that would be expected for high-angle normal
faults; (2) it does not display any evidence of the constant fault
length/maximum displacement ratio that would be expected if it

was of tectonic origin, like e.g. the narrow grabens observed
around Valles Marineris do (Schultz, 1997); (3) normal fault dis-
placement profiles have tapered ends (e.g., Cowie and Scholz,
1992), which is not observed for the Valles Marineris continuous
basal scarp discussed here; (4) terrestrial faults are segmented
and commonly display en échelon patterns (Crider and Peacock,
2004; Mansfield and Cartwright, 2001; Olson and Pollard, 1991),
which is not observed for the Valles Marineris basal continuous
scarp either. Some of the chasma grabens do display segmentation,
especially the Ius and Coprates chasmata, but this segmentation
appears as broad-scale offsets in spur-and-gully alignments, not
as offsets in alignments of individual basal scarps (Peulvast et al.,
2001). Instead of fault scarps, we suggest that the best interpreta-
tion for this continuous basal scarp is subglacial erosion of the
bedrock by valley glaciers that formerly covered the chasma floors.
Nearly constant scarp height over long distances, independent
of graben segmentation inferred from spur-and-gully patterns,
and absence of scarp segmentation, are in agreement with this
interpretation.
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Fig. 5. Perspective view of the Coprates Chasma landslide. Sackung-related tectonic structures and glacial morphology are shown in black and landslide-related structures in white.
The landslide scar is aligned with the uphill-facing normal fault scarps of the sackung crestal graben located on the slope opposite to landslide displacement. The arrowhead-shaped
debris aprons indicate a steep landslide failure plane (Lucas et al., submitted), consistent with initiation from an existing normal fault. THEMIS image mosaic draped over HRSC

digital elevation model. Location in Fig. 1.

The trimline marking the boundary between the subglacially
eroded basal scarp and the overhanging periglacial spur-and-gully
morphology can be identified in many parts of Valles Marineris (e.g.
Figs. 3, 4a, 5, 6, 8-10) but it has frequently been eroded or covered
by debris accumulations. Trimline height above chasma floor can be
used to infer the maximal thickness of the former glacial infill; mea-
sured values in Ius and Candor chasmata (Fig. 9) are in the range of
a few hundred metres to more than 1 km.

Many landforms on chasma floors can be interpreted as having a
glacial origin also. Hummocky terrains, composed of roughly circular
mounds and closed depressions, are observed at the base of some
ridges affected by sackung (Figs. 9a,d and 10a,c,h,j). These terrains
are similar in morphology to terrestrial hummocky ablation moraines
deposited by vanishing glaciers (Fig. 10g,i; Gravenor and Kupsch,
1959; Evans, 2005, 2009). Associated to these hummocky terrains
on some chasma floors, are groove-and-ridge terrains (Fig. 9a,b)
that are similar in morphology to terrestrial streamlined moraines
(Fig. 9c, Clark and Stokes, 2001; Evans, 2005). Dark deposits that par-
tially cover these terrains (Figs. 9a-b and 10c) may have

accumulated more recently by, e.g., aeolian deposition. Alternatively,
they might correspond to glacial ablation tills similar to those
described in Noachis Terra (Fenton, 2005) and on the present-day
North Polar Cap (Massé et al., 2010).

Two kinds of mineralogical observations also are consistent
with the interpretation that glaciations and sackung occurred in
Valles Marineris: (1) Wallrock-derived smectites have abundantly
accumulated at the base of the Geryon Montes sackung area
(Fig. 4d) (Roach et al., 2010). From comparison with terrestrial ob-
servations (e.g. Kobayashi, 1956) and laboratory modelling of ex-
pandable clay stability (Grygar et al., 2005), this suggests ridge
weakening by chemical alteration in an abundance that makes a
periglacial depositional environment likely; (2) Both sulphates
and hydrated silica have been identified in sedimentary deposits
covering chasma floors (Gendrin et al., 2005; Roach et al., 2010;
Wendt et al., 2011). In other regions of Mars, these minerals have
been convincingly interpreted as products of silicate material
weathering in ancient ice deposits (Massé et al., 2010; Niles and
Michalski, 2009).

Fig. 6. Perspective view of the Candor-Ophir chasma boundary. The Candor-Ophir boundary is a horst in various stages of preservation that displays sackung structures. Sackung-
related tectonic structures and glacial morphology are shown in black and landslide-related structures are in white. In areas where the plateau surface has been fully eroded the
boundary is a ridge that displays a crestal graben with uphill-facing normal fault scarps. The circles point toward the downdip direction. Landsliding destroyed the crestal graben
in the central area. The landslides and part of the initial, spur-and-gully wallslope morphology have been wholly covered by the upper unit of the Interior Layer Deposits (ILDs), of
upper Hesperian-lower Amazonian age (Lucchitta, 1999). Part of vintage NASA/JPL mosaic PIA00005 obtained from Viking orbiter images.
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CANDOR CHASMA

MELAS CHASMA

Fig. 7. Sackung at the Melas-Candor chasma boundary. a, THEMIS mosaic and topographic profiles after MOLA digital elevation model (elevation is in metres). The dots locate the
profile ends. Note the gradual sinking of the inter-chasma plateau from west to east on the MOLA profiles. b, Plateau splitting is interpreted as the consequence of an eastward
deepening central graben. THEMIS image mosaic draped over HRSC digital elevation model.

5. Timing

The younger limit for the sackung (and glaciation) age is given, at
the Candor-Ophir boundary, by the upper Hesperian-lower Amazonian
deposition age (Lucchitta, 1999) of the top of the ILDs, the deposition of
which postdates post-sackung landsliding (Fig. 6). This minimum age is
consistent with the interpretation of glacial events adjacent to Valles
Marineris during the upper Hesperian, the possible jokulhlaups
identified by Zealey (2009) in the Echus Chasma area. The maximum
age is given in central Candor Chasma. The ILDs have been subdivided
into two units of contrasting morphology and spectral characteristics
(Le Deit et al., 2008); existence of a trimline along the lower ILDs on
one northern side of central Candor Chasma and a trimline associated
with sackung features on the southern side, indicate erosion by valley
glacier after the deposition of the lower ILD sequence (Figs. 9 and 10).

6. Comparison with climate models

Observational evidence of past tropical and mid-latitude glaciations
has been found on Mars (Head et al., 2005). Equatorial glaciations in
Valles Marineris are specifically predicted by Mars General Circulation
Models (GCMs) during periods of higher obliquity (Madeleine et al.,

destabilized
trimline

2010), the existence of which has been demonstrated for the last
10 million years (Levrard et al., 2004). For older periods, obliquity
variations are not well constrained but are likely to have been also
variable.

Glaciations could have alternatively occurred while Valles Marineris
was in a polar location. A magnetic paleopole has been proposed at
Noctis Labyrinthus, at the western end of Valles Marineris (Arkani
Hamed and Boutin, 2004). However, paleopole location can be inferred
for the Noachian only due to subsequent dynamo switch-off.

The Hesperian to lower Amazonian glaciation of Valles Marineris
described here occurred in a time span comprised between the recent
past that is accessible with GCMs, and the ancient past while the core
dynamo was still active. Its context and origin is therefore not well
constrained, but GCMs and paleopole models do show that
mechanisms exist that may help correlate Valles Marineris glaciations
with global planetary processes.

7. Conclusions
The horsts that are observed in Valles Marineris have recorded a

geological history that complements the list of events that have
been identified in the chasmata, such as tectonic stretching in

IUS CHASMA

Fig. 8. Example of trimline and subglacial scarp in Valles Marineris: the southern Ius Chasma wallslope. The subglacial scarp is mantled by scree. HiRISE image ID#
CTX_P03_002327_1721 draped over HRSC digital elevation model. The numbers refer to the geological units identified in Fig. 4. Location in Fig. 1.
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1

lower ILD 3

Fig. 9. a, Northern Ius Chasma graben showing scarps along the base of the chasma wall, interpreted to have a subglacial origin, and groove-and-ridge pattern on the floor parallel to
the chasma wall. This pattern is interpreted as a streamlined glacial formation, partly blanketed by dark detrital materials. Part of CTX image P16_007140_1742. Location in Fig. 1. b,
Zoom on the groove-and-ridge terrain. c, Streamlined moraines left by the M'Clintock Channel Ice Stream, Victorialand, Canadian Arctic (Clark and Stokes, 2001). The dark patches
are postglacial lakes filling inter-morainic grooves. d, Hummocky terrain interpreted as ablation till in Central Candor Chasma, and surrounding wallslopes. The northern wallslope
is a lower ILD mesa showing an erosional basal scarp interpreted as a subglacial scarp overlain by a trimline. The southern slope is a bedrock ridge also displaying a possible trimline
as well as a crestal graben and uphill-facing scarps. In all the images, txxxx: trimline, xxxx is the present approximate elevation in metres; ct: collapsed trimline; cm: controlled
moraine; fs: fault scarp of undefined dip sense of dip angle; us: uphill-facing scarp; dots and associated numbers: mean HRSC elevation values at selected spots representative
of geomorphologic units. These observations combined with observations in Fig. 6 suggest glaciations and paraglacial sackung after deposition of the lower ILDs and after deposition
of the upper ILDs. Mosaic of CTX images P02_001997_1744 and P18_007891_1742 (location in Fig. 1). Fig. 10 gives a detailed interpretation of this mosaic and shows terrestrial
analogues.

response to global dynamics, deposition of thick sequences of
layered deposits, and large-scale landsliding. Geomorphologic and
structural evidence points to a weakened ridge rheology after the
main structural framework of Valles Marineris has been built,
resulting in ridge sackung. Extensive examination of terrestrial an-
alogues strongly suggests that ridge weakening results from valley
deglaciation, an interpretation that is confirmed by geomorpholog-
ical evidence of glaciated valleys in between the sagging horsts.
Some of the sackung faults may be inherited from the early tectonic
stretching history of Valles Marineris (Mége and Masson, 1996a;
Mége et al., 2003; Peulvast et al., 2001; Schultz, 1991, 1995,
1998), similar to some sackung faults on Earth (e.g., Reitner and
Linner, 2009).

The results presented here also imply the presence of a huge ice
reservoir flowing in Valles Marineris in the past. The glaciations, of
Hesperian to lower Amazonian age, i.e. between 3.5 Gy and 1.4 Gy
(Hartmann and Neukum, 2001), provide clues to the Martian climate
in a geological period for which constraints are still scarce. Their exis-
tence has implications for the origin and nature of the chaotic terrains

that are observed where Valles Marineris opens out, and the outflow
channels that continue the chaotic terrains over 2000 km towards the
northern lowlands.

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.epsl.2011.08.030.
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Fig. 10. Glacial and paraglacial landforms in central Candor Chasma. a, Location map (same as Fig. 9d) and stratigraphic relationships in this area based on the following key relationships:
(1) hummocky material, interpreted as ablation till, covers the lower ILD unit and is therefore more recent; (2) dark detrital materials covers hummocky material; (3) based on contrasting
competence, hummocky material is interpreted to be distinct from polygonal material, which mantles all the other observed units and is therefore the most recent terrain. The main
difference with the U.S.G.S. geologic map (Lucchitta, 1999) is that hummocky material and dark detrital materials are interpreted to be older than proposed on this map (units named
Adu and Afh). This difference may be due to the implicit assumption made on the map by Lucchitta (1999) that landform age can be used as a proxy for rock age. b, Zoom on subglacial
scarp and trimline affecting the base of a lower ILD unit. c-d, Comparison between the hummocky terrain and dark detrital materials in Candor Chasma (c) and loose morainic material in
NW Ellesmere Island (Evans, 2009) that could be a dark detrital materials analogue. ef, Crestal graben at the top of the sackung ridges: bedrock exposure located south of the hummocky
material (e), and crest line between Alpha Peak and Roy's Peak near Wanaka, South Island, New Zealand (f, courtesy Colin Ballantyne). g-j, Ice-cored moraine left several decades ago by
the Kviarjokull Glacier in Iceland (Evans, 2009) (g), suggested analogues in Candor Chasma (h, j), and supraglacial moraine of an Himalayan glacier, northern Nepal (i, 30°8'30"N 82°8'E,
Quickbird image), a suggested analogue of the Candor Chasma hummocky material.
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IUS CHASMA SOUTHERN GRABEN

Supplemental Figure 1. Floor deformation in lus Chasma south of Geryon Montes. The numbers refer to the geological
units identified on Fig. 4. Formation #2 has been divided in lower, middle, and upper units named 2a, 2b, and 2c respecti-
vely. HIRISE image ID# PSP 6863 _1720. Location on Fig. 3.

Mege and Bourgeois
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Supplemental Figure 2. Floor deformation in lus Chasma south of Geryon Montes, east of Supplemental Figure 1, and
stratigraphic relationships between formations #2 and #3. View is toward north. The unconformity between formations 2
and 3 has also been noted by Roach et al. (2010). The numbers refer to the geological formations identified on Figure 4.
HIRISE image ID# PSP_6863_1720 draped over HRSC digital elevation model. Location on Fig. 3.

Meége and Bourgeois



