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Crystallization, Reactions, Defects and Mineraloids

Stability of minerals

· Stability: stable, metastable, and unstable

· Stability and energy
· Gibbs Free Energy “G” of a mineral: the lower the energy, the more stable it is.

· Factors affecting G: Enthalpy, entropy, P, T and X. 

· Mineral reactions: Lower energy assemblage is more favored.
· Phase diagrams and their uses for depicting stability.
· Activation energy: energy needed to overcome kinetic barriers to some reaction.
Crystallization

· Crystals form from (i) melts (upon cooling), (ii) solutions (through evaporation of solvent or supersaturation + nucleation), solids (through recrystallization or neocrystallization), or (iv) vapors (sublimation or decreasing P).

· In the case of crystallization from solutions (which can be undersaturated, saturated, or supersaturated), the solubility product of a compound has to be exceeded (i.e. saturated or supersaturated).
· Formation of crystals starts through the process of nucleation (i.e. the creation of a center around which ions or atoms aggregate) and proceeds through crystal growth.

· A large # of nuclei results in a large surface area to volume. In such cases, the energy of the system is high, and there is a large # of unsatisfied chemical bonds.

· The largest # of unsatisfied chemical bonds (hence largest amount of energy of attachment) exists at corners, followed by edges, and is lowest along crystal faces (Fig. 1).

· The greater attraction of atoms to corners may result in a dendritic state of aggregation.

· In the case of crystallization from a magma, the competition is between the forces of thermal vibration and attraction. Once the latter prevail, crystallization can proceed.

· Early formed crystals (embryos) tend to have a high surface energy. This impedes further crystal growth, and those fine grained embryonic crystals will have a tendency to dissolve back in solution. The minimum radius of the newly formed crystals that will persist is termed “the critical growth radius”.

· To prevent the dissolution of embryonic crystals back into the liquid (i.e. to have the crystals develop a larger radius than the critical growth radius), the system has to undergo some degree of “undercooling”.

· The degree of undercooling vs. nucleation & growth and its effects on crystal sizes and rock textures (Fig. 2). 

· The face undergoing the fastest rate of growth will end up being the smallest in the crystal!! (cf. text p. 80).

Mineral reactions

· Reactions always begin at the corners, edges, or surface of crystals.

· Some reactions are of the “continuous type”. They result in the formation of “zoned minerals”.

· Factors affecting reaction rates:

(a) Transport: if transport of ions and/or elements is facilitated, reaction rates are increased.

(b) Diffusion: higher rates of diffusion of elements will lead to faster reaction rates.

(c) Temperature: generally, the higher the temperature, the faster the reaction. 

(d) Temperature overstep: this refers to the "number of degrees Celsius or Kelvin" in excess of that at which the reaction occurs at a given pressure "P".

(e) Nucleation rate of minerals: Faster nucleation rates lead to faster reaction rates.

· Special Types of Reactions:

1- Pseudomorphic replacement: 

(a) Substitution: Not really a reaction! (e.g. silicified wood).

(b) Encrustation: Qz encrusting Fluorite.

(c) Alteration: e.g. Galena pseudomorphed by anglesite.

2- Topotaxy: 

One mineral overgrows another of similar structure. Example, topotactic replacement of glaucophane by actinolite. In this case, the orientation of the replacing mineral is controlled by that of the mineral being replaced (Fig. 3).

3- Epitaxial overgrowth: 

Is characterized by optical continuity between the mineral and its overgrowth. Both the mineral and the overgrowth must belong to the same structural group, and may possibly be the same mineral. This type of overgrowth is controlled fully by the matrix mineral.

4- Exsolution:

Where an initially homogeneous solid solution separates into 2 or more separate phases. This phenomenon is controlled by (i) differences in the size of the cations competing for the same site, (ii) the T, and (iii) the cooling rates. Examples include: perthites & antiperthites, plagioclases (Fig. 4), and pyroxenes. Note that exsolution in plagioclases is responsible for labradorescence and schiller structure in labradorite and oligoclase, respectively. 

Crystal Defects:

· 1-
Metamictization:

· Emission of α-particles damages (at least in part) the structure of a mineral (Fig. 5).

· Not well understood; minerals with high concentrations of U and Th are often less damaged by radiation than ones with higher concentrations!

· Examples: Pleochroic haloes in biotite.

2-
Structural Defects: (Fig. 6)

· Detected by TEM and HRTEM

· Affect many of the physical properties of the mineral, as strength, conductivity, color, … etc.

· Types:

(a)
Schottky Point Defects

· Missing anions and/or cations

· Charge on cation vacancies = charge on anion vacancies to maintain electrical neutrality.

(b)
Frenkel Point defects: 

· Mislocation of cation or anion from a particular site.

· More common with cations.

· May affect colors (color centers).

(c)
Impurity Defects:

· Cations occurring either interstitially, or in specific sites (i.e. replacing other ions), but in minute amounts (ppb) below the limits of chemical detection. 

· Could also affect the color of minerals.

(d)
Edge defects or dislocations:

Result in slip planes that facilitate deformation and reactions. 

(e)
Screw Dislocations:

Defects arranged along a screw axis that normally would not exist.

(f)
Plane defects:

These include grain boundaries, stacking faults, or antiphase boundaries. The latter is seen in cases of displacive polymorphism. On the other hand, stacking faults are exemplified by a mismatch between HCP and CCP.

Mineraloids:

· Are amorphous solid compounds that occur naturally. 

· Most mineraloids form at low T and P from colloidal solutions that form gels (hence the name “gel minerals”), which develop in the weathering environment forming botryoidal masses.

· Mineraloids often display some short-range order (Fig. 7; as in the case of Opal), which can be detected and studied with an NMR. 

