GEOE 213

MINERALOGY

LECTURE 1 (2 hours): ORIGIN of ELEMENTS and COMPOSITION-STRUCTURE of the EARTH

ORIGIN OF ELEMENTS

According to Big Bang Theory about 15x109 years ago, the universe formed from a super dense particle, a “cosmic egg" so the ancient philosophers called it. Nearly all of the H that exists today formed at this primordial explosive event and is as old as the universe itself. After a brief inflation period, as the universe is cooled, galaxies and the stars began to form due to gravitational collapse of H-clouds.

As the stars grew (Ms: mass of Sun), they build up intense P & T in their interiors so that H-nuclei fused together to form He from H and then He(Si at about l07 (K. The giant stars >30 (Ms) achieved higher P & T, and in their core, and higher atomic number elements Si(Fe formed at about 109 (K. Elements beyond atomic number Fe26 formed when star evolution ended in supernovae explosions or when dense neutron stars collided. Cosmic abundances of elements (FIG. 1.1) shows there is 10 times more H than He, and 99.9% of atoms in the universe is H and He.

COMPOSITION OF THE SOLAR NEBULA

The composition of the Solar Nebula is estimated from elemental abundances in carbonaceous chondrite meteorites that are considered to represent the initial Solar abundances of elements (FIG. 1.2). The presence of elements heavier than Fe shows that the Solar System is made up from the recycled material-debris from one or more previous stars that long ago ended up their life in supernovae explosions.

THE COMPOSITION OF THE EARTH

The planets that are made of very rare material. According to Condensation Theory they are accreted from the Solar Nebula (FIG. 1.3). The composition of the Earth is quite different from that of the Solar Nebula because the Earth is depleted in the volatile elements such as H and He during its own accretion (FIG. 1.4). The Earth's gravity is not large enough to hold these light elements.

Calculation of average composition of the Earth as a whole is based on the assumption that various metorites represent the composition of different layers of the Earth that are diffrentiated during its early geological history. The composition of iron meteorites consisting of mainly Fe-Ni alloy is believed to be very similar to the composition of the Earth's core. Meteorites with about 50% metal and 50% silicate are probably representative of the lower mantle, and stony silicate meteorites with little metal contents are similar to the material constituting the mantle and the crust. On the basis of known average composition of the types of meteorites and the known volumes of core, mantle and the crust an average estimate for Bulk Earth composition, in weight %, is :

Fe
34.63

O         29.53

Si
15.20

Mg
12.70

Ni
  2.39

S
  1.93

Ca
  1.13

Al
  1.09

(Na, K, Cr, Co, Mn, P and Ti each amounts from 0.1 to 1%; Mason and Moore, 1982).

The Earth itself is differentiated in to series of layers (FIG. 1.5):
Solid Inner CORE (Fe-Ni rich with minor S, K and P)

Lehman discontinuity

Outer Liquid CORE (approximately same as inner core)

Gutenberg discontinuity



MANTLE (Mg-rich silicates)

Mohorovicic discontinuity



CRUST (Mg-Fe; and Na, K aluminosilicates)

The composition of the Earth's crust reflects the extreme chemical differentiation that the Earth has undergone during its formation and evolution. Most of the siderophile elements like Fe, Ni, Co, P etc., are in the Earth's core. The lithophile elements such as Si, Al, B, La, Ce, Na, K, Rb, Ca, Mn, U etc., have been strongly fractionated out of the mantle and into the Earth's crust. Within the crust itself there has been a considerable difference in composition between the oceanic and continental crust. (FIG. 1.6)

THE STRUCTURE OF THE EARTH

As a result of extensive tectonic studies to portion of the Earth is divided into three zones. An upper rigid zone the lithosphere (0-150 km) consisting of crust and upper mantle, a plastic partially melted mantle rocks, the asthenosphere (150-640 km) and lower rigid mantle rocks the mesosphere below 640 km. (FIG. 1.7)
The lithosphere fragments into several major and minor rigid plates (FIG. 1.8). There are three types of plate interactions along boundaries: Spreading Centers (tensional) (FIG. 1.9) - Subduction Zones (compressional) (FIG. 1.10) - Transform faults (shear). (FIG. 1.11)

Petrotectonic assemblages at Spreading centers, Subduction zones and Transform boundaries; at passive and active continental margins and within plates are quite different.
GEOTHERMAL GRADIENT

Average gradient is about 20(C/km; over volcanically active areas 30-50(C/km; in contrast near oceanic trenches 5-10(C/km. Temperature at the core is about 5000(C (FIG. 1.7).

PRESSSURE GRADIENT

Average crustal values for density yield pressure gradient 0.1 Gpa (or 1 kb) / 3.3km. Pressure at the core reaches nearly 4000kb (FIG. 1.7).

LECTURE 1 (Cont. 2 hours): ELEMENTS - CHEMICAL REACTIONS -CHEMICAL COMPOUNDS - MINERALS

INTRODUCTION

As we have seen in the previous lecture matter is composed of atoms. Atoms of an element contain a dense nucleus of protons (p+) and neutrons (no charge; n0). These particles in the nucleus are held together by the strong force that acts over only at very short distance scale. The atomic nucleus is surrounded by electron (e-) cloud. These electrons are in different orbitals (s, p, d, f) around the nucleus, in a neutral atom, the number of electrons equals to the number of protons. However, most atoms can exist in ionized states where there are more electrons (anion) or less electrons (cations) than the protons.


Neutral Mg atom = 1s2 2s2 2p63s2

         Mg2+ cation = 1s2 2s2 2p6


Neutral O atom = 1s2 2s2 2p4

         O2- anion = 1s2 2s2 2p6
These two ions are stable because both have a noble gas configuration of Ne (1s2 2s2 2p6). But when they come together they explosively interact forming a chemical reaction and a chemical compound:

                         Mg2 + O2- ( MgO

The chemical so produced is a magnesium oxide that is electrically neutral. The chemical compound is solid at surface conditions, ie., at low P & T. At temperature of 2820(C it melts to form a liquid phase of same composition. At still higher temperature 3600(C it is vapourized to form a gas phase. The reverse process from vapour to liquid to solid state is known as crystallization or solidification.

CRYSTALLIZATION

Crystals are formed from solutions, melts and vapours. The atoms in these Disordered states have a random distribution. With changing T, P, Conc. atoms may join in an ordered solid arrangement (Crystalline State.

Crystallization from solutions: During evaporation water molecules evaporate from NaCI soln, and the soln contains more and more Na+ & CL- per unit volume. Lltimately when the remaining water cannot hold all the salt in the soln the solid salt begins to precipitate.

Slow evaporation ( few centers of crystallization (big crystals with common orientation.
Rapid evaporation (  many centers of crystallization ( randomly oriented small crystals.

As higher P or T dissolve more salt into solvent by forcing solvent into crystal structure and increasing thermal vibrations and hence breaking ionic bonds. Thus lowering P or T of a saturated soln ( Supersaturation ( crystallization. (FIG. 1.12)

Crystallization from melt: Much the same process as crystallization from a soln. In a rock melt or Magma many of the ions are in uncombined state, although there is considerable cross-linking of ions or ionic groups [SiO4]4-. These ions are free to move in any direction in the molten state. In the cooling magma there are two opposing tendencies:

(1) Thermal vibrations tends to destroy the nuclei of potential minerals, 

(2) Attractive forces tend to aggregate ions into crystal structure.

As T and P falls in a "wet" melt or T falls and P rises in a "dry” melt the destructive effect of (1) diminishes which allows the attractive effect of (2) to dominate ( crystallization.

(FIG. 1.13)

Crystallization from vapour phase:  Solid crystals are formed without the intervening liquid phase from vapours, eg. sublimates of S formed near volcanic vents. (FIG. 1.14)

CRYSTAL GROWTH

First stage during crystal growth is Nucleation. Crystal growth can start only after a nucleus has been formed. In the beginning there is a random formation of large number of potential nuclei. They are unstable ( have high surface energy=surface area/volume. Small nuclei have high surface area where there are many atoms on the outer surface with unsatisfied bonds (FIG. 1.15). Thus, in saturated soln most nuclei redissolve. For a nucleus is to survive, it must grow rapidly enough to reduce its surface energy or increase its volume where most of the internal atoms have completely satisfied bonds. After rapidly reaching a critical size the nucleus survives and grows at a relatively diminished rate.

In ionically bonded crystals, during crystal growth ordered accretion of ions occur where the surface energy is greatest (max. unsatisfied bonds at corners; -at edges, intermediate number - surface, min.). Thus, dendrites are common during crystallization, eg. snow flakes. (FIG. 1.16)

In nonionically bonded crystals, atoms accrete on the outer surface as clumps of atoms providing 'steps' along which new outer layer of crystal can be built up. (FIG. 1.15)

SOLID CHEMICAL COMPOUD VERSUS MINERAL

A MINERAL is a   
(a) naturally occurring,





(b) homogeneous solid,





(c) with a definite (not fixed) chemical composition,





(d) and a highly ordered atomic arrangement.





(e) usually formed by inorganic processes.

           (a) distintinguishes man-made substances, - ie., synthetic material (eg. synthetic diamond) is not a mineral.


(b) means that it consists of a single, solid substance that can not be divided into chemical compounds The qualification solid excludes gases and liquids. Thus H2O as Ice in a glacier is a mineral, but water is not. However, liquid Hg present in some ore deposits is called Mineraloid.


(c) implies that minerals have specific but variable chemical formula, ie. Dolomite CaMg(CO3)2, but generally Mg(Fe, Mn; thus, Ca(Mg0.6Fe0.3Mn0.1)(CO3)2. However, Opal having indefinite chemical composition SiO2.nH2O is a Mineroloid.


(d)

indicates an internal structural framework of atoms (or ions) arranged in a regular geometric pattern ( Crystalline Solid. In the crystalline structure atoms are in order and shows repeated patterns in 3-D. The position of an atom in the structure is definite and is predictable. Solids that lack an ordered atomic arrangement are called Amorphous, eg. volcanic glass, Limonite and Metamict minerals where original crystallinity is destroyed by radiation from radio active elements present in the original structure (ie. U and Th in Zircon destroys Biotite structure).


(e)
generally inorganic in origin but some biogenically produced inorganic compounds such as Aragonite in shell and pearl, and also Opa, Mat (Magnetite), Fluorite, some phosphates, sulphates and Mn​oxides, Pyt (Pyrite) and elemental S of bacterial origin are included. However, organic compounds of petroleum and coal (macerals) are excluded.


Therefore MgO chemical compound satisfying above conditions is a mineral and named as PERICLASE (Per).


*All of the minerals are the subject of MINERALOGY, which is composed of Latin word MlNERA (from the Earth crust) and Greek word LOGOS (knowledge). More than 2500 minerals are known but 200 are the most common and abundant.

GENERAL CLASSIFICATION OF ROCKS


*The Earth crust is made of various rocks which are classificd as:



1. Igneous (Plutonic, Volcanic and Hypabbysal), formed from melts at high T in liquid state.

2. Sedimentary, formed at surface conditions of low T & P mostly from aqueous solutions



3. Metamorphic; formed at depth at higher P & T, due to physical and chemical changes of source material, in solid state.

GENERAL CLASSIFICATION OF MINERALS


*These rocks consist of various minerals which are called, Rock Forming Minerals. Some of them are useful for industry (eg. Feldspar ( Ceramics, and Glass industry, or Diatomite, a sedimentary rock ( Sugar industry) and are called Industrial Minerals and Rocks. Some minerals have high concentrations of metallic elements (eg. Cpy (Chalcopyrite)-Cu; Cinnabar-Hg), from which metals and valuable elements are extracted, which are called Ore Minerals. Some minerals are used for decorative purposes (eg. Diamond; Corundum, Ruby, Sapphire; and Beryl, Aquamarine, Emerald) which are called Gemstones. (PLATE 1.1)


*When HT/HP rocks consisting of Primary minerals are brought to surface (LT/LP conditions) by tectonic forces rock forming minerals are decomposed and altered to Secondary minerals, which may be grouped as Clay minerals, Serpentine minerals etc. If clay minerals are mixed with organic material they produce fertile soils.


*Meteorites originated from space consist of pure elements, minerals or rocks. Their compositions are Fe, FeS (Troilite) and silicates which may be named as Meteorids. Asteroids and other inner terrestrial planets and their satellites also consist of minerals and rocks. Crust of inner planets are made of silicate rock. However, the far-out satellites of the giant gaseous planets of the Solar System are made of generally sulphur minerals, ice, methane and nitrogen minerals.


*Minerals are named on the basis of

- physical property, magnetic ( Magnetite, Mat (Fe3O4)

- predominant element, Cr  ( Chromite (FeCr2O4) 





  Ba  ( Barite (BaSO4)

- locality, Franklin, New Jersey ( Franklinite (ZnFe2O4)

 Panderma (Bandırma) ( Pandermite (Ca4B10O19.7H2O)

- colour, Albus (L. white) ( Albite (NaAlSi3O8)

Rhodon (G. rose) ( Rhodonite (MnSiO3)

LECTURE 1 (Cont. 2 hours):
CHEMICAL BONDS AND CLASSIFICATION OF MINERALS

INTRODUCTION

The forces that bind together the atoms, ions or ionic groups of crystalline solids are electrical in nature. Their type and intensity are largely responsible for the physical and chemical properties of minerals.

These chemical bonds can be described as belonging to five principle bond types. With decreasing strength: covalent, ionic, metallic, hydrogen, and van der Waals bonding.

COVALENT BOND

By electron sharing atoms achieve an inert gas configuration and produce the strongest of the chemical bonds (FIG. 1.17). Certain elements, in general, those near the middle of the periodic table, such as C, Si, Al, and S have 2, 3, and 4 vacancies in their outer electron orbitals. They therefore can form up to four covalent bonds with neighbouring atoms.

Minerals with covalent bonds are characterized by insolubility, great stability and very high melting points.

C is a good example of an element with four valance electrons, each C atom that fills the bonding orbitals by electron sharing with four other C atoms, forming very stable firmly bonded configuration having the shape of a tetrahedron, with a central C atom bonded to four others at the apices (FIG. 1.18) forming a 3-D continuous network. This produces a very rigid structure that of Dia, the hardest natural substance, or mineral.

IONIC BOND

All atoms have a strong tendency to achieve an inert gas configuration with completely filled valence shell. An ionic bond is achieved when one or more electrons in the valence shell of an atom are transferred to the valence shell of another, so that both form an inert gas configuration.

Na (ls2 2s2 2p6 3s1) (  Na+ (1s2 2s2 2p6) + e-
Cl (1s2 2s2 2p6 3s2 3p5) ( Cl-(1s2 2s2 2p6 3s2 3p6)

The electron lost by Na is picked up by Cl. Once formed, the Na+ and Cl- attract each other because of their opposite charges. This attraction between positively charged metal atom (cation) and negatively charged non-metal atom (anion) constitutes the ionic or electrostatic bond. (FIG. 1.19) (FlG. 1.20)

Physically, ionically bonded crystals are generally of moderate hardness and specific gravity, have fairly high mclting points and are poor conductors of electricity and heat. These properties in the ionic bonding of crystals are due to stability of the ions, which neither gain nor lose electrons easily. The properties conveyed into the crystal by its constituent elements are the properties of the ions, not the elements.

The inter ionic distance in a ionically bonded crystal is important, as it defines the bond strength The strength of the bond, as measured by the melting temperature, is inversely proportional to the bond length: the shorter the bond length, the stronger is the bond (FIG. 1.21). Bond length also affects the hardness of a mineral in a similar fashion (FIG. 1.22). FIG. 1.22 also shows the relation of ionic charge versus bond strength. The bonds uniting highly charged ions are much stronger although they have almost similar inter ionic distances.

METALLIC BOND

The properties of metals differ very much from those of their salts because they have different mechanism of bonding. In metallic structures electrons are free to move through the crystal structure. In metals valence electrons are very weakly tied into the metal structure. Most of the electrons owe no affinity to any particular nucleus and are free to drift through the structure or even jump out of it entirely (photo-electric effect), without disrupting the bonding mechanism.

In metal crystals positively charged metal ions with their filled electron orbitals are surrounded with a negatively charged dense cloud of valence electrons. The attractive electrical force between the nuclei and the freely moving electron cloud holds metal structure together. (FIG. 1.23)
Metallic bonding which occurs in native metal minerals such as Au, Ag, Cu imparts high conductivity, ductility and generally low hardness.

HYDROGEN BOND

Polar molecules can form crystalline structure by the attraction between the oppositely charged ends of molecules. The hydrogen bond is an electrostatic bond between positively charged H+ and negatively charged ions such as O2-, N3+ When H transfers its single electron to another more electronegative ion in ionic bonding, it becomes unshielded. This H+ has the abilitv to form relatively weaker (when compared with covalent and ionic bonding) hydrogen bond with other negative ions or with negative ends of polar molecules. It is considerably stronger than the van der Waals bond.

The shape of H2O molecule is polar, and when crystallized to form Ice mineral each O atom is bonded to 4 neighbouring O atoms, in a tetrahedral arrangement, by intervening hydrogen bonds. (FIG. 1.24)

Hydrogen bonding is common in hydroxide mineral group, in which the (OH)- group does not behave strickly as spherical anionic group, but is asymmetric and polar, which produces a dipole effect. Hydrogen bonding is also present in many of the layered silicates containing hydroxyl group such as micas and clay minerals

Van Der WAALS BOND

Electrically neutral molecules such as Cl2, N2, O2 form molecular solids despite the fact that all the valence orbitals are occupied by electrons used in covalent bonding. Polarization of an atom or a molecule, because of an increase in the concentration of electrons on one side, causes a dipole effect (FIG. 1.25). This residual charge on the surfaces ties neutral atoms or molecules into a cohesive structure. This type of bonding is van der Waals or residual bond and it is the weakest bond of the chemical bonds.

Gra and crystalline S minerals display van der Waals bond. In Gra (FIG. 1.26) covalently bonded 6 C atoms form sheet which are weakly bonded by van der Waals bond resulting in well developed cleavage and low hardness. In S with discrete S8 rings (FIG. 1.27) are covalently bonded, but adjacent rings are held together by van der Waals bond resulting in low hardness and low melting point.

CRYSTALS WITH MORE THAN ONE BOND TYPE


Among naturally occurring minerals, the presence of only one type of bonding is rare. Most minerals have two or more bond types coexisting together. In the mineral Gra, as we have seen, the cohesion within the thin sheet is the result of strong covalent bonding, hence its high melting point; whereas between the sheets weak van der Waals bonding results in perfect cleavage.


In layered silicates consisting of sheets of strongly bonded silica tetrahedral layers are joined by relatively weak ionic and/or hydrogen bonds which results in their perfect basal cleavage.


Gal exhibits metallic Pb-Pb bonds and hence have good electrical conductivity and bright metallic luster. However ionic bond of Pb-S imparts excellent cleavage.


Some of the physical properties related to various chemical bonds are given in the TABLE 1.1.

CRUSTAL ABUNDANCE OF ELEMENTS AND CHEMICAL CLASSIFICATION OF MINERALS


Abundances of elements making up the Farth's crust are shown in the FIG. 1.28 and given in the TABLE 1.2. Since O is the most abundant element chemically minerals can be considered as oxides principally. However Si is the second most abundant element and together with O, they show great affinity towards each other. Therefore Si and O join together with strong covalent bonding to make up silica tetrahedron where Si is occupying the central position in the tetrahedron and 4 O’s are occupying the corners of the tetrahedron. The negative electric charge of the (SiO4)4- is balanced by various cations as in Fos Mg2SiO4 or some silica tetrahedron join together to each other at the corners of the tetrahedra (FIG. 1.29) to produce a large groups of minerals known as SILICATES, as will be dealt with in detail later on.


Since O is the most abundant, other cations join with O to produce second major group of minerals known as OXIDES, i.e., Mat Fe3O4, Hem Fe2O3, Per MgO.


O also produces oxyanion minerals with close packing of O2- with small interstitial cations that are strong bonded to O2-’s, forming complex anionic groups. Depending on the type of interstitial cations these OXYANION MINERALS are:



Oxyanions
Example

NITRATES
[NO3]-
Niter KNO3

CARBONATES
[CO3]-2
Calcite CaCO3

SULPIIATES
[SO4]-2
Gypsum CaSO4~2H2O


CHROMATES
[CrO4]-2
Crocoite PbCrO4

MOLYBDATES
[MoO4]-2
Wulfenite PbMoO4

TUNGSTATES
[WO4]-2
Scheelite CaWO4

BORATES
[B3O4 (OH)3]-2
Colemanite CaB3O4 (OH)3.H2O


PHOSPHATES
[PO4]-3
Apatite Ca5(PO4)3 (F,Cl,OH)


ARSENATES
[AsO4]-3
Erythrite Co3(AsO4).8H2O


VANADATES
[VO4]-3
Vanadinite Pb5(VO4)3 Cl


URANYLATES
[UO2]+2
Carnotite K2(UO2)2 (VO4)2.3H2O


Oxygen also forms a strong ionic bond with H+ producing hydroxyl anion (OH)- which forms HYDROXIDES, ie., Brucite Mg(OH)2, Goethite FeO(OH)


Sulphur is the next important anion and combination with metallic cations produce SULPHIDES, ie., Galena PbS, Sphalcrite ZnS, Chalcopyrite (Cpy) CuFeS2.


Halogens of Cl and F produces HALIDES, ie., Halite NaCI, Fluorite CaF2

Some elements do not form any chemical compounds, and occur as elements. These constitute NATIVE ELEMENTS. Noble elements with metallic bonds produce NATIVE METALS, ic., Au, Ag, Pt; while semimetals with bond type between covalent and metallic produce NATIVE SEMIMETALS, ie., As, Bi; non-metals on the other hand have various mixed types of bonding produce NATIVE NONMETALS, ie., C (Dia, Gra), S.


Some examples of crustal minerals are given in the TABLE 1.3.


Within the mantle P & T increases with depth and new minerals form at these high P/T conditions. Formation of these minerals are the major cause of density breaks and changing of seismic wave velocities within the mantle. (FIG. 1.30 & 1.31)
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