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    Introduction:  The question whether the Valles Marineris 
harbored lakes has been debated ever since McCauley [1] 
proclaimed that the horizontality and lateral continuity of the 
interior layered deposits (ILD) suggested that they were 
deposited in lakes.  Recent evidence, summarized here, sheds 
new light on this old problem.  
    Morphology and composition: The increasingly better 
resolution of images and refinements in topographic data 
from recent missions made it apparent that the layers within 
the Valles Marineris are not nearly as uniform as previously 
thought.  Some appear massive but at high resolution turn 
out to be finely layered [2], others are cross bedded [3] and 
have numerous disconformities [4] or major angular uncon-
formities [5].  Some beds are competent, some weak, and 
some cyclical [6]. Their thickness and lateral continuity vary 
widely.  Most, but not all beds are light-toned.  Many ILDs 
occur in free-standing mesas or mounds separated from the 
walls by “moats” [7].  In many places the mounds have flat-
lying beds in the center but beds that conform to the local 
slope on the outside [2, 6,8,9,10].  All of these characteristics 
have to be accounted for if the ILD were deposited in lakes.   
    In addition, most ILD mounds contain hydrated sulfates 
[11,12,13] and ferric oxides in the form of crystalline grey 
hematite [4,14] and fine-grained iron oxides [15] mostly at 
the base of ILD scarps [13,16].   CRISM data show that dif-
ferent types of hydrated sulfates are specific to individual 
layers within the ILD, suggesting different circumstances 
during deposition or later alteration along selected beds [17].  
The prevalence of hydrated sulfates and ferric oxides indi-
cates the involvement of water either during or after em-
placement of the ILD.   
    Are the ILD exhumed from the walls?  The idea that the 
ILD are ancient Noachian lake deposits later exhumed from 
the Valles Marineris walls [18] was revived after the MGS 
mission showed that layered terrain was ubiquitous on Mars 
and mostly formed in ancient craters [19].  Light-toned 
patches are indeed seen in several places in the walls, and 
therefore a number of authors picked up on Malin and Ed-
gett’s [19] contention [20,21,22,23].  However, the recent 
discovery of light-toned layered deposits on top of the pla-
teaus near the Valles Marineris [24,25,26], and the recogni-
tion that these deposits are different in morphology as well 
as mineralogy from the ILD inside the troughs (they contain 
hydrated silica) [27,22] makes it possible that light patches 
in the walls belong to such light-toned layers interbedded 
with wall rock basalts [25].  That the wall rock indeed con-
tains interbeds of softer material was established by Beyer 
and McEwen [28], who found that wall materials have dif-
ferent competencies supporting the notion that perhaps more 
easily eroded sedimentary or ash layer are part of the wall 
sections.   
    Early on the idea that the ILD are exhumed from the walls 
was rejected by most researchers [7,29,30]  because the ILD 
in many places are clearly superposed on walls that were 
already eroded into spurs and gullies.  In addition, the mor-
phology, competence, and susceptibility to erosion are vastly 
different for the ILD than for wall rock. Schultz [31,32] 
found that the wall rock slope strength is consistent with 

igneous rock, whereas the ILD strengths are more consistent 
with that of weaker sandstones or siltstones.  Some of the 
light patches on wall rock could be remnant deposits plas-
tered against the walls [33,34].  MOC and HiRISE images 
show that ILD layers and inclined beds overlap wall rock 
[35,36,37] .  Okubo et al. [38], studying small structures 
within west Candor Chasma on HiRISE images, concluded 
that the ILD are indeed interior to the troughs because the 
ILD beds dip basin ward and small structures within the ILD 
do not reflect the major structures of the trough-bounding 
faults.  
    Are the ILD pyroclastic or eolian?  An origin for the 
ILD as pyroclastic deposits has been contemplated by many 
researchers [3,33,35,36,39].  As many of the ILD within the 
Valles Marineris are composed of hydrated sulfates with a 
component of ferric oxides, their compositions are similar to 
those of other light-toned layered deposits in the depressions 
of Aram, Aureum, and Iani Chaos [40].  If all of these depos-
its were of volcanic, impact, or eolian origin, they should be 
found outside their depositional basins as well [40], but they 
are not.  Furthermore, all of these hydrated sulfates and ferric 
oxides resemble those at the Meridiani MER landing site, 
where ground truth is available [41].  The beds at the Merid-
iani site have been laid down in a wet environment showing 
signs of fluvial activity [41,42,43].  Even though the beds at 
Meridiani are largely eolian deposits, apparently reworked 
from lakebeds or playas nearby [43], water or rising ground-
water levels are thought to be responsible for the diagenetic 
alterations associated with the deposits [41].  All of these 
observations argue against an airfall pyroclastic origin for 
the ILD.  However, the ILD could be pyroclastic if the tuffs 
were trapped by water inside the depressions and then altered 
by acidic or hydrothermal fluids [12]; dry tuffs outside the 
depressions could have blown away.  The same scenario 
would apply to eolian deposits.  A trapping mechanism on 
ice through which sediments might have foundered was al-
ready advocated by Nedell et al. [7].  Overall, even if the 
ILD were pyroclastic or eolian, a lake would be required to 
trap the sediments.   
    Are the ILD subice volcanoes?  Chapman and Tanaka 
[3], Chapman et al. [44], and Komatsu et al. [45] proposed 
that the ILD mounds are subaqueous and/or sub-ice volca-
noes, called tuyas; many ILD mounds are surrounded by 
outwardly dipping layers forming dip slopes [2,9,10], and 
late dark unconformable deposits having mafic spectral sig-
natures [17] are ubiquitous on top of the ILD mounds and on 
the chasma floors [5,46, 13].  The tuya hypothesis inferred 
that the inclined layers are lava deltas.  The hypothesis also 
explained the tuff-like weathering of many ILDs into yar-
dangs and the unconformable dark mafic caps on mesas and 
mounds.  Furthermore, it explained why many of the ILD 
occur as freestanding mounds, separated from wall rock.  
General arguments against volcanoes inside the Valles 
Marineris are the lack of clearly identifiable volcanic craters, 
calderas, and volcanic flows, even though a few possible 
flows have been identified [46].  Catling et al. [20] dismissed 
a volcano origin for the ILD because some of them contain 
gypsum, which precludes formation at temperatures above 
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60º C and thus alteration by hydrothermal fluids of the tuya 
material into hydrated sulfates.  Also, the similar light-toned 
hydrated sulfates in Meridiani and within Aram, Aureum, 
and Iani Chaos [40] do not show any evidence for a tuya 
origin.  Another consideration is that none of the ILD 
mounds extends above the surrounding plateau elevations 
[35], even though some come close [3].  If they were ancient 
volcanoes, one might expect that at least some would extend 
above this level.  Overall, a tuya origin is debatable consider-
ing the recognition of abundant hydrated sulfates within the 
ILD and the presence of similar deposits in many none-
volcanic areas on Mars.  
    Mounds and Moats:  How did the free-standing mounds 
acquire this shape if they were not volcanoes?  Nedell et al. 
[7] proposed that the original troughs were much smaller and 
that later loss of ice-rich walls enlarged the troughs, leaving 
the central lake beds high and dry.  Fueten et al. [10] thought 
that subsidiary grabens between the ILDs and trough walls 
later enlarged the troughs.  However, remnants of ILDs 
within wall reentrants [33,34] would imply that the original 
ILDs spread across the current extent of the troughs.  If so, 
the removal may be due to erosion.  Weitz et al. [25] sug-
gested that hydrated sulfates erode readily, as shown at the 
Opportunity MER landing site, where at least one meter is 
removed.  LeDeit et al. [16] and Mangold et al. [13] noted 
that kieserite and polyhydrated sulfates are soft, fine grained 
materials that are easily eroded by wind.  The concentration 
of iron oxides at the base of scarps [4,13,16] also suggests 
mobilization by erosion and mass wasting.  Catling et al. 
[20] calculated that the mounds in Juventae Chasma were 
eroded vertically at a rate of 1 km/Ga.  The scarcity of im-
pact craters on the ILDs further confirms deep erosion.  Dark 
mafic layers resting on ILD with major angular unconformi-
ties [3,5,10] indicate deep erosion before the mafic layers 
were emplaced.  Thus, wind erosion may have severely 
decimated the original lake beds.  Perhaps wind was fun-
neled along the structurally weakened seam between wall 
rock and layered deposits, leaving the ILD as erosional rem-
nants forming isolated mounds.    
    Inclined layers:  If the ILD were emplaced as flat-lying 
lake beds, how did they acquire the peripherally dipping 
beds?  Eolian air fall over early eroded ILD remnants is one 
possibility, as is air fall from volcanic eruptions.  However, 
any air fall mechanism has the difficulties discussed above.  
Structural tilting is advanced by Fueten et al. [9,10], but such 
deformation does not readily explain the peripherally dip-
ping beds.  Also, the proposed structures affecting the ILD 
do not extend into adjacent wall rock [3].  Rossi et al. [47] 
proposed the idea, that the ILD are overlapping spring 
mounds, but spring mounds are usually composed of carbon-
ates and not sulfates.  The inclined layers could be due to 
gravity tectonics; soft sediment deformation within evapo-
rates and perhaps halite [12] may have induced surficial 
layers to slide [36,13].   Intense soft-sediment deformation, 
perhaps due to diapiric activity [21,48,49] is evident in west-
ernmost and southern west Candor Chasma [13].  Thus, 
gravity tectonics becomes a plausible mechanism. 
    Conclusion:  All of the above evidence points to an origin 
of the ILD within lakes.  However, it is not clear whether the 
deposits were water-laid sediments, or eolian or pyroclastic 

materials trapped in water.  An origin as volcanoes cannot 
yet be ruled out.    
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