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CHEMICAL WEATHERING ON MARS: RATES OF DISSOLUTION AND 
OXIDATION OF FERROMAGNESIAN SILICATE MINERALS 
Roger G. Burns, Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of 
Technology, Cambridge, MA 02139. 

Introduction. The occurrence of secondary minerals such as clay silicates, fenic oxides and sulfates in 
the martian regolith would indicate that chemical weathering of primary igneous rocks has occurred on the 
surface of Mars. The original basaltic pyroxene-olivine-feldspar assemblages containing accessory oxide 
and sulfide minerals have probably interacted with the atmosphere and hydrosphere through time producing 
the oxidized regolith. Such inferences raise questions about the kinetics and mechanism of chemical 
weathering processes on Mars, whether or not reaction rates were faster in the past, and the likelihood of 
alteration products continuing to form in the present-day frozen surface of Mars. Reviewed here are 
experimental measurements on rates of dissolution and oxidation of olivine and pyroxenes that have a 
bearing on chemical weathering processes on Man. 

General Considerations. Evidence from experimental petrology and mineral assemblages in SNC 
meteorites indicates that olivine (=FaggFqo), low-Ca pyroxene (pigeonite, =Fs25En65Wolo) and high-Ca 
pyroxene (augite, =FslsEn50W035) are the dominant ferromagnesian silicates in basaltic rocks on Mars 
[I]. These minerals rank highest in the order of vulnerability of igneous minerals to chemical weathering 
[ 2 ] ,  with feldspars and quartz being least susceptible to degradation [31. In aqueous environments, 
chemical weathering proceeds through dissolution of the minerals, the rates of which are pH dependent [4]. 
Thus, in acidic solutions, dissolution rates decrease with rising pH, but increase when the pH is in the 
alkaline range, with minimum dissolution rates occurring in near-neutral pH solutions [3,5]. Since acidic 
groundwater (now permafrost) is believed to occur beneath the martian surface, chemical weathering 
reactions in the pH range 1 to 6 appear to be most applicable to Mars [6] . Dissolution is congruent when 
ali i ~ : ~ k 1 @  species y g 2 + ,  Fe2+. ca2+. SiO?) diqsnlve at  rater pmprti,?nsl to their conce,ntra~cr~ in tiie 
silicate mineral, or incongruent i f  there are different dissolution rates of constituent species [4]. 
Incongruent solubility may be the result of (1) preferential release from a specific cation site in a mineral 
(e.g. pyroxene M2 site); (2) surface-controlled effects originating from wide ranges of particle sizes and 
i l y ~ ~ a i  defecu. ZZLW clisioca~iu~h, 22h pits, etc.; UI (3; ;;;uecJvt izillcluring ell" ~U,?Z&S o i  ~c ai~wiving 
silicate by insoluble reaction products such as clay silicates and ferric oxyhydroxides which influence 
difhsion rates of soluble species. 

Olivine. Ln studies of forsteritic olivines (e.g. Fa17), stoichiometric dissolution rates are observcd at pH 
I 4 [5,7,8,9]. The linear release of all three species, Mg2+, ~ e ~ +  and silica, to solution is attributable to 
independent [SiO4] tetrahedra existing in the olivine crystal structure and the absence of Si-0-Si bonds (c.f. 
pyroxenes), so that metal-oxygen bond strengths are equivalent for cations that are randomly distributed in 
thc olivine MI and M2 sites. At conditions near pH 3.5 and 1 OC, the rate of dissolution of Fe2+ from 
olivine Fa18 is 10-15.42 mole ~ m - ~  s-I [7], so that in one year about 6 ppm of Fe2+ ions would be 
dissolved per square meter of olivine dunite. At pH 5, the solubility rates of Mg2+, ~ e 2 +  and silica in 
groundwater water in contact with olivine are two orders of magnitude slower. 
Low Ca pyroxenes. In dissolution studies of orthopyroxenes (e.g., Fs21En89). silica release proceeds 

at a constant rate, whereas the release of ~ g ~ +  ions is initially faster than that of silica [10,11,12]. 
However, as dissolution reactions proceed, the release rate of Mg2+ decreases, eventually leading to 
stoichiometric dissolution. From a crystal structure viewpoint, during the earliest stages of pyroxene 
dissolution, cations in the M2 sites located along cleavage planes are released preferentially, while cations in 
the M1 sites are released in stoichiometric proportions to silica when rupturing of Si-0-Si bonds occurs in 
the chains of linked [Si04] tetrahedra. As a result, overall dissolution rates of Mg2+ and silica in pyroxenes 
may be two orders of magnitude slower than those of olivines. The dissolution of ~ e ~ +  ions in Mg-Fe 
orthopyroxenes is assumed to follow a similar pattern to Mg2+ [4]. Under anoxic conditions at pH 6 and 
under oxygenated conditions at pH 1 (when oxidation rates of dissolved Fe2+ are slow and the precipitation 
of FeOOH is avoided), the initial rate of iron dissolution from pyroxenes is much greater than expected 
from stoichiometry with ~ g ~ +  and approaches dissolution rates of ~ e ~ +  in olivines. However, in long- 
duration experiments, release rates of ~ e ~ +  ions from pyroxenes decrease, so that the rates of release of all 
three species, ~ e ~ + ,  Mg2+ and Si02, eventually approach their stoichiometric propohons. 

Calcic pyroxenes. In solubility studies of diopside [ll], Mg2+ and silica dissolve in stoichiometric 
proportions from the onset, but ca2+ dissolves initially at a greater rate, becoming stoichiometric in long- 

O Lunar and Planetary Institute * Provided by the NASA Astrophysics Data System 



188 LPSC X X I I I  RATES OF CHEMICAL WEATHERING ON MARS 
Burns, R. G. 

duration experiments. Again, these effects are attributed to ca2+ occupancy of the pyroxene M2 sites. In 
sub-calcic pyroxenes (augites) with Fe2+ occupying ca2+ vacancies, a dissolution pattern similar to that 
observed in orthopyroxene occurs but is complicated by surface oxidation products [12,13] 

Oxidation of dissolved F$+. Ferrous iron released during chemical weathering of olivine and 
pyroxenes is metastable with respect to ferric iron when the pH of groundwater exceeds 3.5 [6]. In near- 
neutral and alkaline solutions, ferric iron is removed almost instantaneously and the rate of precipitation of 
FeOOH phases is controlled by the oxidation of Fe2+ ions. Reaction rates for the oxidation of dissolved 
Fe2+ ions are strongly pH dependent and are very slow below pH 6. The rate equation for pH 1 5.5 is 
given by: -d[Fe2+]/dt = kl [~e2+] [02 (q)]  / [ ~ q 2 ,  where kl = 8 (32.5) x 10-Is liter2 mole-2 am-I min-I 
[13,14]. This equation indicates that there is a 100-fold decrease in the rate of oxidation of ~ e ~ +  for each 
unit decrease of pH. At ambient conditions on Earth (T = 20 OC, Po2 = 0.2 am), in river water (pH 6) 
with dissolved Fe2+ = 5.5 ppm M), the rate of oxidation of Fe2+ would be about 0.4 wt.% Fe per 
year (i.e., about 4000 ppmly). There is a ten-fold decrease in reaction rate for each temperature-interval 
decrease of 15 OC [13,14]. Rates also decrease with increasing ionic strength, and are slower in ~ 0 ~ ~ -  
than C1--bearing solutions. Thus, in brine eutectics proposed for Mars [15,16] (which are themselves 
slightly acidic due to hydrolysis reactions) that have equilibrated with oxygen (Po2 = am)  in the 
martian atmosphere, rates of oxidation of dissolved Fe2+ could be lo6 to lo8 times slower than those in 
laboratory experiments performed at 20-25 OC. 

In more acidic solutions (pH < 5 ) ,  the rate of oxidation of dissolved Fe2+ ions becomes independent of 
pH, so that: -d [~e~+] /d t  = k2 [Fe2+] [02 (q)]. Thus, the oxidation rate is extremely slow at low pH. 
For example, in pH 2 mine drainage-water at ambient temperature (20 OC) and atmospheric pressure (Po2 = 
0.2 atm) containing, say, 10-3 M dissolved iron, the rate of oxidation of Fe2+ would be M per year 
(i.e. 55 ppb Fely). Obviously, the reaction would be considerably slower near the freezing point of water 
and at Po2 = atm, which are surface conditions more applicable to Mars. Studies of heterogeneous 
oxidation at near-neutral pH indicate that the reaction product, lepidocrocite (y-FeOOH) at pH 7, catalyses 
the oxidation of dissolved ~ e ~ +  ions [17]. Autocatalysis is unimportant in acidic groundwater, however. 
The oxidation of aqueous Fe2+ is catalysed by light [18], though, reflecting the influence of photochemical 
processes in redox reactions on planetary surfaces. 

Applications to Mars. Chemical weathering of ferromagnesian silicates on Mars may have been 
facilitated by acidic groundwater derived from aqueous oxidation of sulfides and dissolved volcanic gases 
[61. Abrasion by aeolean processes would produce etch-pits and surface defects on crystals, inducing 
incongruent dissolution and increasing the rate of dissolution of mineral grains on the martian surface. 
Since ambient temperatures and oxygen partial pressures on present-day Mars are much lower than those on 
Earth, the rate of dissolution of ferromagnesian silicates and the rate of oxidation of dissolved Fe2+ ions 
there now should be considerably slower, particularly in frozen acidic regolith. Therefore, pristine olivine 
and pyroxenes in basalts and dissolved Fe2+ ions in the hydrosphere may persist, except at the surface 
where exposure to ultraviolet radiation may catalyse their oxidation. 
Eventually, dissolved Fe2+, ~ g ~ + ,  ca2+, silica, etc., will precipitate from groundwater as secondary clay 

silicate and ferric oxyhydroxide phases. On the present-day outermost surface of Mars, such hydroxyl- 
bearing minerals are predicted to be thermodynamically unstable [19], but may persist there metastably if 
the kinetics of dehydration reactions are sufficiently slow at low temperatures. 
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