LECTURE 4(3 hours): CHEMISTRY AND STRUCTURE OF MINERALS

PACKING OF IONS

When oppositely charge ions unite to form crystal structure in which binding forces are dominantly electrostatic, each ion tends to collect or coordinate around itself as many ions of opposite sign as its size permits. When atoms are linked by simple electrostatic bond, they may be regarded as approximately spherical in shape, and therefore resulting geometry is simple. The coordinated ions always cluster about the central coordinating ion in such a way that their centers lie at the apices of a polyhedron known as coordination polyhedron. The number of ions coordinated is the coordination number (C.N.) of coordinating ion.

In Hal NaCI each Na+ has 6 closest - octahedral – Cl- neighbours and each Cl- has 6 closest - octahedral – Na+ neighbours (FIG. 4.1). Therefore both Na+ and Cl- have C.N. 6. In Flu CaF2 each Ca2+ is at the center of a cube surrounded by 8 F-. Thus C.N. of Ca2+ is 8. On the other hand, each has F-, has only 4 closest neighbours of Ca2+ and hence F-'s C.N. 4 with respect to Ca2+ with tetrahedral coordination (FIG. 4.2). In Sph ZnS, S2- has C.N. 4 with respect to Zn2+, and vice versa; and there is an empty location with octahedral surrounding (FIG. 4.3).

PAULING'S RULES

In 1929 Linus Pauling set forward 4 rules to determine with broad generalizations the structure of solid matter.

Rule 1. The Coordination Number Principle: C.N. of a cation will be determined by the radius ratio of cation (A) and anion (X), RA/RX (TABLE 4.1); (FIG. 4.4).
Linear or 2-coordination RA/RX < 0.155; very rare, Eg., uranyl group (U02)2+, nitrite group (NO2)2- and Cu2O Cup.

Triangular or 3-coordination RA/RX=0.155-.0.255 and is common in nature, Eg., (CO3)2-, (NO3)- and (BO3)3-.

Tetrahedral or 4-coordination RA/RX=0.255-4.14. This coordination is typified by the (SiO4)4- in silicates, Spi, Sph and Dia structures.

Octahedral or 6-coordination RA/RX=0.414-0.732, Eg. Hal, and many cations in silicates.

Cubic or 8-coordination RA/RX=0.732-1.000, Eg., Flu.

Cuboctahedral or 12-coordination also known as close-packing (cubic closest or hexagonal closest packing), rare in most minerals, with the exception of native metals.

Rule 2. Electrostatic Valence Principle. The sum of the "electrostatic bond strengths" donated to an anion will be equal the charge on the anion, eg., Na+ in 6-fold coordination donate 6X1/6 charge=l which is the charge on Cl- (FIG. 4.5). Same principle holds for the calculation of electric charge on polyhedral ionic groupings (FIG. 4.6).
Rule 3. Polyhedral Sharing Principle. A cation surrounded by its nearest neighbour anions defines a coordination polyhedron. Coordination polyhedra can link together by sharing corners, edges, and faces. Coordination polyhedra about highly charged cations like Al3+, Si4+ prefer to link by sharing corners as to minimize the cation-cation repulsion (FIG. 4.7).

Rule 4. The Principle of Parsimony (pintilik, cimrilik). There are only a few types of contrasting cation and anion sites in a crystal. Thus, in some crystal structures with complex composition a number of different ions may occupy the same structural positions or sites. Eg., Amp structure: (FIG. 4.8) tetrahedral sites (T) occupied by Si4+, Al3+; octahedral sites (M) occupied by Mg2+, Fe2+, Mn2+, Al3+, Fe3+, Ti4+ and Ca2+; very large "holes" (A) (FIG. 4.9) are occupied by large ions such as K+, Na+, (OH)-, Cl- and F-; thus 13 different ions are placed into 3 different types of sites.

In some crystals there are also sites of 5-fold or 7-fold or 9-fold coordination with irregular geometry

LATTICES, SYMMETRY AND CRYSTAL SYSTEMS

INTRODUCTION

Crystalline substance has ordered arrangement of atoms or ions in the crystal structure. Crystal is a homogeneous solid possessing 3-D internal order (FIG. 4.10). This is reflected in the external form and sometimes creates regular geometric smooth plane surfaces(FIG. 4.11). The ordered patterns can be considered as groups of atoms, Eg., cations such as Na+, Ca2+, Mg2+, Fe3+, etc.; anionic groups such as Cl-, (SiO4)4-, (CO3)2-, (PO4)3-, (OH)-, etc., or as molecules such as H2O repeatedly and periodically placed on a lattice (FIG. 4.12 & FIG. 4.13).
TRANSLATION OPERATIONS

Periodic repetitions along vectors or translations of ions can be achieved in 1-D, 2-D and 3-D producing row-lattices, plane-lattices and space-lattices, respectively. These are internal symmetry operations and do not occur as symmetry element.

Row-Lattices: are produced by translation along single vector. Here ions are repeated with constant distances along a line. (FIG. 4.14)

Plane-Lattices: are produced by translations along two vectors. Here ions are repeated with constant distances and angles that produce 5 unique plane-lattices. (FIG. 4.15)

Space-Lattices: are produced by translations along three vectors. Here ions are repeated again with constant distances and angles in 3-D that produce 14 unique space-lattices, which are also known as Bravais Lattices (FIG. 4.16). They are compatible with 6 symmetry systems and 32 symmetry classes. Principally there are five kinds of space lattices. They are:

1. Primitive lattice (P): atoms are at the corners; found in all symmetry systems.

2. Body centered lattice (I): additional atom at the centre.

3. Face centered lattice (F): all 6 faces have an atom at their centre.

4. Top and bottom face centred lattice (C): only (001) faces are centered.

5. Rhombohedral lattice(R): primitive lattice of rhombohedral 'sub-system' of hexagonal system

Following Bravais lattices occur in the 6 symmetry systems:

1. Isometric or Cubic; P, I, F.

2. Tetragonal; P, I.

3. Hexagonal; P (or C).

Rhombohedral: R.

4, Orthorhombic: P, I, C, F.

5. Monoclinic: P, I (or C).

6. Triclinic: P
CRYSTALLOGRAPHIC AXES AND SYMMETRY SYSTEMS

14 unique space-lattices produced by 3-D translation operation to can be described belonging 6 group of crystal systems when these geometrical object are grouped according to Cartesian Principle Axes, intersecting in the center of the space-lattice or crystals formed from the repetitions of them. Each two crystallographic axes define a crystallographic plane. They are generally taken parallel to the intersection edges of major crystal faces. They are named as 
a-, b-, c-axes, where c-axis is always vertical. In hexagonal system there are four axes a1, a2, a3 (horizontal with 120( between them), and c (vertical). From the origin the length of the axes are designated as (+ or -), The length of crystallographic axes and axial angles (, (, ( between them may vary in different symmetry (FIG. 4.17).


Symmetrv Svstems
Crvstallographic Axes
Axial Angle


1. Cubic
a: a: a
(=(=(=90(

    (Isometric)


2. Tetragonal
a: a: c
(=(=(=90(

3. Hexagonal
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4. Orthorhombic
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5. Monoclinic
a: b: c
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6. Triclinic
a: b: c
((((((90(
OTHER SYMMETRY OPERATIONS AND SYMMETRY ELEMENTS


With a simple orderly repeat mechanism in 3-D known as symmetry operations different shapes may result. (FIG. 4.18) The steps on crystal faces are invisible because unit cell dimensions are Å level(faces appear as smooth plane surfaces.


Because crystal faces have a direct relationship to the internal structure, it follows that the faces have a definite relationship to each other. In 1669 Nicolaus Steno pointed out that the angles between corresponding faces on crystals of Qua are always the same. (FIG. 4.19) Steno's Law of the constancy of interfacial angles states: The angles between equivalent faces of crystals of the same substance, measured at the same T; are constant.


A crystal is created by repetition of unit cells with internal symmetry operations. The resulting crystal has external symmetry that reflects its internal symmetry. Internal symmetry operations always involve translations along certain directions. It is important that during internal symmetry operations there is no empty space left among unit cells. External symmetry operations are without translations, and are also called symmetry elements.

REFLECTION OR MIRROR OPERATIONS



It is both internal and external symmetry operation. It reflects the lattices internally across a mirror plane (m) also called reflection plane (FIG. 4.20).



Another internal symmetry operation is Glide. It is combination of reflection and translation. The plane is called glide plane (FIG. 4.21).


As an external symmetry operation operation it is called Symmetry Plane. It is a reflection operation. It acts as a mirror plane (m). All corners, edges, and planes are repeated on both sides of the m (FIG. 4.22). Symmetry plane may or may not be perpendicular to rotation axis. In international notation it is symbolized as mm2 when parallel to rotation axis; and as 2/m when perpendicular to rotation axis. If there is a plane perpendicular to inversion axis it is not indicated symbolically. Mirror planes are shown on stereograms as a solid continuous line when present and as dashed line when absent (FIG. 4.23).
ROTATIONAL OPERATIONS

There are three types of rotational symmetry operations.


Rotation. (Internal & External) Rotation of a point or a face around axes which are called rotation axes. Rotation may be 360(, 180(, 120(, 90(, 60( and the axes are called 1-, 2-, 3-, 4-, 6-fold axis, respectively. In this operation at each-degree turn same point is found in the crystal structure or a face on a crystal. (FIG. 4.24). Due to the principle not to allow empty space among unit cells 5-, 7-fold axes are not possible (FIG. 4.25).

In international notation if symmetry axes and mirrors present they are symbolized as 4mm when parallel to rotation axis; and as 4/m2/m2/2 when perpendicular to rotation axis. If only symmetry axes are present they are symbolized as 422 (FIG. 4.26).


Inversion. (Internal & External) It produces an inverted object. inversion means to make it up side down. It involves drawing imaginary lines from every point on the object through the inversion center and out an equal distances on the other side of the inversion center. (FIG. 4.27) This operation is also called rotary inversion (=rotoinversion) A point or a face is rotated around an inversion axis and inverted through the inversion center (FIG. 2.8). Inversion axes are called (1, (2, (3, (4 and (6. They are equivalent to some other symmetry operations or combinations of them. (1(C, (2(m, (3(3-fold+C, (6(3/m (FIG. 4.28). Some crystal forms developed by rotoinversion are given in the FIG. 4.29.



Screw. (Internal) It is combination of rotation and translation. The axis is called screw axis. It can be 2-, 3-, 4-, 6- fold screw axes and rotation direction may be clockwise or anticlockwise (FIG. 4.30 &FIG. 4.31).



As an external symmetry operation, rotational axes are called collectively as Symmetry axes. Here, both rotations and rotoinversions are considered together. It may acts as a rotation axis or inversion axis (A or (A). On stereograms they are indicated by different symbols:

Rotation Axes
Symbol
Rotation angle
Inversion Axes
Equivalence

1-fold


360(


(1(C

2-fold

A2
180(

(A2
(2(m

3-fold

A3
120(

(A3
(3(3-fold+C

4-fold

A4
  90(

(A4


6-fold

A6
  60(

(A6
(6(3/m


Third kind of symmetry element is called Center of Symmetry. It is an inversion operation with 360( rotation and inversion through a center (FIG. 4.32). It is equivalent to (1 and exists in most of the symmetry classes (TABLE 4.2). In modern crystallography it is not mentioned separately as a symbol. Some crystal forms with and without centre of symmetry are given in FIG. 4.33 and some crystal classes with centre of symmetry in FIG. 4.34.



Symmetry of crystals is described in terms of symmetry plane, rotation and inversion axis. These symmetry elements have different written and graphic symbols (FIG. 4.34). They are very helpful in constructing stereographic projections (FIG. 4.35).

FACE INTERCEPTS



Crystal faces are defined by indicating their intercepts on the crystallographic axes. Thus, in describing a crystal face it is necessary to determine whether it is parallel or intersects the crystallographic axes. In addition, the relative distance of intersections must be known.



Parameters or Weiss Indices: If the unit lengths on crystallographic axes are known as in unit cells (FIG. 4.36) number of unit intercept lengths Eg., 1, ¾, 15, is written in front of the axis which the face intersects. Also + & - portions of the axes must be considered Eg., -la: ¾b: 15c. This expression of indices is called the parameters or Weiss Indices. If a plane is parallel tocrystallographic axes its intercept would be at ( (FIG. 4.36).



On crystals actual unit lengths are not known. Thus, parameters are assigned arbitrarily. The largest face that cuts all three axes which is referred as the unit face, is arbitrarily assigned with the parameters 1a; lb; 1c. The intercepts of smaller faces that cut all three crystallographic axes can now be estimated by extending the edges of these faces in the directions of a, b, c axes (FIG. 4.37).



Miller Indices: The Miller Indices of a face consist of a series of whole numbers. They are derived from parameters by their inversion and subsequent clearing of fractions. Letters that indicate the different axes are omitted, but the order of numbers indicate intersections corresponding axes (a, b, c or a1, a2, a3, c as in hexagonal system) Intercepts on negative segments of the crystallographic axes are indicated by a bar (FIG. 4.38)
Parameters
Reciprocals


Equalize Devisors

Dividents

(Weiss Indices)
(Miller Indices)

1a: 1b: 1c
1/1: 1/1: 1/1

1/1: 1/1: 1/1


(111)
2a: 2b: 2/3c
1/2: 1/2: 3/2

1/2: 1/2: 3/2


(113)
-1/4a: 2/3b: (c
-4/1: 3/2: 1/(
 (X2)
-8/1: 3/1: 2/(


((830)
5/2a: 3b: -3/4c
2/5: 1/3: -4/3 (X15)
 6/1: 5/1: -20/1

(6,5,(20)

To obtain Weiss Indices from Miller Indices operation is reversed. Eg., To obtain parameters of (125) face, lowest common factor of the indices is found, which is 10. They are then written as fraction 1/10: 2/10: 5/10. Then their reciprocals are found 10/1: 10/2: 10/5. Parameters are then 10a: 5b: 2c. Therefore in Miller Indices high values mean smaller intercept values, and vice versa.


General symbol of Miller Indices is (hkl) for a face cutting all three axes. If it is parallel to one axis then (0kl), (h01) or (hk0). In hexagonal system general symbol is (h k(i  l), where h+k+i=0. Eg., (11(21), 1+1-2=0 (FIG. 4.39).

FORM


A form consists of a group of crystal faces. All faces have same relation to the elements of symmetry. They display the same chemical and physical properties because all are underlined by like atoms in the same geometric arrangement. Eg., development of a form from a face with Miller Indices (111) in (1 and the 4/m(32/m crystal classes (FIG. 4.40).
Name of the Common Faces



In naming of the common faces in tetragonal, hexagonal, orthorhombic, monoclinic and triclinic classes following rules are used:


      Base, basal: planes intersecting c-axis and parallel to a and b (001) (00(1).

Pinacoidal: two parallel faces, parallel to two of the crystallographic axes (includes also basal planes) (100) (010) (001).

 Dome: two intersecting planes, parallel to one of the horizontal axis (0kl) (h0l).

 Prism, prismatic: vertical planes (3, 4 or 6) parallel to c-axis. If these planes intercept both horizontal axes 1st order prism faces (hk0). If parallel to one horizontal axis 2nd order prism faces (h00), (0k0).

 Pyramid, pyramidal: inclined planes that intercept all of the three axes. These are common faces existing in all of the symmetry systems. (hkl).

Except in certain cases in cubic, tetragonal and rhombohedral classes naming are different (FIG. 4.41). Obviously, combination of various forms also exists on the same crystal (FIG. 4.42).
SYMMETRY CLASSES


Symmetry classes are based on the external forms of crystals. There are 32 symmetry classes grouped into 6 symmetry systems (FIG. 4.43). Normal class of each system has the maximum number of symmetry elements, and hence maximum number of faces. In the subclasses some of the symmetry elements are missing (FIG. 4.43). In each crystal system there may be:


Holohedral or normal class: with maximum number of symmetry elements and faces.


Hemihedral class: half of the faces of the holohedral class are present.


 Tetartohedral class: quarter of the faces of the normal class are present.


Hemimorphic class: only faces belonging to one symmetry axis is present.

HABIT


Habit is the general shape of the crystals of a mineral species and may be expressed by crystal form, cubic, octahedral, prismatic etc., or particular textural terms like equant, acicular, nodula; colloform etc., (FIG. 4.44). Habit is controlled by the environment in which crystal grow. Trace elements and impurities may also affect crystal habit.
EXTERNAL FORMS (MORPHOLOGY)


The study of the external shape of minerals is called Morphology. Shape, size and degree of development of various froms on the crystal are important.

Shape: The faces of crystals may exist in various stages of development:


 Euhedral or Idiomorphic: all of the crystal faces are present,

 Subhedral or Hypidiomorphic: some faces are present,

Anhedral or Xenomorphic: none of the crystal faces are developed.

On the other hand, an aggregate of anhedral crystals are called massive. They can be:


Crystalline: seen by naked eye,


Microcrystalline: seen under microscope only,


Cryptocrystalline: crystallinity of the mineral is detected only by X-rays or electron microscope, Eg., clay minerals.

Size: Mineral grain sizes are classified as:


Very coarse grained
>30 mm


Coarse grained
5-30 mm


Medium grained
1-5 mm


Fine grained
<1 mm


The crystal size is related firstly to the surface energy and the critical size and secondly to the crystallization conditions such as T, P, Conc., presence of minor or trace elements acting as catalysts, low cooling rate, presence of volatiles for transportation of ions. Large crystals are formed in pegmatite, Eg. Qua >1.5 m long, about 50 cm in diameter (in Beypazarı granitoid); A-Feld with 2 by 4 by 10 m dimensions, Mus 11 m long, and 4 m in diameter.

Ideal and Distorted Crystals: A euhedral crystal showing equally well-developed crystal faces is called an ideal crystal. Sometime a crystal may have a rapid growth in certain directions and therefore some faces may be larger than others, and crystals may have peculiar shapes and due to external stresses crystals may have curved and bent faces. Hence, crystal symmetry may not be obvious. Such crystals are called distorted crystals. On such distorted faces luster of the mineral may be slightly lost. Irregular cavities due to leaching by chemical reagents or abrasion during transportation, also form distorted crystals (FIG. 4.45).


Periodical alternative growth of two faces is another cause for the formation of distorted crystal. Here crystals may have lineation on their faces, which are also called striations, Eg., Tou, Qua, Pyt, Sti etc. (FIG. 4.45).

TWINNING


A twin is a symmetrical intergrowth of two (or more) crystals of the same mineral. The two or more individuals of the twinned aggregate are related to each other by a new symmetry element (twin element) that is absent in a untwinned crystal. Twin elements or twin operations that may relate a crystal to its twinned counterpart are:

Twin plane: reflection by a mirror plane.


Twin axis: rotation about a crystal direction that is common to both, generally 180( (FIG. 4.46).


The surface on which two individuals are united is known as composition surface. If this surface is a plane it is called composition plane. These simple twins are also called contact twins. If composition surface is irregular and twins are made up of interpenetrating individuals penetration twins results.

Repeated or multiple twins are made up of three or more individuals twinned according to same twinning law. If all the successive composition surfaces are parallel, it is called polysynthetic twin, if not parallel but radial cyclic twin forms (FIG. 4.46).

Various types of twins on crystals of minerals crystallizing in different symmetry systems are displayed in the FIG. 4.47.
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