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Equilibrium vs. non-equilibrium in metamorphic rocks

Reaction Kinetics

Reaction kinetics refers to the rates at which reactions take place. For metamorphic reactions, this type of study is very difficult. Most metamorphic reactions are very slow or sluggish, especially at low temperatures. This is evidenced by the preservation of relict minerals and textures in low grade rocks. It is therefore very important to identify the scale at which minerals have equilibrated in very low grade metamorphic rocks, because these scales may be much smaller than those of a thin section. 

In terms of the relative rates of metamorphic reactions, prograde reactions are faster than retrograde ones. This is evidenced by the common preservation of mineral assemblages that form under peak metamorphic conditions, as opposed to the rarity of assemblages that formed prior to peak conditions.
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Factors affecting reaction rates:

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

(b)
diffusion: Diffusion is the migartion of components (elements or ions) from higher concentrations to lower concentrations. 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" necessary to bring about a detectable change in the mineral assemblage.

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

A kinetic approach to studying metamorphic rocks is different from an “equilibrium approach”, and may in many cases be the more realistic approach to studying metamorphism. Nevertheless, careful mineralogical and textural analysis of metamorphic rocks often validates the use of an equilibrium approach, as will be illustrated.

The Mineralogical phase rule: 

In 1912, Goldschmidt proposed that metamorphic rocks commonly display the following relation (which became known as the mineralogical phase rule): 
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The mineralogical phase rule is really a practical application of Gibbs’ phase rule; merely suggesting that the mineralogy of a metamorphic rock does not necessarily reflect a specific P and T of stability, but rather a range of P and T. Accordingly, the degrees of freedom increase by 2 so that "f" becomes equal to at least 2 (when f = 2, c = p). When solid solution in minerals is also taken into account, the number of components will exceed that of the phases now in the rock (i.e. when f > 2, p < c). The mineralogical phase rule is therefore a practical or empirical application of the Gibbs phase rule, implying that most metamorphic rocks contain "high variance" assemblages, and that an f of at least 2 is very common.

Metamorphic rocks and equilibrium:

Several questions need to be answered now that we realize that metamorphic reactions are quite sluggish, that their kinetics are controlled by a number of factors, and that each metamorphic rock has gone through different P-T conditions throughout its history. The rocks could therefore have mineralogies that do not reflect equilibrium conditions. 

These questions include:
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Is equilibrium attained during metamorphism? It is generally very difficult if not impossible to prove equilibrium, but much easier to prove "disequilibrium"! Nevertheless, there are several criteria that can be used to support equilibrium, the most important of which are: 



i- phase rule is obeyed



ii- lack of reaction textures, zoning, exsolution, etc.
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If certain minerals did indeed equilibrate, what was their scale of equilibration? Did they equilibrate at the scale of an outcrop? a hand specimen? a thin section? a "domain" within the thin section (e.g. a former amygdule, oolite, .....)?
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Why are high grade assemblages preserved? Three possible explanations are:

i- fluids: may not be present in sufficient amounts during retrogression?

ii- retrograde reactions may be "kinetically" unfavourable as they occur at lower temperatures compared to prograde reactions.

iii- duration of heating versus exhumation: rapid exhumation will prevent retrograde reactions from taking place to completion, leading to the preservation of "peak" assemblages. On the other hand, a rock may spend a very long time period buried at maximum depths, allowing "peak" assemblages to develop fully.

Criteria favoring application of equilibrium thermodynamics to metamorphic rocks:

1- After careful textural analysis, the phase rule is obeyed (between phases believed to be in textural equilibrium).

2- The facies concept is found to be applicable and to hold for many metamorphic terranes.

3- The relationship between bulk rock composition and mineral assemblages occurring in the rock is quite predictable and is obeyed.

Phase diagrams used in Metamorphic Petrology: 

Phase diagrams are used to illustrate graphically the relations between the various phases with respect to variations in one or more variables. In metamorphic petrology, three types are commonly used:


(1) P-T diagrams: designed to show the stability fields of different mineral assemblages in P-T space.


(2) Chemographic (compositional) phase diagrams: Helpful in showing the chemical relations between the various phases, and the relations between bulk rock composition and these mineral compositions at a specific P and T.


(3) P-X and T-X diagrams: Useful for showing the changes in the chemical compositions of some phases (minerals or fluids denoted by X) as a function of either P (at constant T) or T (at constant P).

Note that regardless of the type, all phase diagrams have to be consistent with the phase rule.

