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Uptake of trace elements into host minerals involves various
mechanisms - from ion exchange and inner-sphere adsorption via
surface entrapment or in-diffusion to structural incorporation upon
precipitation or recrystallization. Even at long reaction time, their
interplay may result in a metastable distribution of minor elements
that deviates from complete aqueous- solid solution thermodynamic
equilibrium. Uptake processes may proceed at widely different rates,
e.g. fast (minutes to hours) for ion exchange and slow for re-
crystallization (days to years), with important consequences for the
reactive transport of contaminants. In this work, we explored how the
rate-dependent uptake and metastability can be implemented in
geochemical models using the partial equilibrium principle.

Thermodynamic models cannot be directly related to particular
molecular mechanisms or their locations. Yet, some information can
be retained in the model by introducing (i) multiple metastability
constraints; (ii) mineral surface areas and site densities; and (iii) a set
of ‘layered’, intrinsically metastable solid phases. In particular, the
additional time-step-dependent metastability constraints [1] can be
imposed on the amounts of solid solution end members. Because the
specific free energy of the solid-aqueous interface is usually positive,
solids with large specific surface area are metastable relative to
coarse-crystalline counterparts. The surface free energy decreases due
to adsorption, the extent of which is limited by the site density and
the solid surface area. The limited adsorption can be modeled using
the activity coefficient terms [2] or, more commonly, by adding the
mass balances for surface- or permanent charge sites [3 4].

In usual aqueous - solid solution (AqSS) models, metastability
constraints can only be set on bulk amounts of host and trace end
members. In the new aqueous — layered solid (AqLS) model, ‘seed’
grains with defined specific surface, representing metastable cores of
the solid, are enveloped by layers of the overgrown (or re-
crystallized) solid solution phase. This ‘overgrowth’ part has its own
metastability constraints linked to the surface area of ‘seed’ phase.
The ‘adsorption solution’ phase can be linked to the surface area of
either the ‘layer’ (in AQALS) or the ‘seed’ phase (AqAS).

These partial equilibrium concepts, combined with different
models of uptake kinetics [5], have been implemented in the GEM-
Selektor code (http://gems.web.psi.ch) and tested in simulations of
uptake into carbonates, sulfates, and goethite. Major trends in the
experimental data were reproduced well in all cases. A more detailed
time-dependent distribution of trace elements in AqLS and AqALS
models could be reconciled with the inferred uptake mechanisms.
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