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Self-consistent landform assemblages suggest that Valles Marineris, the giant valley system that stretches along
the Martian equator, was entirely glaciated during Late Noachian to Early Hesperian times and still contains huge
volumes of fossil ice. Some of these glacial landform assemblages are illustrated here, with representative exam-
ples selected in three regions: Ius Chasma, Central Candor Chasma and the junction between Coprates Chasma
and Capri Chasma. A morphological boundary separating an upper spur-and-gully morphology from a smooth
basal escarpment has been spectacularly preserved along valley walls throughout Valles Marineris. The boundary
winds around topographic obstacles and displays long-wavelength variations in elevation. It is associated with
lateral benches, hanging valleys and truncated spurs. Comparisons with terrestrial analogs indicate that it is most
reasonably interpreted as a glacial trimline. Chasma floors are covered by various kinds of terrains, including
hummocky terrains, platy terrains, lateral banks, layered benches and a draping mantle. Landforms in these terrains
and their spatial relationship with the interpreted trimline suggest that they correspond to various disintegration
stages of an ancient glacial fill, currently protected by a superficial cover of ablation till. Altogether, these land-
forms and terrains compose a full glacial landsystem with wet-based glaciers that were able to flow and slide
over their beds. It was most probably fed by ice accumulating at low elevations directly from the atmosphere
onto valley floors and walls, with only minor contributions from tributary glaciers flowing down from higher
elevations. Similar fossil glacial landsystems dating back from the early Martian history are to be expected in
many other low-latitude troughs such as chasmata, chaos, valleys, impact craters and other basins.

1. Introduction

et al,, 2004; Forget et al., 2006; Madeleine et al., 2009; Wordsworth
etal, 2013).

The current climatic conditions do not allow significant accumula-
tions of surface ice at low latitudes on Mars (Fanale et al., 1986; Baker,
2001). Therefore, present-day Martian glaciers comprise only two
polar ice sheets (e.g., Fishbaugh and Head, 2001) and a number of ice-
filled craters scattered at northern and southern latitudes higher than
70° (Armstrong et al., 2005; Conway et al., 2012). Theoretical consider-
ations on the stability of water ice and climate numerical simulations
however predict that surface ice accumulation areas may have shifted
repeatedly between polar, middle, tropical, and equatorial latitudes in
the past in response to changes in Martian orbital and atmospheric
characteristics (Jakosky and Carr, 1985; Mischna et al., 2003; Levrard
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In accordance with these theoretical and numerical predictions,
abundant observational evidence of past glaciations has been described
at Martian polar to tropical latitudes. These include currently debris-
covered glaciers, observed for instance east of Hellas Basin and at
Olympus Mons (Squyres, 1978, 1979; Milkovich et al, 2006; Holt
et al., 2008), and landforms interpreted as remnants of extensive glacial
landsystems: mountain glaciers, valley glaciers, piedmont glaciers, and
plateau ice sheets, observed in various regions such as Nilosyrtis
Mensae, Arabia Terra, southern Deuteronilus-Protonilus Mensae,
Phlegra Montes (Head et al., 2005, 2006a, 2006b; Head and Marchant,
2006; Levy et al., 2007; Dickson et al., 2008, 2010; Head et al., 2010).
Glacial landforms in these regions are thought to be related to
Amazonian cold-based glaciations (Head et al., 2006a,b; Head and
Marchant, 2006; Levy et al., 2007; Dickson et al., 2010). Based on the
existence of networks of sinuous ridges resembling terrestrial eskers,
wet-based glaciations also have been hypothesized at northern and
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southern latitudes higher than 30°. These glaciations are thought to be
Amazonian in age, except for one late Noachian or early Hesperian
instance in the Dorsa Argentea formation near the present-day South
Polar Cap (Kargel and Strom, 1992; Fastook et al., 2012).

On the other hand, little morphological evidence of past glacial
activity has been described so far in equatorial regions, except for
some mountain glaciers on Tharsis volcanoes (Head and Marchant,
2003; Shean et al., 2005), for some crater fills in Sinus Sabaeus and in
the region of Aram Chaos (Massé, 2010; Shean, 2010), and for a number
of individual landforms (U-shaped valleys, hanging valleys, arétes,
lateral moraines, ablation moraines, scours, flow-like valley fills)
scattered in Valles Marineris (Rossi et al., 2000; Chapman et al., 2005;
Thaisen et al., 2008; Fueten et al., 2011). Mége and Bourgeois (2011)
also noticed that the upper parts of chasma walls in numerous regions
of Valles Marineris display a ‘spur-and-gully’ morphology typical of ter-
restrial periglacial environments, whereas their lower parts generally
comprise smooth basal escarpments resembling glacially trimmed sur-
faces (Chapman et al., 2005). Mége and Bourgeois (2011) interpreted
the contact between these two distinct morphologies as a glacial
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trimline, i.e., a morphological boundary marking the maximal elevation
of an ancient glacial fill (Ballantyne and Harris, 1994). In addition,
crestal grabens and uphill-facing fault scarps observed on most base-
ment ridges in Valles Marineris have been interpreted as indicating
deep-seated gravitational ridge spreading produced by paraglacial
topographic readjustments (Méege and Bourgeois, 2011).

Though these various features have been individually attributed to
the former presence of glaciers, no systematic review or regional corre-
lation of glacial landforms in Valles Marineris has been published so far.
The present work is an attempt at filling this gap so as to demonstrate
that these individual landforms compose collectively a self-consistent
glacial assemblage. For that purpose, we describe and compare land-
forms in three regions located in the western, central, and eastern
parts of Valles Marineris, respectively: Ius Chasma, central Candor
Chasma, and the junction between Coprates Chasma and Capri Chasma
(Fig. 1). To explore the cartographic and altitudinal relationships
between these landforms, we use images acquired by the Context
Camera (CTX) and the High Resolution Imaging Science Experiment
(HiRISE) as well as altimetry single track data obtained from the Mars

Basal escarpment

Spurs and gullies

Crestal graben

Spurs and gullies

Basal escarpment

IUS CHASMA

Ll

COPRATES AND CAPRI CHASMTA

Fig. 1. (A) Location of Valles Marineris on MOLA global elevation map. (B) Location of the three studied areas along Valles Marineris (hillshaded digital elevation model derived from MOLA
gridded data at 128 pixels/degree; artificial lightning from the North). (C),(D),(E) mosaics of CTX and THEMIS daytime IR images over central Candor Chasma, [us Chasma, and east

Coprates Chasma, respectively. ILD = interior layered deposits, VF = valley fill.
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Orbital Laser Altimeter (MOLA) Precision Experiment Data Records
(PEDR). We discuss candidate geological processes that could have
generated each of these landforms individually, and we compile regional
maps and cross sections of various geomorphological features that can
be interpreted as having a glacial origin.

We demonstrate that these landforms compose altogether an exten-
sive relict glaciated valley landsystem (Evans, 2005), which supports
the idea that massive wet-based ice deposits have formed at the
Martian equator during the late Noachian or early Hesperian and have
been preserved for their larger part until the present day.

2. Physiographic setting

Valles Marineris is a valley system that strikes over 2000 km along
the Martian equator (Fig. 1). Its central part is composed of connected
valleys (chasmata) up to 100 km in width, several hundred kilometers
in length, and 2 to 8 km in depth (Sharp, 1973; Blasius et al., 1977). It
may be separated into two subsystems: the southern system comprises
Tus Chasma, Melas Chasma, and Coprates Chasma, while the northern
one comprises west Candor Chasma, central Candor Chasma, east
Candor Chasma, and Ophir Chasma. Both subsystems are connected
through Melas Labes, a narrow valley striking NW-SE between Melas
Chasma and central Candor Chasma. Valles Marineris is thought to be
basically a system of alternating grabens and horsts associated with
large-scale collapse depressions that recorded a complex history of
tectonic, erosional, and depositional processes (Lucchitta, 1977, 1979,
1981; Nedell et al., 1987; Lucchitta et al., 1992; Peulvast and Masson,
1993a,b; Lucchitta et al, 1994; Mége and Masson, 1996a,b; Schultz,
1998; Lucchitta, 1999; Schultz, 2000; Peulvast et al., 2001; Chojnacki
and Hynek, 2008; Fueten et al., 2008; Le Deit et al., 2008; Okubo et al.,
2008; Okubo, 2010; Mége and Bourgeois, 2011; Andrews-Hanna,
2012a,b,c). Chasma walls are composed of volcanic basement rocks
(McEwen et al., 1999, Flahaut et al., 2012), and their floors are covered
by valley fills (VF) that display morphological evidence of soft sediment
deformation but are of hitherto unknown origin (Fig. 1) (Metz et al.,
2010). Mounds of internal layered deposits (ILD) rise up to 7000 m
above these VF (Nedell et al, 1987; Komatsu et al., 1993; Lucchitta
et al,, 1994; Komatsu et al., 2004). To explore these terrains, we focus

SRR

on three representative regions distributed throughout the Valles
Marineris valley system: Ius Chasma, central Candor Chasma, and the
junction between Coprates Chasma and Capri Chasma (Fig. 1).

2.1. lus Chasma

Ius Chasma is located in the western part of Valles Marineris and is
bordered by Tithonia Catena and Tithonium Chasma in the north and
Sinai Planum in the south (Figs. 1, 2, and 3). It is made of two parallel
valleys striking east-west, separated by Geryon Montes, a basement
ridge about 5 km in height and 70 km in width, with crestal grabens
on its summit and uphill-facing fault scarps along its flanks (Mége and
Bourgeois, 2011). The valleys are 500 km long, up to 8 km deep with
regard to the neighboring plateaus, and 10-30 km wide. Both valleys
decrease in elevation toward Melas Chasma in the east. Their floors
are covered by VF with complex landforms (Metz et al., 2010).

2.2. Central Candor Chasma

Central Candor Chasma is located north of the central section of
Valles Marineris (Figs. 1, 4, and 5). It is connected to Melas Chasma via
the Melas Labes valley. It is a system of seven valleys converging into
a large central depression ~70 km in length and ~50 km in width. The
valleys and the central depression are covered by VF with complex land-
forms (Lucchitta, 1999; Chapman et al., 2005; Metz et al., 2010). The el-
evation of the central depression varies between —4700 and — 4400 m.
Some valleys have names, while others have not; here, we refer to these
valleys with numbers (Fig. 4).

Valley #1 (Melas Labes), 65 km long and 25 km wide, stretches
NW-SE from the southern part of the central depression toward
Melas Chasma (Fig. 4). Valley #2, ~70 km long and ~25 km wide, and
valley #3, ~120 km long and ~18 km wide, strike east-west from the
western part of the depression toward west Candor Chasma. These
three valleys are separated from each other by basement ridges with
crestal grabens on their summits and uphill-facing fault scarps along
their flanks (Mége and Bourgeois, 2011).

Other tributary valleys of the central Candor Chasma depression
include valley #4, ~6 km wide and stretching N-S over ~80 km toward

T ‘[’1'17/1/7

Fig. 2. Overall physiography of Ius Chasma (mosaic of CTX images at 6 m/pixel, HRSC nadir panchromatic images at 15 to 30 m/pixel, and THEMIS daytime IR images at 100 m/pixel).
Colors denote elevations derived from MOLA gridded data at 128 pixels/degree. White dots indicate elevations derived from MOLA PEDR single track at selected representative locations.
Trimline is represented by white dashed line. Location of Fig. 10 shown as black box. Bold black line labeled a-a’ indicates location of cross section shown in Fig. 14. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Geomorphological map of part of [us Chasma. Black dots indicate elevations derived from MOLA PEDR single tracks at selected representative locations.
Modified after Mége and Bourgeois (2011).
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Ophir Chasma, between the Baetis Mensa and Candor Mensa ILD
mounds. Valley #5 is ~15-20 km wide and stretches N-S over
~60 km toward Ophir Chasma, between Baetis Mensa and an unnamed
ILD mound (ILD1 in Figs. 4 and 5). Valley #6 is ~15 km wide and
stretches E-W over ~120 km toward east Candor Chasma, between
unnamed ILD mounds (ILD1, ILD2, and ILD3 in Figs. 4 and 5). The tops
of Baetis Mensa, ILD1, and ILD2 mounds are up to 5 km higher in eleva-
tion than the floor of the central depression, while the top of Candor
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Mensa is 7 km higher. Valley #7, ~10 km wide and ~65 km long, strikes
east-west between two basement ridges with crestal grabens.

2.3. Junction between Coprates Chasma and Capri Chasma
Coprates Chasma is located in the eastern part of Valles Marineris. It

is bordered by Aurorae Planum in the north and Thaumasia Planum in
the south (Figs. 1 and 6). Its easternmost section is a system of two

Valley #7 -2003

Fig. 4. Overall physiography of central Candor Chasma. Same legend as Fig. 2. Locations of Figs. 8D and 9A-H,N shown as numbered white boxes. White ticks labeled a-a’, b-b’, c-c’, and d-d’
indicate locations of cross sections shown in Fig. 11. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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------ Limit between spurs-and-gullies and basal escarpment — Glacial trimline Draping mantle —» iceand dust layer
Crestal graben —)- Deep-seated gravitational ridge spreading :’ Valley floor between polygonal and hummocky terrains —  Ablation till
o\ Sinuousridge —- Engladal morainic septa Q Platy terrain, smooth pitted terrain, lateral banks — Residual ice bodies
@ dosed depressions, hollows and mounds — Kettle holes Basal N
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Fig. 5. Geomorphological map of central Candor Chasma, based on interpretation of CTX images, THEMIS daytime IR images, gridded MOLA elevation data, and MOLA PEDR single track
elevation data. Numbered elevation contours (thin black lines) derived from gridded MOLA elevation data.

Fig. 6. Overall physiography of the junction between Coprates Chasma and Capri Chasma. Same legend as Fig. 2. Locations of Figs. 8B,C and 91-M shown as numbered black boxes and
arrow. Bold black line labeled a-a’ indicates location of cross section shown in Fig. 12. HV = hanging valley. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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valleys striking east-west, separated by a basement ridge about 200 km
in length and 20 to 30 km in width displaying uphill-facing fault scarps
along some of its flanks (Mege and Bourgeois, 2011). The valleys are
~7 km deep relative to the neighboring plateaus, and they are 15 to
40 km wide. Both valleys decrease in elevation toward Capri Chasma.
They are covered by VF with complex landforms. A number of isolated
basement massifs, readily recognized with their rough spur-and-gully
morphology (Lucchitta, 1977; Lucchitta et al, 1992; Peulvast and
Masson, 1993a,b; Lucchitta et al., 1994; Peulvast et al., 2001; Harrison
and Chapman, 2008), rise up to 2000 m above these VF.

3. Glacial landforms along valley walls
3.1. Spurs, gullies, smooth basal escarpment, and trimline

Valley walls in most parts of Valles Marineris, be they made of ILDs or
of basement rocks, display a spur-and-gully morphology in their upper
parts (Figs. 1-7) (Lucchitta, 1977; Lucchitta et al., 1992; Peulvast and
Masson, 1993a,b; Lucchitta et al., 1994; Peulvast et al., 2001). By contrast,
in many regions, their lower parts comprise smooth basal escarpments
partly covered by debris fans and debris aprons (Figs. 1-7) (Chapman
et al., 2005; Harrison and Chapman, 2008; Mége and Bourgeois, 2011).
The boundary between the morphologically different upper and lower
parts of valley walls is well exemplified in Ius Chasma, where it runs
along valley walls at an approximate elevation of — 1900 to — 2000 m,
i.e.,, 1000 to 2000 m above valley floors (Fig. 8A).

In central Candor Chasma, this boundary has been particularly well
preserved along the northern and southern walls of valley #6 and
along the eastern and western walls of valley #5 (Figs. 4, 5, and 8D).
It winds around topographic obstacles and displays long-wavelength
variations in elevation: along valley #6, its elevation decreases westward
from — 1600 to —3900 m; and along valley #5, its elevation decreases

southward from —4050 to —4400 m. In the central depression, its
elevation varies gently from —4000 to —4300 m.

At the junction between Coprates Chasma and Capri Chasma, the
morphological boundary runs along valley walls and winds around
basement massifs that project above valley floors (Figs. 6 and 7). Its
approximate elevation is —3300 m in the western part of the studied
region (Fig. 8B), —3700 m in its central part (Fig. 8C) and decreases
down to —4000 m at the outlet of Coprates Chasma into Capri Chasma
(Fig. 6). Below the morphological boundary, elevation contours wave
significantly on the basal escarpment surface (Fig. 8B).

The basal escarpment was first interpreted as a normal fault plane
(Peulvast and Masson, 1993a,b; Mége and Masson, 1996a,b; Schultz,
1998, 2000; Peulvast et al., 2001). This interpretation is at odds with
(i) the absence of segmentation, a feature commonly observed in
tectonic extension zones on Earth and in deformation experiments,
but never observed here; (ii) the systematic absence of scarp tapering
toward the necessary fault tips (where displacement becomes null);
and (i i i) the fact that it winds around topographic obstacles (Mége
and Bourgeois, 2011). Alternatively, the top of the basal escarpment
has been interpreted as marking the former surface of an ancient water
body (Harrison and Chapman, 2008). This interpretation, however,
implies that the top of the scarp reflects an equipotential surface incon-
sistent with its observed variations in elevation. On the other hand, its
continuity, its waving shape, and its variations in elevation all are consis-
tent with its interpretation as a glacial trimline (Chapman et al., 2005;
Meége and Bourgeois, 2011), marking the maximum level to which
glacier ice has sheared off valley walls (Ballantyne and Harris, 1994).

3.2. Hanging valleys and truncated spurs

Throughout Valles Marineris, dozens of tributary valleys hang over
the basal escarpment described in Section 3.1 (e.g., Figs. 4, 6, and 8B)

{3 Lateral bench and lateral bank

— Contourline =T Graben
——  Spur-and-gully crest line {777 Basal escarpment covered b debris apron [ valleyfill
/T Landslide =—=—  Chasma wall/floor slope break [ Basaltic basement

Fig. 7. Geomorphological map of the junction between Coprates Chasma and Capri Chasma, based on interpretation of CTX images, THEMIS daytime IR images, gridded MOLA elevation
data, and MOLA PEDR single track elevation data. Elevation contours (thin black lines) derived from gridded MOLA elevation data. White dots indicate elevations derived from MOLA PEDR

single tracks at selected representative locations.
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(Peulvast and Masson, 1993a,b; Mége and Masson, 1996a,b; Peulvast
et al,, 2001; Thaisen et al., 2008; Fueten et al., 2011). Tributary valley
floors along the walls of Ius Chasma and eastern Coprates Chasma com-
monly stand 1000 m to more than 2000 m above the chasma floor, at
the same elevation as the trimline or just above the smooth basal
escarpment (Fig. 8A,B). These tributary valleys are separated from one
another by basement spurs that end in the form of triangular facets
hanging over the smooth basal escarpment (Fig. 8A,B).

On the one hand, the occurrence of alternating valleys and truncated
spurs hanging over a smooth basal escarpment may result from tectonic
uplift of a normal fault footwall relative to its hanging wall (Hamblin,
1976; Peulvast et al., 2001; Petit et al., 2009). However, we demonstrated
in Section 3.1 that a tectonic origin for the basal escarpment is unlikely.
On the other hand, this peculiar landform assemblage comprising hang-
ing valleys, truncated spurs, and a continuous waving basal escarpment
is frequent along walls of formerly glaciated terrestrial valleys (Benn
and Evans, 1998; Evans, 2005). Therefore, we favor the interpretation
that the alternation of hanging valleys and truncated spurs along Valles
Marineris walls bears witness of the former existence of a glacial system,
with minor tributary valley glaciers descending along chasma walls
toward major glaciers covering chasma floors.

3.3. Lateral benches

At some places in Valles Marineris, the boundary between the spur-
and-gully morphology and the smooth basal escarpment is underlined
by lateral benches. A spectacular occurrence in Ius Chasma is shown in
Figs. 8A and 10. These lateral benches have flat tops, and their borders
are steep cliffs with debris aprons covering the smooth basal escarp-
ment. In formerly glaciated terrestrial valleys, this kind of bench can
result from postglacial preservation of lateral moraines and kame ter-
races, formed by accumulation along glacier margins of glacifluvial
sediments and slope debris derived from valley walls (Evans, 2005).
The preserved lateral benches in Valles Marineris follow the interpreted
trimline (Fig. 8A), suggesting that they may be either lateral moraines or
kame terraces of glacial origin.

4. Glacial relicts on valley floors

Chasma floors in Valles Marineris are covered by VF. These encom-
pass widespread, low-elevated, and slightly undulating areas located
between chasma walls, basement massifs, and ILD mounds (Fig. 1).
Little attention has been paid thus far to the origin and composition
of these VF, perhaps because they display a large variety of complex
and unfamiliar landforms and because they are sometimes difficult to
distinguish from ILD (Lucchitta, 1999; Chapman et al., 2005; Harrison
and Chapman, 2008; Flahaut et al, 2010; Metz et al, 2010; Mége
and Bourgeois, 2011). Their origin and composition therefore remain
enigmatic.

4.1. Platy terrain

Platy terrain comprises polygonal plates of various shapes, separated
from one another by interconnected rectilinear fractures. In the Candor
Chasma's central depression for instance, these plates range from a few
meters to a few kilometers in width, with larger plates preferentially
located in the central part of the depression (Figs. 4 and 5). Platy terrain
was previously interpreted as water-related sedimentary deposits
(Lucchitta, 1999). Here, we suggest a glacial interpretation based on
the surface morphology of the plates, on the spatial organization of
the rectilinear fractures and on the altitudinal relationships between
the plates and the trimline.

On their tops, some plates exhibit shallow circular hollows a few
hundred meters in diameter. The hollows are organized in lines and,
in places, elongate or lobate hollows appear to have grown by coales-
cence of smaller circular hollows and to have further evolved into

fractures (Fig. 9A,B). We infer that a genetic relationship exists between
the development and coalescence of these hollows and the develop-
ment of some fractures between the plates.

A candidate mechanism for the formation and coalescence of these
hollows is surface collapse into subsurface cavities associated with a
hydrological network, in a way similar to the mechanism of doline
formation in terrestrial karstic terrains (Ford and Williams, 2007). An
alternative mechanism is roof collapse of lava tubes (Greeley and
Hyde, 1972; Greeley and Spudis, 1981; Calvari and Pinkerton, 1998;
Wyrick et al, 2004). However, no morphological or structural evidence
(faults, fractures, or boulder accumulations) for such a mechanism is
visible on the hollow floors. Collapse structures generally have a conical
shape (Greeley and Hyde, 1972; Calvari and Pinkerton, 1998; Wyrick
et al., 2004; Ford and Williams, 2007), whereas hollows on platy ter-
rains have vertical walls and flat floors. In addition, the spatial organiza-
tion of hollows and fractures defines networks of interconnected
rectilinear lines, which differs from the sinuous planview geometry of
underground hydrological networks and lava tubes (Wyrick et al.,
2004). Therefore, such collapse formation processes are unlikely.

On the other hand, growth and coalescence of flat-floored hollows
along preferential alignments, as described here, is a landform classically
produced by ice disintegration at the surface of terrestrial debris-covered
glaciers or at glacier margins (Etzelmiiller, 2000; Reynolds, 2000; Rohl,
2008). Comparable hollows are thought to have formed by disintegra-
tion of ground ice in other regions of Mars (Costard and Kargel, 1995;
Malin and Edgett, 2001; Morgenstern et al., 2007; Kadish et al., 2008;
Lefort et al., 2009; Le Deit et al, 2010; Mangold, 2011a,b; Séjourné
etal, 2011; Soare et al,, 2012).

On the basis of these morphological similarities, we suggest that
hollows at the surface of platy terrains have formed by partial disinte-
gration of ice bodies. The alignment of hollows and their apparent
development by coalescence along linear fractures may be attributed
to the fact that they have preferentially formed along preexisting
discontinuities in the ice body, such as crevasses or shear zones. Consis-
tent with this interpretation is the fact that the spatial organization
of linear fractures at the outlets of valleys #5 and #6 and in the
southwestern part of the central depression mimics that of longitudinal
and transverse crevasses in terrestrial outlet glaciers (Figs. 4 and 5). The
surface morphology of platy terrains hence suggests that they are
debris-covered ice bodies, analogous to residual ice bodies protected
by ablation tills that can remain locally for decades to millions of years
after terrestrial glaciers have disintegrated (Ostrem, 1959; Mattson
et al,, 1993; Kowalewski et al., 2006, 2011).

In central Candor Chasma, the interpretation that the platy terrains
are relicts of glaciers that once filled the whole central depression and
its tributary valleys is further supported by comparing the elevation of
the plates with that of the trimline. Along the northeastern wall of the
depression, the trimline is located on the flank of ILD1 mound, at an
elevation of ~—4250 m (Figs. 4, 5, and 11A). Along the southeastern
wall of the depression, it is located on the basement wallrock at an
elevation of ~—4400 m. On the depression floor, the elevation of the
largest polygonal plates is very close (from —4250 to —4370 m) to
that of the trimline, and polygonal plates never exceed the trimline in
elevation (Fig. 11A). This is consistent with the interpretation that
polygonal plates are fragmented relicts of an ancient glacial body that
once covered the whole depression up to the trimline: larger plates
currently have an elevation close to that of the trimline because they
have been little degraded, whereas smaller plates have lower elevations
because they have been more degraded.

4.2. Hummocky terrain

Hummocky terrain covers the floor of Valles Marineris in many
places, for instance in Ius Chasma (Fig. 10) and in Coprates Chasma
(Fig. 8B,C). Its morphology is particularly well exemplified at the junc-
tion between valley #6 and the Candor Chasma central depression
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(Figs. 5 and 9C,D,E). In this area, the hummocky terrain includes various
irregularly juxtaposed landforms: mounds, mounds with cratered
summits, doughnut-shaped features comprising a rim surrounding a
shallow central hollow, and closed depressions (Fig. 9C). The largest
landforms are doughnut-shaped features, 2 km in diameter, preferen-
tially located along the axis of valley #6. By contrast, the smallest ones
are mounds, 1 km in diameter, located along the borders of the valley.
Hummocky terrains are systematically lower in elevation than the
trimline (Figs. 4, 8B,D, 9E, and 11B). They are also about 300 m lower
in elevation than plate tops of the platy terrain, and there is a progressive
morphological transition between both kinds of terrains (Fig. 9D). This
transition and the associated difference in elevation suggest that the
hummocky terrain corresponds to an advanced disintegration stage of
the platy terrain.

Consistent with this interpretation is the fact that the doughnut-
shaped features and the closed depressions are similar in shape and in
size to kettle holes covering formerly glaciated regions of the Earth,
such as Alberta, Saskatchewan, and the northern United States
(Mollard, 2000). On Earth, hummaocky terrain with kettle holes is a clas-
sical component of ablation moraines in retreating glacier landsystems
and is thought to form by disintegration of residual ice cores during
deglaciation (Mollard, 2000; Burr et al., 2009). On the basis of this mor-
phological similarity, Chapman et al. (2005) and Mége and Bourgeois
(2011) interpreted the doughnut-shaped features and closed depres-
sions in central Candor Chasma as kettle holes resulting from the disin-
tegration of an ice body. Alternatively, Lucchitta (1999) attributed the
formation of these kettle holes to melting of ice blocks rafted into a
proglacial outwash plain by catastrophic floods similar to terrestrial
jokulhlaups.

On the basis of their spatial and altitudinal relationships with the
trimline and with platy terrains, we follow Chapman et al. (2005) and
Mége and Bourgeois (2011) and favor the interpretation that the closed
depressions have formed by disintegration of an ice body rather than of
flood-rafted ice blocks. Therefore, we interpret the hummocky terrain
as ablation moraines left after advanced disintegration of a regional
ice body, which once filled the valley up to the trimline (Fig. 11B). The
distribution and variety of landforms in hummocky terrain in Valles
Marineris are consistent with control by the initial structure of the ice
body, the size of residual ice cores and the initial amount of supraglacial
and englacial rock material, of the final shape of ice disintegration land-
forms in vanishing glacial landsystems (Maizels, 1992). As ice ablation
proceeds, englacial and supraglacial rock debris progressively cover
the ice with a layer of ablation till, resulting in the formation of ice-
cored and debris-covered mounds. This superficial debris layer is able
to protect the mounds from further disintegration if it gets sufficiently
thick (Ostrem, 1959; Mattson et al., 1993; Kowalewski et al., 2006,
2011). This might be the case for some mounds observed along the
flanks of valley #6, some of which have flat tops with elevations similar
to that of the trimline (Fig. 11B). By contrast, if the superficial debris
layer is thin, continued disintegration of ice cores can result in mound
collapse and mass wasting, thus producing kettle holes analogous to
the closed depressions and doughnut-shaped features observed along
the valley axis (Kjaer and Kruger, 2001).

4.3. Smooth pitted terrain

In central Candor Chasma, the smooth basal escarpment of valley
walls interpreted as a glacially trimmed surface is visible in the down-
stream sections of valleys #4, 5, 6, and 7 (Figs. 4, 5, 8D, and 9E). In the
upstream sections of these valleys on the other hand, this smooth

basal escarpment is not exposed: it disappears at locations where the
surface of the materials that cover valley floors abruptly increases in
elevation and nearly meets the trimline (Figs. 4, 5, and 9E).

This is particularly well exemplified in valley #6. On the one hand,
the downstream section of this valley, where the basal escarpment is
exposed, is covered by hummocky terrain lying 700 m below the
trimline; on the other hand, its upstream section, where the basal
escarpment is not visible, is filled nearly up to the base of the spur-
and-gully morphology by smooth and flat terrains located a few meters
below the trimline (Figs. 4, 5, 9E, and 11C).

These upstream terrains are partially covered with dark sediments
and their surface is dotted with numerous circular to elliptic rimless
pits a few meters to a few hundred meters in diameter (Fig. 9F). In
other places on Mars, pitted textures on smooth surfaces have been
attributed to ice ablation processes (Kreslavsky and Head, 2002; Head
et al., 2003; Morgenstern et al., 2007; Kadish et al., 2008; Lefort et al,
2009; Mangold, 2011a,b). The surface of this smooth pitted terrain
also displays flat circular platters slightly darker than their surroundings
(Fig. 9F). These features resemble degraded impact craters that are
currently exposed at the surface of the Martian North Polar Cap. Craters
produced by impacts on the ice layers of the North Polar Cap progres-
sively disappear by ice ablation on their rims and by ice deposition in
their central depressions; this process ultimately leads to the formation
of platters similar in size and shape to those described here in Candor
Chasma (Banks et al,, 2010).

On the basis of these morphological similarities, we interpret the
smooth pitted terrains in the upstream section of valley #6 as a
debris-covered ice body resting on the valley floor and masking the
smooth basal escarpment along valley flanks (Fig. 11C). The fact that
they are a few meters lower in elevation than the trimline and that
their surface is dotted with pits resembling ice ablation landforms and
with platters resembling degraded impact craters in icy materials is
consistent with the idea that these terrains are the surface of a relict
glacier that once filled the valley up to the trimline and was latter
slightly lowered by ice disintegration.

The floor of valley #7 displays a similar configuration (Figs. 4 and 5):
its downstream section is filled by hummocky terrain located at an
elevation of —4500 m and partly covered by landslide deposits
while its upstream section is filled by smooth pitted terrains ranging
from —4000 to — 3800 m in elevation. The boundary between these
two different terrains is a 500 m high scarp that was previously
interpreted as a glacier front (Chapman et al., 2005). The presence
of hummocky terrain down this scarp is consistent with the idea
that it is the present-day erosional front of a relict glacier that once
covered both the upstream and downstream sections of the valley.

The boundary between hummocky terrain and smooth pitted
terrain also forms an escarpment 200 m high at the outlet of valley #4
into the central depression (Figs. 4 and 5). Upstream from this scarp,
valley #4 is filled by smooth pitted terrains displaying dark sinuous
ridges, up to 150 m wide and 8 km in length, at their surface
(Fig. 9G). These ridges are preferentially located along valley flanks,
are parallel to the overall direction of the valley, and their contorted
shape suggests that they have been viscously deformed (Fig. 5). The
overall shape and location of these ridges mimic that of longitudinal
englacial morainic septa exposed by surface ice ablation in terrestrial
glaciers (Rogerson et al., 1986; Vere and Benn, 1989). The existence of
these ridges in valley #4 is thus consistent with the interpretation that
smooth pitted terrains filling the upstream sections of central Candor
Chasma valleys are slightly degraded relict glaciers mantled with a
debris layer.

Fig. 8. Examples of glacial landforms along Valles Marineris valley walls. (A) Perspective view looking eastward along Northern Ius Chasma, showing trimlines, basal escarpments, lateral
benches, truncated spurs and hanging valleys (view produced with Google Mars from mosaic of CTX images and MOLA gridded elevation data). (B) Trimline (white dotted line), basal
escarpment, hanging valleys, and truncated spurs at the base of basement wallrock in Coprates Chasma (CTX image, see Fig. 6 for location). Elevation contours (thin white dashed
lines) derived from MOLA gridded elevation data at 128 pixels/degree. (C) Trimline and basal escarpment covered by debris apron at the base of basement wallrock in Coprates Chasma
(CTX image, see Fig. 6 for location). (D) Trimline and basal escarpment partly covered by debris apron at the base of an ILD mound in central Candor Chasma (CTX image, see Fig. 4 for
location). On (A)-(D), white dots indicate elevations derived from MOLA PEDR single tracks at selected representative locations.
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Fig. 9. Examples of glacial landforms on Valles Marineris valley fills. (A),(B) Circular hollows and rectilinear fractures on platy terrain in central Candor Chasma (CTX image, location on
Fig. 4). White arrows denote increasing coalescence of circular hollows to form linear fractures. (C) Closed depressions and mounds in hummocky terrain in central Candor Chasma (CTX
image, location on Fig. 4). (D) Progressive transition (underlined by white dashed arrows) from platy terrain to hummocky terrain in central Candor Chasma (CTX image, location on
Fig. 4). (E) Transition between hummocky terrain and smooth pitted terrain in central Candor Chasma (CTX image, location on Fig. 4). White dots indicate elevations derived from
MOLA PEDR single tracks at selected representative locations. The basal escarpment is exposed in the valley downstream section filled by hummocky terrains, whereas it is masked by
smooth pitted terrains in the valley upstream section. (F) Circular platter and rimless pits on smooth pitted terrain in central Candor Chasma (CTX image, location on Fig. 4). (G) Dark
sinuous ridges on smooth pitted terrain in central Candor Chasma (CTX image, location on Fig. 4). (H) Map view (upper panel) and interpretative cross section (lower panel) of lateral
banks (LB) in central Candor Chasma (CTX image, location on Fig. 4). Elevation contours (white dashed lines) derived from MOLA gridded elevation data at 128 pixels/degree. White
ticks indicate location of lateral bank margins. White broken line indicates location of cross section shown in lower panel. White dots indicate elevations derived from MOLA PEDR single
tracks at selected representative locations. Zoom (right panel): ridge with circular to elongate hollows on flat-topped lateral bank. (I) Circular platters on lateral bank in Capri Chasma (CTX
image, location on Fig. 6). (J) Polygonal pattern on lateral bank in Capri Chasma (CTX image, location on Fig. 6). (K),(L) Layered benches surrounding basement massifs in Coprates and
Capri Chasmata, respectively (CTX images, location on Fig. 6). (M) Flat-topped layered benches in Coprates Chasma (CTX images, location on Fig. 6). (N) Map view (upper panel) and
interpretative cross section (lower panel) of the draping mantle on an ILD mound in central Candor Chasma (CTX image, location on Fig. 4). White line in upper panel indicates location
of cross section shown in lower panel.

Please cite this article as: Gourronc, M., et al., One million cubic kilometers of fossil ice in Valles Marineris: Relicts of a 3.5 Gy old glacial landsystem
along the Martian equator, Geomorphology (2013), http://dx.doi.org/10.1016/j.geomorph.2013.08.009



http://dx.doi.org/10.1016/j.geomorph.2013.08.009

12 M. Gourronc et al. / Geomorphology xxx (2013) Xxx-XXX

North
Spur-and-gully

lus Chasma

Elevation (m)

10000
Distance (m)|

15000

South

Lateral bench

Trimline /
l -1884 m
—

[ Lateral moraine or kame
Ablation till

[ Relictice

Debris apron

20000 25000

- — - Trimline

Hummocky < T Border of lateral bench

terrain

Fig. 10. Map view (CTX image, location on Fig. 2) and interpretative cross section of a lateral bench at the junction between valley wall and valley floor in northern Ius Chasma. White line in
central panel indicates location of cross section shown in upper panel. Cross section based on elevation profile derived from MOLA PEDR single track.

4.4. Lateral banks

At several places in Valles Marineris, chasma walls are flanked by
flat-topped lateral banks. In central Candor Chasma, for instance, valley
#5 is flanked on its western and eastern sides by lateral banks (Figs. 4, 5,
and 9H). These banks respectively extend over 17 and 3 km along
the valley, for a width of 10 and 1 km. They are bounded by steep,
400-m-high cliffs, and their flat surface lies at the same elevation as
the trimline (—4000 m). Similar observations are made along the
northwestern wall of Capri Chasma (Figs. 6 and 7). Above that lateral
bank, the basement wallrock displays a spur-and-gully morphology
and the smooth basal escarpment is not exposed. This configuration is
consistent with the interpretation that the lateral bank is an erosional
relict of an ancient sedimentary fill that covered the whole region up
to the trimline and still masks the smooth basal escarpment in the
places where it has been preserved (Fig. 9H).

These lateral banks were previously interpreted as sedimentary
layers or erosional terraces of lacustrine origin (Harrison and Chapman,
2008). Here we suggest a glacial interpretation, based on the fact that
they stand at the same elevation as the trimline. This interpretation is
supported by their surface morphology. The surface of the lateral banks
is smooth and is partially covered by a layer of dark sediment. In valley
#5 (central Candor Chasma), this surface is dotted with circular to
elongate hollows with a diameter ranging from a few hundred meters
to 2 km (Figs. 4, 5, and 9H). Some of these hollows have coalesced and
are organized in rows parallel to the general direction of the valley.
Similarly to hollows on platy terrains (Section 4.1) and on hummocky
terrains (Section 4.2), hollows on lateral banks may be interpreted as
ice disintegration landforms. Their alignment parallel to valley walls is
consistent with their forming preferentially along preexisting englacial

structures such as longitudinal shear zones, crevasses, or englacial
morainic septa.

In Capri Chasma, the surface of the lateral bank is dotted with impact
craters with erased or degraded rims and with filled central depressions
(Fig. 91). These are similar in morphology to platters formed by degrada-
tion of impact craters at the surface of the North Polar Cap (Banks et al.,
2010). The lateral bank surface also displays polygon networks, several
meters in diameter (Fig. 9]). Polygonal terrains have been found on
Mars at all latitudes (Mangold, 2005; Levy et al, 2009), including
regions close to the equator (Page, 2007; Balme and Gallagher, 2009).
Many processes can lead to the development of polygonal terrains,
with the main processes on Mars being thought to be thermal contrac-
tion and sublimation of ice-rich terrains (Head et al., 2003; Mangold,
2005; Marchant and Head, 2007; Lefort et al., 2009; Mangold, 20113,
b; Séjourné et al., 2011). Thus the presence of coalescent circular
hollows organized in rows, of platters resembling degraded impact
craters in icy materials, and of polygonal terrains at the surface of lateral
banks is consistent with the interpretation that they are debris-covered
erosional relicts of a glacial body that once filled central Candor Chasma,
eastern Coprates Chasma, and western Capri Chasma up to the trimline.

4.5. Layered benches

Smooth layered benches, partly covered by darker sediments, are
exposed on the floors and along the flanks of some Valles Marineris
valleys (Harrison and Chapman, 2008). At the junction between
Coprates Chasma and Capri Chasma for instance, some of these layered
benches flank isolated basement massifs that project above chasma
floors (Fig. 9KL); their elevation is equal to that of the trimline
(Figs. 6, 7, and 12). Other benches are smooth and flat-topped mounds
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scattered on chasma floors (Fig. 9M); these never exceed the trimline in
elevation (Figs. 6, 7, and 12). The layering of these benches and their
altimetric relationship with the trimline suggest that they are erosional
relicts of an ancient sedimentary fill (Figs. 7D and 12).

These benches have been interpreted as relicts of lacustrine sedi-
mentary accumulations (Harrison and Chapman, 2008). However,
on the basis of their altitudinal relationship with the trimline and by
analogy with lateral banks described in Section 4.4, we rather interpret
these layered benches as debris-covered relict patches of an ancient
glacier that once covered chasma floors up to the trimline. Moreover,
these layered benches have a stair-step morphology on their flanks

(Fig. 9L), which is consistent with the stair-step morphology of mixed
ice and dust layers as observed on the present-day Martian polar caps
(Howard et al., 1982; Milkovich and Head, 2005; Banks et al., 2010). If
this interpretation is correct, basement massifs that project above
chasma floors stood as nunataks above the ice surface because they
have higher elevations than the interpreted trimline (Fig. 12).

4.6. Draping mantle

Tops and flanks of some ILD mounds in Valles Marineris are covered
by a smooth draping mantle about 100 m thick, partly degraded, and
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locally overlain by a thin cover of dark aeolian deposits (Fig. 9N). This
mantle has been particularly well preserved on ILD mounds in central
Candor Chasma (Candor Mensa, Baetis Mensa, ILD1, and ILD2; Fig. 5).
North of the central depression, it drapes the topographic surface from
the top of Candor Mensa, down its eastern flank, across valley #4, and
up to the top of Baetis Mensa. Materials composing the bulk of ILD
mounds are exposed only in windows opened by erosion through this
draping mantle (Fig. 9N). Down the flanks of ILD mounds, the draping
mantle merges progressively with the smooth pitted terrain that fills
the upstream sections of valleys #4, 5, and 6 (Fig. 5).

As already noticed by Le Deit et al. (2008) in eastern Candor Chasma,
the draping nature of this mantle and its regional continuity across ILD
mounds and intervening valleys suggest that it was formed by atmo-
spheric deposition on the topographic surface. It is dotted with disinte-
gration pits similar to those described on the smooth pitted terrains
(Section 4.3); its overall surface morphology resembles that of the
latitude-dependent-mantle interpreted in other regions of Mars as a
superficial layer of ice mixed with dust (Kreslavsky and Head, 2002;
Head et al., 2003). Therefore, we interpret this draping mantle as a relict
of a mixture of ice and dust that accumulated on the topographic surface
from the atmosphere. Consistent with this interpretation is the fact that
the draping mantle merges progressively with the smooth pitted terrain
that cover valley floors, just as snow mantle draping mountain flanks
gradually merge with valley glaciers on Earth.

5. Spatial synthesis

In central Candor Chasma, the four types of terrains covering valley
floors are interpreted as relicts of a regional glacier system. Their carto-
graphic and altitudinal relationships with one another and with the
trimline are consistent with the interpretation that an ancient ice fill
once covered all the central depression and its tributary valleys up to
the trimline (Figs. 5 and 11). Advanced disintegration of this ice fill
has exposed the glacially trimmed basal escarpment along some sec-
tions of valley walls, whereas relict debris-covered ice bodies have
been preserved in other places. Different disintegration stages can be
recognized in these terrains. Smooth pitted terrains represent the least

advanced stage and are Martian equivalents of terrestrial glaciers cov-
ered by ablation tills (Section 4.3). Platy terrain corresponds to an inter-
mediate stage characterized by the development of surface ablation
hollows and by the fragmentation of the initial glacier into disconnected
relict ice bodies (Section 4.1). Hummocky terrains correspond to the
most advanced stage and are analogs of terrestrial ablation moraines
(Section 4.2). Lateral banks are interpreted as debris-covered relicts of
these ancient valley glaciers, preferentially preserved along valley
walls because of enhanced supply of slope debris. Spatial and morpho-
logical relationships between valley floor terrains and the draping man-
tle on valley walls suggest that these ancient glaciers were fed, at least
partially, by accumulation from the atmosphere of ice probably mixed
with dust on top and on flanks of the neighboring topographic ridges.

In eastern Coprates Chasma and in Ius Chasma, lateral banks, layered
benches, and hummocky terrains on valley floors are also interpreted as
erosional relicts of regionally extensive valley glaciers (Figs. 10 and 12).
Spatial and altitudinal relationships between these landforms, lateral
benches, and the trimline are consistent with the interpretation that
an extensive glacier system once covered the floor of eastern Coprates
Chasma and Ius Chasma up to the trimline. Hanging valleys and truncated
spurs suggest that this major glacial fill was partly fed by minor glaciers
flowing down tributary valleys along chasma walls.

Alternative nonglacial interpretations may be tentatively pro-
posed for the individual significance of each landform described
here (e.g., Lucchitta, 1999; Harrison and Chapman, 2008). However,
a glacial interpretation is supported by the fact that these individual
landforms collectively compose a self-consistent assemblage, simi-
lar in many respects to terrestrial glaciated valley landsystems
(Benn and Evans, 1998; Evans, 2005). The trimline is currently not
continuously visible along Valles Marineris wallslopes however
(Fig. 13). This discontinuity may be due to spatial differences
in the effectiveness of glacial erosion during the glaciation
(Ballantyne and Harris, 1994), but it is most readily attributable to
local degradation or covering by erosion, downslope postglacial
mass movements, and sedimentation (Mége and Bourgeois, 2011).

The trimline decreases in elevation from ~— 1900 m in [us Chasma
to ~—4000 m at the junction of Coprates Chasma with Capri Chasma.
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Fig. 13. Proposed extent of glaciation and location of supraglacial landslides in Valles Marineris.

The elevation of the Valles Marineris chasma floors is systematically
lower than these values, except for landslide aprons and basement
ridges that stand above valley floors. Therefore, the relict glacial features
described here are merely parts of a much more extensive glacial
landsystem that covered a major fraction of Valles Marineris in the
past (Fig. 13). The VF that cover most chasma floors between basement
massifs and ILD mounds are debris-covered ice relicts inherited from
this ancient glaciation.

6. Discussion
6.1. Thickness and volume of initial and relict ice fill

The minimal thickness of the initial ice fill can be computed by
subtracting the current elevation of valley floors from the elevation
of the trimline: it is about 2000 m in Ius Chasma, 700 m in central
Candor Chasma, and 1000 m in eastern Coprates Chasma (Fig. 13).
Assuming that all Valles Marineris chasmata were once glaciated, the
total initial ice volume estimated from these thicknesses is more than
0.3 - 10° km’.

These are minimal thicknesses and volumes, however, because relict
debris-covered glacial bodies (smooth pitted terrain, platy terrain,
hummocky terrain, lateral banks, and layered benches) and postglacial
deposits (landslide aprons) still mask actual chasma floors in many
parts of Valles Marineris. If we assume that all Valles Marineris chasmata
have a typical U-shaped glacial cross-sectional profile and that their
actual floors are currently masked by glacial and postglacial deposits
(Figs. 10, 11, and 12), the glaciers might have been initially thicker
than 3000 m in Ius Chasma, 1000 m in central Candor Chasma, and
2000 m in Coprates Chasma. The corresponding initial ice volume for
all Valles Marineris would have been more than 10° km?, the major
part of which still remains currently in the form of debris-covered glacial
relicts on chasma floors.

For comparison, the Antarctic and Greenland ice sheets on Earth have
volumes of 25.7 - 10° and 2.85 - 10° km?, respectively (Marshall,
2005). The present-day Martian North and South Polar Caps have
volumes of 1.2 - 10°-1.7 - 10° km> and 2 - 10°-3 - 10° km?, respec-
tively (Smith et al., 1999), i.e., on the same order of magnitude as the
initial ice volume inferred for the whole Valles Marineris glaciation.
The glaciation envisioned here is thus not unrealistic with respect to the
present-day amount of ice potentially available at the surface of Mars.

6.2. Ice preservation

Surface ice is currently not stable at the Martian equator (Fanale
et al,, 1986; Baker, 2001). However, field observations in ice disintegra-
tion landscapes on Earth and theoretical calculations demonstrate that
mantling of relict ice bodies by debris layers as thin as a few decimeters
is enough to significantly inhibit rates of ice disintegration by melting
(Ostrem, 1959; Mattson et al., 1993) or by sublimation (Marchant
et al, 2002; Kowalewski et al., 2006, 2011). The development of
protecting ablation tills during the first stages of glacial disintegration
can thus explain the preservation until the present day of huge volumes
of ancient ice on Valles Marineris chasma floors, as it does at higher
latitudes on Mars (Squyres, 1978, 1979; Shean et al., 2005; Milkovich
et al, 2006; Holt et al., 2008). In addition, rock debris produced by
periglacial weathering at high elevations along valley walls and around
basement massifs can have accumulated on the ice surface during
the glaciation and favored later preservation of stratified benches and
lateral banks. Paraglacial mass movements also are able to provide a
large amount of debris during deglaciation and thus contribute to ice
preservation.

6.3. Comparison with climate models

The present-day climatic conditions do not allow significant accu-
mulations of surface ice at low latitudes on Mars (Fanale et al., 1986;
Baker, 2001). Theoretical computations on the stability of ice during
past periods of higher obliquity however predict that surface ice accu-
mulation areas may have shifted between high-, mid-, and low-
latitudes repeatedly during the Martian history (Jakosky and Carr,
1985). These predictions have been confirmed recently by a number
of climate numerical simulations (Mischna et al, 2003; Forget et al,
2006; Madeleine et al., 2009; Wordsworth et al., 2013). Some of these
simulations predict that net ice accumulation rates might have been
higher than 20 mmy/y at places along the Martian equator, for Amazo-
nian physical conditions based on the present-day composition of the
atmosphere (Madeleine et al., 2009) and for other physical conditions
that might have prevailed earlier (fainter young sun, denser CO?
atmosphere) (Wordsworth et al., 2013). These rates could lead to the
formation of a regional glacial fill thicker than 1000 m in Valles
Marineris, over a period corresponding to the present-day obliquity
cycle (~50,000 Martian years). It is therefore not unreasonable to
hypothesize that the full glacial thickness envisaged here in Valles
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Marineris (1000 to 3000 m) may possibly have accumulated over one over numerous climatic cycles; this scenario implies that ice would
obliquity cycle only. An alternative is that this huge ice thickness has have accumulated during favorable times and would have been
resulted from successive accumulation episodes, smaller but repeated protected from disintegration by superficial ablation tills or other
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kinds of sediments during unfavorable times (Ostrem, 1959; Mattson
et al., 1993; Kowalewski et al., 2006, 2011).

6.4. Glacial disintegration: melting or sublimation?

If the landforms described here indeed are degraded relicts of
a much more extensive glacial system, then a fraction of the ice that
initially covered the Valles Marineris chasma floors has vanished by
now. On Earth, glacier disintegration generally occurs by melting
(Evans, 2005). But, under specific climatic conditions such as those of
the Dry Valleys (Antarctica), the Kilimanjaro (equatorial Africa), or the
Gurla Mandhata (Tibet), sublimation is the dominant glacial ablation
process (Kuhle, 1999; Molg et al., 2003; Molg and Hardy, 2004; Molg
et al,, 2005; Cullen et al., 2006; Fountain et al., 2006; Cawkwell, 2007;
Cullen et al., 2007; Hoffman et al., 2008; Molg et al., 2008).

Analyzing ice disintegration landforms can help assess whether
Valles Marineris glaciers vanished mostly by melting or by sublimation.
Terrestrial ablation moraines generally comprise hummocky terrains
with mounds, doughnut-shaped features, kettle holes, and closed
depressions, which are classically attributed to glacial disintegration
by melting (Hambrey et al., 1997; Mollard, 2000; Boone and Eyles,
2001; Schomacker, 2008). Proglacial meltwater drainage channels
are generally associated with these ablation moraines.

To our knowledge, there is so far no published description of kettle
holes, doughnut-shaped features, or closed depressions on ablation
moraines produced by sublimation on Earth. This does not preclude
the production of similar landforms by sublimation on Mars, as is
exemplified by a wide range of closed scalloped or lobate depressions
that have been attributed to ice sublimation in other regions of Mars
and on other planetary bodies (Costard and Kargel, 1995; Thomas
et al,, 2000; Kreslavsky and Head, 2002; Head et al., 2003; Morgenstern
et al,, 2007; Kadish et al.,, 2008; Lefort et al., 2009; Le Deit et al., 2010;
Mangold, 2011a,b; Séjourné et al., 2011; Soare et al., 2012). Terrestrial
examples of sublimation landforms comprising closed depressions and
mounds can be found at the surface of glaciers that currently disintegrate
dominantly by sublimation on top of Kilimanjaro, in the Dry Valleys, and
on the flanks of the Gurla Mandhata. These glacial disintegration land-
forms are not associated with proglacial meltwater drainage channels.
Because no meltwater drainage channel is associated with the various
terrains interpreted here as having formed by glacial disintegration in
Valles Marineris, we infer that the Valles Marineris glacial system most
likely disintegrated by sublimation.

This inference is supported by the fact that most terrains interpreted
here as debris-covered relict ice bodies (smooth pitted terrains, platy
terrains, lateral banks, layered benches) have flat tops but steep walls.
On Earth, steep ice walls are diagnostic features of glaciers where abla-
tion occurs dominantly by sublimation (Kuhle, 1999; Molg et al., 2003;
Molg and Hardy, 2004; Molg et al., 2005; Cullen et al., 2006; Fountain
et al., 2006; Cawkwell, 2007; Cullen et al., 2007; Hoffman et al., 2008;
Molg et al., 2008). To our knowledge, there is no terrestrial example of
glacial disintegration landforms resembling the platy terrain of Valles
Marineris, i.e., platy relict ice bodies separated from each other by
networks of interconnected rectilinear fractures with steep-sided
walls. This difference also supports the idea that glacial disintegration
in Valles Marineris mostly occurred by sublimation, whereas it generally
results from melting on Earth.

6.5. Bottom-to-top glacial development scheme

When compared to terrestrial valley glaciers, the Valles Marineris
glacial landsystem displays two striking specificities at least. First,
on Earth, extensional strain between the moving glacier ice and the
relatively immobile ice adhering to valley walls generate a specific
kind of crevasse, known as rimayes (or bergschrunds) at heads and
along flanks of most valley glaciers (Benn and Evans, 1998). In Valles
Marineris, we could find no clear evidence of such crevasses at the

contact between relict glacial fills and valley walls. This apparent lack
of rimayes may be attributed to late mechanical closing or late sedimen-
tary filling. Alternatively, glaciers in Valles Marineris might have lacked
rimayes originally because there was no extensional strain between
chasma glacial fills and their walls.

The later interpretation requires that glacial flow dynamics in Valles
Marineris differed in some way from those of terrestrial glaciers. This
idea is supported by the second specificity of the Valles Marineris glacial
landsystem. In most terrestrial glaciated valley landsystems, ice forms
in response to net annual snow accumulation in upstream catchment
basins comprising elevated plateaus, mountain flanks, and high eleva-
tion interconnected networks of tributary valleys and cirques. The ice
flows downstream along these networks, feeds larger outlet glaciers
and eventually melts when it reaches areas dominated by net annual
ablation at lower elevations (Benn and Evans, 1998). This can be sum-
marized as a top-to-bottom glacial development scheme.

At odds with this classical scheme, there is no clear evidence for the
former existence of well-developed upstream glacial catchment basins
in Valles Marineris. Hanging valleys along chasma walls seldom define
interconnected networks and, when compared to terrestrial glacial
catchment basins, their volume is apparently too small to feed glacial
deposits as thick as several hundred meters on chasma floors. We
could find clear morphological evidence neither of a possible glacial
connection between the chasma floors and the surrounding plateaus
nor of massive glaciations on these plateaus. Mineralogical interpreta-
tions of spectroscopic data suggest that the plateaus remained exposed
to subaerial pedogenic weathering through the major part of their
history, except perhaps for a thin and widespread mantle of layered
deposits interpreted as a former mixture of ice and silicate particles
accumulated from the atmosphere (Le Deit et al., 2010, 2012).

Under these conditions, it is difficult to assume that the Valles
Marineris glaciated valley landsystem developed according to the classi-
cal top-to-bottom scheme. A reasonable and attractive hypothesis is that
it was rather controlled by a bottom-to-top scheme, with net annual
accumulation occurring mostly at lower elevations (chasma floors)
and net annual ablation occurring mostly at higher elevations (top of
chasma walls). Ice thus would have accumulated directly from the
atmosphere onto chasma floors, with minor contributions from tribu-
tary glaciers flowing down hanging valleys.

A bottom-to-top development scheme for the Valles Marineris glacial
landsystem is consistent with the expectation that net annual accumu-
lation rates generally decrease with elevation on Mars, whereas they
generally increase with elevation on Earth (Fastook et al., 2008). It is con-
sistent also with the fact that, except for the two polar caps, present-day
glaciers on Mars have been observed on crater floors only (Conway et al.,
2012) and that evidence for ancient glaciations has been found in Mars's
two deepest impact basins, Argyre and Hellas (Kargel and Strom, 1992).

6.6. Flow pattern

The presence of a glacially trimmed surface at the base of valley
walls, of viscously deformed ridges on valley floors, and of fracture
patterns similar to crevasse networks of terrestrial outlet glaciers in
the Candor Chasma central depression, suggests that the glaciers in
Valles Marineris were able to flow at some time of their history. The
flow of glaciers is controlled by their surface slope gradient (Benn and
Evans, 1998). On this basis, long-wavelength differences in elevation of
the interpreted trimline (—1900 to —2000 m in Ius Chasma, — 3600
to —4000 m in Coprates Chasma; Fig. 13) indicate that glacial flow
was generally from the western to the eastern part of the Ius Chasma-
Melas Chasma-Coprates Chasma system.

In central Candor Chasma, variations in elevation of the trimline sug-
gest that glaciers flowed toward the Candor Chasma central depression,
down valleys #2 and #3 from the west (west Candor Chasma), down
valleys #4 and #5 from the north (Ophir Chasma), and down valleys
#6 and #7 from the east (east Candor Chasma) (Figs. 4, 5, and 13). At
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the present-day, the floor of valley #1 (Melas Labes) forms a topograph-
ic saddle between the Candor Chasma central depression and
Melas Chasma (Fig. 1). The saddle is higher in elevation (—2500 m)
than the trimline observed in the Candor Chasma central depression
(—4500 m). It is basically a pile of stacked landslide aprons from sur-
rounding chasma walls (Quantin et al., 2004a, 2004b). These landslide
aprons have unexpectedly long runout distances and cover unexpected-
ly large surfaces (Quantin et al., 2004a, 2004b; Lucas and Mangeney,
2007). They also display longitudinal ridges and furrows, which is a
classical morphological signature of landslide emplacement on glaciers
(Lucchitta, 1978; Shaller and Komatsu, 1994; De Blasio, 2011). These
characteristics are consistent with the assumption that a relict glacial
fill is currently buried below the stack of landslide aprons. Hence the
northern (Candor Chasma-Ophir Chasma) and southern (Ius Chasma-
Melas Chasma-Coprates Chasma) glacial systems were most probably
connected across Melas Labes valley.

6.7. Basal thermal regime

All past glacial landsystems that have been recognized so far at
Martian low latitudes have been interpreted as cold-based (Head and
Marchant, 2003; Head et al, 2005; Head and Marchant, 2006; Head
et al, 2006a,b; Dickson et al., 2008; Holt et al, 2008; Head et al.,
2010). Because they are unable to slide over their beds, cold-based
glaciers are inefficient in eroding their basements; thus they generally
have a protective role and preserve pre-glacial landscapes (Sugden
et al,, 1995; Benn and Evans, 1998; Cuffey et al., 2000; Sugden et al.,
2005). On the other hand, the development of glacially trimmed escarp-
ments, as spectacular as those visible at the base of Valles Marineris
chasma walls, requires vigorous basal sliding; hence the existence of
significant amounts of liquid water on the glacial bed. This evidence
alone is sufficient to infer that the Valles Marineris glacial system was
warm-based, at some time of its history and in some places at least.
This is consistent with theoretical estimations and numerical simulations
based on reasonable values for surface temperatures (210-230 K) and
geothermal heat fluxes (0.05 to 0.15 W/m?), which indicate that the
pressure melting point could be reached in the past on Mars at ice depths
of a few hundred meters (Carr and Head, 2003; Fastook et al., 2012). It is
also consistent with the existence of landforms interpreted as eskers and
attributed to ancient wet-based glaciations at higher latitudes (Kargel
and Strom, 1992).

6.8. Possible link with outflow channels

A number of outflow channels (Simud, Tiu) are connected to the
eastern tip of Valles Marineris. These outflow channels are believed to
have been carved by catastrophic water floods. The origin of water for
these floods is still debated (e.g., Baker, 2001). It has been suggested
that spillover of a lake system in eastern Valles Marineris could have
provided water necessary for these floods (Warner et al., 2013). Alterna-
tively, this water could have been provided by basal melting associated
with the wet-based glacial landsystem described here. On the basis of
geomorphological features observed within these outflow channels,
Lucchitta (1982) suggested that ice may have occupied some outflow
channels at some time. This might have happened during a major
readvance of glaciers extending from Valles Marineris.

6.9. Paraglacial and supraglacial collapse of valley walls

Many volcanic basement ridges that separate Valles Marineris valleys
from one another display crestal grabens at their tops, uphill-facing
normal fault scarps along their flanks, and folded strata at their base.
By analogy with terrestrial deep-seated gravitational ridge spreading
analogues, this remarkable tectonic assemblage has been attributed to
gravitational readjustment of basement ridges after deglaciation of
the intervening valleys (Mége and Bourgeois, 2011). The ubiquitous

distribution of these paraglacial gravitational features is consistent with
the existence of an extensive valley glacier system in Valles Marineris.

Many parts of Valles Marineris chasma floors are covered by land-
slide deposits. The dynamics of these landslides remain controversial,
mostly because their debris aprons have singular morphologies, unex-
pectedly long runout distances, and cover unexpectedly wide areas,
comprised in the range between those of dry subaerial landslides
and those of wet submarine landslides (Lucchitta, 1979; Quantin
et al., 2004a, 2004b; Lucas and Mangeney, 2007). Interestingly,
some studies noted the morphological similarities of Martian land-
slides and landslides occurring on terrestrial glaciers (Lucchitta,
1978, 1979; Shaller and Komatsu, 1994; De Blasio, 2011). In partic-
ular, they had pointed out that landslide aprons in Valles Marineris
have striking morphological similarities with landslide aprons on
terrestrial glaciers such as the Sherman and Black Rapids glaciers
in Alaska (Shugar and Clague, 2011). These morphological similari-
ties include uncommonly long runout distances, tongue-like shapes,
tendency to spread over vast areas, and the presence of longitudinal
ridges and furrows. Extensive glaciation thus provides an attractive
explanation for the existence of landslide aprons displaying these
morphological characteristics in Valles Marineris. Following our
interpretations, they have been emplaced supraglacially, either
on actively flowing glaciers when Valles Marineris was entirely
glaciated, or at the surface of debris-covered relict ice bodies later.
If they had been emplaced over actively flowing glaciers, they
would have been displaced and deformed by ice flow. Instead,
considering their morphology, particularly in regard with their
intact longitudinal ridges, furrows, and overlapping relationships,
landslides do not appear to be subjected to post-formation modifications.
Therefore the currently visible landslide aprons were emplaced once gla-
cial flow had come to an end. There is no observational evidence of signif-
icant horizontal debris apron displacement that could be attributed to
underlying actively flowing glaciers. Debris motion over glaciers could
be one of the factors that explain the very low friction angle calculated
by Lucas et al. (2011) for the Valles Marineris landslides. This supports
the interpretation that some of the biggest landslides in Valles Marineris
derive from an advanced stage of paraglacial, deep-seated gravitational
ridge spreading (Mége and Bourgeois, 2011).

6.10. Age of glaciation and corresponding climate

The development of the Valles Marineris glacial system is younger
than the formation of the chasma network, which has been attributed
to a combination of extension and collapse during the late Noachian to
early Hesperian (Andrews-Hanna, 2011a,b,c). However, it is older
than landslide aprons emplaced on the smooth basal escarpment
along chasma walls and on relict ice bodies inherited from the glaciation
on the chasma floors. It is also older than landslide scars that cut across
spurs and gullies in the upper part of valley walls (Lucchitta, 1979). Cra-
ter counts and morphological analyses on landslide aprons demonstrate
that these landslides occurred continuously from the Noachian-
Hesperian boundary (3.5 Gy) to the present-day and had the same
dynamics throughout this time interval (Quantin et al., 2004a,
2004b). Therefore, the glaciation of Valles Marineris dates back
from times as old as the late Noachian to early Hesperian.

Numerical climate simulations based on current atmospheric charac-
teristics predict massive accumulations of ice at the Martian equator in
response to orbital changes (Madeleine et al., 2009). Therefore, extensive
glaciation in Valles Marineris during the late Noachian to early Hesperian
apparently does not require that the atmosphere at that time was signif-
icantly different from the current one. Orbital changes in the ancient
history of Mars (Laskar et al., 2004) might have provided the necessary
climatic conditions to allow equatorial glaciations with current-like
atmospheric characteristics. However, if Martian orbital cycles on their
own are enough to explain glaciations within Valles Marineris, then gla-
ciations should have occurred repeatedly since the Noachian-Hesperian
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period. In that case, the relatively pristine appearance of landslides in
Valles Marineris indicates that post-landslide glaciers were cold-based.
Alternatively, the development of the pre-landslide, wet-based Valles
Marineris glacial system has perhaps required not only the obliquity
cycle, but also some additional factors (fainter younger sun, denser CO?
atmosphere) (Wordsworth et al,, 2013).

7. Conclusion

Self-consistent landform assemblages indicate that Valles Marineris,
the giant valley system that stretches along the Martian equator, was
entirely glaciated during late Noachian to early Hesperian times and
still contains huge volumes of fossil ice inherited from this ancient
glaciation. Alternative nonglacial interpretations may be tentatively
proposed for the individual significance of each landform described
here. However, a glacial interpretation is supported by the fact that
these individual landforms collectively compose an elegant and self-
consistent assemblage typical of a relict glaciated valley landsystem.
Fig. 13 shows our favored scenario for the history of this glacial fill.

The Valles Marineris glacial system comprised wet-based glaciers
that were able to flow and slide over their beds at some time of their
history at least. It was most probably fed by ice accumulating at low
elevations directly from the atmosphere onto chasma floors and valley
walls, with only minor contributions from tributary glaciers flowing
down from higher elevations. Similar fossil glacial landsystems dating
back from the early Martian history are to be expected in many other
low-latitude troughs such as chasmata, chaos, valleys, impact craters,
and other basins.
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