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Introduction: The driving question behind 

NASA's Mars exploration program is whether or not 
life was, is, or could be sustained on our neighbor 
planet.  In order to answer that question, we must be 
informed about the nature of the Martian environment 
both in the past, and at the present day.  The soils at 
the Martian surface (for this project, broadly defined 
as the fine, windblown materials analyzed at the Vi-
king and Pathfinder landing sites) hold clues to Mar-
tian environmental history, as they may represent the 
product of interactions between the basaltic Martian 
crust and liquid water.  Unraveling the mechanism(s) 
by which this globally homogeneous soil blanket 
formed may reveal a great deal about zones where 
liquid water once was (and possibly still is) stable on 
Mars. 

The Hydrothermal Soil Formation Mechanism: 
The Martian surface shows evidence of extensive vol-
canic and impact magmatic activity coupled with 
abundant water in surface and sub-surface environ-
ments from the Noachian Period (4.5-3.8 Ga) to the 
very recent geologic past.  Interpretations of observa-
tional evidence suggest that hydrothermal systems 
have been active on Mars throughout the planet’s geo-
logic history, and a variety of surface features have 
been attributed to the interaction of magmatic and im-
pact heat sources with volatile-rich Martian crustal 
materials.  Some examples of such features include 
outflow channels and valley systems [1-3], highland 
paterae [4], lobate impact ejecta [5], and fretted ter-
ranes [6].   

A number of the geomorphologic observations at-
tributed to hydrothermally driven modification of the 
Martian surface are drainage features (e.g., outflow 
channels, valley networks).  Presumably, the associa-
tion with such features provides a mechanism for re-
moving hydrothermal mineral deposits from the sub-
surface environment, and incorporating them into the 
Martian surficial deposits by fluvial and/or aeolian 
processing.  Alteration minerals generated within the 
confines of a crater lake overlying an active hydro-
thermal system may be redistributed by mass flow or 
fluvial processes, consistent with the observation that 
numerous outflow channels and fluvial valleys in the 
Martian southern highlands originate in dry crater lake 
beds [7]. 

Such observations have led a number of authors to 
propose that hydrothermal alteration of the Martian 
crust may have been partially or wholly responsible for 

the production of the chemically and mineralogically 
unique soil deposits observed on the Martian surface. 
[8-10].  Unfortunately, the secondary mineral phases 
that might be formed via alteration of Martian crust in 
the hydrothermal environment remain largely uncon-
strained from an experimental standpoint.  The few 
relevant experimental hydrothermal studies published 
to date have emphasized the conditions of formation of 
alteration minerals observed in the Shergottite-
Nahklite-Chassigny (SNC) class of meteorites [11-13].  
Given the exceedingly small volume of the observed 
alteration mineralogy, and the shock-related thermal 
history of these meteorites, there remains considerable 
doubt as to how much can be inferred about bulk Mar-
tian soil properties from these unique samples [14]. 

Therefore, an experimental program designed to 
simulate a wide range of relevant Martian hydrother-
mal conditions is being conducted in order to constrain 
the importance of hydrothermal processing as a source 
of soil minerals on Mars.  Such data will also enable us 
to place hydrothermal systems into the broader context 
of Mars exploration by constraining many of the im-
portant secondary phases that might be expected to 
form in the vicinity of a hydrothermal system on Mars.  
This will provide a valuable database of hydrothermal 
mineral phases that can then be utilized to interpret 
remote sensing data in the search for extant hydro-
thermal systems.  These areas form obvious candidate 
landing sites in the search for potential exobiological 
habitats on Mars. 

Hydrothermal Processes on Mars - Constraints 
on Fluid Chemistry: A theme common to Martian 
soil formation models is that they often call upon al-
teration resulting from interaction with an acidic fluid 
rich in aqueous sulfate species and chloride in order to 
explain the anomalously high SO3 and Cl content of 
the Mars soil [15, 16].  It is expected that Martian vol-
canic gas emanations should be dominated by SO2 [17, 
18], and consequently, acidic H2SO4 and HCl bearing 
fluids might be expected to dominate Martian hydro-
thermal system fluid chemistry [19]. 

Soils analyzed at the Pathfinder and Viking Lander 
sites are enriched in sulfur and chlorine, with an aver-
age molar S: Cl ratio of 6.2 [20, 21].  If these charac-
teristics are a relict feature of an evaporated or sub-
limed fluid, then that fluid was likely to have resem-
bled acid-sulfate or sulfate-chloride type water, as 
shown on Figure 1.  In terrestrial hydrothermal sys-
tems, such fluids are ubiquitous in the shallow epi-
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thermal environment (50 - 200oC, < 1 km depth) over-
lying a deeper, active hydrothermal system [22, 23].  

Reaction with such fluids in the near-surface envi-
ronment can result in intense (advanced argillic) altera-
tion of the host-rock.  Fluids are consequently enriched 
in dissolved metal cations, and friable, easily eroded, 
silica-rich residues are left behind [24]. 

 
 
 
 
 
 

Hydrothermal Processes on Mars - Constraints 
on Host-Rock Composition: The nature of the host-
rock in Martian hydrothermal systems will vary de-
pending on local geology, but overall, should reflect 
the average composition of the Martian crust.  No con-
sensus has yet been reached on exactly what this “av-
erage” composition might be, but the Martian crust is 
known to be dominantly basaltic in character, with 
multiple lines of evidence supporting this fact [25-27]. 

Chemically, Martian basalt differs from common 
terrestrial mid-ocean ridge type basalt in having a 
higher iron content (up to ~20 weight % FeOT), and 
lower magnesium, titanium and aluminum content 
[26].  In Table 1 the major element compositions of 
Icelandic, Columbia River and the Los Angeles mete-
orite basalts are compared in order to illustrate the 
differences in composition between common terrestrial 
basalts and Martian basalt.  The unique chemical 
composition of Martian basalt results in a similarly 
unique assemblage of primary mineral phases 
characterized by a high modal abundance of pyroxene 
relative to plagioclase; a direct consequence of low 
aluminum content. A CIPW norm calculation further 
illustrates large relative differences in calculated 
mineralogy (Table 1).  

TABLE 1 
Oxides IB CRB LA 

SiO2 47.1 47.1 49.1 
TiO2 1.66 3.65 1.30 

Al2O3 14.9 12.4 11.2 
Fe2O3 4.08 0.36 1.95 

FeO 7.20 17.3 19.5 
MnO 0.17 0.32 0.45 
MgO 8.52 4.38 3.53 
CaO 11.5 8.8 10.0 

Na2O 2.24 2.43 2.22 
K2O 0.20 1.39 0.24 

P2O5 0.18 1.58 0.66 
Total 97.7 99.7 100.1 

 
TABLE 1 (Continued) 

CIPW Norm* IB CRB LA 
Ilmenite 3.15 6.93 2.47 
Apatite 0.43 3.74 1.56 

Orthoclase 1.18 8.21 1.42 
Albite 19.0 20.6 18.8 

Anorthite 29.9 18.7 19.9 
Magnetite 5.92 0.52 2.83 

Diopside 20.7 12.6 21.7 
Hypersthene 14.1 22.4 30.4 

Olivine 3.34 6.11 1.06 
Total 97.7 99.8 100.1 

 
 
 
 

 
Testing the Hydrothermal Soil Formation 

Mechanism: The differences in mineralogical and 
chemical composition between common terrestrial 
basalts and Martian basalts will have a profound effect 
on the alteration products produced during the course 
of experimentation [28, 29].  Therefore, our experi-
mental approach stresses the use of synthetic Martian 
compositions as host-rocks for our hydrothermal al-
teration experiments.  We have gone to great lengths to 
design a set of hydrothermal reactors that can accom-
modate the small amounts of sample (~100-500 mg) 
produced in the synthesis process.  Details of the basalt 
synthesis procedures, as well as hydrothermal appara-
tus design can be found in Tosca et al. [30]. 

Results: Utilizing the methods outlined in Hurowitz 
et al. [31], we are currently performing experiments 
that simulate the epithermal alteration of a synthetic 
Los Angeles basalt composition by a sulfate-chloride 
type fluid at T=75oC. The fluid being utilized (0.12M 
H2SO4, 0.023M HCl, pH=1) is modeled after those 
affected by interaction with primary magmatic vapors, 
such as crater lake fluids [32].  Initial results confirm 
the notion that host-rock composition does indeed af-
fect the evolution of effluent fluid compositions, and 
the composition of residual solids analyzed at experi-
ment completion. 

Figure 1: Ternary diagram of molar SO4
2-, Cl- and HCO3- 

used to distinguish between common hydrothermal fluid 
types.  V and P symbols refer to average Viking and Path-
finder soil analyses, respectively.  After [22]. 

Table 1: IB = Iceland Basalt, data from [28].  CRB = Colum-
bia River Basalt, data from [11].  LA = Los Angeles Meteorite 
Stone 1, data from [38].  *Calculated (not actual) mineralogy. 
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To date, experiments indicate that at the high wa-
ter-rock ratio conditions that were simulated (WR ≈ 
1500), the plagioclase and titanomagnetite present in 
the synthetic Los Angeles basalt composition are 
highly susceptible to acid attack relative to clinopyrox-
ene.  Altered plagioclase grains observed and analyzed 
by scanning electron microscopy and energy disper-
sive X-ray spectroscopy indicate a residual solid 
highly depleted in Ca, Na and Al, and enriched in Si.  
Titanomagnetite grains have been entirely dissolved 
from the samples studied.  Clinopyroxene grains, on 
the other hand, appear to have been minimally affected 
by the dissolution process.  As a result, the altered ba-
salt is enriched in both a Si-rich residue and relatively 
unaltered clinopyroxene grains.  Fluid chemical analy-
ses performed by DC-plasma argon emission spectros-
copy confirm the influence of plagioclase and ti-
tanomagnetite dissolution on the concentration of dis-
solved cations in effluent samples. 

Discussion: The large differences in apparent dis-
solution rate of plagioclase and pyroxene are some-
what surprising in light of mineral dissolution studies 
that indicate a close correspondence in dissolution 
rates for plagioclase and clinopyroxene compositions 
similar to those in the synthetic Los Angeles basalt of 
our experiments [33, 34].  As a result of this resis-
tance, Mg and Fe, and to a lesser degree Ca, are re-
tained in the residual clinopyroxene.  Further alteration 
is expected to deplete clinopyroxene of Ca, followed 
by Fe and Mg [19]. 

Ultimately, the experimental conditions discussed 
above may provide a means to produce fluids enriched 
in Mg, Fe, H4SiO4, SO4

2- and Cl-, which could form 
Mg-Fe sulfate minerals and amorphous silica upon 
evaporation.  These phases have all been proposed as 
candidate minerals in the Martian soils [35-37].  
Longer term experiments are currently being con-
ducted to confirm this hypothesis.  Alternatively, the 
residual materials themselves might be eroded and 
incorporated into the Martian soils without further 
chemical modification, a possibility that has not been 
considered in previous published research 

It is also noted that at the low pH conditions under 
consideration in these experiments, aqueous Fe is pre-
sent in the ferrous state and will not precipitate as an 
oxide phase without an increase in fluid Eh and/or pH.  
Iron-oxide minerals are of obvious importance in the 
Martian soils, and hydrothermal alteration of synthetic 
Los Angeles basalt under these experimental condi-
tions is unlikely to produce such secondary iron-oxide 
minerals.  This is a problem that will be addressed in 
upcoming experiments, which will be run utilizing a 
starting fluid composition modeled after less aggres-

sive terrestrial sulfate-chloride waters having pH be-
tween 2-5. 

Implications for the Hydrothermal Soil Forma-
tion Mechanism:  From the preceding discussion it is 
clear that there is ample observational evidence to 
suggest that hydrothermal systems have played a 
significant role in the hydrologic cycle on Mars.  The 
use of synthetic Martian host-rock materials, combined 
with an experimental protocol designed to simulate a 
range of plausible Martian hydrothermal conditions 
represents an important step towards evaluating the 
viability of the hydrothermal soil formation mecha-
nism on Mars. 

This is particularly true in the epithermal environ-
ment under consideration, characterized by the circula-
tion of chemically aggressive fluids and resulting in 
advanced dissolution as a result of interaction with an 
unaltered host-rock material.  The nature of both fluid 
and residual solid composition in these environments 
will be affected primarily by the composition of the 
starting mineral phases involved, and so choice of an 
appropriate starting material is crucial to understand-
ing the nature of secondary precipitates and residues 
formed by hydrothermal alteration processes on Mars. 
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