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Minerals

I- Introduction

So far we have been studying some large scale features such as the composition and structure of the Earth and its plates. These features can be understood by studying the building blocks of the earth's crust and mantle: the rocks. So what is a rock? 

A rock is an aggregate of minerals formed by natural processes. This leads us to ask: what is a mineral? 

A mineral is a naturally occurring, inorganic solid, that has a specific chemical composition, and a definite internal structure. 

It is clear from this definition that minerals are not the smallest building blocks of matter, but are actually chemical compounds. Therefore, before we examine carefully the various parts of the definition of a mineral and figure out which "substances" qualify for this definition, we must learn some basic chemical principles. 

All minerals have a certain chemical composition, and are thus made of one or more elements. An element is a substance in which all atoms have the same nuclear charge. As such, each element has unique physical and chemical properties, defined by the structure of its atoms. An atom, the building block of the element, is the smallest part of matter that still retains the characteristics of this element. Accordingly, elements, which are aggregates of atoms of the same type, combine with each other to form compounds, some of which qualify for the definition of a mineral. In order to understand how compounds (and hence minerals) form by the combination of elements (a process known as bonding), we must examine the internal structure of the atom.

II- The atomic structure

Atoms:

The atom consists of neutral neutrons and positively charged protons (which form a dense nucleus) surrounded by negatively charged electrons. In each atom, electrons revolve around the nucleus in orbits (or shells). Each atom is electrically neutral, so it must have a number of electrons equal to the number of protons in its nucleus.

Atomic number

Is the number of protons (or electrons) in one atom of the element concerned.

Mass number

Is the sum of number of protons and neutrons in the atom of the element of ineterst.

Isotopes

Isotopes of an element are atoms of the same element that have the same atomic number (of course!) but a different mass number. This is simply because of a difference in the number of neutrons in each isotope. Example: Oxygen has three isotopes: 16O, 17O, and 18O. All three have the same number of protons and electrons (8), but a different number of neutrons.

Shells or energy levels: 

Different shells with different energies occur at different distances from the nucleus. These shells, also known as energy levels, are labelled K, L, M and N, with the K shell being that one closest to the nucleus, and is characterized by the lowest energy (Fig. 1). An electron revolving around the nucleus in the K shell will have a lower energy compared to one revolving in the L or M shells. 

Distribution of electrons in energy levels:

In general, electrons will tend to occupy the lower energy shells before the higher energy ones. The K shell can contain up to 2 electrons, the L up to 8, the M up to 18, and the N upto 32.

The octet rule and the chemical stability of atoms

Elements in which the outermost shells are completely filled with electrons (or completely empty!) are the most inert or stable from a chemical point of view. If this cannot be achieved, then the next best thing (in very general terms) would be for the element to have 8 electrons in its outermost shell. Elements with such a configuration are considered “inert”. Check the electronic configuration of the elements Ne through Rn, and see if this “octet rule” applies. These elements are all known as the inert gases, as they do not react readily.

Valency:
The chemical properties of most elements are controlled by the number of electrons in the last or outermost shells of their atoms. These electrons are the ones that partcipate in the chemical reaction, and are generally known as the valence electrons. However, in the case of the inert gases all of which have their outermost shells “satisfied” according to the octet rule, there are no electrons available for “chemical reaction”, and these gases can be considered as having a valence of 0. Atoms of all other elements will be chemically more reactive, and will always attempt to reach the stable configuration of the inert gas with the atomic number closest to its own. The number of electrons needed for the atom to reach such a stable configuration is for all practical purposes considered the valency of that atom. For example, Na, with an atomic # of 11 has one lone electron in its outermost shell. The valence of Na will therefore be +1, because it can easily lose this electron. Similarly, an atom as F with an L shell containing 7 electrons will find it easier to gain one electron to reach the configuration of the inert gas Ne, than to lose those 7 electrons to approach that configuration of He! F therefore has a valence of –1. This “reactivity” or “urge to satisfy the octet rule” ultimately leads to bonding. The process of bonding therefore takes place when an atom loses, gains or shares electrons with one or more other atoms in an attempt to reach a more "stable" configuration. Note that some elements may have more than one valency, depending on which element it bonds with, and the conditions under which this bonding takes place.

Ionization potential: 

Is the energy (in electron volts "eV") required to cause any atom to lose an electron and thus become a positively charged ion known as cation. Ionization potentials for all atoms are therefore always positive. Atoms will have a first ionization potential (the one necessary for the loss of the first electron), a second I.P. would represent the energy needed for the loss of two electrons from that atom, … and so on. If the 1st and second I.P.’s are not vastly different, then the element may have two valency states (e.g. Fe).

Electron affinity 

Is the energy involved in converting an atom to a negatively charged ion known as "anion". Electron affinities may be positive or negative, as the process of electron gain may require the addition of energy or its release, respectively. Again, elements will have more than one electron affinity value depending on how many electrons they can accommodate, and this in turn will influence whether they have a single valency, or more than one (e.g. sulfur).

Electronegativity:
As defined by Nobel prize winner Linus Pauling, is a measure of the ability of an atom to gain electrons. Accordingly, in the compound NaCl (Halite), Na is electropositive, while Cl is electronegative. Pauling devised an empirical scale for the electronegativities of elements, where Cs, the most electropositive element, was assigned a value of 0.7, whereas F, the most electronegative element, was given a value of 4. Table 1 lists the electronegativity values of Pauling for some elements. The difference between the values of electronegativities of two elements will determine the type of bond that these two elements will form in a compound.

III- Bonding

The interaction between two atoms to form a molecule is known as bonding. The rules for this process are:

(i)
the whole system attains the lowest possible energy, so that the energy of the resulting compound is lower than the sum of energies of the combining atoms

(ii)
the combining atoms attain a more stable electronic configuration as a result of this bonding (e.g. they satisfy the octet rule) 

(iii)
The resulting compund has to be electrically neutral.

There are several types of bonds, the most important of which (from a mineralogical point of view) are:

1- Ionic bonds: 


Ionic bonding takes place when the differences in electronegativities of the two atoms to be bonded are large. 


Involves loss of one or more electrons from the atom of the electropositive element to become a cation, and gain of the same electrons by the atom of the electronegative element to become the anion (Fig. 2).


Ionic compounds dissociate in solution into individual ions relatively easily.


To maintain minimum energy, maximum amount of attraction and minimum amount of repulsion is required, thus it is desirable to have the cations and anions closest to each other, yet ions of similar charge should be farthest apart.


Radius of each ion controls the overall geometric configuration of the structure and its coordination number (for the cation, the coordination number is the number of nearest anions surrounding it; see Fig. 3)


Radius ratio determines the coordination number and the configuration of each structure (Fig. 4).

Examples: NaCl (Halite) with a coordination number of 6 (or 6:6) and CsCl (coordination number 8; Fig. 5).

2- Covalent bonds: 


The strongest type of bonds. 


Small difference in electronegativity.


Structure is controlled by the number of electrons available for bonding (i.e. valence electrons). Examples include Cl2, S, P, diamond, graphite, ... etc (Fig. 6).


Physical properties of covalent crystals depend on the number of bonds more than the strength of those bonds.

3- Metallic bonds: 


Occur when there is a small number of electrons in the outermost shell, leaving them room to move around between the different orbitals. 


Electrons are delocalized or smeared out in these orbitals


Can occur between atoms of the same element. In this case the difference in electronegativity will be zero.


Unlike covalent bonding, bonding here is by one electron being shared by two atoms, rather than an electron pair.


Characterized by close packed structures


Delocalization of electrons is responsible for the electrical conductivity, malleability, ductility and plasticity of metals.

Examples include Fe, Cu, Au, Ag, .....etc.

4- Van der Waals bonds:


The nucleus of one atom attracts the electrons of another neighbouring atom, without those electrons actually leaving this neighbouring atom! At the same time, the electrons of both atoms try to be as far apart from each other to minimize the respulsive force between them. This can only occur if the motion of electrons in both atoms is synchronized (Fig. 7).


Occurs in all minerals where it contributes a weak binding force

Summary:


Minerals are compounds (or elements) that satisfy the four criteria listed earlier. Compounds form by the combination of different atoms through the process of bonding.


Most minerals have more than one type of bond. A mineral with the formula Na2Mg3Al2Si8O22(OH)2 will have many different bonds (e.g. ones between Na amd Si, ones between Si and O, …. and so on). 


Most bonds are neither purely ionic nor purely covalent, but have a mixed character. The ionic or covalent character of a bond is determined by the electronegativities of the two combining elements. A large difference in the electronegativity of the two elements will result in a bond that is predominantly ionic. An electronegativity difference of zero produces a 100% covalent bond, unless the atoms involved are all fairly electropositive and have a few electrons and many empty orbitals, in which case bonding will be metallic. 


The type of bonding controls many of the physical properties of the compound or mineral, such as hardness, cleavage, and melting point.


The shape of the compound or mineral is a function of its crystal structure, which is in turn controlled by the radius ratio of the atoms or ions combining to form the compound.

IV- Criteria for the definition of a Mineral

A mineral is a naturally occurring inorganic solid that has a specific chemical composition and a definite internal structure. The four conditions for a compound to become a mineral are:


(a) Naturally occurring: All minerals have to have formed in nature. An inorganic solid compound that has a specific chemical composition and structure and was synthesized in the lab, but has not been found in nature is not a mineral. 


(b) Inorganic nature: According to this definition, sucrose (sugar) is not a mineral, even though it has a definite internal structure, and a specific chemical composition, simply because it is an organic compound. However, although minerals are inorganic solids, they may form by the activity of living organisms (as long as they are not made up of C-H bonds). The minerals calcite and aragonite (both CaCO3), can be secreted by a number of living organisms (e.g. gastropods and bivalves) to form their shells.


(c) Specific chemical composition: The chemistry of a mineral is well defined, and is (at least to some extent) fixed. Each mineral can therefore be considered a compound, consisting of one or more elements that must occur in certain proportions to each other. These proportions are either fixed, or are allowed to vary within limits controlled by certain rules. Accordingly, "limonite", a red or yellow naturally occurring mixture of Fe-oxides and hydroxides is not a mineral, as the proportions of Fe to oxygen and hydrogen are neither fixed nor controlled by those "rules" (which will be discussed at a later time).


(c) Regular internal structure of the mineral is shown by its ability to form crystals. Accordingly, glass is not a mineral, as it does not have a regular internal structure. Similarly, Opal (SiO2.n H2O) is not a mineral, because it is an amorphous form of silica that also lacks a specific chemical composition, and is considered a mineraloid. Unfortunately, you may find opal listed among minerals in many mineralogy textbooks, where it is commonly referred to as an amorphous mineral.

It is clear from the definition of a mineral that it must have a "specific" chemical composition and a regular internal structure. This leads to the following two questions: (1) If a compound with a specific chemical composition has more than one type of structure, will each be considered an individual mineral? If so, what causes such a compound to have more than one structure? (2) Can two different minerals have the same structure but different chemical compositions? If so, will these minerals be related in any way? What factors will control these relations? The answers to many of these questions is "Yes", which leads us to consider the two phenomena known as polymorphism and isomorphism.

Polymorphism: This phenomenon occurs whenever a given chemical compound exists in more than one structural form or atomic arrangement. Two minerals having the same chemical composition but different structures are known as polymorphs. Each one of these polymorphs will be stable at different physicochemical conditions, so that it is unlikely (or at least uncommon) that a rock formed at specific conditions of pressure and temperature will contain more than one of these polymorphs. 

Examples: 

(1) Diamond and Graphite: Both minerals have the same chemical composition (C). However, diamond is much denser and harder, crystallizing in the cubic system, whereas graphite is softer, has excellent cleavage (see below), and crystallizes in the hexagonal system (Fig. 8). Diamond forms at very high pressures compared to graphite (Fig. 9), and has a coordination number of 4 (as opposed to 3 in graphite). 

(2) Calcite and aragonite: both of the chemical composition CaCO3, Calcite crystallizes in the trigonal system and is characterized by a coordination number of 6 (for Ca), whereas the denser aragonite crystallizes in the orthorhombic system and has a coordination number of 9. At high pressures, aragonite is the more stable polymorph. 

(3) Quartz has five polymorphs: -Quartz, -Quartz, Cristobalite, Tridymite, Coesite and Stishovite.

Isomorphism: is the process of substitution of one cation (or anion) for another in a mineral. The process would therefore result in the mineral changing its composition. However, this process follows strict rules, so that this compositional variation would be well defined and within certain limits! For isomorphism to occur, the rules are: (i) the substituting ion and the ion it is replacing have to be of similar sizes, (ii) the structure of the mineral after substitution has to be electrically neutral, and (iii) the two ions should have comparable electronegativities so that the ionic or covalent character of the bond remains more or less unchanged.

If isomorphism involves the substitution of one ion for another in a mineral structure, then that mineral (or mineral group) has two end-members, each of which has a fixed chemical composition and may be a mineral of its own. For example, the chemical formula of the mineral olivine is written as (Fe, Mg)2 SiO4. This means that Fe and Mg substitute for each other in the structure of olivine, and that the ratio of Fe:Mg in olivine can range from 0 (100% Mg2SiO4) to 1 (100% Fe2SiO4). For the Mg end-member, this ratio is 0, and the end-member is known as the mineral "Forsterite". The Fe - end-member is called "Fayalite". The exact composition of olivine in any rock (i.e. the ratio of Fe/Mg) will depend on:


(i) the chemical composition of the rock or its Fe/Mg ratio. If the rock is very rich in Mg, then the olivine in this rock will most probably be rich in Forsterite.


(ii) the temperature at which the olivine is allowed to crystallize


(iii) the pressure of crystallization of olivine.

V- Identification of minerals

Minerals have distinct chemical, physical, electrical and thermal properties which can be used for their identification. Because the physical properties of minerals are the easiest to study, we will focus on them. Note that each mineral will have a set of physical properties, but that only some of these will be diagnostic or useful for the identification of that mineral.

Physical properties 

A- Optical properties:

1- Colour: The colour of azurite (2CuCO3.Cu(OH)2) is always blue, whereas a mineral such as quartz can occur in different colours, which makes colour a diagnostic property for azurite but non-diagnostic for quartz.

2- Streak: Is the colour of the mineral in powder form. Hematite has a black colour but a reddish brown streak.

3- Lustre: Is the appearance of a surface of the mineral in reflected light.

Types: Any mineral will have either a metallic or a non-metallic lustre. If the mineral reflects light very well, the lustre is considered metallic (e.g. Galena, PbS). Non-metallic lustres result when some of the light rays pass through (or are absorbed by) the mineral. Several kinds can be identified:

a)
Adamantine: e.g. diamond

b)
Vitreous: glassy (e.g. quartz)

c)
Resinous: e.g. sphalerite

d)
Greasy 

e)
Pearly

f)
Silky: e.g. asbestos

g)
Dull or earthy: e.g. Kaolinite.

4- Tarnish: Is the colour of the thin surface film of material which forms as a result of exposure to the atmosphere. e.g. Bornite has a bronze colour on fresh surfaces but a purple tarnish which can be seen on weathered surfaces.

5- Play of colours: Is the variation in colour of a mineral when rotated or tilted at different angles in sunlight. Play of colours is usually due to the refraction and/or reflection of light rays along cleavage, fractures, ...etc. e.g. labradorite.

6- Transparency: Is the ability of a mineral to pass light through it, or its transparency. Minerals are described as transparent (e.g. Quartz) if they allow most light rays to pass through, translucent (e.g. sphalerite) when they allow some of the incident light rays to pass through their structures, or opaque if they do not allow light rays to pass through (e.g. Galena).

7- Shape and habit: Minerals tend to have external shapes or habits that may reflect to some extent the crystal system to which they belong. Some of the terms used to describe the shape or habit include (Fig. 10):


Cubic: e.g. halite


Prismatic: e.g. pyroxenes


Fibrous: e.g. chrysotile (asbestos)


Lath - like: prismatic crystals that are flattened, e.g. feldspars


Micaceous: paper like, e.g. micas


Rhombohedral: e.g. calcite


Massive: e.g. pyrrhotite

B- Cohesive properties:

1- Cleavage: Is the ability of a mineral to split along regularly spaced planes of weakness. These planes of weakness may be due to a weaker bond type along one or more directions. Accordingly, cleavage, which is a manifestation of the internal structure of the mineral, is described by (1) the number of cleavage planes which a mineral may have, (2) the direction or orientation of those cleavage planes, and (3) the angles between them. Accordingly, minerals may be described as having one, two, three, four, or six directions of cleavage. If a mineral has more than one direction of cleavage, the angle between any two directions has to be listed, as it is considered a diagnostic property. For example, amphiboles and pyroxenes are two mineral groups with similar properties which include having two directions of cleavage. However, the angle between the two cleavage planes in each mineral group is different; amphiboles are characterized by an angle of 124°, pyroxenes by an angle of 94°, making the cleavage angle in these two mineral groups a diagnostic feature. Figure 11 shows some of the types of cleavages observed in some minerals. Minerals are also described according to how well their cleavages develop. Each cleavage set is therefore described by the terms: perfect, excellent, good or poor. The mica group (another group of silicate minerals) is characterized by perfect, one-directional cleavage. Calcite has three directions of excellent cleavage at angles of 75°.

2- Fracture: describes the appearance of all surfaces of breakage of a mineral other than planes of cleavage or parting.

Types:


conchoidal: characterized by smooth curved surfaces (e.g. quartz).


splintery: when the mineral breaks into small, thin, slightly elongated pieces.


hackly: a very irregular, sharp edged surface


even: when the fracture surface has a few irregularities, and is to some extent planar.


earthy: an uneven surface with many small irregularities.

3- Hardness: A measure of the relative resistance of minerals to scratches on their surface.

Moh's scale of hardness: Is an empirical scale from 1 to 10 that arranges the minerals according to their relative hardnesses, 1 being the softest, and 10 the hardest. However, a mineral with a hardness of 3 does not mean that it is three times harder than another with a hardness of 1!

According to this scale, common minerals are arranged as follows:

1
Talc

2
Gypsum

3
Calcite

4
Fluorite

5
Apatite

6
Orthoclase

7
Quartz

8
Topaz

9
Corundum

10
Diamond

Objects commonly used to test for the hardness of the different minerals include: finger nail: 21/2, Cu penny: 31/2, knife blade: 51/2. 

It should be noted that a single mineral may have different hardnesses in different orientations. This is due to the fact that hardness is a reflection of the strength of the different bonds in a mineral. Table 2 illustrates the relations between some of the physical properties of minerals and their bond types.

C- Sense - related properties:

1- Taste: 

Saline: Halite, 

Bitter: Epsomite

Astringent: Alum

2- Feel: 


Greasy: Talc 


Cold: magnetite

3- Odour: Some minerals have a characteristic smell when rubbed. For example, Realgar (AsS) has the smell of garlic.

D- Specific gravity: 

This property is defined as the weight of the mineral in air divided by the weight of an equal volume of water at 4°C. Minerals can be classified according to their specific gravities into 4 groups:


Very heavy: > 5, e.g. Galena


Heavy: 3.2 - 5, e.g. Chromite


Intermediate: 2.4 - 3.2, e.g. Quartz


Light: < 2.4

E- Magnetic properties: 

Some minerals are attracted to a magnet (e.g. magnetite).

F- Electrical properties:

Pyroelectricity: Some minerals acquire an electric charge when heated.


Piezoelectricity: Electrical charges can be produced by pressure on a mineral. e.g. Quartz. This property is useful for making watches (see Fig. 12).

VI - Chemical classification of minerals

1- Oxides

2- Hydroxides

3- Sulfides

4- Sulfates

5- Phosphates

6- Carbonates

7- Halides

8- Nitrates

9- Silicates

10- Native Minerals: are minerals made of one element only (e.g. Gold "Au").

Silicates are the most common rock-forming minerals, which is not surprising given that Si and O are the two most abundant elements in the earth's crust. Because of the importance of silicates, we will discuss their structures in detail.

Structure of silicates:

The bond between Si and O has a mixed character, and is approximately 50% ionic and 50% covalent. Si is tetravalent, whereas O is divalent. Therefore, if both elements are to form an electrically neutral mineral, it would be quartz or one of its polymorphs (composition SiO2; Fig. 10). A Si atom may also combine with two more oxygens to give a negatively charged group (SiO4)-4. This group will always be tetrahedral as dictated by the radius ratio of Si to O (see Fig. 5). For this group to form an electrically neutral mineral, it needs to combine with two divalent cations, one monovalent and one trivalent cation, or four monovalent cations, of a specific size or size range. The most common minerals with this structure are olivines: (Fe,Mg)2SiO4 formed of single tetrahedra. Separate tetrahedra that are adjacent to one another may polymerize by sharing Oxygens, giving rise to more complex structures or networks of tetrahedra with different charges. The degree of polymerization will depend on the conditions of formation or crystallization of the silicate mineral, and may be used to subdivide silicates into six groups:

(1) Nesosilicates (orthosilicates): with isolated tetrahedra linked by bonds sharing oxygen through cations. Example: olivine.

(2) Sorosilicates: consisting of two tetrahedra sharing one oxygen (Si2O7)-6. Example: hemimorphite Zn4Si2O7(OH)2.H2O

(3) Cyclosilicates: more polymerized, consisting of closed rings of 3, 4 or 6 tetrahedra each sharing 2 oxygens (Si3O9)-6, (Si4O12)-8, (Si6O18)-12. Example: tourmaline

(4) Inosilicates: consisting of single chains of tetrahedra, each sharing two oxygens (Si2O6)-4 (e.g. pyroxenes), or double chains of tetrahedra in which each tetrahedron shares three oxygens (Si4O11)-6 (e.g. amphiboles).

(5) Phyllosilicates: Continuous sheets of hexagonal networks of tetrahedra formed by sharing three oxygens (Si4O10)-4. Individual sheets are bonded to each other by the "interlayer cations", resulting in the minerals developing excellent cleavage which separates it into individual sheets. Example: micas.

(6) Tectosilicates: Three-dimensional networks of tetrahedra, each sharing all four of its oxygens (e.g. Feldspars).

Note that the mineral groups: olivines, pyroxenes, amphiboles, micas and feldspars constitute the most common silicate minerals. These mineral groups are related in some ways as we will see in the discussion of rocks.

It should be noted that Al+3 may substitute for Si+4 in any of the above structures, as both cations are of comparable sizes. This substitution increases the negative charge of the overall structural group, and must be compensated for in any mineral by another substitution that will increase the total number of positive charges to maintain electrical neutrality. Table 3 summarizes the structures and properties of the different silicate groups.

VII - Other methods of mineral identification

In addition to the physical and chemical properties, minerals can be identified by optical microscopy, X-ray diffraction, scanning electron microscopy, electron microprobe analysis or transmission electron microscopy. The different regular internal structures of different minerals allow them to interact with light in different ways; by polarizing and refracting it. Each mineral will therefore have a set of diagnostic optical properties useful for its identification with the help of the polarizing microscope. Because each mineral is characterized by a unique regular internal structure and a specific chemical composition, X-rays hitting a mineral at certain angles will be reflected at specific angles and intensities that depend on the spacing between the planes of regularly arranged atoms or ions in that mineral. Therefore, each mineral will have a unique X-ray pattern, making X-ray diffraction a very useful technique for identifying minerals, particularly when they are fine-grained. Scanning electron microscopy can also be used for identifying minerals, where a rasterized electron beam can be used to image minerals, enabling us to examine their crystal shapes under high magnifications, and to identify features which cannot be seen by the naked eye or with the help of a polarizing microscope. The electron microprobe can determine the exact elemental composition of a mineral and the weight percentages of each element in it. An electron beam focused on a point as small as a few microns on the mineral's surface will interact with the elements in that mineral causing them to release characteristic X-rays, which can then be collected in a detector and counted. The number of counts when compared to the counts produced from a standard containing the same mineral after its interaction with the same electron beam can be used to calculate the concentration of that element in the mineral, and hence its chemical composition.

VIII - Formation of Minerals

Minerals form in a number of different ways and in different environments. Some of these ways include:

1- Direct crystallization from a melt (or a magma) as it cools. Minerals of this kind are considered primary, and occur in igneous rocks.

2- Direct precipitation from a solution due to changes in the physical or chemical properties of that solution. Such minerals occur in chemical sediments or sedimentary rocks.

3- Recrystallization in the solid state within a rock as a result of the subjection of that rock to a new set of pressure and temperature conditions. Such minerals are considered metamorphic and occur in metamorphic rocks.

4- Precipitation from hydrothermal solutions as a result of changes in the chemical or physical conditions of these fluids. These minerals are known as hydrothermal, and usually occur in veins. 

5- If igneous or metamorphic minerals are brought to the surface of the earth, where they are no longer stable (having formed at different pressures and temperatures), they will change to new minerals that are more stable at the surface. This process is called alteration (or weathering), and the minerals formed by it are considered secondary.

