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Week 4 – Lectures 10 to 12
Differenciation of magmas
See Winter, chap. 6, 7 and 11
1. Fractional crystallization: minerals formed and phase relations
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.

1.1. Phase diagrams and crystallization of ideal systems

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).

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.

1.2. Crystal separation

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

· Gravitational settling

· Flow segregation

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).

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!)

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).

2. Fractional crystallization; liquid evolution
2.1. Liquid evolution in phase diagrams

Liquid evolution in Fo-Di-An

As should be clear by now, the liquid evolves towards the eutectic, by removal of successive crystal associations (depending on the initial melt composition). 

Evolution towards the eutectic is a general feature of magma evolution: magmas are “attracted” towards their eutectic composition, they “fall” into the eutectic “pit”. The only question is the route they will follow to arrive there = different magmatic series!

It can be a problem for the interpretation of igneous rock: is a composition close to the eutectic a product of the melting (low temperature melts are eutectic!), or of evolution via FC?

Eutectics in felsic systems

Systems like Fa-Ne-SiO2, or SiO2-Ne-Le have two eutectics: one on the saturated side, one on the undersaturated side.

There is therefore a major divide line:

· Melts with initial composition on the saturated side will stay there, and evolve towards quartz-rich compositions (rhyolites): sub-alkali series, BADR (basalt-andesite-dacite-rhyolite).

· Melts initially undersaturaled will likewise stay so, evolving towards the “Ne-side” eutectic: this is the “alkali” eutectic, corresponding to alkali series (evolving towards the undersaturated phonolites etc).

This is the reason for the first-order distinction between the alkali and sub-alkali series.

2.2. The reverse approach: understanding descent lines

Geologists do not have access to the composition of initial magmas! But they can observe a suite of lavas that can be interpreted as more and more differenciated liquids.

Fitting descent lines

In elements-elements diagrams, the composition of a suite of rocks related by FC plot along lines that can be interpreted as evolution of the residual liquid during cooling: they are “descent lines” (with decreasing T).

An important observation: in all chemical diagrams, the composition of a mixture plots between the two end-members. 

In that case, L1 = L2 + Crystals, so L1 plots between L2 and the Crystals, and the three are aligned.

Math formulation: mass balance!

C0 = f Cl + (1-f) Cs
Therefore, if a line is to be interpreted as a descent line:

· The “less differenciated” composition is C0;

· The other compositions are Cl’s;

· The cumulate is somewhere in the diagram, in a position such that it is aligned with the descent line.

Plotting minerals on a diagram allows to discuss their involvement. One, two or three components “cumulates” are easy to represent graphically.

Curved trends imply changing cumulate composition (cf. transition from divariant to univariant or uni to invariant in An-Di-Fo).

Some remarks

· Relative abundance of cumulates and liquids: differenciated basalts into granitoids requires huge amounts of cumulates (80-90% of the initial liquids). Yet, cumulates are seldom observed, and not in massive quantities.

· Trace elements can also be used to discuss fractional crystallization (as we’ll discuss next week).

3. Liquid unmixing, magma mixing, wall-rock assimilation

FC seems the dominant process for magma differenciation. However, its global relevance can be questioned:

· Need for huge amounts of cumulate;

· Difficult to operate in a viscous (i.e., Si-rich) magma;

· No “hard” evidence for large-scale magma chamber.

Other possible processes?
3.1. Liquid unmixing: a process of restricted application

In some phase diagrams, field with two liquids. During cooling, one liquid separates in an emulsion of two magmas. No obvious “everyday life” analogy for that…

However, this appears to be restricted to either (1) unlikely T conditions or (2) specific compositions, e.g. possibly some Fe-rich basalts; silicate-sulfide liquids; alkaline magmas (silicate-carbonates separation). Plus, probably, iron-silicate (during Earth formation).

3.2. Magma mixing: Good evidence but how generally applicable?

Common observation in felsic rocks: inclusions of more mafic material (commonly dioritic), with

· either quenched, or (sometimes and) diffuse margin

· lobed, pillow-like contacts

· K-spars in the diorite (shouldn’t exist here!), sometimes crossing the border, often reacted/resorbed.

Suggests mechanical mixing (“mingling”) of two actually poorly miscible magmas. Commonly taken as a proof for magma mixing, the granite and its enclaves representing end-members of the mixing, largely on geochemical grounds.

3.3. Assimilation: Often cryptic

Sometimes, good evidence for rock-wall material dispersed in a pluton, possibly partially molten. Possible reactions between the solid and the liquid can alter the liquid’s chemistry.

But… Problem of heat supply. Melting solids requires heat, which is only present in limited amount in a magma, which is generally not much hotter than its solidus: melting/assimilation of solids must therefore result in quick cooling and eventual solidification of the melt.

A possible solution: AFC or “Assimilation & FC”. Heat released by FC is used to melt the solids.

Even more commonly, no direct evidence for assimilation is found; it is used as an explanation for some geochemical (often isotopic) characteristics of the melts (“contamination”).
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