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INTRODUCTION

We live in a silicate world. The Earth�s crust contains 62.7 
mol% oxygen and 22.0 mol% silicon so that silicate minerals 
dominate its mineralogy by comprising 88 wt% of the crust. 
Because of their abundance, reactions among silicate minerals 
and aqueous solutions effectively buffer the long-term compo-
sition of surface waters, soils, sediments, and the atmosphere. 
Many of these reactions are relatively slow so the geochemical 
impact of each reaction is strongly dependent upon its reaction 
kinetics. Because of the structural and chemical complexity 
of silicate minerals, the details of their reaction mechanisms 
remain elusive. Knowledge of reaction mechanisms is essential 
because they constrain the forms of the rate laws that describe 
the overall course of the reactions. We have developed a com-
prehensive strategy for establishing the reaction mechanism for 
silicate minerals reacting with aqueous solutions by combining 
experiments that use chemical probes with large cluster ab-initio 
quantum mechanical models. We believe that this strategy is the 
most effective way to understand the kinetics of silicate mineral 
reactions. Our approach is demonstrated by considering the reac-
tion among forsterite (Mg2SiO4) and acidic solutions.

Several experimental strategies have been applied to iden-
tifying the reaction mechanisms for mineral dissolution. For 
example, instead of studying complicated silicate minerals, 
simpler Keggin molecules can be used as model systems to 
study the reactive sites and oxygen exchange rates on oxide 
surfaces and many insightful results have been obtained (Casey 
and Swaddle 2003; Phillips et al. 2000; Furrer et al. 1999; Rustad 
et al. 2004). Another obvious and widely used strategy is to study 
the dissolution behavior of the relatively simple olivine-group 
minerals as model systems. These studies have identiÞ ed four 
important phenomena that a rate model must explain. First, 
olivine minerals dissolve more rapidly with declining pH (Fig. 
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1a) (Pokrovsky and Schott 2000b; Rosso and Rimstidt 2000). 
This has been termed proton-promoted dissolution. Second, ol-
ivine minerals dissolve more rapidly in the presence of organic 
ligands (Fig. 1b) (Wogelius and Walther 1991, 1992). This has 
been termed ligand-promoted dissolution. Third, in acidic solu-
tions olivine minerals release cations more rapidly than silica 
during the initial stages of dissolution but dissolve congruently 
thereafter (Pokrovsky and Schott 2000a; Rosso and Rimstidt 
2000). XPS observations of acid reacted grains conÞ rm that this 
initial incongruent dissolution produces a silica-enriched surface 
(Pokrovsky and Schott 2000a; Seyama et al. 1996). Fourth, the 
dissolution rate of olivine series minerals correlates with the 
rates of water exchange with the corresponding M2+(aq) cations 
(Casey and Westrich 1992). 

Another approach to establish reaction mechanisms for sili-
cate minerals uses ab-initio quantum chemistry calculations to 
model the interactions among aqueous species and small clusters 
of silicate atoms (Casey et al. 1990; Gibbs 1982; Lasaga and 
Gibbs 1990; Xiao and Lasaga 1994a, 1994b; Pelmenschikov et 
al. 2000a, 2000b; Felipe et al. 2004). Recently, larger and more 
realistic clusters of mineral structures have been used for this 
purpose (Rustad et al. 2004; Criscenti et al. 2005). Larger cluster 
simulations of mineral surfaces provide insight into how the inter-
actions among the various surface sites affect their reactivity. 

Our research, which focuses on the dissolution behavior of 
forsterite (Mg olivine), Þ rst investigated the precursor reactions 
that are responsible for the rapid release of cations leading to 
a silica-enriched surface. Our quantum mechanical simulations 
of the interaction of (001), (111), and (2,�2,�3) crystal planes with 
acidic aqueous solutions used large cluster models like that in 
Figure 2. More than 200 atoms are in each model. The bottom 
layer of atoms in each model was anchored at crystallographic 
locations. When the surface atoms interacted with water mol-
ecules and protons, the unconstrained surface layers expanded 
toward the bulk solution. The bond lengths among the outermost 
atoms were strongly affected by the degree of protonation of the 
µ3-O sites but not µ2-O sites [see one magniÞ ed µ3-O site on the 


