Magma evolution
1- Fractionnal crystallization ; minerals formed and phase diagrams.

Magma are formed by partial melting, and are mostly basalts (mantle melts) and granites (crustal melts). Yet, far more diverse magmas are observed. Differenciation is the process (or set of processes…) allowing the chemical evolution of magmas. It actually involves two steps:

· creation of a chemical heterogeneity;

· segregation of the two components, physically separating them and avoiding any “back mixture”.

Two principal processes: fractional crystallization and magma mixing. Liquid immiscibility and wall-rock assimilation can happen, but are unlikely.

FC occurs during cooling of magmas. Magmas are (again) complicated chemical systems. Their cooling is therefore not as simple as in a one-component system, but involve complex mineral formations as a function of P-T conditions.
I. Phase diagrams and crystallization of ideal systems

A. The Di-An system

It’s a relatively simple binary, with a eutectic and no solid solution. On the An side of the eutectic, the first crystals formed on the liquidus are An; the liquid composition therefore evolves towards Di-rich compositions, “sliding” downwards on the liquidus. More and more An crystals are formed as the system cools, the crystallization reaction is L = An. This is a univariant reaction.
When the liquid composition reaches the eutectic, the reaction changes to L = 40An+60Di, An and Di participating in eutectic proportions to the reaction. This occurs at a fixed T (invariant reaction).

The final product is a mixture of crystals, whose composition is the same as the original liquid’s.

Interestingly, this allows to explain some simple textural differences between An-rich basalts or gabbros (“right-hand” side of the eutectic, plagioclase forms first as euhedral crystals and latter cpx grows around them), and Di-rich magmas (Cpx forms first, plag grows latter as intersticial crystals).
B. The ternary Fo-Di-An

This system is a combination of three simple binaries (including Di-an as above). The classical triangular diagram represents a “topographic map” of the eutectic surface, and displays a ternary eutectic.

Here, a composition for instance on the “Fo” part of the diagram (typical composition of a mafic liquid) will first crystallize Fo, therefore moving the composition of the remaining liquid away from the Fo corner (L=Fo, divariant reaction). When it reaches the Di+Fo “joint”, it then forms Di+Fo (L=Di+Fo, univariant). This progressively enriches the solid composition in Di component (it moves away from Fo, along the Fo-Di side of the triangle), and the liquid composition closes from the eutectic.

Upon reaching the eutectic, the reactions becomes L=Fo+Di+An, in eutectic stoechiometry. It is an invariant reaction (T remains fixed while it proceeds). This enriches the solid in An component, therefore moving its composition towards the bulk composition. When the solid reaches the bulk composition, it means that there is no melt left! 

Again, this shows that typical mafic systems will form in succession olivine, oL+clinopyroxene, Ol+Cpx+plagioclase. This is indeed observed in some case:

· On a small case, in cooling lava lakes;

· On a broader scale, in some mafic layered complexes, where a basal ultramafic (peridotite) layer is succeeded by Ol-gabbros and gabbros.

II. Crystal separation

Crystals formed from the melt can be removed by various processes;

· Gravitational settling

· Flow segregation

A. Gravitational settling

Dense crystals sink into the lighter melt. The speed of settling (Stokes law) is a function of the size of the particles, the density contrast, and the viscosity of the melt.
This implies that gravitational settling is rather efficient in mafic melts (10-100 m/yr) but inefficient in felsic systems (< 1m/yr); therefore, it is not a dominant process in granites (but can be important for basalts/gabbros).

B. Flow segregation

Magma flowing through narrow “gaps” (dykes, or inter-crystal intervals) will force away the the suspended load, by increasing the local pressure in the melt. This can separate crystals from liquid (effectively filtering the solids out of the melt!)

C. Cumulates

They are rocks formed by crystal accumulation. They show a typical texture of euhedral or sub-euhedral grains separated by pockets of residual “melt” (now crystallized to crystal assemblages). Again, they are more common in mafic systems (although rare exemples are known in granitoids).







