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Introduction: The formation of sulfates on Mars 

has been under debate since they were identified in 
situ by landers and rovers, and by hyperspectral imag-
ing starting from the 1970s. Here we propose that prior 
to uplift of the Tharsis rise, sulfates initially formed as 
sequences of evaporites [1, 2] from enclosed standing 
bodies of water in the Valles Marineris region.  Phyl-
losilicate weathering of basaltic crust [3, 4] provided 
soluble cations such as K, Na, Ca, Mg [5], while S was 
released by volcanic degassing [6, 7] and oxidized in 
hydrous environments to SO4

2-. Sulfate evaporites 
were then elevated and mobilized during and after up-
lift of the Tharsis rise. Beginning in the late Noachian 
or the early Hesperian [8], periodic outbursts of water 
transported sulfates together with fragments of basaltic 
rocks and pyroclastic materials to Meridiani Planum, 
where they were deposited as fluvial or alluvial sedi-
mentary deposits [9, 10]. 

Origin of sulfates in the Tharsis area: Sulfate 
formation by evaporation of standing bodies of acidic 
and salty water is well-known from Earth [11], al-
though other processes cannot be ruled out. Formation 
of sulfate evaporites in Valles Marineris followed 
phyllosilicate alteration of basaltic crust [3] before 
uplift of the Tharsis rise. Before the Tharsis rise, the 
area of Valles Marineris was located around the di-
chotomy boundary of Mars [12] with the lower depres-
sions forming ideal sites for the accumulation of solu-
ble elements leaching out from the phyllosilicate al-
tered basaltic crust. The Tharsis uplift destroyed these 
depressions, but not before they had become filled 
with sulfate evaporites. 

The basaltic rocks surrounding Valles Marineris 
were subjected to long-term intensive alteration by 
rock-water interactions and formed widely distributed 
phyllosilicates [3, 4].  Less soluble elements like iron, 
aluminium and silica in basalts remained to form phyl-
losilicates while soluble ions such as K+, Na+, Ca2+ and 
Mg2+ were leached out [5] and dissolved in fluids. Sul-
fur sources could be hydrothermal fluids which could 
release sulfur into the surface environment via hot 
springs [6] and syn-eruptive degassing of basaltic 
magma [7].  Martian basaltic magmas had oxygen fu-
gacities similar to or lower than their modern counter-
parts on Earth that release sulfur dominantly as SO2, 
with lesser amounts of H2S and S2. In the absence of a 
strongly oxidizing atmosphere such as on early Mars, 
SO2 and more reduced sulfur species are nonetheless 
converted to SO3 via photochemical reactions [13], 

and SO3 in turn converts to H2SO4 upon contact with 
water.  Martian meteorites carry S isotopic evidence of 
such a photochemical oxidation sequence [14].  

Evaporation oversaturated the salty water with sol-
utes and led to the precipitation of sulfate salts, which 
is thought to be the most likely mechanism of the re-
ported layered occurrences of kieserite, gypsum and 
other as yet unidentified polyhydrated sulfates [1]. An 
alternation of sulfate evaporites and the deposition of 
volcanic materials is supported by the systematic cor-
relation of sulfate occurrences with Interior Layered 
Deposits (ILDs) in West Candor Chasma [1] and the 
interbedding of the darker layered units with light-
toned deposits as recently observed on High Resolu-
tion Imaging Science Experiment images. Sulfates 
distributed in the chasmas of Valles Marineris and 
mainly located on the flanks of massive deposits and 
on several isolated ILDs [15] were exposed by later 
erosion. 

Erosion and migration of sulfate evaporates: Af-
ter the formation of sulfate evaporites, Tharsis started 
to rise. The uplift was probably the result of mantle 
processes [16] during the late Noachian and early Hes-
perian [8], and may have continued into the late Hes-
perian [17]. The light-tone layered sulfates are covered 
unconformably by dark-tone blocky layers, which are 
thought to be Hesperian-age lava flows based on Mars 
Orbiter Camera images. The uplift of Tharsis elevated 
the layered sulfate evaporites and triggered the forma-
tion of Valles Marineris [18]. Large amounts of water 
were sporadically discharged from the subsurface aq-
uifer due to the change in the hydraulic head of 
groundwater [12] and released from the Martian 
interior due to contemporaneous volcanic activity [19]. 
Repeated catastrophic releases of groundwater were 
discharged towards the east along Valles Marineris 
because its elevation is generally several kilometers 
higher than the Chryse outflow region. 

We propose that sulfate evaporites were eroded 
and carried away from Valles Marineris to Meridiani 
Planum and Chryse Planitia along with volcanic debris 
and fragments of basaltic crust by discharges of water, 
because sulfates are soft and easily re-dissolved. Ex-
humation of layered sulfates was accompanied with 
the formation of chasmas in Valles Marineris. The 
vertical distribution of sulfates in different chasmas 
supports the formation of sulfates before the coales-
cence of the Valles Marineris canyon. Sulfate layers 
more than 2.5 km thick [2] observed over a wide range 
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of elevations from – 4 km in Ius Chasma to + 3 km in 
Candor Chasma [1] could be explained by differential 
elevation and different cutting depths. Sedimentary 
deposition also likely happened in the remaining water 
bodies when the flooding was close to ceasing. 

Deposition of sulfates in Meridiani Planum: Sul-
fate evaporites, together with basaltic debris and pyro-
clastics in Valles Marineris, were transported to Me-
ridiani Planum and Chryse Planitia, and deposited as 
alluvial or fluvial sedimentary deposits when turbulent 
flow conditions became reduced. Sulfates in solution 
and perhaps in tiny granulates such as colloids were 
deposited as inter-granular cement in siliciclastic mate-
rial. The environmental conditions in Meridiani 
Planum involved episodic inundation, evaporation and 
desiccation [9, 10, 19]. Each wash-out of sulfates and 
associated materials from Valles Marineris formed a 
cross-bedded layer of deposits around Meridiani 
Planum. The altitude of the cross-bedding indicates 
flow from west to east [20], consistent with the flood-
ing from Valles Marineris into Meridiani Planum. The 
planar laminae are usually on a millimeter scale with 
single grain thicknesses ranging from 0.3 mm to 1 mm 
with a maximum stratigraphic thickness exposed at 
Eagle crater being about 30 to 50 cm [9]. 

The sediments in Meridiani Planum are composed 
of (by weight) ~ 40% sulfate minerals, ~50% silici-
clastic fine-grains and ~10% hematite [9]. The out-
crops of finely layered sandstone in the wall of Eagle 
crater contain nearly 40% by weight sulfate salts, in-
cluding magnesium sulfate, calcium sulfate, and the 
iron sulfate jarosite [3].  Two types of lithic particles, 
subangular to irregular at 1.5 to 5.0 mm and rounded at 
0.5 to 2.0 mm in diameter [20], are likely deposits 
from materials that were transported along Valles 
Marineris.  They are thought to be basalt clasts exhibit-
ing vesicles from two different types of sources of 
basalt [21]. 

Shallow standing bodies of water have been sug-
gested [9] as a possible source of sulfate deposits and 
weathered siliciclastic components in Meridiani 
Planum. But sulfate formation by evaporation in shal-
low water bodies fails to explain 1) extensive sulfate 
distribution in the absence of a topographic basin [12], 
2) mixture of sulfates and basaltic particles with sul-
fates as cement, 3) the wide extent of etched terrains in 
this region, 4) the observation that the most soluble 
salts (halides, Mg-sulfate) coexist with the least solu-
ble salts (Ca-sulfate, jarosite) [22], and 5) the 1 km 
thickness of deposits in Meridiani Planum [23]. On the 
contrary, the transport of significant amounts of sul-
fates to the Meridiani region adequately explains 1) 
why sulfates are widely scattered in Meridiani, and the 
thickness of the deposits, because it is the natural east-
ern gravitational destination for materials derived from 

the Tharis uplift; 2) why materials are mixed and ce-
mented with sulfates, including the mixing of salts 
with very different solubilities (see Appendix), as a 
result of a spatially and temporally long transport 
process resulting in homogenization of materials pre-
viously differentiated; and 3) the presence of etched 
terrains as a consequence of differential deposition 
processes resulting in uneven topographies, not ex-
pected after prolonged sedimentation sequences. How-
ever, it is possible for shallow water bodies to be pre-
sent during intervals of sporadic catastrophic flooding. 
Formation of thin liquid film evaporites in these water 
ponds is also possible. 

Sulfates in both Valles Marineris and Meridiani 
Planum have been subjected to later (Amazonian) sec-
ondary alteration and aeolian relocation after the ear-
lier (Noachian to Hesperian) processes of erosion and 
sedimentary deposition ceased. 

Summary: Our hypothesis links together all forms 
of sulfates identified near the equator in the western 
Martian hemisphere based on the evolution of the Mar-
tian surface, distribution, textures and compositions of 
sulfates, and the geomorphology of sulfate occur-
rences. Sulfates were also identified by MER Spirit in 
Gusev crater [24], and by OMEGA/MEX in the dark 
dunes of the northern polar region of Mars [25]. These 
sulfates occur in subsurface regolith or sand dunes, 
and their setting may have involved analogous reloca-
tion processes to those of sulfates near the equator in 
the Martian Western hemisphere. 

Appendix: The solubility of MgSO4 is 2.8 mol/l, CaSO4 
0.015 mol/l, NaCl 6.1 mol/l, and jarosite 10-11 mol/l. 
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