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Introduction: Mineral equilibria provide predic-

tors of properties important in aqueous geochemistry 
(solubility, freezing, precipitation, dissolution, etc.). 
Prediction works well where groundwater is well 
above freezing, but less so where only thin films of 
cold water and ice are present. Calculations are also 
limited where water/rock ratios are small, the general 
case on Mars. On Mars many models of aqueous sys-
tems call on concentrated brines [1]. Recent low-
temperature thermodynamic modeling has improved 
calculations [see presentations at this meeting], but 
much remains to be done in extending thermodynamic 
data to cold conditions, especially where mineral-H2O 
reactions are solid-vapor rather than solid-liquid.  

Dissolution and precipitation: High solubilities 
of salts and their abundance on Mars [2] make them a 
point of focus for studies of the martian hydrosphere. 
Sulfates and halides are a significant component of the 
martian regolith [3] and are common vein components 
in martian meteorites [4]. Lander chemical data from 
Viking, Pathfinder, and MER indicate a dominant sul-
fate component with less abundant halogen salts (Cl, 
Br). Orbital data support widespread distribution of 
sulfates of Mg, Ca, and Fe; carbonates are much rarer 
than expected. Recent results from Phoenix show per-
chlorate (ClO4) salts at high latitude; associated salts 
include anhydrite and Ca-carbonate [5,6]. The surpris-
ing abundance of perchlorate at the Phoenix site shows 
that our ability to predict salt assemblages from avail-
able data is limited. Identification of Ca-carbonate at 
Phoenix shows that mineralogy seen from orbit may be 
insensitive to salt mixtures in low abundance or cov-
ered by soil that masks underlying material. 

Silica is a common precipitate in the terrestrial hy-
drosphere; authigenic quartz coats and cements detrital 
grains in many sandstones and cristobalite and opaline 
silica are common terrestrial precipitates from silica-
saturated fluids. These precipitates can greatly reduce 
porosity, permeability, and specific storage of aquifer 
rocks, especially clastic sediments. Simulated acid 
weathering of basalt under martian condition produces 
opal [7]. Recent spectral data from Mars suggest sur-
face opaline deposits [8]. Silica leach rates from sili-
cate glasses are greater than those from crystalline 
silicates; volcanic and impact glasses on Mars provide 
abundant material for silica in solution. Slow recycling 
of impact products on Mars is likely to leave a large 
inventory of shocked silicate materials susceptible to 
aqueous leaching. Special disordered materials such as 
maskelynite, rare on Earth, may be widely distributed 

on Mars and provide a special set of exceptionally 
reactive and leachable silicates. 

Ferrihydrite is a common precipitate that can ma-
ture to hematite [9]. Goethite observed at Gusev impli-
cates shallow aqueous alteration [10]; goethite can also 
mature to hematite. Hematite may thus be an indicator 
of ultimate aqueous origin. This rationale led to selec-
tion of Meridiani as a MER landing site on the basis of 
spectral identification of hematite. This decision was 
justified by the determination of abundant hematite at 
Meridiani, but the organization of hematite into small 
spherules (“blueberries”) was not anticipated. These 
spherules and evidence for post-deposition dissolution 
(crystal molds) provide ongoing challenges to concep-
tual models for genesis of the assemblages, textures, 
and fabrics of sediments on Mars. 

Salt, silicate, and oxide dissolution/precipitation 
processes on Mars may reflect a hydrosphere of the 
distant past [11] or may form in cycles repeated 
throughout martian history [12]. On Earth chemical 
deposition of silicates or oxides is generally separated 
in space and time from salt-depositing evaporites. Ex-
ceptions occur. One such is exception is siliceous cal-
crete, where water/rock ratios are low and the system 
is fed by acidic fluid that is quickly neutralized by re-
action with soil detritus. This process is episodic, spe-
cific to low water/rock ratios, and produces soil zones 
and fracture fills distinct from hydrothermal or spring 
deposits [13]. Cycles of volcanic aerosol flux on Mars 
may result in similar mixed mineral precipitates; frac-
ture fills at Meridiani may reflect mixed mineralogy 
derived from such a ‘minimal’ hydrologic system [14]. 

Alteration and water-rock interaction: Much of 
the authigenic mineralogy in Earth’s hydrosphere is a 
product not of direct precipitation from solution but of 
water-rock reaction. Common alteration products in-
clude clay minerals and zeolites. Clay minerals are 
widely distributed on Mars and include smectites and 
kaolinites [15]. Zeolites are not as widely recognized 
but have been suggested [16]. Clay minerals have great 
influence over the hydrologic properties of rocks, par-
ticularly the swelling clays (smectites) that generate 
aquitards and aquicludes in the terrestrial hydrosphere. 
Models that include clay mineral formation in the hy-
drosphere can define the effect such alteration has on 
groundwater movement and composition. 

Formation of clay minerals and zeolites is facili-
tated where a glass precursor is available. On Earth 
this is generally a volcanic glass; on Mars impact 
glasses and other impact-disordered phases may vie in 

4008.pdfWorkshop on Modeling Martian Hydrous Environments (2009)



importance. Alteration by groundwater is seldom iso-
chemical and is greatly influenced by water composi-
tion. Where silica-rich glass is the precursor, signifi-
cant amounts of opal may form as a coproduct of zeo-
lite growth; on Mars where silica-rich volcanic rocks 
are rare coproduction of silica may be much less com-
mon. Zeolites tend to form rather than phyllosilicates 
where waters are highly alkaline. Zeolitization of ba-
saltic detritus produces low Si/Al zeolites such as 
thomsonite and phillipsite; generally the zeolite altera-
tion products in basalts on Earth are in cavities or vugs 
and reflect elevated temperatures in the hydrosphere. 
On Mars long exposure of basaltic deposits to impact 
and local magmatic thermal systems could lead to 
similar alteration. 

Reactive transport: Modern modeling of the ter-
restrial hydrosphere is rapidly increasing the ability to 
predict flow systems and host-rock reactions. Precipi-
tation/dissolution, sorption/desorption, and cation ex-
change figure prominently in research directed at un-
derstanding problems such as fouling of hydrothermal 
power plants, sequestration and migration of hazard-
ous wastes, and long-term viability of stressed aqui-
fers. Models have been tested and modified through 
both laboratory studies and controlled field studies 
[17,18]. Mars presents plenty of surface evidence for 
high ionic strength fluids in the prevalence of regolith 
salts and evaporites, but the nature of deep groundwa-
ter is elusive. Nevertheless, models of reactive trans-
port leading to saline fluids help address questions of 
whether evaporite minerals on the surface are products 
of groundwater brines or of evaporation from saline 
lakes. 

Overcoming terrestrial bias. Terrestrial examples 
have been used throughout this discussion. This is 
natural, since our hands-on knowledge of mineralogy 
in a planetary hydrosphere is limited to Earth. It is 
important however to consider how different Mars is 
from Earth and those aspects of the Mars hydrosphere 
that present challenges to terrestrial analogy. 
Stagnation. Water/rock reactions on Mars are gener-
ally slower than on Earth. Absence of plate tectonics to 
cycle wet sediment into the lithosphere results in a 
more static deep groundwater system with drier host 
rock. This system is perturbed by impact and volcanic 
events, but these leave relatively permanent scars that 
are not recycled into new lithosphere. Minerals formed 
in the martian hydrosphere that would have limited 
“lifespans” on Earth (e.g., salt hydrates, opal-A, smec-
tites, zeolites) may persist on Mars indefinitely. 
Cold, dry conditions. Some of the best terrestrial ana-
logs for Mars are in polar regions such as the Dry Val-
leys of Antarctica. However, no terrestrial region is as 
persistently cold and dry as Mars. Very slow reaction 

rates, disequilibrium assemblages, and pathway-
dependent reactions are likely to be far more prevalent 
on Mars than on Earth. In terms of mineralogy gener-
ated in the hydrosphere, it is likely that rich mineral 
associations not in equilibrium will be the norm, at 
least in surface and shallow zones accessible for study. 
Disequilibrium presents challenges to modeling min-
eral systems in the martian hydrosphere. 
Severe obliquity cycles. Massive redistribution of ice 
on Mars follows obliquity excursions of a magnitude 
not seen on Earth. Subglacial and periglacial processes 
are thus relatively more significant on Mars [19]. In 
this situation, mineral alteration or precipitation in a 
thin zone of meltwater at the edge of a buried ice mass, 
or around dark lithic grains in ice [20], may be more 
significant than precipitation from an ephemeral lake. 
Low water/rock ratios. Fluvial systems on Mars are 
abundantly represented by deltaic deposits, scoured 
channels, and other fluvial geomorphic features. Ob-
served features point to high-energy environments 
with evidence of persistent standing bodies of water 
elusive. Episodic releases of water appear to be catas-
trophic with little time for water/rock reaction; disper-
sion of surface water into groundwater appears to have 
been rapid. At dispersed and low water/rock ratios the 
mineralogy of the hydrosphere is likely dominated by 
soluble salts. However, evidence of abundant clay 
minerals suggests higher water/rock ratios. A chal-
lenge to understanding the martian hydrosphere is in 
development of credible models for what appears to 
have once been a much wetter environment. The im-
pact of this concept on Mars rivals the concept of a 
terminal cataclysm on the Moon, and is likely to be a 
source of debate for at least as long. 
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