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INTRODUCTION

A proper understanding of the kinetics and mechanism of
mineral reactions is central to the petrological interpretation of
compositional variations in rocks. In addition to the classic end-
member cases of diffusion and interface control (e.g., see Chris-
tian 1975, and reviews in Loomis 1983; Rubie and Thompson
1985; Lasaga and Kirkpatrick 1981; Lasaga 1998; Carlson
2002; etc. for petrological applications), recent detailed stud-
ies have recognized that natural systems are more complex.
Mixed behavior such as intergranular diffusion-controlled
growth combined with diffusionally influenced nucleation have
been recognized in studies of size distribution and composi-
tional zoning of garnet porphyroblasts in metapelitic rocks
(Carlson 1989). Generally speaking, the fact that most natural
minerals are solid solutions imposes some stringent require-
ments and demands that reactions be more complex than simple
diffusion or interface controlled, as we have demonstrated in
some of our recent experimental studies (Dohmen et al. 1998,
2003; Dohmen 2000). In essence, the compositional variabil-
ity of solid solutions adds extra degrees of freedom and pa-
rameters (e.g., diffusion coefficients) to any model and makes
these more complex. Yet, our experimental studies noted above
illustrate that these very same degrees of freedom may be re-
sponsible for driving reactions along quite different paths and
therefore cannot be ignored. However, the kinetics of overall
transformation—the parameter of central interest to a petrolo-
gist—actually becomes more accessible and predictable when
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ABSTRACT

We consider the fluid-mediated exchange of elements or isotopes between two mineral grains that
are physically separated from each other in an analytical model. The process is found to depend on
three non-dimensional parameters defined herein as b, g, and d. The behavior of a given system
depends on only two of these (g and d), while the third (b) determines the rate. This allows us to
define a reaction mechanism map as a function of g and d. These parameters can be calculated from
independently measured or estimated thermodynamic, kinetic, and transport properties, thereby en-
abling a prediction of reaction mechanisms for the first time. It is found that at least six different
reaction mechanisms are possible rather than just diffusion or interface control. Some of the more
significant observations are that: (1) time scales of equilibration may be substantially greater than the
diffusive time scale (x2/D); (2) rim compositions of zoned minerals may be out of equilibrium with
each other and even with the adjacent fluid in some cases; and (3) solubility of the species of interest
in the intergranular fluid plays a very important role in determining reaction behavior. We discuss
case studies, selected from the literature, of garnet-biotite geothermometry and speedometry from
granulite-facies metamorphic rocks in the light of the model to show that intergranular transport may
be inefficient (rather than slow) in some cases. Finally, we consider the implications of these results
for geothermometry, geospeedometry, and geochronometry.

solid solutions are considered explicitly, as we demonstrate
below specifically for the case of exchange (of elements or
isotopes) reactions.

Mechanisms and kinetics of net-transfer reactions between
minerals physically separated from each other have been treated
analytically by Lasaga (1986). In addition, there is a consider-
able literature on corona formation in petrology (e.g., Joesten
1977; Ashworth and Birdi 1990; Grant 1988; Johnson and
Carlson 1990; Carlson 2002 etc.) and reactive film formation,
metallic or otherwise, in materials science (e.g., Kim et al. 1999;
Rafaja et al. 1996; Schweppe et al. 1997; Dickinson and Heal
1999 for some recent contributions and a collection of papers
and reviews in Limoge and Bocquet 1994). These papers con-
sider reaction between grains separated from each other by an
intervening medium, but ignore compositional variability of
phases (solid solutions or isotopic mixtures) in most cases, with
a few exceptions. Specifically, for element or isotopic exchange,
there are numerous studies and models for the kinetics of ex-
change of species under various boundary conditions between
two adjacent phases e.g., two minerals, a mineral and a melt, a
mineral and a solution and so forth—many of these have been
summarized in text books such as Albarede (1995) and Lasaga
(1998). Two classics in this area are the models of systems
undergoing cooling: Dodson (1973) for closure of isotopic sys-
tems, and Lasaga (1983) for element exchange geospeedometry.
Some of the more recent contributions in this area have been in
the field of trace-element partitioning in magmatic systems,
such as Qin (1992), Watson (1996), and Liang (2000). The more
general case of element or isotope exchange among several
mineral grains that are physically separated from each other


