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Reactions that lead to formation of mineral precipitates, colloids, or biofilms in porous media often depend on molecular-level diffusive mixing.  Solute mixing frequently occurs at the interface between two solutions that contain one or more soluble reactants. Mixing phenomena are frequently important in engineered systems, far from equilibrium, where chemical transformation and/or fluid flow modification are objectives.  Dispersion often poorly describes the pore-level or molecular-level mixing required for chemical and biological phenomena -- such as mineral precipitation and biofilm growth.  Many fundamental component processes involved in the deposition or solubilization of solid phases are reasonably well understood, including precipitation equilibrium and kinetics, fluid flow and solute transport.  However,  the deposition of chemical precipitates, biofilms and colloidal particles are all coupled to flow, and the science of such coupled processes is not well developed.  How precipitation  and dissolution reactions occur in the subsurface along flow paths with chemical gradients is a complex and challenging problem. Reaction in systems that undergo rapid change and where equilibrium conditions cannot be assumed, or where reactants are introduced or generated rapidly in situ, present difficult research situations.
Initial project tasks have involved two- and three-dimensional experiments in packed-sand media where solutions containing calcium and carbonate ions came into contact along a parallel flow boundary and are mixed by dispersion and diffusion.  Calcium carbonate precipitates are propagated along the solution-solution boundary in the direction of flow.  As carbonate precipitates fill pore space, mixing of the two solutions is restricted, but transverse permeability does not decrease to zero. The spatial distribution of carbonate phases, and the distribution of carbonate species, are dependent upon a complex interaction of precipitation and dissolution kinetics, which are in turn functions of pore-scale saturation indices and solute ratios, nucleation mechanisms (e.g., heterogeneous vs. homogeneous), crystal growth conditions, and changes in porosity and flow. 

At the pore scale, we have simulated mineral precipitation, changes in porosity and reductions in mixing using the Smooth Particle Hydrodynamics method; this method allows coupling between pore- and Darcy-scales. The width of the precipitation zone was found to be practically independent of the Peclet number, Pe, but the precipitation rate increased with increasing Pe. Macroscopic simulations have been performed using a finite-element multicomponent reactive transport simulator with various degrees of grid refinement and multiple alternative parameterizations.  One of the modeling goals is to use pore-scale simulations to provide the basis for parameterization of macroscopic (more practical) model predictions by comparing results from the two model scales with our experimental results.

Ongoing and planned activities include: characterization of carbonate precipitation products and kinetics under variable ion ratios and including co-precipitation with strontium; continued 2-D and meso-scale experiments with increasing levels of physical heterogeneity and solution injection sequencing; and, continued development of pore-scale and continuum scale modeling simulations with linking between pore-scale to continuum-scale representations of experimental data.
