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Multicomponent diffusion in the molten system K2O-Na2O-Al2O3-SiO2-H2O

JAMES E. MUNGALL,1,2,* CLAUDIA ROMANO,1,3 AND DONALD B. DINGWELL1

1Bayerisches Geoinstitut, Universität Bayreuth D-95440, Germany
2Ixion Research, 5475 Royalmount, no. 133, Montreal, Quebec H4P 1J3, Canada
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ABSTRACT

We have measured multicomponent chemical diffusion coefficients in a melt near to the
low pressure water-saturated eutectic granite composition in the system K2O-Na2O-Al2O3-
SiO2-H2O at 1.0 GPa and temperatures of 1300 and 1600 8C. The measured diffusion
profiles can be accounted for within the analytical error by diffusion coefficients, which
are not dependent on composition within the range of compositions accessed by our ex-
periments. The multicomponent diffusion coefficient matrix [D] has a highly degenerate
set of real, positive eigenvalues that show a regular relation to melt viscosity on an Ar-
rhenius diagram. The smallest eigenvalue is that associated predominantly with Si-Al ex-
change. The larger two eigenvalues are those associated with Si-Na and Si-K exchange
and are effectively degenerate, with the result that exchanges of alkalis for silica or for
each other can proceed in pseudo-binary fashion without inducing fluxes of other com-
ponents. The eigenvalue associated with H-Si exchange is smaller than the alkali-silica
eigenvalues, but analytical uncertainties make it also effectively degenerate with the alkalis.
Uphill diffusion, notably of water and alkalis, was observed in several experiments, and
this would lead to transient partitioning of water and alkalis across diffusion interfaces
showing large Al2O3 concentration gradients. Such partitioning in natural systems would
persist until Al concentration gradients were erased by continued, much slower Al-Si
interdiffusion.

INTRODUCTION

The province of igneous petrology is primarily the
study of magmatic processes within and on the surface
of the Earth. Quantitative descriptions of the physical
chemistry of these processes have tended to rely on equi-
librium thermodynamics (e.g., Ghiorso 1987a). Time-de-
pendent processes therefore must be modeled as a series
of discrete time steps, during each of which a system is
assumed to be in a state of equilibrium. Because the as-
sumption of thermodynamic equilibrium requires that not
only the fastest, but also all time-dependent processes go
to completion, it can commonly fail to account for com-
positions and textures observed in natural geological sys-
tems wherein no observable physical state represents a
state of true closed-system equilibrium. In particular, sit-
uations in which some but not all processes go to com-
pletion can lead to serious errors if equilibrium is as-
sumed. It is important to understand the ways that the
processes themselves affect the predictions of the ideal-
ized equilibrium thermodynamics to which most of our
present knowledge pertains and to understand how these
rates of these processes can be described in the context
of thermodynamic theory. For example, nucleation and
growth of crystals from a melt result from a change in
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one of the state variables of a melt system that initially
may have been close to equilibrium (Ghiorso 1987b).
Chemical potential and temperature gradients drive the
irreversible fluxes of chemical components and heat, both
toward and away from the crystal-melt interface. The
study of the thermodynamics of crystal growth therefore
must include a theory of the thermodynamics of irrevers-
ible processes and, by similar arguments, we would sug-
gest that a quantitative thermodynamic description of a
magmatic system is not complete unless it includes a
quantitative description of all of the irreversible processes
that can occur within that system. Macroscopic processes
whose rates, mechanisms, and final compositional states
depend in part on the irreversible process of chemical
diffusion include crystal growth (Ghiorso 1987b), magma
degassing (Sparks et al. 1994), magma mixing, and grav-
itational instability in liquid interfaces (Trial and Spera
1990).

Despite the fact that a vast literature exists devoted to
the quantitative description of irreversible (non-equilib-
rium) thermodynamics (e.g., Haase 1990; Kuiken 1994)
and to potential applications of these principles to sys-
tems of geological interest (Allègre et al. 1981; Lasaga
1982; Fisher and Lasaga 1983; Kirkpatrick 1983; Ghiorso
1987b; Toramaru 1991; Richter 1993; Trial and Spera
1994), large gaps remain in the application of these prin-


