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    Introduction:  New evidence from the recent Mars mis-
sions makes it increasingly likely that the interior layered 
deposits (ILD) within Valles Marineris were deposited in 
lakes[1]. Here the provenance of the water and the character-
istics as well as age of the purported lakes will be examined.   
    Water from valleys:  It has become well established that 
small dendritic valley networks existed on the plateaus adja-
cent to the Valles Marineris.  They have been identified near 
Echus Chasma [2], Juventae Chasma [3,4,5,6], Ganges 
Chasma, and elsewhere [7]. Those near Echus Chasma are 
Late Hesperian in age and thought to be contemporaneous 
with trough tributary canyons because they flow into them 
(Mangold et al. [2].  As the tributary canyons are graded 
toward the troughs and therefore post-date their opening, 
these valleys would be contemporaneous with the troughs or 
younger.  Weitz et al. [7], on the other hand, found evidence 
near Juventae that the inverted valleys in that area pre-dated 
the opening of the troughs, because they lie underneath an 
ejecta blanket of a crater that is cut by trough walls.  Man-
gold et al. [8] thought that these valleys date from a time 
when precipitation was possible, either from an earlier wet 
and warm climate or from periodic increase in atmospheric 
vapor pressure from impact processes, obliquity variations, 
degassing from volcanism, or outflow channel eruptions.  
Mangold et al. [8] also conjectured that perhaps the Noa-
chian warm and wet climate extended into the Hesperian, but 
that valley networks are not as readily recognized during that 
time because of the hard basaltic substrate that was more 
prevalent during the Hesperian Period.  Overall, it is appar-
ent that water flowed on the surface in the vicinity of the 
troughs during their formation, and that run-off may have 
contributed to lakes and lake beds in the Valles Marineris.   
    Channels and lakes: Other evidence for water in the vi-
cinity of the troughs comes from the peripheral troughs and 
the outflow channels. Coleman et al. [9,10] found ample 
evidence for overflow channels on the plateaus at the eastern 
end of Candor and Coprates Chasmata. These channels 
flowed over the high plateaus and were erupted from pits and 
pit chains, or they came from a supposedly dammed 
Coprates Chasma; some flowed into an ancestral Ganges 
Chasma.  Only water erupting with large volumes and con-
siderable force could have formed these pits and channels.  A 
similar overflow situation is present in Juventae Chasma 
[11,12,13], where a lake 500 m deep must have existed in 
order to spill over the outlet barrier. Coleman et al. [9] 
thought that the water for the peripheral eruptions was re-
charged from Tharsis and flowed within fractures through 
the Valles Marineris area. Coleman et al. [9] further reasoned 
that a potentiometric surface above an absolute elevation of 
2500 m was required to cause the water eruptions near the 
eastern end of the troughs. The water within Candor Chasma 
could indeed have stood at this elevation; Mangold et al. [8] 
found that this elevation was the level of the uppermost hy-
drated sulfates in Candor Mensa. The above considerations 
require that the central and peripheral troughs contained 
relatively deep lakes that permitted through-flowing drainage 
during outflow channel time.  Some of the peripheral chaos 

are later than the initial outflow channels; apparently they 
formed from later, subsidiary outbursts of water [9,19]. The 
emplacement of the ILD is even later, because they generally 
overlie chaos hills [14]. However there are a few exceptions 
in Juventae Chasma [12,13] and Aureum Chaos [15], where 
ILD locally appear within chaos hills.  
    Ancestral basins: Some evidence, however, argues 
against the existence of deep-water lakes within the Valles 
Marineris.  No major channels are seen to flow into the cen-
tral Valles Marineris, which could have brought in the mas-
sive sediments required to form the ILD. There are few del-
tas [16], even though deltas are common elsewhere on Mars 
where channels emptied into crater lakes [17,18], and the 
ILD are not as flat-lying and evenly bedded as those appar-
ently deposited in lakes such as Holden and Eberswalde 
craters [18,19].  However, one fan deposit in a minor trough 
parallel to Coprates Chasma has been reported [20], as has a 
possible fan deposit in Melas Chasma [21].  Under current 
climatic conditions, lakes would have frozen eventually, 
making sedimentary processes more difficult [22].  Also, 
deep lakes could not have existed in the central troughs if 
these had their present configuration; the water would have 
spilled out through Coprates Chasma, unless temporary ice 
and debris dams were in place [10,23]. For this reason, Luc-
chitta et al. [24] and Schultz [25] argued for a two stage de-
velopment of the troughs:  first formed were ancestral, struc-
turally controlled, enclosed collapse basins similar to Hebes 
Chasma [26]. These would have been ancestral Ophir, Can-
dor, and parts of Melas Chasmata. These ancient basins 
probably harbored lakes and were eventually filled with ILD. 
The basins were later cut by the major through-going gra-
bens of Ius and Coprates Chasmata, which contain only mi-
nor amounts of sediments. If floods ensued after the breach, 
they would have been small, because the central troughs 
were mostly filled with sediments at that time.   
    Shallow lakes:  The initial collapse of the central troughs 
could have been precipitous, releasing massive amounts of 
water, possibly from ground ice, into ancestral enclosed 
basins [27].  However, in analogy with processes operating 
on earth, it is more likely that these major structures subsided 
or collapsed slowly and that sedimentary influx kept pace 
with the sinking of the trough floors throughout a consider-
able amount of time [8,28]. The lakes may have been playas 
[29].  Thus, evaporates within the ILD could have come from 
direct precipitation in brines [30] that were perhaps inter-
layered or mixed with sand and dust [4]. CRISM data point 
toward great variety in the type and amount of hydrated sul-
fates within individual beds of the ILD [31]. Possible clastic 
fractions within the layered sediments may have come from 
fluvial influx but also from reworked volcanic or from eolian 
materials trapped in shallow or temporary lakes. Some of the 
clastic material was probably diagenetically altered to hy-
drated sulfates and iron oxides by varying water tables, simi-
lar to the processes at the MER Opportunity landing site.   
    A question is:  why are the ILD within the Valles Marin-
eris so similar in composition to the hydrated sulfate and 
ferric oxides within the chaos basins and Meridiani Planum, 
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yet have very different morphologic characteristics: they 
occur in isolated mounds and have sloping layers on their 
sides?  One possible explanation may relate to the different 
setting during the emplacement of the ILD.  The deposits 
within crater lakes, the chaos, and Meridiani Planum were 
emplaced in relatively shallow depressions, resulting in de-
posits of moderate thicknesses.  Within the deep troughs of 
the Valles Mariners the ILD are kilometers high, allowing 
for the accumulation of a greater variety of sedimentary 
materials during possibly changing climates and varying 
water tables.  Once the troughs were filled with sulfates or 
diagenetically altered sediments, erosion likely exposed the 
beds and left mounds of great height and weight, fostering 
the internal and external soft-sediment deformation discussed 
in the companion abstract [1].      
    Late lakes:  It is now becoming increasingly evident that 
shallow lakes existed within the Valles Marineris at a time 
when some of the older ILD mounds were already formed 
and then eroded.  Some of the light-toned floor deposits [32] 
may be attributed to this origin.  Strandlines on the walls of 
west Candor Chasma [33] point to the existence of a former 
lake, now recognized to have been at a surface level of near 
1800 to 2000 m, far below the trough rim and below the top 
of the already eroded Ceti Mensa [34].  Quantin et al. [35] 
found fluvial valleys on top of eroded ILDs on the western 
side of Melas Chasma, draining into a shallow lake. Some of 
these valleys also emptied into the main Melas Chasma in 
places where light-toned, rounded deposits [36,37] were 
interpreted to be possible evaporates [38].  Harrison and 
Chapman [39] found evidence for a water-filled 1500 km 
long depression on the floor of Coprates Chasma, surrounded 
by an erosional bench at roughly the same elevation, and an 
overflow point in Eos Chasma at that same elevation.  Weitz 
et al. [20] discovered a terraced fan in Coprates Catena, fed 
by a valley and accompanied by some light-toned deposits 
nearby. Late water deposits may have come from water at 
some depth behind the trough walls;   Quantin et al. [26] 
established that the volume of landslide deposits is much less 
than that of the reentrants whence the landslides came, indi-
cating that material behind the walls was very porous or 
karstic and likely filled with water.  This water may have 
also contributed to the efficiency of the landslides.  On the 
other hand, Jernsletten et al. [40] conjectured that no ice was 
present near the trough wall surfaces since the end of spur 
and gully erosion and the inception of landslide emplace-
ment because they found no asymmetry on spur-and-gully 
walls regardless of variations in insolation; asymmetry 
would be expected if water or ice were in the walls.   
    Age of lakes and ILD:  Quantin et al. [41], in studying 
the age of landslides within the Valles Marineris, established 
that all of them have similar morphologies, yet they span a 
time from 3.5 Ga to 50 Ma ago.  Thus, the environment of 
their emplacement has not changed for more than 3 Ga. As 
the current climate is dry and no lake exists in the Valles 
Marineris now, the climate must have been similar, pre-
sumably dry, since 3.5 Ga ago and no major lakes have ex-
isted inside the Valles Marineris since then.  Furthermore, 
the floors also date to 3.5 Ga, and show little erosion since 
that time [41]. These observations are also supported by the 
preservation of olivines near the floor of the troughs, indicat-
ing that little water-based alteration has taken place since the 

erosional or structural exposure of these minerals [42,43].  
Nearly all landslides were emplaced after the ILD mounds 
formed, indicating that most ILD mounds date from around 
3.5 Ga ago. As all landslides are developed at the expense of 
spurs and gullies [26,44], this morphology also dates back to 
around 3.5 Ga ago.  Thus, the formation of spurs and gullies 
may well be linked to an early subaqueous environment [40] 
and was concomitant with emplacement of the ILD [17].  
However, possibly some ILD on trough floors in west Can-
dor Chasma [33,34] or in Coprates and Ius Chasmata are 
later than the high ILD mounds of the central troughs [38], 
but even these likely date from early in the troughs’ history 
[41].  Overall, the opening of the troughs, formation of major 
lakes, and emplacement of the main body of the ILD all date 
back to the early to middle Hesperian, and the transition 
from an early warm and wet climate to current climatic con-
ditions took place toward the end of the Hesperian [41].  
    Conclusion:  Most of the evidence presented here points 
toward a sedimentary origin of the ILD and perhaps em-
placement in shallow, subsiding lakes.  However, evidence 
for deep-water lakes and an origin of the ILD as sub-ice or 
sub-water volcanoes thoroughly altered by brines or hydro-
thermal fluids cannot be totally eliminated, mostly because 
the ILD occur as isolated mounds with outwardly dipping 
beds conforming to local slopes.  The ongoing mineralogic 
investigations with hyperspectral data may eventually clarify 
this problem. 
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