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Introduction: The origin of layered deposits in the 

Valles Marineris (VM) canyon system has been a de-

bate for the past several decades, with genetic interpre-

tations ranging from volcanic materials [1], to airfall 

deposits [2], formation by transport of material from 

the valley walls [3], to fluvial deposits [4] to name a 

few. The most striking layered deposits occur as high-

standing light-toned mounds in the central portions of 

the various canyons, with some approaching the eleva-

tion of the surrounding plains (i.e. several kilometers 

in height). However, much of the floor of the VM sys-

tem is blanketed with dunes, ripples, sand, and other 

eolian deposits, and the rock units within the walls are 

often covered with talus and debris that has slumped 

down from higher elevations. These erosional and eo-

lian deposits obscure a large portion of the underlying 

bedrock and strata the comprise the ~4 km thick se-

quence of materials that would otherwise be visible in 

the VM wall. This has made it difficult to understand 

the genetic relationship, if one exists, between the lay-

ered materials and mounds in the central portions of 

the canyons and the material that accounts for the bulk 

of the stratigraphic sequence beneath the surrounding 

plains. However, the general consensus has been that 

the interior layered deposits formed after the primary 

tectonic activity that formed the canyon systems had 

ceased [5,6,7]. 

In addition to the light-toned layered deposits that 

stand in positive relief, some of the most interesting 

structural features associated with light-toned layers 

occur at lower elevations or on the canyon floors. 

These features include ductile folds, stratal truncations, 

disharmonic folding, incised channels, dome-like 

structures, possible rootless folds, and plunging anti-

cline-syncline pairs [8]. The best examples of these 

features are found in Candor Chasma and Melas 

Chasma (Figure 1, Figure 2), the latter of which were 

suggested to represent evidence for salt diapirism [9]. 

A similar model was also discussed by [10] to explore 

the origin of ductile folds in the northwest portion of 

the Hellas basin. However, this previous work relied 

solely on observed morphology since compositional 

data at these spatial resolutions was not yet available. 

Here we evaluate the evidence for salt tectonics in 

Candor and Melas Chasma by combining morphology 

derived from moderate to high resolution images ac-

quired by the Mars Odyssey THEMIS, Mars Global 

Surveyor MOC, and Mars Reconnaissance Orbiter 

(MRO) HiRISE instruments with mineralogy derived 

from hyperspectral visible-near infrared Mars Express 

OMEGA and MRO CRISM data. 

 

 
 

Figure 1. Locations of high-resolution CRISM obser-

vations (6) acquired to date in western Candor 

Chasma. The best examples of ductile folding occur in 

the SW portion of the region and in Melas Chasma 

(see Figure 2e). 

 

Morphology:    Geomorphic features in Melas and 

Candor Chasma bear a striking resemblance to terrains 

associated with salt diapirs and salt domes on Earth, 

including what appear to be rootless folds, dome struc-

tures, and disharmonic folding (Figure 2). Though in 

some cases the scales are quite different between the 

Martian features and their terrestrial counterparts, the 

general morphologies are consistent. Specifically, there 

are several features that appear to be dome-like struc-

tures on the order of tens to hundreds of meters across, 

in which the stratigraphically lower layers are exposed 

in the center of the structure but are topographically 

higher than the overlying layers (Figure 2a). These 

features are smaller in scale than many of the struc-

tures associated with terrestrial salt domes, which 

likely reflects differences in the thickness of overbur-

den material and the resulting characteristic wave-

lengths of the diapirs [9].  

In addition, large fold structures in southwestern 

Candor Chasma exhibit layer parallel slip (e.g. layers 

become parallel along fold limbs), internal shear, and 

disharmonic folding within larger scale folds (Figure 
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3). Plunging anticlines and synclines of various scales 

are also present throughout this region (Figure 3), and 

HiRISE data reveal that some of these folded layered 

materials occur higher up on the canyon walls them-

selves. This suggests at least a portion of the strata 

exposed in the walls experienced ductile deformation, 

inconsistent with a volcanic origin, and that these de-

posits may represent a significant portion of the base-

ment material in the VM system. Future work will fo-

cus on these observations to determine if this material 

is merely a surficial deposit or indeed the bedrock un-

derlying the volcanic plains. If it is the latter, the 

evaporites observed in the VM system may represent 

the exposed portions of a much more spatially exten-

sive evaporite system that underlies the region. 

Mineralogy: Hyperspectral visible-near infrared 

imaging data acquired by the Mars Express OMEGA 

spectrometer have revealed the presence of mono and 

polyhydrated sulfates within the layered depositsin the 

VM system [11,12,13]. Possible spectral matches in-

clude kieserite (MgSO4·1H2O), polyhdrated Mg sul-

fates such as epsomite (MgSO4·7H2O) and/or hexahy-

drite (MgSO4·6H2O), and gypsum (CaSO4·2H2O) [11]. 

Recent data acquired by the high spatial-spectral reso-

lution CRISM spectrometer [14] onboard MRO have 

confirmed the presence of hydrated sulfates in the lay-

ered deposits [15,16,17]. Combining CRISM data (~18 

– 36 m/pixel, 544 channels) with their corresponding 

HiRISE images (~25 cm/pixel) allows correlation of 

mineralogy to stratigraphy on a previously unrecog-

nized spatial scale, making it possible to determine if 

salt or evaporite mineral assemblages are associated 

with specific layers that have experienced ductile de-

formation. 

CRISM observation FRT000039F3 and HiRISE 

image PSP_001984_1735 cover a portion of the folded 

layers in SW Candor Chasma. Analysis of CRISM data 

reveals that monohydrated sulfates are associated with 

dark-toned debris aprons formed by erosion of the lay-

ered materials (Figure 4). Though the lighter-toned 

layered materials themselves do not exhibit strong sul-

fate signatures, examination of the HiRISE image 

shows that the debris derived from these layers does 

contain sulfates (Figure 4a). This implies that the 

folded layered materials must contain some fraction of 

evaporite minerals. We note that chlorides such as hal-

ite lack spectral features in the OMEGA and CRISM 

wavelength range, thus we cannot neither confirm nor 

rule out the presence of evaporite minerals other than 

sulfates in these deposits. 

Mono and polyhydrated sulfates are also detected 

in other CRISM observations that span the areas of 

ductile deformation in Candor and Melas [15,16,17], 

including layers near the disharmonic folds shown in 

Figure 2a. In addition, spectra of parallel-bedded hori-

zontal deposits in the eastern portion of Candor exhibit 

similar sulfate absorption features [16]. In summary, 

evaporite minerals such as sulfates are associated with 

the light-toned layers in both the mounds and valley 

floor throughout the Candor and Melas Chasma re-

gions. 

Salt Diapirs:   A salt diapir model as the origin for 

the structures in these locations implies that 1) a sig-

nificant amount of overburden rests on top of the 

buoyant evaporite deposits, likely 100 m or more, and 

2) that the majority of this material has since been 

stripped away and removed from these locations. The 

total amount of overburden can be constrained follow-

ing the methods of Beyer et al. [9], who adopted a lin-

earized process to evaluate the Rayleigh-Taylor insta-

bilities of a buoyant layer residing beneath a denser 

overburden, both of which behave viscously. Their 

work found that buoyant/overburden thickness ratios 

of ~5 and !9 yielded characteristic wavelengths of ~1 

and ~8 km, respectively. The former is in agreement 

with some of the smaller scale features observed in 

individual MOC and HiRISE images for Candor and 

Melas Chasma, whereas the latter is more consistent 

with the larger scale fold structures observed in SW 

Candor. 

Additional work will focus on adapting these mod-

els for densities corresponding to the mineralogy de-

rived from OMEGA and CRISM data (primarily sul-

fates) and incorporating more detailed estimates of 

wavelengths associated with these folds. However, as 

noted by Beyer et al. [9] and Mangold and Allemand 

[10], the morphology and mineralogy of these deposits 

is consistent with density driven instabilities (i.e. dia-

pirs). Ductile folds such as these are also observed in 

the northwest portion of the Hellas basin [10] and fu-

ture work will attempt to acquire and analyze HiRISE 

and CRISM data for this region to determine if they 

have a similar origin to the deposits in Candor and 

Melas. 

Conclusions:  We find that the morphology and 

mineralogy of the deformed layered terrains in Candor 

and Melas Chasma are consistent with salt diapirism 

on Mars, as originally discussed by [9,10]. This would 

require a significant amount (hundreds of meters) of 

overburden to have been removed from these regions 

since their deformation. Possible models for the origin 

of the evaporite deposits include deposition in a large 

regional basin that existed prior to the formation of 

VM. Subsequent extension and erosion formed the 

canyon system observed today, creating a ‘window’ 

into these evaporite basin deposits. Alternatively, the 

deposits may have formed by extension of VM and 

subsequent deposition of layered material via evapora-
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tion restricted to local valley networks. In this sce-

nario, the observed depth of VM observed today (sev-

eral kilometers) could either represent the original ele-

vation difference of the canyon system (implying shal-

low to deep water), or it may represent continued sub-

sidence contemporaneous with deposition of the lay-

ered materials (possibly prolonged periods of shallow 

water). 

Regardless of the formation mechanism, the model 

must account for large deposits of sulfate (up to several 

kilometers high), disharmonic folding present on the 

floor of the canyon system, and the presence of folded 

materials along the canyon walls at higher elevations. 

Future work will continue to explore these hypotheses 

using additional HiRISE and CRISM data. 

 

 

Mars      Earth (Great Kavir, Iran) 

A)  B)  
 

C)   D)  

 

E)   F)  

 

Figure 2. Examples of salt dome and diapir structures from Earth (Great Kavir, Iran) and possible counterparts on 

Mars. A) dome-like structure in SW Candor Chasma, Mars from HiRISE image, B) salt dome structures in Iran, C) 

disharmonic fold structures in Melas Chasma, Mars from MOC image S0500947, D) fold structures in salt deposits 

in Iran. Note the similarity in scale between C) and D). E) Possible rootless folds in Melas Chasma (MOC 

R1103655), F) dome and fold structures in central Iran. 
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A)  B)  

 

Figure 3. Examples of complex disharmonic folding in SW Candor Chamsma. A) A syncline (top fold) and anti-

cline (bottom fold) plunging to the right (east). Note the shear in the fold structure running from top left to bottom 

right. B) Disharmonic folding in HiRISE image PSP_001984_1735; note the internal folds just below the scale bar 

in the upper left corner. 

 

 

  
 

Figure 4.  A) CRISM band depth map of the 2.1 "m monohydrated sulfate feature overlain on HiRISE. Blue tones 

indicate the presence of sulfates, whereas green and orange hues represent dustier surfaces. As seen in the HiRISE 

close-up in B), the sulfates are concentrated in the dark debris that is eroding out of the layered materials. The ero-

sional face in B) cuts across many different layers, thus the sulfates in the debris derived from these layers implies 

that there must be some portion of sulfate in the layers themselves, even though they do not exhibit strong spectral 

sulfate signatures. This may be a result of particle size/scattering effects or lower abundance of sulfates in the bulk 

material. 
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