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Introduction: The detection of layered deposits with 
sulfates and phyllosilicates, silica and carbonates im-
plies dissolution of rocks and aqueous transport of 
chemical elements on ancient Mars [e.g., 1-5]. The 
presence of salts, phyllosilicates and carbonates in 
some martian meteorites also indicates aqueous proc-
esses [6]. However, aqueous solutions are not stable at 
the present surface, and observed minerals could have 
formed at different conditions in the past. 

Although martian climate may have never been 
much warmer and wetter than today, strong impacts 
and igneous events led to episodic aqueous activity 
throughout history. During the Noachian epoch, aque-
ous fluids eroded highlands, formed valley networks 
and may have led to the formation of phyllosilicates 
[1-3]. During the Hesperian, formation of outflow 
channels could be attributed to igneous activity, which 
also supplied acid volatiles and initiated hydrothermal 
systems. Throughout history, low-temperature (T) 
processes could have involved brines in surface (at 
high obliquity) and ground ice-bearing deposits, and in 
deep subsurface rocks. Here I discuss major chemical 
processes that involve liquid water on Mars. 

Magma-water and deuteric interactions: Water 
interacted with silicate melts during accretion, in a 
magma ocean, and during impacts and igneous activity 
throughout history. These processes led to oxidation of 
Fe2+ and sulfur followed by release and escape of hy-
drogen. High-T oxidation by H2O can be responsible 
for the high oxidation state of crustal igneous rocks 
represented by some martian meteorites. A slow cool-
ing of the magma ocean and large intrusions may have 
caused deuteric alteration. Although this process is not 
observed in martian meteorites, deuteric alteration of 
basic rocks may lead to phyllosilicates [7]. 

Rock alteration at depth: Below ice-bearing 
rocks, pore solutions could have existed throughout 
history. Alteration could have led to partially oxidized 
(Fe3O4-bearing) and hydrated carbonate-bearing rocks 
and alkaline, reduced (H2-rich) and saline fluids. Al-
though acid-base reactions may have approached equi-
librium, reducing (H2, HS-, Fe2+, CH4) and oxidizing 
(SO4

2-, HCO3
-, etc.) species may have not equilibrated 

at low T. However, redox reactions can be sped up by 
chemotrophic life. Atmospheric CH4 over some re-
gions [8] could result from ongoing reduction of car-
bon by H2 that forms via oxidation of Fe2+-minerals 
[e.g. 9]. Hydrothermal alteration can also be possible 
down to ~30 km (when rocks become impermeable).  

Chemical weathering: Over time, surface rocks 
have been affected by multiple precipitations of vol-

canic and impact generated aerosols and rains [10, 11]. 
Corresponding uneven low-pH dissolution of minerals 
was limited by freezing and evaporation leading to 
formation of amorphous silica, other semi-crystalline 
phases (Fe3+ and Al3+ hydroxides/oxyhydroxides), acid 
salts (e.g., Fe3+ sulfates), and resulted in accumulation 
of S, Cl and Br in salts. Preferable low-pH dissolution 
of Mg-Fe silicates led to Mg-Fe salts and Fe3+ oxides 
[e.g., 11-13]. Although Ca carbonates should have 
been destroyed by low-pH fluids, phyllosilicates are 
even more resistant than minerals of basic and ultra-
basic rocks. Surface reactions rarely came to comple-
tion resulting in unequilibrated mineral assemblages. 

Trapping of acid droplets in surface ice prevented 
their evaporation and may have led to long-term 
weathering of minerals in ice and underlying rocks at 
T ≥ ~ -70oC, which corresponds to stable H2SO4-HCl 
rich brines [11,14]. This process could have been im-
portant during periods of high obliquity [11,15] and 
may explain formation of layered sulfate-rich deposits 
formed after ice sublimation [15]. 

Although episodes of acid weathering were un-
avoidable in the early Noachian, larger amounts of 
surface fluids and/or a warmer climate may have 
caused complete neutralization of fluids and precipita-
tion of smectites, zeolites and carbonates at neu-
tral/alkaline pH. Phyllosilicates may have survived 
subsequent acid weathering episodes. 

Redox processes: Several aqueous oxidation proc-
esses could have occurred in the atmosphere and at the 
surface. Atmospheric oxidation included formation of 
acid aerosols from SO2, H2S and N oxides after vol-
canic and/or impact events and involves ultraviolet 
(UV) photons and O2 (photochemical or impact-
generated). On early Mars, strong solar UV activity 
and intense photochemical production of O2 [16,17] 
favored oxidation of S, C, N and Fe species in aerosols 
and fluids. Abundant sulfites may not form. Through-
out history, oxidation can also be accelerated via dis-
solution of photochemically produced percolates [18]. 

Oxidation rates are proportional to O2 partial pres-
sure (p), and only limited oxidation may occur during 
a short episode of aqueous activity and at current at-
mospheric pO2=7×10-6 bar. Sulfides and Fe2+ salts may 
precipitate before oxidation. Subsequent aqueous epi-
sodes would involve dissolution of these and other 
reduced minerals followed by some aqueous oxidation. 
This incremental process eventually leads to sulfates 
and Fe3+ oxides/hydroxides observed in Mars’ soil and 
sedimentary deposits. 
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In hydrothermal environments caused by impacts 
[19,20] or magmatic activity, strong atmospheric oxi-
dants should not play a role, and high-T oxidation oc-
curs by water, as discussed above. Removal of formed 
H2 facilitates formation of Fe3+ oxides and may pro-
duce sulfates. 

Aqueous transfer of elements: Acidic conditions 
favor aqueous migration of many elements including 
Fe3+, Al and P compounds, while silica is less mobile. 
Local occurrences of silica [4,21] and silica coatings 
implies removal of elements at low pH [11-13]. How-
ever, the martian surface may have never been exposed 
to large volumes of acids (at least at once), and aque-
ous transfer may have been restricted by freezing, 
evaporation and neutralization. 

Neutral/alkaline solutions could have been more 
voluminous and accounted for much aqueous transfer 
during the Noachian and Hesperian. Highly soluble 
Mg and Na sulfates and Mg, Ca, and Na chlorides 
would be the most mobile. The thick layered deposits 
of Mg-rich sulfates in Valles Marineris and some cra-
ters [1], as well as chloride deposits [22] imply large-
scale aqueous transport. However, an alternative ex-
planation of layered salt-rich deposits is feasible [15]. 

Despite high solubility of Ca chlorides, aqueous 
migration of Ca should be limited to sulfate-less envi-
ronments. Dissolution of Mg sulfates in Ca bearing 
fluids or dissolution of Ca chlorides in sulfate fluids 
leads to precipitation of gypsum. This may account for 
polar gypsum deposits. 

Specifics of boiling, evaporation, freezing and 
precipitation: At present, low atmospheric p favors 
boiling of water at elevations, while lower p and/or 
higher T are needed to boil saline solutions. Boiling 
leads to colder saline fluids, and prolonged boiling 
may only be associated with near-surface hydrother-
mal activity associated with a heat source. Evaporation 
of surface fluids is slow owing to low T and low water 
activity [23] and freezing of surface fluids [11,14] may 
occur faster than evaporation. Boiling, evaporation and 
freezing all lead to sequential precipitation of highly-
soluble salts (Na-Mg chlorides, Mg, Na sulfates) with 
minor amounts of other low-solubility solids (e.g., 
silica, gypsum, Fe3+ and Al3+ hydroxides, carbonates) 
which precipitate before high-solubility salts. 

Low T and low water activity of typical martian 
fluids would cause oversaturation of solution with re-
spect to many solids (phyllosilicates, carbonates). 
Magnesite, dolomite and siderite may not precipitate in 
near-freezing environments. Although oversaturation 
is less likely for salts, freezing or evaporation is likely 
to cause fractional rather than equilibrium precipita-
tion. In hydrothermal conditions, precipitation of low-
solubility Mg-silicates and CaSO4 led to NaCl fluids; 

and their release at the surface may account for chlo-
ride deposits reported in [22]. 

Several dynamic environments at the near-surface 
(release of waters, cooling and degassing of hydro-
thermal fluids, fluid mixing, and soil-water interaction) 
would have also led to non-equilibrium precipitation. 
Martian precipitation would have led to multiple amor-
phous and semi-crystalline oxide/hydroxide and sili-
cate phases that may have never crystallized. A dis-
crepancy between near-infrared [1-3] and thermal in-
frared identification of phyllosilicates may be due to 
their poor crystallinity in some localities [24]. 

A decrease in CO2/O2 ratio in the Noachian atmos-
phere [16,17] may account for pH-Eh changes in sur-
face waters and in the composition of secondary min-
erals. For example, a Fe3+-nontronite–montmorillonite–
kaolinite sequence in layered rocks in Mawrth Vallis 
[3] could be explained by those atmospheric changes 
caused by a decline in solar UV activity. 

Summary: Multiple and diverse episodes of aque-
ous activity led to dramatic chemical transformations 
and unequilibrated mineralogical assemblages ob-
served in martian materials. 

 Acknowledgements: I thank Susanne Schwenzer 
and Amy McAdam for comments. This work is sup-
ported by NASA MFR program. 

 References: [1] Bibring J-P. et al. (2005) Science, 
307, 1576-1581. [2] Mustard J. et al. (2008) Nature, 
454, 305-309. [3] Bishop J. L. et al. (2008) Science, 
321, 830. [4] Squyres S. W. et al. (2008) Science, 320, 
1063-1065. [5] Boynton W. V. et al. (2009) LPSC 40, 
Abstract #2434. [6] Bridges J. C. et al. (2001) Space 
Sci. Rev., 96, 365-392. [7] McAdam A. C. et al. (2009) 
LPS 40, Abstract #1032. [8] Mumma M. J. et al. 
(2009) Science, 323, 1041. [9] Chatain B., Chevrier V. 
(2007) Planet. Space. Sci., 55, 1246-1256. [10] Segura 
T. L. et al. (2002) Science, 298, 1977-1980. [11] 
Zolotov M. Yu., Mironenko M. V. (2007) JGR, 112, 
E07006. [12] Tosca N. J. et al. (2004) JGR, 109, 
E05003. [13] Hurowitz J. A., McLennan S. M. (2007) 
EPSL, 260, 432-443. [14] Marion G. M., Kargel J. S. 
(2008) Cold Aqueous Planetary Geochemistry with 
FREZCHEM. Springer, 251 pp. [15] Niles P. B., 
Michalski J. (2009) Nature Geosci., 2, 215-220. [16] 
Tian F. et al. (2009) GRL, 36, L02205; [17] Kasting J., 
(2008) AGU Fall Meet. presentation. [18] Hecht M. H. 
et al. (2009) LPS 40, Abstract #2420. [19] Newsom H. 
E. (1980) Icarus, 44, 207-216. [20] Abramov O., 
Kring D. A. (2005) JGR, 110, E12S09. [21 Milliken, 
R. E. et al. (2008) Geology, 36, 847-850. [22] Osterloo 
M. M. et al. (2008) Science, 319, 1651-1654. [23] 
Sears D. W. G., Chittenden J. D. (2005) GRL, 32, 
L23203. [24] Ruff S. W., Hamilton V. E. (2009) LPS, 
40, Abstract #2160.  

 

4028.pdfWorkshop on Modeling Martian Hydrous Environments (2009)


