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GEOLOGICAL PHASE DIAGRAMS
Most magma are silicate melts containing as main elements oxygen, silica, calcium, iron, magnesium, aluminium, sodium and potassium. When magma crystallizes (due to a drop in temperature below its freezing point, these elements combine into crystals, mainly silicates which are the rock-forming minerals. Over the past decades, laboratory experiments on silicate melts have become technically more and more sophisticated. It must be realized that it is complicated to imitate the pressures and temperatures that reign in the interior of the earth, but 8obviously the most complex factor is the amount of time available to a researcher; in nature, magmas may take 10,000 years or more before they are completely crystalline. Nevertheless, nowadays it is possible to melt existing rocks or to predict the cooling history of magma. A large amount of new data has become available concerning the behavior of silicate melts and the information is still increasing. The crystallization behavior of melts of a certain composition can be best shown in a so-called phase diagram, which illustrates the relation between composition and the pressures and temperatures of crystallization.
This chapter discusses the interpretation of the most important phase diagrams used by petrologists. In order to understand these diagrams, it is necessary to be familiar with some of the standard terminology which is derived from physical chemistry.

The Phase Rule 

The term system is used for any chemical substance that can be isolated from its surroundings. A system may be a liquid in a beaker, a magma in a magma chamber or even an entire planet.

A system may be either at equilibrium or at nonequilibrium. A system at equilibrium is in its lowest energy state at the prevailing conditions. It has no tendency to change spontaneously. It can be called a stable system. When a system is unstable, it is not in equilibrium, which means that it is either changing or has a tendency to change. A system in an intermediate state between stability and unstability is called a metastable system, which is a system that may appear to be at equilibrium (i.e. not changing), but in fact is not in its lowest energy state.
Obviously, there exists in nature a relationship between the composition of an igneous rock and the composition of the magma from which it crystallizes. This is in accordance with a simple rule of physical chemistry, the rule which says: 
In a system at equilibrium               
F + P = C + 2 or        F = C – P + 2

In which
 P = number of phases 



C = number of components 



F= degrees of freedom (number of externally imposed variables)
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Figure 1
The various states of equilibrium, assuming ground level to represent the most 


stable state (from Ehlers, 1972).

A phase is any part of a system with a particular chemical composition that is physically distinct from other parts of the system. Phases may exist in the solid, liquid or gaseous state. Considering magma as a system, it usually consists of several phases: one gas phase (as gases are completely miscible with each other), usually one liquid phase (but sometimes more when immiscible fluids occur), and the solid phase (s) are represented by crystals which are floating in the magma, each different type is regarded as one phase. In rocks, the various mineral types represent the phases, in some cases accompanied by a liquid phase or gas phase (intergranular water, fluid inclusions and so on).
Table 
The number of components of a system is the minimum number of chemical constituents necessary to define the composition of all the phases in the system. Most igneous rocks contain 10 to 12 components, which are usually written in the form of oxides. The oxides are the building stones of the rock-forming minerals.

The degrees of freedom of a system (also called “variance” or “mode of variation”) are equal to the number of externally imposed variables on the system. In the case of igneous rocks and magmas, the variables may be represented by a change in the composition of the system (for example, due to an influx of water into the system). Hence F equals commonly one, two or three.

When we consider the above phase rule again, we can see how it defines the relation that exists between magma composition and the number of minerals that can be formed from it at certain P and T conditions. The phase rule applies to any chemical system, not only to magmas and rocks. The simplest example is the system H2O. It has only one component (H2O). The variables T and P determine the state in which this component occurs: solid (ice), liquid (water) or gas (water vapour). The phase rule says: F=C-P+2=1-P+2. When F=2 (the variables being temperature and pressure) then P=1, i.e. only one phase can be stable: either ice or water or vapour.
Phase diagrams are constructed on the basis of experimental studies and show the stability conditions of the various phases in a system in terms of system H2O shows the stability fields of water, ice and vapour with regard to T and P. it is possible to read the freezing point of water (obviously identical to the melting point of ice) at a certain pressure from the diagram. The diagram is valid for pure water. As soon as another chemical component is added to the system, the boundary curves between the three stability fields will shift. A simple example: adding water lowers its boiling point and also its freezing point. 
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Figure 2
The one-component system H2O.
Unary Phase Diagrams

Systems that contain one component are called unary or one-component systems. An example which we have already seen is the system H2O. Another one component system which is very important for petrologists is the system SiO2. A phase diagram of this unary system explains the stability relations between the various SiO2 polymorphs. The stability field of a α-quartz, β-quartz, coesite, stishovite, cristobalite and tridymite are shown in relation to P and T conditions. 
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Figure 3
The one-component system SiO2.

The liquidus line is the temperature line above which the system is completely liquid. The solidus line represents the temperatures below which the entire system is solid. In the case of the system SiO2 the liquidus and solidus coincide: it is the boundary line which separates the crystal fields form the field in which the system is in the liquid state. 

In the stability fields of the six SiO2 polymorphs equilibrium is said to be divariant because the number of degrees of freedom is two, as we can calculate from the phase rule: F= 1-1+2 = 2. What does that mean? The stability of the polymorph will not be affected by a change in P or T or both as long as they do not cross the boundaries of the field. As soon as the conditions change in such a way that they fall outside the P-T field of the polymorph under consideration, the polymorph will convert into another which is stable at those conditions. The boundary curves between the divariant fields represent the Ps and Ts under which two polymorphs are stable at the same time (e.g. during the conversion of a α-quartz to β-quartz both phases are present). That implies that P=2 in such a case, and by application of the phase rule we find that F=1. Therefore, the boundary curves are called univariant lines, because there is only one degree of freedom which can vary independently. α-quartz to β-quartz can only be stable at the same time along the line a-b. a change in T would require also adjustment of P in order to remain on that line. In other words: there is only one variable that can change independently from the other. The points where the univariant lines intersect are called invariant points. Three polymorphs may coexist (occur stably together) only at the fixed temperature and pressure of those points. This situation is expressed by the phase rule as F=0, because C-P+2=1-3+2=0.
BINARY PHASE DIAGRAMS 
Binary systems –congruent melting

Diopside is a clinopyroxene and anorthite is an end member of the plagioclase solid solution series. In a way, the mixture of the two can be regarded as a simple version of a basic rock such as basalt. Both diopside and anorthite melt completely, when heated to their melting points, to produce a liquid of the same composition. This melting behavior is called congruent melting.
Pure diopside melts at 1391oC and pure anorthite at 1553oC. Mixing of the two components lowers the melting temperatures. For instance, a rock with composition X (70% anorthite and 30% diopside will melt at 1470oC. on the other hand: a liquid with composition X will start to crystallize when it cools down to 1470oC. Between the liquidus and solidus temperatures there exists a field in which liquid and diopside or liquid and anorthite exists stably together.
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Figure 4
Crystallization in the binary system CaMgSi2O6 – CaAl2Si2O8 at 1atm.
By the construction of a vertical line called an isopleths, through X, we can understand the crystallization behavior of liquid X. At T1 (14700C) the first crystals to form are anorthite crystals. Simultaneously the melt will be impoverished in the anorthite component CaAl2Si2O8 and thus relatively enriched in diopside component. The composition of the liquid changes along the liquidus line from a to e while the temperature drops and anorthite crystallizes continuously. Finally, the temperature of 1270o is reached at the eutectic point E. from this moment diopside is also stable and both anorthite and diopside are crystallizing simultaneously at the fixed temperature of the eutectic point, until the last drop of melt is consumed. The resulting rock is composed of 70 weight % anorthite and 30 weight % diopside, as could be predicted from the composition of the original melt X. 
The eutectic point represents the minimum temperature at which a liquid can exist in this particular binary system, at P=1 atm. The simultaneous crystallization of diopside and anorthite is called eutectic crystallization. That it occurs at a temperature fixed at 1270o can be explained with the phase rule. As the pressure is fixed and therefore there is one variable less than usual, we can say F=C-P+1. At a temperature of 1270o diopside starts to crystallize so that there are three coexisting phases: liquid, diopside and anorthite. Thus P=3, C=2 and therefore F=2-3+1=0. There are no degrees of freedom: the temperature and pressure fixed and also the composition of the last drop of liquid is fixed, producing a diopside-anorthite mixture in a fixed “eutectic proportion” of 58% diopside/ 42% anorthite. With the earlier formed anorthite, a rock of composition X will have been formed. 
With the aid of the lever rule, it is possible to read from the diagram what is the amount of liquid relative to the amount of crystals at a certain temperature. If we look at the same example of crystallizing liquid X, we can see that at temperature T2 the amount of liquid left is 

Length bd x 100% = % liquid (c) 

Length cd
And 

Length cb x 100% = % anorthite crystals (d)  

Length cd

The horizontal line through T2 is called a tie line or isotherm.

If the liquid is rich in diopside component, the first mineral to crystallize will be diopside. Anorthite will join in at T8 during eutectic crystallization of both diopside and anorthite. The final rock composition will be Y, i.e. 15% anorthite, 85% diopside.
The cooling history of melt X can be illustrated in a time-temperature plot. At temperatures above the liquidus line cooling is fast, but when crystallization of anorthite sets in, the cooling rate decreases because of the heat produced by crystallization. As we have seen before, during eutectic crystallization the temperature is fixed until all liquid is exhausted. Subsequently, the cooling of the crystalline rock takes place at the initial faster rate. 
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Figure 5
Cooling rate of liquid X in the system Diopside – Anorthite.
Please realize that a change in pressure will influence the crystallization temperatures of diopside and anorthite: on a diagram, it would result in a shift of the liquidus and solidus lines and of the position of the eutectic point. A change in composition also would change the diagram: for instance, the addition of another chemical component to the system would lower the melting points, including the eutectic temperatures TE.

Up to now, we have talked only about the crystallization or solidification of a melt. The reverse process, the melting of a solid, can be read from the phase diagram in a similar way. For instance, a rock of composition X starts to melt for the first time at TE , with the simultaneous melting of both diopside and anorthite until all diopside is molten. During this process, the temperature is fixed at 1270o, as can be explained by the phase rule. After the elimination of diopside from the melting rock X, the liquid will move in composition from point E toward point a, because from now on, it is gradually enriched in anorthite component, due to continuous melting of anorthite crystals while the temperature increases. At 1470o all anorthite will have been molten, and a liquid of composition X has been produced. (A further increase in temperature would not bring any change in the physical or chemical condition of the melt)
At temperature T1, the crystal A starts to crystallize. It forms euthedral large grains as it has plenty of space to grow into its ideal crystal shape. When the temperature drops to TE, the crystals A2 and B crystallize simultaneously. These are often intergrown with each other, filling the spaces left over by the earlier A crystals. For the crystals of B it proves not possible to attain their ideal shape. Note that A2 also forms rims around older A1. 
When there is a eutectic composition, A and B crystallize simultaneously until all liquid has been consumed, at the temperature of the eutectic point resulting in a rock without euhedral primary crystals.
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Figure 6
Order of crystallization in liquids subjected to eutectic reations, and their typical 


textures in igneous rocks. A-crystallization of a liquid rich in A component; B-


crystallization of a liquid with composition of eutectic point E, (from Bard, 1986).
Binary systems with solid solutions

The plagioclase feldspars form a solid solution series between the endmembers albite (NaAlSi3O8) and anorthite (CaAl2Si3O8). Such a phenomenon is also called a continuous series of isomorphous substitution. The substitution in the plagioclase series is carried out by the ions calcium and sodium which are of comparable radius. They can substitute for each other in the crystal lattice of plagioclase without changing the lattice structure. The difference in valency between Ca2+ and Na+ is compensated by variation in the proportion of Al3+ to Si4+. A simpler solid solution series is the olivine group: the series forsterite (Mg2SiO4) – fayalite (Fe2SiO4). There is continuous substitution of Fe2+ for Mg2+ ions possible without affecting the lattice structure of the olivine, because the ions have similar dimensions.
The binary phase diagrams for the plagioclase and olivine solid solution series are similar. 
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Figure 7
The binary system albite-anorthite at P = 1 (from Ehlers, 1972).
The essential feature of binary systems with solid solution is the continuous reaction of early formed minerals, in this case an rich plagioclase, with the liquid to form Ab-richer plagioclase. This process takes place within the temperature interval between the completely liquid state and the completely solid state, in the stability field of liquid crystals. In fact, this reaction merely involves the substitution of Na for Ca ions in the plagioclase crystals. If there is sufficient time for this interchange of ions between the liquid and the crystals homogeneous plagioclase crystals of tone composition result: this is called equilibrium crystallization. If cooling is too fast, the reaction cannot reach completion before Ab-richer rim has been formed around the core. This is called fractional crystallization and is easily recognized by the zonal plagioclase crystals, showing an Ab-rich core, surrounded by an Ab-richer rim. Zoned plagioclase crystals are a very common feature of igneous rocks.
Zoning is equally common in olivine crystals. Pure forsterite (Fo) melts at a temperature of 1890oC, pure fayalite (Fa) at 1205 oC. the crystallization path of a liquid X demonstrates that the first olivine crystals formed at T1, are rich in Fo component, i.e. rich in magnesium. With a decrease in temperature, olivine becomes richer in iron by simultaneous crystallization of new, Fa-richer olivine and reaction of earlier olivine with the liquid. The final olivine crystals will have composition X. If fractional crystallization results in zonal olivine crystals, the cores of the olivine crystals will be richer in magnesium than the rims.
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Figure 8
Simplified diagram of the binary system Forsteritr-Fayalite.

BINARY SYSTEMS –INCONGRUENT MELTING 
In the case of incongruent melting, a solid breaks down to another solid phase of different composition plus a liquid. This can be expressed as: Si −−→ S2 + L

Incongruent melting can be best explained with the aid of the binary system leucite (KAlSi2O6 – Silica (Si2O2), which shows both congruent and incongruent melting behavior. Between leucite and Si2O2 polymorph (cristobalite, tridymite, quartz etc). an intermediate phase KAlSi3O8, alkali feldspar, is present. (NB: Note that the system is still a two-component system, alkali feldspar can be defined by making use of the two components KAlSi3O8 = KAlSi2O6 + SiO2. When heated, alkali feldspar converts into leucite while at the same time producing a liquid of composition C. On further heating, the leucite will start to melt and the liquid composition will change along the line CE until the whole system is liquid at a temperature of approximately 1550oC.
When the temperature decreases, there is continuous crystallization of leucite while the liquid changes its composition along the liquidus line. When the peak is reached, leucite starts to react with the remaining liquid to form alkali feldspar. This reaction is called a peritectic reaction and it continues at fixed T until one of the phases has been eliminated. In the case of liquid α there is less liquid than leucite available for reaction so that the end product of the reaction is a solid rock consisting of leucite and alkali feldspar. The peritectic temperature is the minimum temperature at which liquid α solidifies. 
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Figure 9
The binary system KAlSi2O6 – SiO2 (from Ehlers, 1972).

If not liquid … but not liquid …starts to crystallize. The first crystals formed are leucite crystals as well and the same reaction takes place on reaching the temperature of the peritectic point. However, in this case there is more liquid than leucite available for the reaction (check this with the lever rule), so that when all leucite has disappeared in favour of alkali feldspar, there is still a rest liquid present. This liquid has a composition (c). As soon as leucite has disappeared, the temperature drops while more alkali feldspar crystallizes from the liquid. The liquid changes its composition towards …the eutectic point, where alkali feldspar and the SiO2 polymorph crystallize simultaneously at a fixed temperature of 990oC. The very common intergrowth texture of alkali feldspar and quartz in igneous rocks, known as granophyric intergrowth or graphic intergrowth, is though to be the result of eutectic crystallization. The eutectic temperature is the true minimum crystallization temperature of the system at the given pressure of 1 atmosphere. 

Note that whatever is the initial composition of the melt, rocks with both leucite and tridymite will not be formed. Therefore we say that leucite and SiO2 polymorphs are incompatible. It explains why in nature, leucite and quartz are never found together in the same rock. They would react immediately to form their intermediate compound alkali feldspar.

Liquids in the system KAlSi2O6 - SiO2 with more than 53 weight % SiO2, that will say: to the right side of the eutectic point E in the diagram will crystallize in a similar way as diopside or anorthite in the binary system. The first mineral to form is SiO2 polymorph. If cristobalite is formed, it will invert to tridymite when the temperature drops below 1470oC. At much lower temperatures, tridymite inverts to quartz.  
We speak of fractional crystallization in this system when the leucite crystals do not react with the liquid, or do so to a limited extent, because they are separated from the melt. In natural magmas fractionation processes are very common. Usually the reason for the separation of crystals from liquid is caused by the sinking of the primary crystals to the bottom of the magma chamber. Very rapid cooling may also cause fractionation: the peritectic reaction cannot be completed in time, resulting in cores of unstable primary crystals surrounded by stable rims. 

Fractional crystallization may have far-reaching consequences in this type of binary systems. The above examples of crystallization of different types of liquids are according to equilibrium conditions. Suppose that during the crystallization of magma. All leucite crystals are removed from the melt. As a result of this removal the pertectic reaction can not take place, by lack of leucite. The liquid starts to crystallise alkali feldspar, while cooling down to T, where the last drop of liquid is used for the eutectic crystallization of alkali feldspar and tridymite. Realize the important consequences of fractional crystallization for melt: under equilibrium conditions, it forms a rock consisting of leucite and alkali feldspar without quartz, that is, a silica undersaturated rock. By fractional crystallization the undersaturated melt can produce a silica oversaturated rock containing quartz. If we compare the effect of fractional crystallization in the system leucite-silica with the effects caused in a binary system with congruent melt, such as the system diopside-Anorthite, we will see that in the latter case the composition of the resulting rock is mineralogically the same, only the proportions of diopside and anorthite will differ. It is clear that a final rock with the composition of the eutectice point, without the primary euhedral anorthite crystals produced under equilibrium crystallization. 
BINARY SYSTEMS WITH LIQUID IMMISCIBILITY

The binary system MgO- SiO2 has much in common with the Leucite-Silica system discussed above. It contains MgO, periclase, the pahse forsterite (Fo), Mg2 SiO4, the SiO2 polymorphs, and an intermediate compound enstatite MgSiO3 which is an orthopyroxene showing incongruent melting. The system has two eutectic points on either side of the forsterite composition. Forsterite and quartz are incompatible minerals: the rocks crystallizing in this system contain either forsterite and enstatie or enstatite and a  SiO2 polymorph. Crystallization paths of liquids with composition falling to the left of the forsterite composition line are similar to those in the system diopside-anorthite. Liquids with compositions between Fo and the eutectic point A crystallise in the same way as liquids in the previously discussed system. The peritectic reactrion can be written as: Fo + L = En.  
A new aspect of the system Mg - SiO3 is the field of two liquids in the SiO3 – rich side. It illustrates a process known as liquid immiscibility by which an originally homogeneous mixture gets unstable at a certain temperature and splits into two liquids. A simple example can be obtained in the kitchen: when mixing oil and water at high temperatures, the oil will form a separate layer on top of the water. Apparently, oil and water are no longer miscible at room temperature. 
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Figure 10
The binary system MgO-SiO2. The exact position of the liquid immiscibility region 

is unknown, and is consequently indicated by a broken line in this diagram (from 


Ehlers, 1972).
Apart from the fact that it serves as an illustration of the process of liquid immiscibility, petrologists attach much importance to the system Mg - SiO3 for the following reasons:

1. It explains that in Bowens’ Reaction Series, Olivine crystallizes prior to orthopyroxene from a basaltic magma.
2. It explains common textures in basic igneous rocks: rims of orthopyroxene around olivine crystals are the result of the reaction of olivine crystals with liquid. If the amount of olivine exceeds the amount of the available liquid, olivine crystals will be preserved and surrounded by orthopyroxene.

3. It explains the fact that olivine and quartz do not occur together in the same rock due to their incompatibility.

It explains that by factional crystallization or fractional melting silica under saturated melts or rocks may produce silica over saturated melts or rocks. This is very important for the subject of magma evolution which will be discussed later.
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Figure 11
Reaction rim of orthopyroxene (Opx) around olivine (Oliv) in basalt.               


Plag = Plagioclase, (from Ehlers & Blatt, 1982)

THE BINARY SYSTEM ORTHOCLASE KAlSi3O8 – Albite NaAlSi3O8
Albite (NaAlSi3O8) and Orthoclase (KAlSi3O8) show complete solution between the two endmembers. The phase diagram of the system Or-Ab is distinguished from that of the plagioclase series by the fact that the liquidus and solidus lines have a minimum point M. The crystallization in the system Ab-An, i.e. from Ab-rich melts the feldspar crystal to form is Ab-rich whereas from Or-rich melts the feldspar crystal formed will have composition close to Or. The liquid changes its composition during cooling, with concomitant crystallization and reaction between the liquid and earlier formed crystals, until all liquid is consumed. The final feldspar formed will be homogeneous crystals with a composition identical to that of the original melt. If the liquid has composition M, it crystallizes directly with a feldspar rock of composition M. TM is the minimum temperature at which an Ab-Or mixture can be liquid. 
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Figure 12a
The simplified diagram of the system NaAlSi3O8 – KalSi3O8 at 1 atm, under dry 


conditions.
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Figure 12b
The system NaAlSi3O8 – KalSi3O8 at PH2O = 5 Kb.


A complication of the system Ab-Or is the region of solid immiscibility below the temperature of 700oC. The region is bounded by the so- called solvus below which the feldspar solid solution mineral becomes unstable: we say that at subsolvus temperature, the solid mixture of Ab and Or is no longer stable and unmixing or exsolution occurs. It must be realized that this is a process taking place in the solid state, in fact it merely involves the diffusion of K and Na ions in the crystal lattice of the feldspar. The one homogeneous feldspar formed will exsolve or unmix Ab-component, while the remainder automatically is enriched in Or. As a result, we see crystals of orthoclase (or microcline) including tiny bleps, strings or patches of albitic plagioclase. This textural feature is very common in igneous rocks and is called perthitic intergrowth, or shortly perthite. The different types of perthite texture have been treated in the practicals handbook, Lab 1.
The effect of a change in lithostatic pressure PL on natural systems has been mentioned only briefly up till now. An increase in lithostatic pressure, which is directly related to the depth of overburden and often called pload, causes an increase in melting and crystallization temperatures, i.e. in phase diagrams the liquidus and the solidus lines will be raised. The effect of an increase in water pressure PH20 which is directly related to the water content of magma, is opposite: it lowers the solidus and liquidus lines. The actual effect of pressure changes has been experimentally determined in many binary systems. 
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Figure 13
The system Albite – Anorthite at 1 bar (“dry”) and at PH2O = 5 kb, (from Ehlers, 

1972).

We call granites that crystallize under “wet” conditions, i.e. with PH20 of 5 kb or more, subsolvus granites. They are characterized by the fact that they contain two separate feldspar phases, a plagioclase and alkali feldspar, each possibly showing exsolution. Granites crystallizing under “dry” conditions on the other hand, are called hypersolvus granites. They are recognized by the fact that they contain only one feldspar phase, which may show exsolution.

It must be realized that exsolution involves the diffusion of ions through crystal lattices which is a very slow process. If cooling is too rapid, there may not be sufficient time for the diffusion process and the final rock will be “frozen” into a metastable state with crystals that do not show exsolution textures. For this reason, perthites do not occur in volcanic rocks.
THE BINARY SYSTEM (Mg,Fe)2 Si2O6 – Ca(Mg,Fe)2 Si2O6
The crystallization behavior of a liquid in a binary system is similar to that in water-rich Ab-Or mixtures discrussed before. For example, a liquid will start to crystallise augite of composition q at t1. While the temperature drops to t1 the liquid changes its composition towards continuously crystallizing new augite crystals and reacting with existing augite to Opx-richer compositions. Augite composition changes along the solidus from q to s. at the eutectic temperature t1 both pigeonite (which is a high temperature variety of hypersthenes) and augite crystallise simultaneously, having compositions t and s respectively. When eutectic crystallization is completed and the temperature decreases, the process of exsolution sets in. augite exsolves orthopyroxene, a process which it gets enriched in Ca ions. Pigeonite and at lower temperature hypersthenes, exsolve clinopyroxene, expelling Ca ions. The final product of melt O is a rock with  two types of pyroxene, each including exsolution bleps  or laminae of the other type of pyroxene. Usually, the exsolved laminae are oriented parallel to the (001) and (100) planes of the pyroxene crystals. The composition of co-existing ortho- and clinopyroxene at a certain temperature can be read off the diagram by constructing tie lines; for example, at t3 pigeonite of composition u contains exsolved augite inclusions of composition v, and augite crystals of composition v contain exsolved  pigeonite of composition u. at a lower temperature pigeonite inverts to hypersthenes, inheriting the existing exsolution lamellae or bleps of augite. The actual inversion temperature depends on the Fe/Mg ration of the pyroxene: Mg-rich pigeonite inverts at a higher temperature to hypersthenes than Fe-rich pigonite. As pigeonite does contain more Ca than hypersthenes, the inversion will always produce more exsolved clinopyroxene. 
As is the case with perthites, pyroxenes showing exsolution are absent from volcanic rocks, because the unmixing process requires a slow drop in temperature. Thus, pryroxenes in volcanic rocks commonly have a metastable composition. Even pigonite may persist metastably in the volcanic rock, when it does not get a chance to invert to hypersthenes. 
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Figure 14
Crystallization of ortho and clinopyroxene is the simplified binary diagram of the 


system (MG,Fe)2SiO2 – Ca(Mg,Fe)Si2O6 (from Hatch, Wells nad wells, 1972).
TERNARY DIAGRAMS 
Binary systems can be very useful for the illustration of petrogenetic problems, but in order to approach reality more complex systems are necessary. As igneous rocks consist predominantly of SiO2, Al2O3, FeO, MgO, CaO, Na2O and K2O seven-component system would be best to illustrate the cyrstallisation paths of natural silicate melts. However, in basaltic rocks, the amount of Na2O and K2O is negligible, while Al2O3 occurs only in plagioclase. In granitic rocks FeO and MgO can be disregarded, so that the components of granitic magmas are essentially silica –Ab-An-Or. Therefore, for many rocks significant information can be obtained from three and four component systems. We treat in this course two types of simple three-component diagrams. Subsequently, we will have a short look at some of the most important ternary diagrams for the igneous petrologist. 
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Figure 15
Two different methods of determining the percentage of components X,Y and Z in 


a point c on a ternary diagram (from Ehlers and Blatt, 1982).

In a ternary diagram, the three components are plotted in the corners of an equilateral triangle, each corner representing 100% of one component. Points along the edge consist of a mixture of the two components indicated at the end of the line, and points within the triangle represent mixtures of the three components. The temperature coordinate is perpendiculrar to the compositional triangle that is perpendicular to the paper.

At temperatures below the ternary eutectic point, the whole system is in a solid state. At temperatures above the liquidus surfaces, the ternary system is in a liquid state. A horizontal section through the diagram is called an isothermal section. It shows the crystallization state of a certain melt at a certain temperature. 

The projection of the liquidus surfaces and the cotectic lines onto the basal compositional triangle produces  the ternary diagram normally given in literature. The projection of the contour lines of the liquidus surfaces onto the basal planes (in the same manner as a topographic map is contoured) are lines of equal temperature of isotherms. 
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Figure 16
The temperature-composition model of the ternary system X-Y-Z; A. The darkened 

top shows the liquidus surface; each of the three vertical sides is a binary 



diagram (from Ehlers & Blatt, 1982); B. Isothermal section at a temperature t1; 


C. Projection of the cotectic lines and of the contours of the liquidus surfaces 


(isotherms, dashed) onto the basal plane of the model.

THREE COMPONENT SYSTEMS WITH A TERTIARY EUTECTIC 
The ternary system Diopside CaMg (SiO3)2 – Forsterite, Mg2 (SiO4 – Anorthite CaAl2 (Si2 O8 can serve as an illustration of a simple ternary diagram. Chemically, this system can be used to represent rocks consisting mainly of the minerals pyroxene, olivine and An-rich plagioclase, i.e. rocks which crystallise from basaltic magmas.

In the two dimensional ternary diagram of the system Di-Fo-An we observe three cotectic lines, dividing the triangle into three fields, representing the liquidus surfaces of diopside, forsterite and anorthite. The broken lines in each field are the isotherms. You must regard the cotectic lines as valleys downsloping towards the ternary eutectic point which is the minimum temperature at which liquid is possible in this system. A melt of composition a will start crystallization of forsterite at 1700oC, but a liquid with composition b crystallalises not before the temperature has dropped to 1400 oC and the first mineral to form from this melt will be anorthite. 
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Figure 17
The ternary system CaMg(SiO3)2 – CaAl2SiO8 – Mg2SiO4 at 1 bar pressure. 


The field of spinel has disregarded for reasons of simplification (from, Ehlers & 


Blatt, 1982).

Let us now consider the melting of a rock with composition b. the process is reversed: the first drops of melt to form (from any rock in the system) will have the eutectic composition d, which is a mixture of An, Di and Fo in the eutectic proportions. As soon as diopside is eliminated, the liquid will change its composition along he line df while the temperature rises. At f, all forsterite crystals will have been molten, only anorthite crystals are left. A further temperature increase eliminates the anothite crystals while the composition of the liquid changes towards b. at a temperature of 1400 oC the rock will be completely molten. 
TERNARY SYSTEMS WITH SOLID SOLUTION

The system diopside  CaMg (Si 2O6) – Albite (NaAlSi 3O8) – Anorthite (CaAl2Si 3O8) provide an example of a ternary system in which two components, in this case Ab and An, form a complete solid solution series. This means that there is only one cotectic line, separating the diopside field from the plagioclase solid solution field. On the Ab-Di line and An-Di line are the familiar binary eutectic points. Isotherms in the two fields and the arrow on the cotectic line indicate that the minimum temperature of this system lies at the binary eutectic on the Ab-Di line at 1085oC. Dashed lines are experimentally determined tie lines indicating the liquid composition tha tcoexists with a specific composition of plagioclase, thus liquid a can exist in equilibrium with diopside and plagioclase b; liquid c coexists with diopside and plagioclase d and so on.
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Figure 18
The tenary system CaMg(SiO3)2-NaAlSi3O8-CaAl2Si2O8 at 1 bar pressure. Dashed 

lines show the composition of plagioclase that coexists with liquid on the 



boundary curve, e.g. liquid a coexists with diopside and plagioclase of 



composition b. b. the same compositional triangle, showing the relation between 


magma composition and the An percentage of plagioclase crystallizing from it 


(from Ehlers & Blatt, 1982).
The relation between magma composition and the final composition of plagioclase in the rock that crystallizes. A liquid of composition a will yield of diopside plus plagioclase of An75 composition. Liquid b would produce diopside plus plagioclase with 50% An.

Let us consider the crystallization of a liquid of composition f. the vertical temperature coordinate through f cuts the liquidus surface of dipside at appr. 12750C, and diopside will precipitate. While diopside continues to crystallise during a decrease in temperature the composition of the liquid changes along the line fg. On reacing g cotectic crystallization of diopside and plagioclase sets in. The composition of these first plagioclase crystals can be read on he diagram as h. as cooling continues, the liquid composition will change along the cotectic line towards the Ab corner, at the same time producing plagioclase with increasing Ab-content. Simultaneously the older plagioclase crystals react with the melt to adjust their composition to the lower temperature. For instance, at 1225oC the liquid will have composition j and coexist with plagioclase k. finally, at a temperature of approximately 1210oC, plagioclase of composition b (An50) is formed from the last drops of liquid having composition a. remember that the final plagioclase composition b is found by constructing a line through the Di corner and f and that the liquid compositions are known from the experimentally determined tie lines.
If the initial liquid has composition e the first mineral to crystallise will be plagioclase of An-rich composition, (this can only be determined by experimentation, it can not be predicted from a diagram). A decrease in temperature results in continued precipitation of plagioclase crystals containing gradually more Ab component, while the liquid also gets enriched in Ab. At the same time, there is continuous reaction between older plagioclase crystals and the melt until plagioclase has composition k. the tie line jk through point e indicates that from this moment also diopside starts to precipitate. The last drop of liquid is consumed at a, and the resulting rock will contain diopside and plagioclase of composition b. 
In the above examples, equilibrium crystallization is assumed, i.e. continuous reaction between liquid and plagioclase is supposed to be complete. With incomplete reaction (due to rapid cooling, removal of early-formed crystals, and so on) a variety of plagioclase crystals will result which can be seen as zoning in individual grains. To compensate for the An-rich (Ab-poor) compositions that survive, the most Ab-rich plagioclases will be richer in Ab component than b. 

EXAMPLES OF MORE COMPLICATED TERNARY SYSTEMS OF GEOLOGICAL INTEREST

(i) The System Forsterite-Anorthite-Silica

The phase diagram of the system Fo-An-Q contains a primary field of spinel, MgAl2O4, situated between the anorthite and forsterite fields. For reasons of simplification we disregard this field here. A very important feature of this ternary system is the intermediate field of enstatite in between the forsterite and tridymite/cristobalite fields. This field effectively separates olivine containing rocks from quartz-containing rocks, as we have already seen when treating the binary system Forsterite-Silica as part of the system MgO-SiO2. 
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Figure 19
The ternary system Mg2SiO4-CaAl2Si2O8-SiO2 showing crystallization 



paths (from Ehlers, 1972).
(ii) The System Leucite-Anorthite-Silica 

The phase diagram of the system Leu-An-Q is characterized by the presence of a ternary peritectic point D, due to the incongruent melting behavior of alkali feldspar, and a ternary eutectic point H. The connection line between the An corner and alkali feldspar composition point separates silica undersaturated rocks with leucite and alkali feldspar from silica oversaturated rocks with quartz. (However, we have already seen that fractional crysallisation may cause the formation of oversaturated rocks from undersaturated melts and so on). Crystallizing melts will either eliminate their last drop of liquid in D during the peritectic reaction or in E during eutectic crystallization of alkali feldspar, anorthite and tridymite. 
[image: image22.jpg]CaAl,S1,0,
(Anorthite)
A\ 1553+2°

Anorthite

Leucite

Tridymite

d b
KAISi,O, KAISi,O, 1150£20°| 900+20° 1470+10° Sio,

(Leucite) (Potash Feldspar) Potash (Silica)
1686+5° Feldspar 4713459





Figure 20
The system Leucite-Anorthite-Silica (from Ehlers, 1972).

(iii) The System Nepheline (NaAlSiO4) – Silica
This system explains the occurrence of feldspathoids (nepheline, kalsilite, leucite) in silica under- saturated rocks. Feldspathoids commonly coexist with feldspars (plagioclases and alkali feldspars) but not with quartz, as they are incompatible. 
[image: image23.jpg]10,

Cristobalite

NaAISi,O,
(Albite) KAISi,O,

(Orthoclase)

Na,K Nepheline

NaAISiO, KAISIO,
(Nepheline) (Kaisilite)




Figure 21
The ternary system NaAlSiO4-KAlSiO4-SiO2 (after Ehlers, 1972).
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