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Introduction: Remote sensing and in situ data 

from recent European and US Martian orbital and 

landed missions have provided extensive evidence for 

the former presence of water-lain sedimentary rocks on 

Mars [e.g.,1,2]. In addition, spectral-imager instru-

ments have detected hydrated minerals such as sulfates 

on the Martian surface [3-6]. These water-rich outcrops 

are key to the evolution of the Martian surface and its 

past habitability; however, little is known about their 

origin. The present study presents a comprehensive 

review of the spatial distribution and geological con-

text of sulfate detections on Mars. 

 

Identification of sulfates in the VNIR (Visible 

Near InfraRed): The presence of sulfates was sus-

pected from the Viking and the MER (Mars Explora-

tion Rover) Opportunity in situ analyses of S-rich soils 

and rocks [7,8]. However, the first unambiguous detec-

tion of sulfates was made in 2004 by the imaging spec-

trometer OMEGA (Observatoire pour la Minéralogie, 

l’Eau, les Glaces et l’Activité) onboard ESA’s Mars 

Express orbiter. Sulfates are identified in the VNIR 

from their absorptions in the 1.3 to 2.5 μm wavelength 

range [3,4]. Although most of the fundamentals of the 

relevant vibrational absorption signatures lie outside 

this domain, their overtones and combinations are di-

agnostic and lead to precise mineralogical identifica-

tions through the accurate and combined determination 

of band position, shape, and depth. In this wavelength 

range, most hydrated minerals have absorption bands at 

1.4 and 1.9 μm from the H2O molecule vibrations, ex-

cept for monohydrated sulfates which are characterized 

by the shift of the 1.9 μm absorption to 2.1 μm. S–O 

bonds also create absorption features in this range 

when associated with H2O, which result in features at 

2.2 and 2.4 μm for hydrated sulfates. The combination 

of all these absorptions generally allows for distinction 

between monohydrated and polydrated sulfates, and 

between different cationic compositions (Ca vs Mg vs 

Fe/Al). 

Sulfates are particularly abundant in Valles Mari-

neris, Margaritifer Terra, near the northern cap in the 

cricumpolar dune field, and in the Terra Meridiani 

plains [3-6,9]. They have also been detected as smaller 

outcrops in some intra-crater deposits [6,11] (e.g., in 

Gale crater) or as plateau deposits [10,12] (e.g., in 

Mawrth Vallis) by the higher resolution CRISM 

(MRO) spectral imager. The presence of sulfates has 

also been detected by the in situ investigations of  the 

MER rover Spirit in  Gusev Crater [13] and recently by 

the Mars Science Laboratory rover in Gale Crater [14].   

 

Sulfates in the equatorial region of Mars:   

Valles Marineris and Margaritifer Terra sulfates: 

Both Mg-rich monohydrated (kieserite) and Mg/Fe-rich 

polyhydrated sulfates have been detected by OMEGA, 

in association with ferric oxide minerals, in the Valles 

Marineris and Margaritifer Terra areas [4,15,16]. 

These detections are usually associated with kilometer-

thick remnants of layered deposits and are scattered in 

different canyons or chaos locations and stratigraph-

ically distributed [16-22]. CRISM data have enabled 

high resolution analyses focused on some of the depos-

its and showed that the mineralogic assemblages pre-

sent in these layered deposits are even more diverse 

with halloysite/kaolinite, Fe-smectite, Si-OH bearing 

phases and hydroxylated Fe-sulfates including jarosite 

and unindentified 2.2 μm-band bearing phases being 

locally detected [20-27]. 

Terra Meridiani sulfates: In Terra Meridiani, sul-

fates are found associated with the so-called etched 

units, which are composed of kilometer-thick light-

toned deposits [9,28-30]. Both remote sensing and in 

situ analyses show that Fe-rich sulfates and gypsum are 

detected in the upper part of the etched terrains, in as-

sociation with hematite and Fe+Al-rich phyllosilicates. 

Kieserite is detected at low elevation with the lowest 

part of the stratigraphic section dominated by Mg 

and/or Fe-rich polyhydrated sulfates. 

Gale crater sulfates: Sulfates are detected within 

the 300 m thick lower formation of Gale crater’s cen-

tral mound whereas the upper formation, which is 

younger, is spectrally bland [11]. The lower formation 

is further divided into three members with distinct 

morphologic characteristics and mineralogies, similar 

to that observed at Terra Meridiani [30]: the lower 

member shows signatures of both polyhydrated sulfates 

and monohydrated sulfates, likely magnesian in com-

position. This lower member is overlain by fine layers 

of sulfates and phyllosilicates, most consistent with Fe-
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smectites. The upper part of this middle member and 

the upper member show strong sulfate signatures, 

sometimes associated with hematite [11]. 

Terra Sirenum sulfates: Sulfates (gypsum, polyhy-

drated and monohydrated Mg/Fe-sulfates, jarosite, alu-

nite) were detected together with Al- phyllosilicates 

(kaolinite, montmorillonite), Fe/Mg-phyllosilicates, 

and crystalline ferric oxide or hydroxide in the layered 

deposits of Columbus and Cross craters. Surrounding 

plains and ajdacent craters in northwest Terra Sirenum 

contain more exposures of Al + Fe/Mg phyllosilicates 

associated to chlorides (plains) [31].  

 

Sulfates in the north polar region of Mars: Cal-

cium-rich sulfates, most likely gypsum were detected 

early in the OMEGA investigations around the north-

ern polar cap, in the Amazonian-aged Olympia Undae 

dune field [5]. Further studies have shown that these 

detections extend to the whole circumpolar dune field 

and are associated to a dark, sandy material likely de-

rived from part of the polar basal unit [32,33]. 

 

Associated detections, formation mechanisms 

and future work: The OMEGA discovery of discrete 

deposits of sulfate-bearing, layered rocks that are typi-

cally younger than, and sometimes overlying, clay-

bearing crustal outcrops raises the question of the na-

ture and evolution of past environments on Mars. A 

wealth of spectral data at higher spatial resolution from 

CRISM is now available to focus on specific deposits 

and show a wide assemblage of minerals detected to-

gether with sulfates. Although their distribution is less 

pervasive than phyllosilicates, they are observed in 

various contexts. The detection of jarosite was used 

early to advocate for the formation of Mars sulfates in 

highly acidic conditions (pH<3, [34]), but these envi-

ronments might have been spatially restricted. Indeed 

the recent multiple detections of intermingled clays and 

sulfates [e.g., 9,11,30] could indicate that most sulfates 

likely formed at more neutral pH, as smectite should be 

destroyed by complex chemical processes such as aci-

dolysis at low pHs [35]. The recent detections of chlo-

rides [36], which possess eutectic temperatures lower 

than sulfates, reinforce the hypothesis than brines ex-

isted at the surface of Mars and the dominance of sul-

fate over chlorine in the martian regolith suggests pre-

cipitation of salts at temperatures higher than the min-

imum [37]. 

Multiple working hypotheses for the origin of sul-

fates are being explored: 1) formation as evaporites in 

association with groundwater surge and/or transient 

surface waters [e.g.,3,16,28] 2) acidic weathering of 

ash and clastic sediments [38], 3) hydrothermalism 

[24] and/or alteration of sulfur-rich bedrock [39], 4) 

aqueous cementation in a snowmelt area [40], 5) for-

mation of sulfates through weathering of dust within 

massive, ancient ice deposits [32,41]. This last mecha-

nism has been favored for the gypsum-rich deposits of 

the northern polar plains. In regions where various sul-

fates and high concentrations of iron oxides are associ-

ated, this mineralogical assemblage is similar to that 

observed by Opportunity at Meridiani Planum. In situ 

data provided a ground-truth that helped to develop 

some of these formation hypotheses [42]. Given the 

wide range of mineralogic assemblages observed it is 

likely that sulfate-rich deposits on Mars originate from 

different or multiple formation mechanisms, and likely 

imply different sources of sulfur. 
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