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LECTURE 6 
 
 

GENESIS OF MINERALS 
 
6.1 LECTURE OUTLINE 

Welcome to Lecture 6. You are now in the final lap of this lecture unit. You have learnt useful 

concepts applied in the science of mineralogy. Congratulations for making this far. In this last 

lecture, you are going to learn about the genesis of minerals. While discussing about the 

genesis of minerals, you should know that the two main controls of mineral formation are 

chemical and physical. These two properties mainly constitute the identity and proportions of 

the elements present and the extant prevailing conditions of both pressure and temperature. 

Lecture 6 will give you the fundamental information required to understand the basic concepts 

of mineral genesis. This understanding will in turn give you an appreciation of the 

occurrences and associations of minerals. Included in this lecture topic are a brief discussion 

on the controls of mineral genesis in the light of the mineral phase rule; a description of some 

exemplary phase equilibrium diagrams, and; a review of the chemical make up of the earth, 

particularly its crust. As in the previous lectures, new mineralogical terms will be used and 

defined in the main text. You are advised to take note of their usage and definition. 

 

 
 
At the end of this lecture, you should be able to: 

• Define the phase and mineralogical phase rules. 
• Explain the significance of the variables used in the phase rule. 
• Explain the terms liquidus, solidus, eutectic and peritectic points as used in phase 

equilibrium diagrams. 
• Describe and illustrate with a specific example a one component (unary) phase 

equilibrium system as a function of pressure and temperature. 
• Describe and illustrate binary eutectic, binary peritectic and binary solid solution 

phase equilibrium systems as a function of temperature and composition. 
• Illustrate and interpret the representation of compositions of a three-component 

system in a ternary diagram. 
• Describe the chemical composition of the Earth’s crust. 
• Outline the geochemical classification of the elements. 

 

OBJECTIVES 
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6.2 MINERAL FORMATION AND THE PHASE RULE  
 
The three factors - temperature (T), pressure (P), and chemical composition (X) - that control 

the formation of a given mineral may be expressed quantitatively by a basic principle of 

physical chemistry known as the phase rule which states that:  

In any system at equilibrium, the number of phases (P) plus the number of degrees of freedom 

(F) is equal to the number of components (C) plus 2 (i.e., P + F = C + 2). 

 

Where:  

System: - Is an arbitrarily chosen, finite volume of material (e.g. a hand specimen of a rock, 

or a complete geological unit). 

Equilibrium: - The condition of minimum energy for a system. 

Phase: A physically and chemically homogeneous, mechanically separable part of a physical-

chemical system. 

Degree of freedom (also known as variance): A variable, which if changed, does not result in 

a change in the equilibrium assemblage or the state of the system. The degrees of freedom 

generally considered for geologically important systems are Temperature (T), pressure (P), 

and quantity of a component (X). 

Component: One of the minimum number of chemical species necessary to define the 

composition of each of the phases of a system, i.e., it is an independent chemical entity that 

defines a system. 

  
If the phase rule equation, P + F = C +2, is rewritten in the form P = C + 2 – F, it emphasizes 

the fact that the maximum number of phases (e.g., minerals) increases with the number of 

components. In other words, assuming equilibrium, the greater the chemical complexity of a 

rock, the larger the number of minerals that may occur within it.  It can be noted from the 

equation that, the maximum number of phases will occur when F = 0, so that P = C +2.  

 
However, in a large number of geological environments, the condition of an absolutely 

constant temperature and pressure is highly unlikely; for example, both T and P tend to vary 

rather considerably during the crystallization of  a magma or the metamorphism of a rock. As 
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a consequence, in mineralogy, we are often dealing with products of divariant systems in 

which F ≥ 2. Hence if F ≥ 2 is substituted into the phase rule, then P ≤≤≤≤ C.  The equation P ≤≤≤≤ 

C is referred to as the mineralogical phase rule, and is expressed in words as follows: 

In a system of n components under specified conditions of pressure and temperature, the 

maximum number of mutually stable minerals does not exceed n. 

 
 
6.3 PHASE EQUILIBRIUM DIAGRAMS 
 
Definitions of key words: 

Liquidus:  The line (or surface, if P is an additional variable to the TX field) above which the 

system is completely liquid and below which a solid with or without a liquid is in equilibrium. 

Solidus:  The line (or surface) representing the TX conditions below which the system is 

completely solid and above which a liquid with or without a solid is in equilibrium. 

Eutectic point:  The lowest melting temperature for any mixture.  

Peritectic point: A TX point on the liquidus below which an already formed crystalline phase 

can no longer exist in equilibrium with a melt. 

 

 

 

Minerals may have different phases at different temperatures and pressures. Phase equilibrium 

diagrams relate the phases to temperature and pressure. They identify the phases that exist in a 

given system under the conditions indicated. The diagrams are graphic presentations of 

chemical systems, and they show how stability fields for diverse phases correlate with the 

given variables. If used with discretion, the information given in these diagrams can greatly 

aid mineralogists and petrologists in their interpretations of the geneses of minerals and rocks. 

A few examples are given here below for the commonly encountered relations shown in phase 

diagrams. 

 

What are phase equilibrium diagrams?  

 

In multi-component systems, the liquidus and solidus are surfaces 

rather than lines, and more than two solid phases can be in equilibrium 

with a melt at a eutectic point. 
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6.3.1 Unary Diagrams 
 
These are one-component chemical systems. Phase diagram for one-component system are 

best exemplified by the diagram for SiO2 system (Figure 6.1), which gives the stable 

polymorphs (see previous lecture 5, section 5.5) of Quartz. As you can note from the diagram, 

at atmospheric pressure, α-quartz is stable between 0o -573 o C, β-quartz is stable between 

573 o C and 867 o C, and an anhydrous melt forms above 1713 o C. Also, it is evident that the 

system is divariant when one phase is stable (F = C – P + 2 = 1 – 1 + 2  = 2), univariant along 

the boundary curves where two phases can coexist stably (F = 1 – 2 + 2 = 1), and invariant at 

the junctions, known as triple points, where three phases can exist in equilibrium (F = 1 – 3 + 

2 = 0). With reference to the diagram (Figure 6.1), respective examples are: the α-quartz 

field, within which both the temperature and pressure are degrees of freedom; the boundary 

between the α-quartz and β – quartz fields, where pressure is a function of temperature (i.e., 

there is only one independent variable); and the triple point for the tridymite, cristobalite, and 

β – quartz fields, where any change of temperature or pressure will result in a reduction in the 

number of phases that coexist in equilibrium. 

 

 

 
Figure 6.1. Phase diagram for unary system SiO2. 
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6.3.2 Binary Diagrams 
 
These are two-component systems. The general features that are shown by two-component 

(and other multi-component) equilibrium diagrams are referred to as eutectics, peritectics, 

solid solution and solvi. 

 

 6.3.2.1 Binary Solid Solution 

 

The albite (NaAlSi3O8) – anorthite (CaAl2Si2O8) solid-solution diagram is the best-known 

system in silicate petrology (Figure 6.2).  

 

 
 

Fig.6.2.  Binary solid solution: the albite (Ab)-anorthite (An) system. 
 
 

For this system, different rates of cooling of a melt may lead to the formation of different end 

products: quenching (or rapid cooling) will yield a glass; slow cooling will result in the 
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formation of homogeneous crystals; and intermediate rates of cooling should lead to the 

formation of zoned crystals.  

 

When crystals are formed, the first-formed crystals are more calcic than the melt. For 

example, a melt with the composition An50, X on Figure 6.2, would first yield crystals of 

An~85, Y. Theoretically, during slow cooling, the first formed and subsequently formed 

crystals would react continuously with the remaining liquid, thus maintaining equilibrium 

until all of the melt had been used up, and the system would then consist wholly of 

homogeneous crystals with the composition An50.  (This situation is seldom achieved either in 

nature or in the laboratory). During more rapid (i.e.,” intermediate rate") crystallization, 

equilibrium between already formed crystals and the remaining liquid is not maintained; 

consequently, the crystals are commonly zoned, with for example, their outer zones being 

more sodium-rich than the original melt. 

 

 

 
 

Figure 6.3.  Zoning in a plagioclase crystal. 
 
 

6.3.2.2 The Solvus 
 
The relationship termed solvus is well illustrated in the sub-solidus part of the binary albite 

(NaAlSi3O8) – K-feldspar (KAlSi3O8) system (Figure 6.4). 
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Solvus: In binary systems, a line in the temperature-composition (TX) space (or a 

surface in pressure-temperature-composition (PTX) space) that separates a higher 

temperature field, in which there is a single homogeneous solid solution, from a lower 

temperature field, in which two phases may form an exsolution from the solid 

solution. 

 

 

 
 
 

Figure 6.4 Solvus: sub-solidus part of the albite (Ab) - orthoclase (Or) system 
 
 
The diagram in Figure 6.4 indicates that a homogeneous alkali-feldspar that is stable at high 

temperature will undergo exsolution to two feldspars, typically to form a perthite (an 

intergrowth of two feldspar minerals - as exemplified in Figure 6.5), if held at or slightly 

below the appropriate temperature of the solvus for a sufficiently long time for exsolution to 

take place. For example, an alkali-feldspar with composition Ab50Or50 (X in the diagram Fig. 

6.4) would, upon slow cooling exsolve to form two feldspars at temperatures less or equal to 

630oC. 
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Figure 6.5    Perthitic-structure in alkali feldspar. X 50. crossed nicols. 
 

 
6.3.2.3 Binary Eutectic 

 
Figure 6.6 illustrates a binary eutectic for the diopside (CaMgSi2O6)-anorthite (CaA12Si2O8) 

system. In the diagram, the heavy broken line is the liquidus, the heavy solid line is the 

solidus, and point E is the eutectic. 

 

 
 
 

Figure 6.6. The diopside (Di) - Anorthite (An) system. 
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 If a melt with composition X (on Figure 6.6, An80Di20) is cooled so that equilibrium 

crystallization occurs, the following changes will take place: at ~1490°C, anorthite crystals 

will start to crystallize; between 1490°C and 1275°C, anorthite crystallization will continue, 

thus impoverishing the melt phase of its anorthite (An) component; at 1275°C, the remaining 

melt will have attained the composition corresponding to that of the eutectic, and crystals of 

anorthite and diopside, in the proportion of the eutectic mixture (An : Di = 42:58), will 

crystallize simultaneously. In all likelihood, the resulting crystalline mass would consist of 

relatively large grains of anorthite (formed above 1275°C) surrounded by finer grains of 

anorthite and diopside (formed at 1275°C); in any case, the overall composition would be 80 

weight percent anorthite and 20 weight percent diopside. 

 
If a crystalline aggregate of the same composition (An80Di20) is heated, the reverse sequence 

of changes would take place under equilibrium conditions - that is, melting of the eutectic 

mixture at 1275°C until all of the diopside (as well as some of the anorthite) has disappeared 

and then melting of the remaining anorthite, which is present in excess of the eutectic mixture, 

until total melting has taken place at 1345°C. Compositions on the diopside side of the 

eutectic behave in an analogous manner. 

 

6.3.2.4 Binary Peritectic 

 
A binary system with a peritectic is best illustrated by the leucite (Lc, KAlSi2O6) – silica (Tr, 

SiO2) system (see Figure 6.7). A peritectic point represents the conditions under which the 

already formed crystalline phase reacts, either partly or completely, with the remaining liquid 

to form a completely different crystalline phase with composition intermediate to that of the 

preexisting solid and the remaining liquid. The letter P in Figure 6.7 designates the peritectic. 

 

 
What is the significance of the eutectic point “E” in Fig. 6.6? 
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Figure 6.7.  Binary peritectic, the leucite (Lc)-silica (Tr) system. (Dashed line is indicative of 

the fact that the eutectic has not been determined). 

 

In this system, any bulk composition from Lc59 to Lc100 will, so to speak, pass through the 

peritectic. The end products that would result from the cooling of different melts within this 

compositional range are as follows: Lc100 yields leucite; Lc78 to Lc100 yields leucite and K-

feldspar; Lc78 yields K-feldspar; and Lc59 to Lc78 yields K-feldspar and tridymite. 

 

 

 

 

 

With specific examples, distinguish unary, binary eutectic 

and binary peritectic mineral equilibrium systems. 
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6.3.3 Ternary Diagrams 

 
Phase equilibrium relations have been determined for several three-component systems. 

Figure 6.8 and its caption explain how compositions are plotted on these diagrams. 

 

 

 
Figure 6.8. The representation of compositions in a three-component system. A represents 100 percent 
of component B, 100 percent of component B, C 100 percent of component C; Q represents 65 percent 
of B, 35 percent of C; R represents 50 percent of A, 30 percent of B, 20 percent of C; S represents 25 
percent of A, 20 percent of B, 55 percent of C. 
 

 
6.4 CHEMICAL COMPOSITION OF THE EARTH’S CRUST  

 

 
 
 

 

As we have noted from the preceding sections 6.2 and 6.3 while discussing the phase rule and 

the phase equilibrium diagrams, the controls of mineral formation are bulk chemistry, 

In order for you to appreciate fully the contents of this section, you 

are advised to make a quick review of the unit SGL 101 on the 

topic “Composition of the Earth” and “Distribution of Chemical 

Elements” 
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pressure, and temperature. Of these three, the bulk chemistry is the ultimate control. It 

follows, therefore, that the identity of most of the minerals that we see today depends on the 

overall composition and the general distribution of elements in the earth’s crust. 

 
Determination of the relative abundances of the different elements in the earth’s crust is 

difficult because the earth’s crust is not homogeneous. However, from the many thousands of 

chemical analyses that have been made of rocks, it has been well established that only a few 

elements are present as essential components. Consequently, the analysis of nearly any rock 

can be considered to be reasonably complete if the following constituents are determined: 

SiO2, TiO2, Al2O3, Fe2O3, FeO, MnO, MgO, CaO, Na2O, K2O, P2O3, H2O, and CO2.  In 

practice, the rarer elements are often not determined unless there is some mineralogically 

based reason to expect them (e.g. if a rock is zircon-rich, ZrO2 might also be determined). 

During the last half century, many rocks have been analyzed for major and minor elements. 

From these analyses, the average chemical makeup of the earth’s crust has been determined as 

presented in Table 6.1. 

 
It is evident from Table 6.1 that only eight elements – O, Si, Al, Fe, Ca, Na, K, and Mg – are 

present in amounts greater than 1 percent and these make up nearly 99 percent of the earth’s 

crust; Ti, H, P, and Mn are present in amounts between 0.1 percent and 1 percent. 

 

Table 6.1. The average chemical composition of the earth’s crust (After Berry et al. 1983).  

Element Weight percent Atom percent Volume percent 

Oxygen 
Silicon 
Aluminum 
Iron 
Calcium 
Sodium 
Potassium 
Magnesium 
Titanium 
Hydrogen 

46.60 
27.72 
8.13 
5.00 
3.63 
2.83 
2.59 
2.09 
0.44 
0.14 

62.55 
21.22 
6.47 
1.92 
1.94 
2.64 
1.42 
1.84 

91.7 
0.2 
0.5 
0.5 
1.5 
2.2 
3.1 
0.4 

Total 99.17 100 100 
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As indicated in Table 6.1, in terms of number of atoms, oxygen exceeds 60 percent and in 

terms of the volume, oxygen makes up more than 90 percent of the total volume that is 

occupied by the elements of the crust. Hence, the crust as a whole may be considered to be a 

packing of oxygen anions that are bonded by silicon and ions of the common metals. It is also 

obvious from the table that the dominant minerals of the earth’s crust must be quartz (SiO2) 

and silicates and alumino-silicates of iron, magnesium, calcium, sodium, and potassium.  

 

 

 

 

 

 

6.5 GEOCHEMICAL CLASSIFICATION OF THE ELEMENTS 

 

Elements are quite specific when it comes to the type of minerals they form. Some elements, 

such as gold and the platinum metals, nearly always occur in the native state; others, such as 

copper, zinc, and lead, typically occur as sulfides; still others (e.g., the alkali and alkaline 

earth metals) generally occur as oxygen compounds, especially as silicates or alumino-

silicates, and are never found in the native state or as sulfides; and the inert gases form no 

minerals at all. A useful geochemical and mineralogical classification of the elements 

categorizes them into four groups, namely: 

 

� Lithophile elements - they occur mainly in oxygen compounds (have affinity for 

oxygen) 

� Chalcophile elements – they occur mainly as sulfides (have affinity for sulphur) 

� Siderophile elements – they occur mainly as native elements (occur in association with 

Fe). 

� Atmophile elements – these are gaseous elements that do not readily form compounds 

and therefore occur mainly in the atmosphere.  

(a). List the common elements of the earth’s crust and 
their relative abundances. 

 
(b). Give a reason for their relative abundances in the 

crust over other chemical elements. 
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Some elements may be considered to belong to more than one group since the type of 

compounds that an element forms is dependent not only on the nature of the element but also 

on the conditions of formation – that is, the temperature, the pressure, and the identity of other 

elements that are present. For instance, most of the iron in the crust is present as oxides or 

silicates, but in chemical environments with low oxygen and high sulfur, iron sulfides are 

formed, and in highly reducing environments (i.e., with less content of oxygen), when little 

sulfur is present, native iron may be produced.  

 
The geochemical character of an element is governed largely by the electronic configuration 

of its atoms, which, in turn, controls the type of compounds the element can form. For 

example, lithophile elements are those that ionize readily or form stable oxyanions, such as 

CO3
-2   and PO4

-3; the bonding in their compounds is largely ionic in character. Chalcophile 

elements ionize less readily and thus tend to form covalent compounds with sulfur. 

Siderophile elements do not readily form compounds with oxygen or sulfur; metallic bonding 

is the normal condition. 

 
From the preceding discussion, it is now evident that a knowledge of the geochemical 

character of an element will enable you to predict the type of minerals that the element is 

likely to form and, and to a large extent, the associations in which it is likely to occur. 

 

 

 

6.6 SUMMARY 

 
In lecture 6, while defining the phase and mineralogical phase rules we learnt that the three 

factors - temperature (T), pressure (P), and chemical composition (X) – are the ones that 

control the formation of a given mineral. In genesis of minerals we learnt that minerals may 

have different phases at different temperatures and pressures.  The relationship of these 

phases to the specified PT conditions is best illustrated in graphic presentations referred to as 

phase equilibrium diagrams.  
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Different chemical equilibrium systems that we learnt included: The unary one-component 

SiO2 system; the binary solid-solution represented by the albite (NaAlSi3O8) – anorthite 

(CaAl2Si2O8) diagram; the solvus represented by sub-solidus part of the albite(Ab)- orthoclase 

(Or) system;  a binary eutectic represented by the diopside (CaMgSi2O6)-anorthite 

(CaA12Si2O8) system; a binary peritectic represented by the leucite (Lc, KAlSi2O6) – silica 

(Tr, SiO2) system; and ternary diagram representation of three-component composition 

systems.  

 
In discussing about the chemical composition of the earth’s crust we learnt that only eight 

elements – O, Si, Al, Fe, Ca, Na, K, and Mg – are present in amounts greater than 1 percent 

and these make up nearly 99 percent of the earth’s crust; Ti, H, P, and Mn are present in 

amounts between 0.1 percent and 1 percent. 

 
In geochemical classification of minerals we learnt that geochemical character of an element, 

which is governed largely by the electronic configuration of its atoms, will enable you to 

predict the type of minerals that the element is likely to form and, and to a large extent, the 

associations in which it is likely to occur. 
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