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Crystallization of Magmas: Crystal liquid equilibria

a- Equilibrium and the phase rule

Definitions:

Equilibrium: A system is said to be in equilibrium if there is no observed change within it over time. At equilibrium, the system has a minimum internal energy, and all processes taking place within it have to be reversible.


Types: Equilibrium can be one of three types: stable, metastable or unstable. A stable equilibrium is one that will not change unless the variables of the system (e.g. P, T, composition) are changed. A metastable equilibrium is one that appears without change over time, but the system under such conditions will not have the minimum energy. In addition to these three types, there is the local or partial equilibrium, where only part of the system is in equilibrium.

Phase: Is that part of the system with distinct chemical and physical properties, and which can be separated from the system physically.

System Components: Smallest number of chemical constituents needed to make up all phases in the system (i.e. to define the system).

Variance (also known as the degrees of freedom "f"): Is the maximum number of intensive properties (i.e. properties that are independent of the mass of the system; e.g. P & T) that can be changed independently within a system without causing the appearance or disappearance of any phase in this system.

The phase rule: 

The phase rule was formulated by J. Willard Gibbs (1874), and is used to determine the variance or degrees of freedom of a system (f). The variance of a system can be expressed as the total variables of this system minus the "fixed variables". For any system of "c" components and containing "p" phases, the total number of variables is c.p + 2, where the latter term represents the two variables P and T. The “fixed variables” are represented by those variables defined by what is already in the system, or more appropriately, the number of equations needed to fully define the composition of the system, and are given by: c(p-1) + p. Accordingly, the degrees of freedom will be given by:

f = cp + 2 - [cp - c + p]

SYMBOL 92 \f "Symbol" f = c - p + 2

The phase rule therefore allows us to determine the minimum number of variables that must be defined in order to perfectly define a particular condition of the system from a knowledge of the number of system components and phases. Note that this "number of variables" cannot be negative (i.e. f SYMBOL 179 \f "Symbol" 0). The phase rule also allows us to determine the maximum number of phases that can coexist stably in equilibrium; e.g. if a system has 20 components, according to the phase rule, the maximum number of phases in equilibrium will be 22 (when f = 0). Accordingly, if the number of phases present exceeds that calculated by the phase rule (after the number of components has been correctly identified), then these phases are not in equilibrium! Note that in the case of metastable equilibrium, the phase rule may be obeyed, but will be violated over time!

Based on the phase rule, the condition of a system can be described as invariant, univariant, divariant .....etc., if f = 0, 1, 2,.....etc. respectively, where:

(i) an invariant state is one in which neither P nor T nor X (composition) can be changed without causing a change in the number of phases present in the system. On the P-T diagram for the one-component system "SiO2" (which shows the P-T stability fields of the silica polymorphs; Fig. 1), an invariant state is represented by a point as "C" where three phases (cristobalite, high quartz and tridymite) coexist.

(ii) a univariant state is one in which either P or T need to be specified in order to fully define the system. A univariant mineral assemblage can therefore be maintained if a change in one variable (e.g. P) is accompanied by a dependent change in another (e.g. T), but if one of these two variables is held constant while the other is changed, the assemblage is no longer stable, and the system is no longer univariant. An example of this is given by point "B" of Fig. 1 (or any point lying along any of the curves defining the P-T limits of the different phases).

(iii) a divariant state is one in which two variables have to be specified in order to fully define or characterize the system. An example of a divariant state is given by point "A" (Fig. 1), or any point lying in the stability fields of one of the polymorphs.

The condensed Phase rule: 

In cases where either P or T are held constant, one can apply the "condensed phase rule" given by the formula:

f = c - p + 1 

This is simply because the total number of variables within the system has now become pc+1, since only one of the two intensive properties of the system (P and T) is allowed to vary. The condensed phase rule is quite helpful in understanding isobaric T-X or isothermal P-X diagrams.

b- Phase Diagrams

Types of phase diagrams:

Phase diagrams are those which show the stability fields of and relations between different phases as a function of such variables as P, T and composition (X). The most informative diagrams would be those in which perhaps all variables are plotted against each other (e.g. P-T-X diagrams, Fig. 2), but these would be difficult to construct or read. Instead, only two variables are plotted against each other, usually while holding the third variable at a constant value. Examples of such phase diagrams include: P-T diagrams, P-X diagrams, T-X diagrams, plots of two compositional variables against each other, and ternary diagrams where three compositional variables are plotted at the apices of a triangle. Because of the importance of temperature and composition in the crystallization of a magma, T-X diagrams and ternary "projections" (usually constructed at constant P) are the ones most widely used in studying igneous systems. Because T-X diagrams deal with two component systems (in most cases), they are often referred to as "phase diagrams for binary systems". T-X diagrams in which a third component is considered to be always present are known as pseudobinary diagrams.

Construction of phase diagrams:

Phase diagrams are constructed by carrying out experiments under specified conditions of P, T and X. Minerals or compounds representing the system are mixed with each other in a capsule made of non-reacting material (e.g. Au or Pt), and placed in a furnace at a specific P and T. After a sufficient time period, the experiment is stopped, and the capsule is cooled very rapidly (quenched) to prevent the minerals/ liquids from back-reacting or re-equilibrating at lower P and T. The capsule is opened, and the phases are identified and analyzed. Glass in the capsule would represent the melt that was in equilibrium with whatever minerals coexisting with it at the end of the experiment (time of quenching). Each experiment would therefore yield one point on a phase diagram. By plotting the results of many experiments, we are finally able to draw the various phase boundaries (often with some interpolation; Fig. 3).

Binary (two - component) systems:

1- Binary systems with an eutectic melting point: The anorthite - diopside system:

SYMBOL 183 \f "Symbol" \s 12 \h
Importance for basaltic rocks

SYMBOL 183 \f "Symbol" \s 12 \h
Liquidus, solidus, eutectic melting point.

SYMBOL 183 \f "Symbol" \s 12 \h
Invariant point, univariant curve, and divariant fields

SYMBOL 183 \f "Symbol" \s 12 \h
Tie line: Is a straight line connecting the compositions of two phases coexisting in equilibrium at constant T and/ or P.

SYMBOL 183 \f "Symbol" \s 12 \h
Equilibrium crystallization: some basic rules:
· The composition at the end of the crystallization process must be the same as the composition at the beginning. Therefore, a melt of composition A must yield An and Di in the proportions: 70% An, 30% Di (identical to the composition of the liquid A). 

SYMBOL 183 \f "Symbol" \s 12 \h
The lever rule: Consider a melt of composition "A" on Fig. 4. At T2, this melt will have crystallized a certain amount of anorthite, so that we now have a melt of composition "C" coexisting in equilibrium with anorthite crystals. To determine the percentage of anorthite crystals formed at any T, we apply the lever rule. At T2, the percentage of anorthite crystals will be given by

Anorthite crystals % = 100 [y/(x+y)]

Similarly, the percentage of liquid will be 100 - anorthite crystals % or

Liquid % = 100 [x/(x+y)]

Similarly, at TE, the percentage of liquid of eutectic composition will be: (Fig. 4)

Liquid % (TE) = 100 x1/(x1+y1)

The latter relation at TE applies only at the onset of eutectic crystallization. Seconds afterwards, the lever rule cannot be applied at TE (although the T remains constant at TE for quite sometime). This is simply because the amount of liquid decreases gradually at this invariant point (TE) until it has all crystallized isothermally!

· Sequence of equilibrium crystallization for a melt of composition A:
1- At To: liquid

2- At T1: Anorthite begins to crystallize, melt begins to change its composition by becoming richer in Di, and migrating down the liquidus curve.

3- At T2: An continues to crystallize, and the liquid now has the composition represented by point “C” (~ 40% Di, 60% An), ratio of An crystals to liquid can be determined by the lever rule (e.g. An % = 100 x/(x + y) %).

4- At TE: An and Di crystallize simultaneously in eutectic proportions. This happens isothermally, and continues (without any change in T), until the last drop of liquid is used up! Once this is accomplished, the T is allowed to drop, and we are left with crystals of Di and An in the same proportions as our original composition “A”.
SYMBOL 183 \f "Symbol" \s 12 \h
Cooling curves:

The most important point to note for cooling curves is that at the eutectic, the temperature remains constant for a period of time until all of the liquid has crystallized (Fig. 5). Note also that the cooling rate of a liquid or of a solid alone is much faster than that of liquid + solid (Can you figure out why? Hint: look up your notes on the heat of fusion/ crystallization of a magma).

SYMBOL 183 \f "Symbol" \s 12 \h
Sequence of equilibrium melting: 

This can be largely thought of as the reverse of the sequence of equilibrium crystallization.

SYMBOL 183 \f "Symbol" \s 12 \h
Fractional crystallization:

Fractional crystallization is that process in which any crystals that form from the melt separate, and are not allowed to react with it, thus effectively changing the bulk composition of the melt. The key thing to remember in the case of fractional crystallization in binary systems with an eutectic, is that liquids with different compositions will always fractionate crystals that have the same composition (although of course, the liquid is always changing its composition)!

SYMBOL 183 \f "Symbol" \s 12 \h
Fractional melting:

Fractional melting is the process by which any melt produced is immediately removed from the system. Although this process appears to be the reverse of fractional crystallization, this is not the case, since liquid evolution paths are going to be different! Consider a rock of composition "C" (40% Di, 60% An; Fig. 4). This rock will begin to melt at the eutectic temperature (1270°C) to produce a liquid of eutectic composition (58% Di, 42% An). Because the liquid is richer in Di than the original rock, removal of this liquid (i.e. fractional melting) will result in the unmelted rock left behind becoming richer in anorthite than the original rock. Continued heating will produce more melt of eutectic composition until all of the Di in the rock has been used up (i.e. melted), and removed, leaving behind pure anorthite! Continued heating beyond this point will not produce a melt until the melting point of pure An (T= 1550°C) is reached (Fig. 4). Therefore, in the case of fractional melting, there will be a period in which heat is added to the system, but no melting is taking place, and where we only have a solid phase.

· Effects of P (or PH2O) on the eutectic binary system An – Di (Fig. 5b) and the origin of high Al2O3 basalts

SYMBOL 183 \f "Symbol" \s 12 \h
Other examples of systems with eutectic melting points:

K-spar - Qz, Di - Qz, Ab - Qz, An - Qz, Di - sphene, ... etc.

SYMBOL 183 \f "Symbol" \s 12 \h
Applications:

Ophitic textures: Most basaltic compositions lie on the "plagioclase side" of the eutectic melting point. Therefore, in the case of equilibrium crystallization, plagioclase will precipitate from these magmas before diopside + plagioclase begin to crystallize together at the eutectic. This would account for the common inclusion of plagioclase in Cpx to give the ophitic texture.

Graphic texture: At the binary eutectic T, K-spar and Qz cystallize simultaneously in eutectic proportions. Since the eutectic composition is much richer in K-spar relative to Qz, as they both crystallize simultaneously, Qz will be included in the K-spar to produce the graphic texture common to many granitic rocks.

2- Binary systems with an intermediate compound that melts congruently:

SYMBOL 183 \f "Symbol" \s 12 \h
Congruent melting: A compound is said to melt congruently if the (first) liquid formed upon melting is identical in composition to the melting solid.

SYMBOL 183 \f "Symbol" \s 12 \h
The Nepheline - SiO2 binary system: (Fig. 6)

This system has an intermediate compound (albite), which forms by the reaction:

Ne + SiO2 = Ab

as Qz (or any of its polymorphs) cannot coexist in equilibrium with Ne. Albite melts congruently, and has a melting point which is lower than those of Ne or Qz. The Ne - SiO2 diagram can therefore be considered as a system with two eutectic points separated by a "thermal high or boundary" represented by the melting of pure Ab (Fig. 6). Any melt with a bulk composition lying to the left of the composition of Ab on Fig. 6 will end up at E1 crystallizing Ab + Qz (or Tridymite). On the other hand, any melt of composition lying to the right of Ab will end up at E2 crystallizing Ne + Ab (unless it has compositions > 85% Ne, in which case only Ne with some extra SiO2 and some K? in its structure will form; Fig. 6). 

SYMBOL 183 \f "Symbol" \s 12 \h
The thermal boundary and the classification of basalts: 

The thermal boundary described above is important for understanding why different types of basalts have different differentiation series. These relations are shown on Fig. 6, where Qz tholeiites have bulk compositions lying in area I (to the right of E1), olivine tholeiites have bulk compositions on Ab, and may thus differentiate into either Qz - bearing or Ol – bearing rocks (depending on which mineral fractionates Ol or Opx), and alkali olivine basalts with compositions lying to the right of Ab (area II), always differentiate into SiO2 undersaturated rocks. These relations are rendered much clearer when Figs. & & 8 are studied carefully (see below).

SYMBOL 183 \f "Symbol" \s 12 \h
Other examples: 

The system Fo (Mg2SiO4) - Qz (SiO2) has an intermediate compound enstatite (En, Mg2Si2O6), which melts congruently at pressures > 5 kbar. Note that at lower pressures, En melts incongruently!

3- Binary systems with an intermediate compound that melts incongruently:

SYMBOL 183 \f "Symbol" \s 12 \h Incongruent melting: An intermediate compound in a binary system is said to melt incongruently if it melts to a liquid of different composition plus a new solid phase.

SYMBOL 183 \f "Symbol" \s 12 \h The peritectic point: Is an invariant point on an isobaric binary phase diagram at which the composition of the liquid phase in equilibrium with the solid phases cannot be expressed in terms of positive quantities of the solid phases. The peritectic point is a point at which the liquid reacts with the coexisting solid isothermally to produce another solid of intermediate composition.

SYMBOL 183 \f "Symbol" \s 12 \h The system: Leucite - SiO2: 

This system has the intermediate compound K-spar. However, unlike albite, K-spar melts incongruently. The system therefore has a peritectic point at "C".

SYMBOL 183 \f "Symbol" \s 12 \h Equilibrium crystallization: (Fig. 7)

Composition F: 
· At 1686°C Lc begins to crystallize

· Between 1686 and 1150°C: Lc + Liquid

· At 1150°C, liquid reacts with Lc to form K-spar until all liquid is used up.

· Below 1150°C, Lc + K-spar crystals.

Composition D: 
· At E: Lc begins to crystallize 

· Between E and 1150°C: Lc + Liquid

· At 1150°C, liquid reacts with Lc to form K-spar until all liquid and all Lc are used up.

· Below 1150°C, K-spar crystals.

Composition H: 
· At Q: Lc begins to crystallize

· Between Q and 1150°C: Lc + Liquid

· At 1150°C, liquid reacts with Lc to form K-spar until all Lc crystals are used up.

· Between 1150 and 990°C, K-spar crystals + liquid (i.e. continued crystallization of K-spar from liquid).

· At T < 990°C, K-par + tridymite crystallize at the eutectic until all liquid has been used up.

SYMBOL 183 \f "Symbol" \s 12 \h
The system Forsterite - Silica at low pressures:

This system is a subsystem of the MgO - SiO2 one, which has two eutectics, two intermediate compounds (Fo and enstatite or protoenstatite), and liquid immiscibility (which will be discussed later). Whereas forsterite melts congruently, enstatite melts incongruently at P < 5 kbar. These relations are shown on Fig. 8. This figure will also help us understand the concept of SiO2 saturation and Yoder and Tilley's (1962) classification of basalts. Magmas with compositions more magnesian than forsterite (i.e. falling to the left of the Fo composition) will be silica undersaturated (e.g. AOB of Yoder and Tilley). Magmas with compositions between En and Fo, will not crystallize Qz, but will be silica saturated. Olivine tholeiites, which do not contain any olivine in the matrix (but many olivine phenocrysts), belong to this group, since any matrix olivine will back react with the liquid at the peritectic T to form En (or Opx). Magmas with compositions to the right of En will end up crystallizing Qz at 1543°C (the Qz - En eutectic), and are therefore oversaturated (e.g. Qz tholeiites of Yoder and Tilley, 1962).

4- Binary systems with complete solid solution:

SYMBOL 183 \f "Symbol" \s 12 \h
The system Ab - An:
SYMBOL 183 \f "Symbol" \s 12 \h
Solidus, liquidus and tie lines: (Fig. 9).

SYMBOL 183 \f "Symbol" \s 12 \h
Equilibrium crystallization 

SYMBOL 183 \f "Symbol" \s 12 \h
Equilibrium melting

SYMBOL 183 \f "Symbol" \s 12 \h
Fractional crystallization

SYMBOL 183 \f "Symbol" \s 12 \h
Fractional melting and incremental batch melting

SYMBOL 183 \f "Symbol" \s 12 \h
Applications: Normally zoned feldspars, and cryptic layering in cumulate rocks as two examples of the efficiency of fractional crystallization.

SYMBOL 183 \f "Symbol" \s 12 \h
The Ab - An system at P > 1 bar: understanding reverse and oscillatory zoning in feldspars (Fig. 10).

SYMBOL 183 \f "Symbol" \s 12 \h
The Fo - Fa system as another example (Fig. 11).

5- Binary systems with incomplete solid solution:

SYMBOL 183 \f "Symbol" \s 12 \h
Immiscibility, solvus, critical temperature and exsolution

SYMBOL 183 \f "Symbol" \s 12 \h
The system Ab - Or at 1 bar (Fig. 12)

SYMBOL 183 \f "Symbol" \s 12 \h
The system Ab - Or at 5 kbar (Fig. 13)

SYMBOL 183 \f "Symbol" \s 12 \h
Applications:

a)
Perthitic and antiperthitic textures: why are perthitic textures very common in granites that form at depths.
b)
The stability field of leucite: or why is leucite more common in volcanic rocks than in plutonic ones.
