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AbstrACt

Barrier heights (BHs) for hydrolysis and H2O exchange reactions at M-O-Si (M = Ni2+, Mg2+, and 
Ca2+) linkages on olivine (M2SiO4) mineral surfaces were determined via DFT calculations. BHs for 
hydrolysis of protonated Ni-O-Si, Mg-O-Si, and Ca-O-Si sites are 76, 54, and 27 kJ/mol, respectively, 
and are 69 and 24 kJ/mol for H2O exchange reactions of protonated Mg-O-Si and Ca-O-Si sites, re-
spectively. Rate constants were calculated via classical transition state theory (TST) using these BHs. 
For protonated Ni-O-Si, Mg-O-Si, and Ca-O-Si sites, these are 7.2 × 10–1, 4.7 × 104, and 1.5 × 109 s–1 
>SVHXGR�¿UVW�RUGHU�ZKHUH��+2O) is assumed to be constant], respectively, and for H2O exchange at 
protonated Mg-O-Si and Ca-O-Si sites are 2.6 × 101 and 3.7 × 109 s–1�>SVHXGR�¿UVW�RUGHU�ZKHUH��+2O) 
is assumed to be constant], respectively. Approach of an H2O molecule from the second hydration 
sphere toward a protonated Ni-O-Si site leads to breakage of the Ni-O bond and subsequent release of 
Ni2+ to solution. For protonated Mg-O-Si sites, however, H2O exchange does not lead to rupture of the 
Mg-O bond and would not be a step toward dissolution of the mineral. Potential energy surface (PES) 
scans of H2O exchange indicated formation of a hepta-coordinated Ca2+, so neither H2O exchange nor 
hydrolysis of the Ca-O-Si linkage occurred in this case. Calculated rate constants are consistent with 
experimental data for end-member composition olivine minerals where observed rates of dissolution 
increase in the order Ni2+ < Mg2+ < Ca2+.
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introduCtion

Dissolution of minerals occurs via reaction of species from 
solution with sites on the mineral surface, leading ultimately 
to breakdown of the original mineral structure and resulting 
in release of elemental constituents to solution. This process is 
comprised of many elementary reactions, including opening of 
the surface structure network, replacement of O atoms in the 
metal surface polyhedra with H2O molecules (Liu et al. 2006; 
Rosso and Rimstidt 2000), and surface site hydrolysis. This last 
class of reactions occurs when an H3O+ ion, H2O molecule, or 
OH– ion from solution reacts with a metal site on the surface, 
breaking the M-O bond and releasing a metal ion to solution.

The H2O molecules, H3O+ ions, and OH– ions from solution 
affect the dissolution rate through two possible mechanisms. 
The effect of the H3O+ ion on the dissolution rate has been 
described as proton-promoted dissolution (Furrer and Stumm 
1986; Stumm and Wollast 1990), where the dissolution rate of 
a mineral is observed to increase as a function of decreasing pH. 
This is likely because H+ ions adsorb to surface O atoms and 
weaken M-O and Si-O bonds. The second proposed mechanism is 

known as ligand-promoted dissolution (Furrer and Stumm 1986; 
Ludwig et al. 1995; Stumm and Wollast 1990), where the H2O 
molecule and OH– ion serve as ligands bonding to the mineral 
surface. Their effect on the dissolution rate likely results from 
weakening of M-O surface bonds via an increase in charge to 
the metal that is delivered by the adsorbing ligand (Stumm and 
Wollast 1990). At a given pH, there is a distribution of H+, H2O, 
and OH– species from solution reacting with surface sites, and 
thus proton- and ligand-promoted pathways can both be active 
during dissolution (Furrer and Stumm 1986).

Ligand-promoted dissolution is anomalous to ligand- 
exchange reactions in solution (Casey 1991; Ludwig et al. 1995), 
and ligand-exchange reactions, such as H2O exchange, can also 
occur on the mineral surface. In the case of silicate minerals, 
this process involves the breaking and forming of M-O bonds 
at surface sites. Rates of H2O exchange reactions around a metal 
cation in solution correlate with the amount of energy required 
to break the M-O bond (Casey 1991; Casey and Rustad 2007; 
Feitknecht and Hodler 1969) as well as with the dissolution 
rates of orthosilicate minerals (Casey 1991; Casey and Ludwig 
1996; Casey and Westrich 1992; Westrich et al. 1993), a trend 
that is expected because both processes involve breaking of M-O 
bonds—in the form of M-O, M-OH, or M-OH2. As a result, the 
reaction mechanisms for these two processes have been hypoth-
esized to be fundamentally similar (Casey and Westrich 1992; 
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