G314 Advanced Igneous Petrology

 2007


Week 3 – Lectures 7 to 9
Melting, generation and extraction of magmas
See Winter, chap. 6, 7, and 10.
1. Melting of the mantle and the generation of basalts

Basalts are generated in the peridotitic mantle (seismic evidences under mid-ocean ridges + nodules in volcanoes).

Peridotites are a complex system, several chemical components (at least 5 major elements, Si-Mg-Fe-Al-Ca); melting of single-components systems (e.g. H2O ice or pure silica) is relatively simple, but systems with more than one components have complicated melting reactions. In particular, it does not occur along a single line in the P-T space (“univariant reactions”), but in multi-variant fields.

An underlying notion here: the Gibbs phase rule. Will not be covered here, but you’ll hear about it during metamorphic petrology (GS, 2d semester). You can read about it in any textbook (Winter chap. 6, Hall , chap. 5, etc.).

1.1. Melting relations in binary systems

= two components.

We’ll study here only two relatively simple case.

The olivine (forsterite-fayalite) system

Cf. Geol 214.

System with complete solid solution between the two end-members. Melting occurs in a divariant field; at each point of this field, the composition of the coexisting solids and liquids is fixed. This is because the system is divariant, i.e. only two independent variables can be fixed; all other variables are dependant.

Graphically, the diagram is read by reading the solid/liquid composition on the horizontal lines corresponding to the position of the system in the T-X space.

Note that, during melting, the first liquids are always Fe-rich compared to the bulk composition (and the last liquids during cooling are Fe-rich compared to the bulk composition). If the liquid is immediately extracted: chemical differentiation between the source and the melt!
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The diopside-anorthite system

Not a bad equivalent of a basalt.

No solid solution here, but a specific point called eutectic.

Melting works more or less as above, but (graphically) the horizontal lower line (solidus) implies that the first liquid always is on the eutectic! This is an important observation: whatever the composition of a system (that can be expressed as An+Di), the first (or last) melts will always be of eutectic composition, about 40% An and 60% Di.

The melting reaction that occurs here are (for a system e.g. left of the eutectic):

· 40 An + 60 Di = 100 L; this reaction occurs at 1274° and operates until one of the reactant (in this example, An) is exhausted. At that stage, the remaining solid is pure Di (all the An is consumed) and the melt is obviously An40Di60.

· L1 + Di = L2; this reaction occurs with increasing temperature, and corresponds to the progressive dissolution of the remaining Di into the melt. Unlike the previous one, it operates over a range of temperatures (1274 to whatever T corresponds to the liquidus of this bulk composition).
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1.2. Three-components systems: the An-di-Fo system

A relatively good analogue of the mantle.

It’s a generalization of the An-Di studied above; each of the binary subsystems has an eutectic.

Representation: 3D (2D for the composition space and one for T), or projection on the composition plan with “contour lines” corresponding to the temperatures.

The eutectic is at ( An43Fo10Di47; it is an eutectic, so first liquids always have this composition whatever the starting material.

Melting of a mantle-like composition

Mantle composition will be close to the Fo apex, and with Di > An. 

· Melting starts at 1270° (eutectic temperature), by the reaction 43 An + 10 Fo + 47 Di = 100 L. The melting proceeds until one of the reactants is exhausted (An, probably). The remaining solid is therefore Ol+Di. Graphically, the liquid is at M, and the solids move from the bulk composition, towards the Di-Fo side. It is an eutectic reaction, so it operates at a constant T (univariant reaction).

· Once An is exhausted, the reaction becomes L1 + Di + Fo = L2. Again, this proceeds until Di is exhausted in turn. Graphically, this corresponds to the liquids “creeping” along the “valley” Di-Fo, and the solids moving along the Di-Fo side until all Di is consumed (=until the solid composition reaches the Fo corner). This is a divariant reaction and operates over a range of T (1270 to ( 1350° in this example).

· Di is now entirely consumed. The only possible reaction becomes L2 + Fo = L3. This obviously causes the liquid composition to now move straight towards the Fo corner (the solid remains Fo only and has no reason to move anymore). This continues until Fo is exhausted in turn (i.e, until all the system becomes liquid); graphically, it happens when the liquid composition has crept along the slope up to the bulk composition position. This divariant reaction again operates over a range of T (from ( 1350 to ( 1750° here).

Can you write the same story for a different bulk composition ?
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Some points of interest

· The eutectic is at An43Fo10Di47; the first liquids always have this composition, whatever the bulk composition of the source. You can work out the wt% proportion of this composition: it is relatively similar to a basalt. Which is obvious from the mineralogy anyway (plag + cpx).

· The eutectic is at 1270°, which is therefore the melting point of the mantle;

· It is also the liquidus, AND the solidus of a basalt of eutectic composition (both being at the same temperature for a liquid of eutectic composition). If the liquid is not absolutely eutectic, the solidus and liquidus differ (but this still gives a reasonable order of magnitude of a basalt’s solidus/liquidus).

· This diagram can also be read to discuss what is liquid at a given temperature (by “filling the valley”). It shows that liquids composition stay close to the eutectic, differing from this composition only as T significantly increases. Therefore, all melts of a normal mantle can be expected to be more or less basaltic!

1.3. Effects of other parameters

Pressure

Pressure moves both the position and the temperature of the eutectic (ex: An-Di binary):

· In this system, higher P means higher eutectic T, the solidus has a positive slope (for the thermodynamics-inclined reader: the An+Di=L reaction has a positive Clapeyron slope).
· Higher P also shifts the eutectic towards the An-rich side.
Same effects can be observed in ternary diagrams. An interesting example: Fo-Ne-SiO2 (…which again differentiates between Ne-normative, Ol-normative and qz-normative rocks!!). In this diagram, increasing P shifts the eutectic towards the Ne apex, into the strongly undersaturated field.

Fluids

Fluids typically strongly depress the solidus (by allowing reactions such as minerals + H2O = L, which operate at far lower temperatures, owing to the strongly incompatible characteristic of water). 

They also move the eutectic position; and different fluids can move it in different directions (cf. H2O vs. CO2).
1.4. Complex systems

Phase relations

Systems with more than 3 components can not be easily graphically represented. Need to use empirical or semi-empirical approaches (more in the next lecture)… and to use graphical projections, commonly P-T.

Can you write the melting reactions from the coexisting assemblages? 

Note that the present mineral phases (and, therefore, the melting reactions!) are dependant of the pressure. This should not be a surprise, as we’ve just seen that the eutectic’s position is displaced by increasing P!

Controls on melt composition

From the above diagrams, it is clear that the eutectic and the melting reactions are a function of P (and T). Therefore, the liquids composition will evolve both with P and T; they will remain broadly basaltic but with some differences. 

In general, more undersaturated rocks are generated at higher temperature (progressive incorporation of the mafic components, Fo and Di in the ternary An-Di-Fo, in the melt) and higher pressure (eutectic shifted towards undersaturated compositions).

2. Melting of the crust and the generation of granites

The crust is more heterogeneous than the mantle (or is it simply better known?). Several component appear to be especially “fertile”, i.e. melt readily and generate large amounts of granites:

· orthogneisses, i.e. old plutonic rocks transformed (in particular Archaean tonalites, that form a large part of the crust of old blocks);

· metasediments, especially detrical (the others are too uncommon).

Both are mostly Qz-Bt-Pl±Kf±Ms±AlS assemblages, and are therefore not too different. In addition, the felsic components are typically largely dominant (70-90 %).
2.1. Phase diagram approach

The simple Qz-Ab-Or (H2O) system

A reasonable simplification of the crust.

Note that this is technically a “pseudo ternary”, as H2O is present (and is, therefore, a fourth component).

At 5 kbar, the system is reasonably simple. The three sub-systems have eutectics, and the ternary system’s eutectic is at about Qz30Or25Ab45 and T< 680°.
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At 1kbar, the liquidus surface is (surprisingly) at higher temperature, i.e. the liquidus has a negative Clapeyron slope in a P-T diagram. The thermal minimum is at about 780°, 100° above he 5 kbar eutectic. This causes Ab and Or to be able to form solid solutions (super-solvus alkali feldspar). Thus, two of the binary subsystems have eutectics (on the Qz-Ab and Qz-Or joints); the third makes a complete solid solution. This nevertheless defines a thermal minimum (a “pseudo eutectic”) at Qz37Or29Ab24.

At high pressure, the eutectic is further shifted towards the Ab corner.

Granites composition

When plotted on the same diagram, a large part of the world’s granites plot close to the eutectic, emphasizing the role of eutectic melting in the crust. 

It also suggests that most granites are formed in the upper or middle crust (< 0.5 GPa).

2.2. Experimental petrology and the study of crustal melting

Melting of the Qz-Bt-Pl±Kf±Ms±AlS system has been the subject of numerous experimental work (and some more is being done at US). It is actually a complex system (Si, Al, Fe, Mg, Ca, Na, K are all potentially major components, while Ti probably plays a role. In addition, the role of H2O and/or CO2 further complicates things). Therefore, purely theoretical (phase diagram) approach is difficult.

Experiments are conducted by putting a small rock sample in a gold (or platinum) capsule, and putting it in the appropriate P-T conditions. This is normally done by putting the capsule in a graphite furnace through which electricity flows, itself in a pressure device (either gas pressure: gas vessel, < 3-5 kbar; or solid pressure: piston-cylinder or multi-anvil, resp. <20 kbar and >100 kbar). At US, we have a gas vessel and a piston cylinder.

Temperatures up to 1000° are relativily easy to explore; gold reaches its melting point at 1064°, so above this point other materials are needed, requiring more elaborate experimental technologies. Anyway, all the P-T conditions expected in the crust can be easily explored.

2.3. Melting in the crustal systems

Congruent and incongruent reactions

The reactions we studied yesterday were all congruent: no new solid was formed during the melting reactions.

This is for instance the case of the eutectic melting reaction, 

Qz+Or+Ab+H2O = L.

In crustal materials, incongruent reactions are commonly observed, i.e. reactions in which a new solid phase is formed. Eg:

Ms + Qz + Ab = L + AlS

This is actually the combination of two reactions:

· A metamorphic reaction, Ms+Qz=AlS+Or+H2O 

· Eutectic melting: Ab+Or+Qz+H2O=L

The water (and Or) released by muscovite breakdown is used to induce the melting of the (newly-formed) Qz-Ab-Or assemblage; the product of muscovite dehydration, AlS, remains a solid.

Main melting reactions in the crust

Arranged by increasing temperature:

· Eutectic melting (see above)

· Muscovite breakdown (muscovite dehydration melting), as above;

· The most efficient melt-producing reaction is the biotite-breakdown reaction (“biotite dehydration melting”):

Bt+Ab+Qz+AlS = L + Crd/Gt

Can you see which two reactions make it?
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Of the three main reactions, eutectic melting can be locally important (but free water in the crust is not very common). Muscovite melting is limited by the generally minor amount of muscovite in the ordinary rocks. Therefore, biotite dehydration melting is the most melt producing reaction in real rocks.

Note also two interesting features of the above diagram –related to the opposed slopes of the melting curves (eutectic and Bt dehydration):

· Decompression of the crust can generate melts (by biotite breakdown). This makes orogenic collapse a major site of granite genesis.

· High temperature melts (i.e., from biotite breakdown) can move far higher in the crust than wet, low temperature melts, that are likely to freeze in situ or close to their formation site (1 and 2 on the diagram above).

Melting of an heterogeneous crust

Thinking in terms of melting reactions helps to understand the melting behaviour of a complex system. Let’s assume an heterogeneous crust, with an old basement (tonalitic now) and a previous sedimentary cover (now paragneisses), having the following mineral assemblages:

	Orthogneiss (tonalitic)
	Or-Ab-Qz-Bt-AlS

	Paragneiss
	Qz-Pg-Bt


In addition, a shear zone drains water in the paragneisses.

What will happen during increasing temperatures at 10 kbar?

3. Migmatites and the extraction of melts
3.1. Migmatites in hand specimen/thin sections

Terminology

	
	Descriptive terminology
	Interpretation

	Paleosome
	Mesosome
	Unmolten fragments of the source

	Neosome
	Melanosome
	Restite (=refracroty minerals + peritectic phases)

	
	Leucosome
	Melt


Complicated terminology; the present-day use keeps two terms:

· metatexites (solid-dominated)

· diatexites (liquid dominated)

Important rheological implications, two very different behaviors.

Note that the present-day petrology uses the term of migmatite only for partially molten rocks; the etymology (and field appearance) would allow many other rocks, made of solid-liquid mixtures, to claim this name!

Evidence for melt migration in migmatites

See photos.

Evidence of small-scale (1-100 cm) melt movement: veins, pockets cutting the foliation, etc.

Melt movement is probably linked to tectonic features (shear zones, pressure shadows, fold axes…).

What are migmatites?

· Failed granites? (source of granitic melts, that have not been extracted for some reasons)

· Source of high level plutons, melt-depleted? (rocks that lost most of their melt, only traces of it remaining in the migmatite)

· Low-temperature melting zones, with intrinsiquely immobile melts? (melts generated by water-present melting, as suggested by the presence of lots of biotite, and therefore unable to move far from the source)

3.2. Experimental view on melt extraction in migmatites

Experimental studies using wax (starts melting at ca. 60°, easy to achieve in the lab) show the role of deformation in melt extraction and convincingly mimic field observations…
3.3. Migmatitic domes and granites

At a larger scale: migmatitic domes, with a progression from unmolten rocks, to metatextites, to diatexites, to “dirty” granites.

Structural studies suggest “mobile” domes, probably exhumed during orogenic collapse.

Modern concepts of “partially molten orogens”.
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