
Figure 1. Distribution of major classes of aqueous minerals on Mars 
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Introduction:  With the advent of high spatial res-

olution spectroscopy from Mars orbit, combined analy-
sis of mineralogy plus morphology has opened up a 
new avenue for the exploration of environmental con-
ditions on early Mars and provides a means of tracing 
environmental change through time. The association of 
alteration mineral phases with a particular, distinctive 
geologic unit began with discoveries of the Thermal 
Emission Spectrometer (TES). Enrichments of coarse, 
gray hematite in layered sediments of Meridiani 
Planum were proposed [1] and later shown [2] to result 
from chemical reactions with liquid water.  

The mapping of the Observatoire pour la Minéralo-
gie, l’Eau, les Glaces, et l’Activité (OMEGA) [3] dis-
covered new hydrous mineral classes including phyllo-
silicates [4] and  sulfates [5-6], and through analysis of 
stratigraphy and time-ordering of phases showed fun-
damental transitions in Mars’ climate history marked 
in the geologic record by alteration minerals [7]. Com-
paratively water-rich and near-neutral conditions in 
which phyllosilicates formed transitioned to a water-
limited, acidic epoch where sulfate formation dominat-
ed and then to an epoch where anhydrous ferric oxides 
formed, but hydrous minerals formed no large-scale 
units.  

Subsequent investigations by the Compact Recon-

naissance Imaging Spectrometer for Mars (CRISM) [8] 
revealed an even greater diversity of phyllosilicate [9], 
sulfate, carbonate [10] and silica [11] species (Figure 
1; Table 1). Continued TES analysis also revealed low-
emissivity materials, presumably chlorides, in associa-
tion with topographic lows [12]. The mineral diversity 
discovered is organizable by distinctive mineral as-
semblages exposed in craters [13], stratigraphies of 
units of multiple compositions [13-19], and ba-
sins/watersheds with mineralogically distinctive sedi-
ments [19-24]. Indeed, the organized nature of the 
mineralogic diversity permitted the identification and 
time-ordering of nearly a dozen distinctive aqueous 
environments from early Mars [19]. 

Current Understandings:  Vigorous debate and 
research continues as to the significance of particular 
mineral phases and geologic formations as indicators 
of Mars’ past environmental conditions. Key observa-
tions include (i) the prevalence of phyllosilicates in 
Noachian terrains and their absence in later terrains 
[7], (i) the prevalence of sulfates (and silica) in terrains 
from the late Noachian to late Amazonian [19], (iii) the 
relative rarity of carbonates, at least as compared to the 
detections of sulfates and chlorides [10]; (iv) that clay 
most clay mineral-bearing formations are not accom-
panied by salts [25], (v) the common presence of some 
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hydrothermal minerals, e.g. prehnite, and hydrothermal 
mineral assemblages in craters [13, 26, 27], (vi) miner-
als indicating distinctive conditions: reducing-alkaline 
(e.g. serpentine; [28]), reducing-acidic (e.g. alunite; 
[30]), and oxidizing-acidic (e.g. jarosite; [11]) in dis-
crete locations; (vii) the common stratigraphy of Al-
phyllosilicates above Fe/Mg phyllosilicates [13, 26, 30, 
31], (viii) the fact the iron-magnesium smectites and 
chlorites are found globally where Noachian terrains 
are exposed while other phases are more restricted to 
discrete geographical areas [26]. 
  

Table 1. Alteration minerals found on Mars. All are mappa-
ble from orbit except (to date) perchlorate. 
PHYLLOSILICATES 

Fe,Mg smectites (e.g., nontronite, 
saponite) 

(Ca, Na)0.3-0.5(Fe,Mg, Al)2-3(Al, 
Si)4O10(OH)2 

Al-smectite (e.g. montmorillonite) (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2 

Kaolin group minerals (e.g. kaolin-
ite, halloysite) Al2Si2O5(OH)4 

Chlorite (Mg,Fe2+)5Al(Si3Al)O10(OH)8 

Serpentine (Mg, Fe)3Si2O5(OH)4 

High charge Al,K phyllosilicate (e.g. 
muscovite or illite) 

(K, H3O)(Al, Mg, Fe)2AlxSi4-

xO10(OH)2 

OTHER HYDRATED SILICATES 

Prehnite Ca2Al(AlSi3O10)(OH)2 

Analcime NaAlSi2O6·H2O 

Opaline silica SiO2·H2O 

CARBONATES  

Mg, Ca, Fe carbonates (Mg, Fe, Ca)CO3 

SULFATES  

Fe,Mg mono- and poly-hydrated 
sulfates (Fe,Mg)SO4 · nH2O 

Gypsum CaSO4· 2H2O 

Alunite KAl3(SO4)2(OH)6 

Jarosite KFe(III)3(OH)6(SO4)2 

(not a named mineral)  Fe(III)SO4(OH) 

CHLORIDES e.g. NaCl, MgCl2 

PERCHLORATES (Mg,Ca)(ClO4)2 

Fe OXIDES  

Hematite Fe2O3 

Goethite FeO(OH) 

Key questions and implications:   
How did the phyllosilicate minerals form? If simi-

lar to Earth, as has been proposed [32], then clays may 
have formed when warmer conditions prevailed due to 
the presence of additional carbon dioxide or other trace 
greenhouse gases [33]. Certainly, Al-clay over Fe/Mg 
clay stratigraphies appear similar to terrestrial weather-
ing profiles, albeit at a much larger scale [34]. Howev-
er, based on the predominance of Fe/Mg smectites, 
chlorites, and their accompaniment by higher tempera-
ture phases, formation of most clays by alteration at 

elevated temperatures under low water:rock conditions 
has been proposed [26]. Depending on the scenario for 
clay formation, there are significant implications for 
understanding habitability on ancient Mars. 

What is the relationship of valley networks and 
sedimentary basins to aqueous minerals? An early 
observation was that clay minerals are not located 
preferentially in association with valley networks [7]. 
One might expect this if these were locations of en-
hanced liquid water throughput because weathering 
would be enhanced in these regions. A possibility is 
that sustained liquid water was relatively uncommon 
and that cold desert-like environmental conditions pre-
vailed for most of Mars history [26]. The prevalence of 
salts in inter- and intra-crater basins has become ap-
parent and formation of these is likely related to evapo-
ration of ground and surface waters. Clays found with-
in are consistent with being detrital [12, 19-21,24].  

To what extent is the scarcity of salts in the earliest 
Noachian record, and carbonate generally, a function 
of formation, preservation, or detection? Salt minerals 
(chlorides, carbonates, and sulfates) are not typically 
part of the materials exhumed by impact cratering 
[26,27] but it is not clear why this is the case. 

Did ancient Mars possess geochemical cycles or 
was mineral formation “one-way”, permanently se-
questering volatiles? Understanding effects of mineral 
formation on the Mars system as a whole is just begin-
ning. It is not yet clear whether aqueous minerals once 
formed were subsequently altered. Most smectites are 
not diagneitcally altered [35], but in other cases C/S, 
chlorites, and illites are found [21,26]. The process of 
sequestration of volatiles may have resulted in a signif-
icant crustal reservoir from aqueous minerals [36]. 
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