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Compositional phase diagrams 

Uses of compositional phase diagrams:

(i) They show the relationship between the bulk composition of a rock and its mineral assemblage. 

(ii) They help illustrate the stable mineral assemblage at a specified P and T

(iii) They help "predict" metamorphic reactions that may have taken place (by comparing mineral assemblages of rocks of the same bulk composition but from different metamorphic zones within the area of interest).

(iv) They are useful for monitoring compositional variations in phases as a function of changing P and T (for minerals with solid solutions).

For two-dimensional representation (i.e. on a paper), the diagram must have at most 3 components. The compositions of the phases in a metamorphic rock are then plotted on this diagram. Those phases believed to coexist in equilibrium are then joined by tie lines. According to the mineralogical phase rule, the maximum number of phases occurring in equilibrium in an arbitrarily selected rock will most likely be less than or equal to the number of components of that system. Therefore, for a three component system and a common rock with a variance of 2, this "maximum number of phases in equilibrium" will be 3. On the other hand, if the phase rule is strictly followed, it would predict that on all ternary diagrams (three component diagrams) representing equilibrium mineral assemblages, tie lines should connect only three phases if P and T lie in a divariant field, four phases (one pair of crossed tie-lines) if P and T lie on a univariant line, and five phases (five crossing tie lines) if P and T are fixed at an invariant point.

Types of Compositional Ternary Diagrams
A ternary diagram is ideally suited for a three-component system. However, rocks are complex chemical systems, containing 10 to 13 components. Nevertheless, ternary diagrams can be constructed for any rock by making some assumptions. Clearly, the usefulness of the ternary diagram will depend on the validity of these assumptions!! It is therefore necessary to first identify the "compositional group" to which the rock in question belongs, make your "assumptions" and select the "type" of compositional ternary to be used.

Commonly used ternary diagrams include:

1- ACF diagram: Suitable for mafic rocks and calc-silicates.

2- AFM diagram: Useful for pelitic rocks.

3- CAS (CaO - Al2O3 - SiO2) diagram: Useful for marly rocks (calcareous mudstones).

4- MCS (MgO - CaO - SiO2) diagram: Useful for ultramafic rocks.

Construction of Compositional Phase diagrams:

Although the selection of a compositional ternary diagram depends on the rock type studied, the assumptions made for the same "type" of ternary diagram may differ from one rock type to another, even if the "same" ternary system is used. We must therefore understand the basis for making these assumptions in order to construct a compositional ternary diagram.

The biggest problem in constructing ternary diagrams is the reduction of the number of components to 3. This may not be possible in many cases. Where the number of components can be reduced to 4, one has to select a phase to "project from" (known as the projection phase) onto a plane of three components (known as the projection plane). The projection plane is selected in a way to represent most phases occurring in the rock as clearly as possible! Similarly, there are certain rules for selecting the projection phase, namely:


i- it has to be of constant composition: i.e. avoid projecting from phases with solid solution.


ii- it has to occur in all of the rocks examined from different metamorphic zones; i.e. the projection phase should have a wide stability field. For example, in pelitic rocks, muscovite is a suitable projection phase (up to the granulite facies where it will break down in the presence of quartz to K-spar + an aluminosilicate), whereas staurolite is not very suitable owing to its small stability field. Naturally, the best projection phase is quartz, unless the rock is deficient in SiO2!


iii- it is preferred (although not necessary) that the projection phase be simple with a small number of oxides, one of which is not very common in most other phases (to avoid negative projections).

1- The ACF Diagram
Mafic rocks are complex systems made up of the components: Na2O, K2O, FeO, MgO, CaO, Al2O3, Fe2O3, MnO, TiO2, P2O5, SiO2 and H2O. To reduce the number of components to three, the following assumptions are made:

1- All TiO2 and P2O5 are restricted to accessory phases which are neglected in ternary diagram representation. These phases are: ilmenite, rutile, sphene and apatite. However, since some of these phases contain components which are major and which are represented on the "projection plane", all bulk rock compositions must be corrected for such accessory phases.

2- MnO is either fractionated in ferromagnesian phases equally to FeO and MgO, or is restricted to one phase of little interest (e.g. garnet cores).

3- All K2O is restricted to either muscovite or K-feldspar, which can then be used as projection phases. Note that K-feldspar is rarely found in mafic rocks.

4- All Na2O is restricted to albite, which can be used as another projection phase.

5- Equal partitioning of Fe+3 and Al and Fe+2 and Mg (and possibly Mn) in all ferrialuminous and ferromagnesian phases, respectively.

6- SiO2 is in excess. This is a valid assumption in most rocks as all the phases that we deal with are silicates, and quartz is usually present. However, if Qz is absent, this assumption may not be valid!!!

7- Metamorphism took place in the presence of an aqueous fluid of fixed composition (i.e. a fluid of fixed XH2O).

After making these assumptions, the values of A, C and F are calculated according to:

A= Al2O3 + Fe2O3 - (Na2O + K2O)

C= CaO - 3.3 P2O5
F= FeO + MgO (+ MnO)
where Al2O3, Fe2O3, CaO, ... etc. are the mole proportions of these oxides. Therefore, in order to plot the composition of any mineral on the ACF diagram, its chemical formula is converted into "mole proportions", and the values of A, C and F are calculated from the above relations. Table 1 lists the A, C, and F values of minerals commonly plotted on an ACF diagram, whereas Fig. 1 is a plot of these minerals.

Detailed method for plotting a bulk rock chemical analysis on an ACF diagram:

1- Correct for accessories: Given the modal content of each accessory phase (usually 1-2% by volume), multiply this volume by the density of the accessory phase to convert it to a corresponding weight %.

Examples:

(a) Correcting for Magnetite:

W= modal% . density . 0.7 = weight% Fe2O3 in magnetite (this is because magnetite contains 70% Fe2O3).

Fe2O3 - W = corrected Fe2O3 (this is because I am interested in representing all Fe2O3 except that contained in magnetite, which I will not be plotting on the diagram).

(b) Correcting for hematite: 

Because the composition of hematite is100% Fe2O3, simply subtract its converted modal% from the total Fe2O3 weight %. 

(c) Correcting for sphene (CaTiSiO5):

Convert its modal content into a weight %. Subtract 0.285 times that weight % from the weight % of CaO (before you convert it to a mole proportion).

(d) Correcting for ilmenite (FeTiO3): 

Convert its modal content into a weight% by multiplying by its density. Subtract 0.47 that amount from the total FeO of the rock. This is because ilmenite consists of 47% FeO by weight.

2- Convert all oxide weight percents to molecular proportions by dividing by their respective molecular weights.

3- Calculate A, C and F:

A= Al2O3 + Fe2O3 (corrected for Hm and Mgt) - (Na2O + K2O).   

C= CaO (corrected for sphene) - 3.3 P2O5 

F= FeO (corrected for magnetite and ilmenite) + MgO 

Note that the subtraction of (Na2O + K2O) from A was carried out because the ACF diagram is considered a projection from albite and K-feldspar. In both albite and K-feldspar, the ratio of Al2O3 to Na2O or K2O is 1:1. To project from these two minerals, we need to subtract from the value of "A" the Al2O3 contained in these two minerals. Since the ratio of Al2O3 to Na2O and K2O is 1:1 in both these minerals, subtracting the mole proportions of Na2O and K2O from the value of A is sufficient, provided that albite and K-spar are the only Na- and K-bearing minerals in the rock. 

To project from muscovite, subtract 3 times the mole proportion of K2O (instead of 1) as K2O:Al2O3 in muscovite is 1:3.

i.e. A= Al2O3 + Fe2O3 - (Na2O + 3 K2O).
Note that the 3.3 P2O5 was subtracted from the value of “C”. This was carried out to correct for apatite (Ca5(PO4)3(OH)), an accessory mineral which is not represented on the ACF diagram. Apatite contains CaO and P2O5 in the ratio: 1:3.3. Since P2O5 occurs only in apatite (unless monazite or some other phosphate is present), the easiest way to correct for this phase (i.e. remove the CaO taken up in apatite), is to subtract 3.3 times the mole proportion of P2O5 from that of CaO. Note that I have used the mole proportions here rather than the oxide weight %. This is more convenient because apatite is usually the only P2O5 - bearing phase in the rock, and because I do not need to know the modal content or density of apatite (data that was needed to correct for other accessories).

4- Normalize A, C and F to 100%
5- Plot on a ternary diagram.

The problem of representing biotite and glaucophane on ACF diagrams:

According to Winkler (1979), you cannot plot the composition of Bt and Gln on an ACF diagram. The fact is you can! Since you are projecting from albite, and you have subtracted the Al2O3 taken up by Ab, glaucophane, which has a Na2O : Al2O3 of 1:1 (i.e. identical to that of Ab) will plot at the F corner of the ACF diagram (since C = 0, and its A will become equal to 0 after the projection from Ab). Biotite will also plot in the same place if you are using K-feldspar as the projection phase. However, if you use muscovite as the projection phase, biotite will plot on the negative side of the ACF plane, since its "A" value will be negative.

Uses of the ACF diagrams:

The best way to illustrate one of the uses of the ACF projection is to show examples of its application to mineral assemblages in mafic rocks from a number of facies. Figure 2 shows the mineral assemblages of the Prh-Pmp, Pmp-Act, greenschist, amphibolite, blueschist and eclogite facies plotted on the ACF diagram. These diagrams can therefore be used to predict some of the reactions that may serve as facies boundaries (in a mafic rock of course!). For example, the boundary between the greenschist and blueschist facies may be defined by the reaction: 

Act + Chl = Ep + Gln

whereas the boundary between the blueschist and eclogite facies may be given by:

Ep + Gln = Gt + Omph.

These reactions were predicted from "crossed tie line relations". 

Significance of crossed tie-lines on ternary diagrams:

A crossed tie line relationship in a rock may be the result of:

i-
the mineral assemblage of that rock is "univariant". This means that the minerals in question do define a reaction, but are also in equilibrium. As pointed out earlier, univariant assemblages are less common in nature compared to high variance assemblages. 

ii-
metamorphic reactions took place in the rock but not to completion, possibly because of some kinetic barrier, or because the degree of overstep was insufficient to cause complete reaction. Stated differently, not all minerals of this rock are in equilibrium (but the same reaction still applies!).

iii-
one or more incorrect assumptions in the construction of the ternary diagram: e.g. in the case of the ACF diagram, H2O was not in excess, MnO is an additional component that will stabilize an "additional" phase, FeO and MgO are not equally partitioned in all ferromagnesian phases.... etc. 

Selecting one of these three options clearly relies on careful textural analysis.

2- The AFM diagram
The AFM diagram is used for representing the phase relations in pelitic rocks. To construct an AFM diagram for a rock, follow the same general procedure used for the ACF diagram, i.e. convert oxide weight percentages to mole proportions, correct for accessories, and calculate the A, F and M values as outlined below. However, unlike the ACF diagram, the AFM diagram treats FeO and MgO as two independent components (F and M respectively; the third component "A" stands for Al2O3 or Al2O3 + Fe2O3). Treatment of FeO and MgO as separate components is quite useful because the minerals biotite, staurolite, garnet, cordierite, chloritoid and chlorite, which are very common in pelitic rocks, are characterized by different Fe/Mg ratios in the same rock. Obviously, such differences make the assumption of "equal partitioning of Fe and Mg among phases" invalid!! The AFM diagram has the advantage of showing variations in Fe/Mg ratios between coexisting phases as a function of metamorphic grade, a phenomenon that is quite useful in calculating temperatures of equilibration (the concept of geothermometry) as will be seen later.

There are two types of AFM diagrams or projections: (i) projections from muscovite, and (ii) projections from K-feldspar. The choice of the projection will depend on which mineral occurs in the rock; if muscovite occurs, use the muscovite projection, if K-feldspar occurs, use the K-feldspar projection! Because muscovite (in the presence of quartz) is stable at lower T conditions compared to K-feldspar, the projection from muscovite is most useful for greenschist and amphibolite facies metapelites, whereas that for K-feldspar is most useful for granulite facies rocks.

Assumptions involved in AFM diagram construction:

1- Pelitic rocks are complex chemical systems with the components: K2O, Na2O, Al2O3, Fe2O3, FeO, MgO, MnO, CaO, TiO2, P2O5, SiO2 and H2O. The most important components are FeO, MgO, K2O, Al2O3 and Na2O. CaO is usually minor, and for all intensive purposes, it is neglected. However, if significant amounts of epidote or anorthite are present, they can be used as projection phases. MnO is also neglected, based on the assumption that it is limited to the cores of garnet crystals, considered an excess
  phase. However, it should be kept in mind that significant amounts of MnO may mess up the interpretation of AFM diagrams (as garnets then tend to crystallize before biotite).

TiO2 and P2O5 are minor constituents assumed to be limited to accessory phases as rutile, sphene and apatite (however, keep in mind that biotite can contain significant amounts of TiO2, in which case, a correction should be applied). Na2O is restricted to either paragonite or albite, which can also be used as projection phases. SiO2 is considered in excess, a justified assumption given that quartz is one of the most common ubiquitous phases in metapelites. Another assumption is that metamorphism took place in the presence of an aqueous fluid of fixed composition (which then allows us to project from a fluid of fixed H2O). Again, this assumption could be valid in many metapelites as most phases are hydrous. If we assume that Fe2O3 and Al2O3 are equally partitioned between phases, we can lump Fe2O3 and Al2O3 as one component (keep in mind that in many metapelites Fe2O3 is not a significant component, particularly when graphite is present, which indicates metamorphism under conditions of low fO2). 

2- This leaves us with three other components: FeO, MgO and K2O. These four components can then be represented on a tetrahedron, onto which one can plot biotite, muscovite, K-feldspar and Fe-Mg- Al silicates. Muscovite or K-feldspar can now be used as projection phases onto the AFM plane, our projection plane. Note that projecting from muscovite or K-feldspar will have no effect on where most phases plot on the AFM plane, (with the exception of those containing K, Fe, Mg and Al), but will certainly affect the position of the bulk rock. This means that only the position of biotite (and muscovite or K-feldspar, whichever phase was not used as a projection phase) will be affected. If one projects from K-feldspar, biotite can be represented on the AFM plane, whereas muscovite would plot at the "A" apex. If muscovite is used as a projection phase, biotite plots with a negative value of A, or below the FM line (see Fig. 3). Mathematically this can be expressed as follows:

Projection from muscovite:

A= Al2O3 + Fe2O3 - 3 K2O

F= FeO

M= MgO.

Projection from K-feldspar:

A= Al2O3 + Fe2O3 -K2O

F= FeO

M= MgO.
Note that 3 times K2O were subtracted from the A value in the muscovite case because muscovite has a K2O: Al2O3 ratio of 1: 3, and we are always interested in subtracting the amount of Al2O3 taken up by the projection phase (i.e. muscovite) as we are not representing this phase on the AFM projection. In the case of the K-feldspar projection, we only subtract 1 Al2O3, since the K2O : Al2O3 ratio is 1:1 in K-feldspar. Fig. 4 shows the position of minerals common in metapelites on an AFM projection from muscovite.

Uses of the AFM projections:

1- Showing the relationship between the bulk rock composition and the mineral assemblage. Different metapelitic rocks occurring in the same metamorphic zone but having different bulk compositions may have different mineral assemblages. This relationship is illustrated in Fig. 5.

2- Prediction of metamorphic reactions between rocks belonging to different metamorphic zones. For example, many of the reactions responsible for the "Barrovian sequence" can be predicted from diagrams (a) through (c) of Fig. 6.

3- Monitoring Fe/Mg partitioning between ferromagnesian phases as a function of metamorphic grade. This is illustrated in Figs. 5 and 6, which, as an example, show that chlorite and biotite become progressively enriched in Mg with increasing metamorphic grade. By plotting the compositions of natural minerals coexisting in equilibrium in metapelites on these AFM diagrams, Thompson (1976) predicted that the XMg (Mg/(Mg+Fe+2) ratio) would decrease in the order:

Crd > Chl > Bt > Opx > Ctd  St > Gt.

This information on the partitioning of Fe and Mg among these phases is extremely important, as will be demonstrated in the following lectures. 

�An excess phase is one that is not considered to take part in the metamorphic reactions. A projection phase on the other hand is always there, taking part in many if not all reactions. For example, Quartz is considered a projection phase, as SiO2 is necessary for balancing the different reactions. On the other hand, if albite is the only Na2O - bearing phase in the rock, it is considered an "excess" phase, stabilized by Na2O.








