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Introduction:  The dominantly basaltic upper crust 

of Mars was chemically altered by liquid water, result-

ing in the formation of secondary -aqueous - minerals 

[1-3]. These minerals are key geochemical markers that 

constrain the coupled aqueous-geological history of 

Mars. Their study also provides insight into evolution-

ary processes of the early solar system, particularly 

relevant to Hadean Earth for which the petrologic rec-

ord is scarce. Because of their potential for preserva-

tion of biosignatures, some deposits of Martian aque-

ous minerals are key targets for future landed and sam-

ple return missions.  

Thanks to data collected from orbital imaging spec-

trometers (OMEGA, CRISM, TES and THEMIS), and 

localized in-situ analyses of clays, salts and iron oxides 

by landed missions (MER-A/B, Phoenix, MSL), we 

now better understand local condidtions under which 

some aqueous mineral deposits formed on Mars. How-

ever, the coupling between clay/sulfate minerals and 

the paleoclimates of Mars remains elusive. Similarly, 

although the role of major impacts, volcanism, and the 

loss of the primordial dynamo must all have affected 

the depositional environment of aqueous minerals, spe-

cific causal relations remain poorly constrained. This is 

due to the inherent complexity of Martian geologic 

processes and the sparseness of observable constraints. 

Reduction and analysis of the wealth of new data gen-

erated by orbital and landed missions over the past 

decade by the scientific community will be critical to 

identify those connections.    

 Datasets: Most information on aqueous mineralo-

gy of Mars derives from infrared spectroscopic obser-

vations by orbital missions, that are sensitive to the 

presence and - in some exposures - abundances of spe-

cific minerals at the optical surface. Erosional windows 

and craters that penetrated several km into the upper 

crust constrain the vertical extent of various phases. 

Imagers and other instruments help provide the mor-

phological context for the mineral detections. Landed 

mission provide key quantitative analyses of alteration 

phases, albeit sampling highly localized regions of 

Mars which encompass a subset of the chemical and 

morphological diversity identified from orbit. Below, 

we summarize the results of global investigations of 

hydrous minerals on Mars that formed in the "Phyl-

losian" period before aqueous mineralogy became 

dominated by sulfate- and iron oxide-rich sediments. A 

systematic approach at a global scale is useful to infer 

trends in the distribution, compositional diversity, ge-

omorphic context, and relative age of aqueous mineral 

exposures.  

Geological processes: Our knowledge of the for-

mation and diagenetic processes for hydrated salts, 

hydrous silicates, and iron oxides and hydroxides is 

based almost exclusively on terrestrial studies. The 

following scenarios hence bear an inherent bias regard-

ing the fact that the scales of some processes on Mars 

may be different to those on Earth (tectonic features at 

Tharsis and landslides in Valles Marineris are exam-

ples of the large scales attainable at Mars), as well as 

their time-frame (some processes may have occurred 

over several Gyr on a minimally active sub/surface). 

Based on numerous orbital observations including our 

own investigation [15] and in-situ measurements, we 

propose the following 7 geological pathways for for-

mation of Martian aqueous minerals. Each is summa-

rized in the figure that outlines the morphology and 

provides the typical mineral composition(s). 

#1. Surface weathering. Mars may have experi-

enced top-down leaching resembling terrestrial abiotic 

pedogenesis, based on the observed stratigraphies of 

Fe/Mg- and Al-rich smectites at numerous locations in 

Noachian terrains [4-7]. Associated salty/siliceous by-

products of acidic and hyodrolytic leaching processes 

are also occasionally observed at close proximity [8,9]. 

Due to significant erosional processes, it is unclear if 

surface conditions allowed persistent liquid water at the 

surface, or if liquid water was transient or formed 

mostly through melting of snow/ice [e.g. 10]. 

#2. Mobilization and deposition. Clays and salts 

have been observed in craters associated with paleo-

deltas, fans, and other fluvial features [11,12,13], im-

plying the transient existence of a hydrological cycle 

that allow transport and accumulation of detrital sedi-

ment in lacustrine environments. These settings are 

found in particular straddling the Noachian-Hesperian 

boundary, but range over a longer timeframe. Authi-

genic formation of some minerals is also a possibility, 

but orbital observations are not optimal to detect clear 

evidence for this process. 

#3. Shallow burial. The detection of mixed layered 

clays (smectite/corrensite) and zeolites excavated with-

in basins [14,15] implies that some sedimentary matu-

ration took place through burial diagenesis, attesting to 

the accumulation of aqueous sediments over geological 

timescales. 

#4. Shallow ponding and evaporation. A number of 

authigenically formed minerals (e.g. hydrated silica, 

iron hydroxides, and salts) have been detected within 
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topographic lows ranging from less than a kilometer in 

size to impact basins [3,16-20], implying ponding of 

water in evaporitic settings. These deposits are ob-

served mostly in Hesperian-aged terrains; deposits in 

Noachian basins typically have beed superposed by 

later deposits, hampering identification. Sapping val-

leys and closed basins rich in clays and salts [21,22] 

both indicate existence of aquifers on early Mars.  

#5. Hot spring deposits. Surficial deposits from hy-

drothermal systems, both short lived/low-T and long 

lasting, are indicated by occurences of opaline silica, 

salts, epidote, serpentine, and carbonates associated 

with remnant flows or vents [23-25]. 

#6. Subsurface hydrothermal activity. Extensive 

deposits of smectite present throughout Noachian ter-

rains [26,27] may be the evidence for low-termerature 

aquifers with chemical alteration. Serpentine and car-

bonate minerals associated with deep crustal material 

in select areas of Mars also indicate the presence of 

deep hydrothermal systems [28]. Finally, impact-driven 

hydrothermal alteration of the central peaks and impact 

melts has been evidenced in several craters typically 

larger than ~10 km [29-31].  

#7. Deep burial. High pressure/temperature miner-

als (e.g. prehnite, chlorite) in the peaks and ejecta of 

craters and within basin rings demonstrate that the al-

teration was pervasive to several kilometers depth 

[15,32,33]. The distinction between deep burial and 

deep hydrothermal systems, proposed to have formed 

serpentine and carbonates [28,34] remains unclear.  

Perspectives: The next leap forward in our under-

standing of the geological and aqueous history of Mars 

will require clarifying the roles of these diverse pro-

cesses and putting them into a coherent temporal and 

spatial context. To achieve this, a global approach us-

ing a large population of aqueous deposits is necessary, 

as it mitigates the poor preservation state of most de-

posits and the degeneracies between minerals and their 

formation pathways (a given mineral may form in dif-

ferent environments, and these would have evolved 

through time). Finally, the chronology of the terrains in 

which the deposits are found will provide further con-

straints on the evolution of aqueous processes early in 

Mars’s history, which are of relevance for other bodies 

of the Solar System.     

Recent landed missions on Mars have identified 

carbonates, sulfates, iron oxides and more recently 

phyllosilicates. These have mostly been interpreted as 

having formed in Hesperian-aged evaporitic or low 

temperature hydrothermal systems (#4) [3,35], alt-

hough remobilized smectites have also been found, 

which may originate from earlier/different processes 

[19,36-38]. The future exploration of an Early Noachi-

an, possibly authigenically formed clays would both 

test our current understanding of the planet’s aqueous 

history, and provide missing key observables required 

to establish the state of the planet in an era during 

which the conditions for the emergence of life likely 

existed on Earth.   
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