Mineralogy Class Notes


What is a Mineral? 
1.) Naturally occurring

2.) Homogenous Solid – homogenous = same throughout.

3.) Definite (but not fixed) chemical composition

i.e. It is expressed by a specific chemical formula 

E.g. Quartz (SiO2)
Calcite (CaCO3) – Mg & Fe can substitute for Ca

4.) Ordered atomic arrangement – a crystalline materials are three-dimensional periodic arrays of precise geometric arrangement of atoms. Glasses such as obsidian, which are disordered solids, liquids (e.g., water, mercury), and gases (e.g., air) are not minerals.
5.) Generally formed by inorganic processes: 
Calcite in shells, pearls, and magnetite, can be precipitated by organisms.   When formed this way they are technically NOT minerals but are often referred to as them.
Mineraloid – Doesn’t fit one of the above, but is still more or less a mineral. 

Crystals – Minerals bounded by natural planer surfaces. This is an expression of the 

internal arrangement of atoms.  (Perfectly shaped crystals grow in liquid or open spaces).

They are classified on the amount of crystal faces present 

Euhedral – Well developed crystal faces
Anhedral – No developed crystal faces. 

Subhedral – In between the above two (ie. Some crystal faces are present)
Crystallography – internal order and symmetry of crystals.

* The external shape of xtals reflects the internal ordered arrangements of atoms. That is to say crystals are periodic in their atomic build-up. Thus, they exhibit "periodic translations" along a set of coordinate axis.

End Result: a certain atom (or ion) is present in exactly the same structural (atomic) site in an essentially infinite atomic array. If you look at a model, it is surrounded by an identical arrangement of neighboring atoms throughout the structure. 
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Symmetry 

Symmetry – Exact repetition in size, form, and shape.  

Motif: the fundamental part of a symmetric design that, when repeated, creates the whole pattern
Operation: some act that reproduces the motif to create the pattern. I.e. an operation brings a point in space to exact coincidence with an exactly symmetrical point. 
Element: an operation located at a particular point in space

Translations (Lattices)

· Generated by taking a motif (comma, dot etc.) and repeating or translating it in a specific distance

· Symmetric translations involve repeat distances

· The origin is arbitrary

Internal Symmetry
I.  In 1-dimension – Row
See Figure 7.3 (p145)

II. In 2-dimensions – Nets (or Plane Lattices)
Are the result of repeating a row to form a “net.
Unit Cell: the basic repeat unit that, by translation only, generates the entire pattern 

”

Five unique 2-D unit cells result from the choice of translation directions X and Y. These represent the ONLY 5 possible way to arrange points periodically in 2-D.
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Note: The lattice and point group symmetry interrelate, because both are properties of the overall symmetry pattern.  This is why 5-fold and > 6-fold rotational symmetry won’t work in crystals

III. In 3-dimensions – Space lattices 

This is achieved simply adding a translation to a net in the 3rd dimension.
These 3 "rows" form a unit cell where the unit cell of a mineral is the smallest divisible unit of a mineral that possesses the symmetry and properties of the mineral.  

It is a small group of atoms, from four to as many as 1000, that have a fixed geometry relative to one another.  The atoms are arranged in a "box" with parallel sides called the unit cell which is repeated by simple translations to make up the crystal. 
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The unit cell is defined by three axes or cell edges, termed a, b, and c and three inter-axial angles alpha, beta, and gamma, such that ( is the angle between b and c, β between a and c, and ( between a and b. 
*There are 6 (or7) possible unit cells that result from repeating rows in 3-D 
*These represent the ONLY possible way to arrange points periodically in 3-D

This gives us 6 (or7) crystal systems:
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In hexagonal lattices, each layer is directly above each other. 

In rhomohedral lattices, must go up 3 for the repetition. 

In a unit cell, the atoms may be at the corners, on the edges, on the faces, or wholly enclosed in the box.  This is what was meant by an "ordered internal arrangement" in our definition of a mineral. It is the reason why crystals have such nice faces, cleavages, and regular properties in minerals. 

The 4 possible lattice positions are as follows:

1.) Primitive (P) – Lattice points only at corners. 

2.) Body Centered (I) – Also has a lattice point at the center.

3.) End Centered (C) – Also has a lattice points on 2 ends. 

4.) Face Centered (F) – Also has a lattice points on all faces.

When the possible lattice positions are added to the 7 crystal systems we can define 14 Bravias Lattices. They represent the ONLY possible ways in which the points can be arranged periodically in three dimensions. 
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These are also given in your textbook in Fig 5.63 (p232)

Screw axes & Glide Planes

Screw Axis

[image: image12.wmf]An operation of symmetry that combines Translation + Rotation
2, screw axis – take point, rotate ½ and translate ½ unit, back to where you started

You can do this with every possible rotation axis


2, 2 fold rot, ½ unit cell translation


3, 3 fold rot, 1/3 unit cell translation


4,4

6,6

See Figs 7.20 and 7.21 for examples

Glide Planes

An operation of symmetry that combines Reflection + Translation
· This operation changes handedness

Animations of both of these operations are given in module III of the CD Rom under the headings Three Dimensional Order: Screw axes and glide planes





External Symmetry

Symmetry content of plane lattices (2-D)
1. Rotation - In our simple 2-D Model, we'll consider rotation about an axis that is perpendicular to our net.   The repetition can be 2-. -3, 4, 6, 12 – Fold

Example:  Four-fold rotation - each 90° rotation yields the same pattern.  After four 90° rotations, the net is back to the original location.


[image: image6]
2.  Inversion – inversion through a center to reproduce a motif in a symmetrical pattern

( = symbol for an inversion center

inversion is identical to 2-fold rotation in 2-D, but is unique in 3-D (try it with your hands) 

3.  Reflection (m)

Reflection across a “mirror plane” reproduces a motif
This gives us 6 unique 2-D symmetry operations: 

     1   2   3   4   6   m     

 

These symmetry elements can be divided into congruent and enantiomorphic operations

· Rotations are congruent operations – reproductions are identical

· Inversion and reflection are enantiomorphic operations – reproductions are “opposite-handed” 
Combinations of symmetry elements are also possible

To create a complete analysis of symmetry about a point in space, we must try all possible combinations of these symmetry elements

Symmetry Content of space lattices (3-D): 

In 3-D, we can have symmetry with respect to planes, lines, or points. 
1.) Planes: 

Mirror Plane: 2 mirror images that exact duplications in a mirror. 

2.) Lines:

Symmetry axis (rotation axis) # of repeats is referred to as fold (denoted by n) n = 1 (no symmetry), 2,3,4,6.

3.) Point: 

Center of symmetry = i. Every point has an equal and opposite point.

Symmetry Operations: Operation that brings a point in space to exact coincidence with an exact symmetrical point.

There are three distinct types

1.  Rotations 

2.  Inversions (including roto-inversions i.e. improper rotations), 

3.  Translations  

Additionally, any combinations of the above can be used.

Rotation axis: 

         A. Proper Rotation Axes: 

                  No 5-fold …see figure 2.9 in text book.

         B. Improper – Rotoinversion Axes:
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Rotoinversion= rotation and inversion. Denoted 1, 2, 3, 4, 6 pronounced bar 1, bar 2, etc.
                   1 = center of symmetry

                   2 = mirror plane 

                   3 = 3+i

                   4 = unique (no equivalent)

                   6 = 3 fold axis of rotation with mirror plane perpendicular to rotational axis.

                          Rotate 60 degrees, invert (6 times)

Combination of symmetry elements:

1.) Rotation Axis: 

For ex: In a tetragonal unit cell, there is a 4-fold rotation perpendicular to two 2-fold rotations.  These combinations of axes can be represented as a sequence of digits for the types of rotation axes involved. Thus above is denoted as 422.


2.) Rotation Axes and Mirrors: 

For ex: the above 4 fold axis can have a mirror plane perpendicular to it. This is denoted as a 4/m (pronounced as 4 over m). When this is combined with the two 2-fold axes, each perpendicular to a mirror plane, is denoted as:   4/m 2/m 2/m.

*Note, the possible number of non-identical symmetry combinations is limited to 32.
These symmetry elements can be combined to yield 32 point groups. Thus, there are 32 possible point groups based on external symmetry 
Point Groups: combine symmetry elements that pass though one central point of a crystal. Thus, one symmetry element operates on another. 

These 32 possible Point Groups are based on external symmetry leads to the 32 Crystal Classes and their symmetry.
The 32 Crystal Classes

Following the rules of groups, there is a limited number of ways in which the 10 proper and improper rotations can be combined to form groups, that is, there are 32 possible combinations to form groups. These are the 32 3-dimensional point groups which correspond to the 32 Crystal Classes. Each of the 32 crystal classes can be ascribed to one of the 7 crystal systems. The various crystal classes are outlined in the table below. 
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23, 432, 43m
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Holohedral Symmetry – Maximum symmetry for any system. 

Merohedral Symmetry – Partial symmetry of a system. 

Starting with least symmetry and moving to most. 

	System
	Crystal class or point group [holohedral symmetry in brackets]

	Triclinic

c>b>a (axis length)
	1, -1 (center of symmetry)

1 fold (ie no symmetry)

	Monoclinic

c>a
	2, m, [2/m]

2 fold corresponds to the b axis

Mirror plane is located in the a-c plane.

	Orthorhombic

b>a   c varies
	222, mm2, [2/m 2/m 2/m]

here we refer to the symmetry elements in order a-b-c.  

2-folds coincide w/ crystallographic axes

	Tetragonal


	4, -4, 4/m 422, 4mm -42m [4/m 2/m 2/m]

1st symbol = c axis

2nd symbol = a, b (=a1, a2)

3rd symbol  =  45 degrees to a1/ a2

	Trigonal
	3 32, -3, 3m [-3 2/m]

1st # = c axis

2nd # = a1, a2 a3  axis

3rd #  = 60 degrees off these axes

	Hexagonal
	6,-6, 6/m, 622, 6mm, -6 2m, [6/m 2/m 2/m]

Symbols as in trigonal

	Isometric

a=b=c


	23, 2/m -3, 432, -43m [4/m-3 2/m]

1st # = 3 crystallographic axes

2nd # = 4 diagonal directions of 3 total

3rd #  = 6 directions between the edges of a cube


230 Space Groups 
If we combine the 14 Bravis Lattices with the symmetry in the 32 crystal classes and screw axes & glideplanes, we get: 230 Space Groups
Both internally (symmetry seen by X-ray Diffraction) & externally (crystal morphology) this is ALL you can get.

Crystal Morphology


-All crystals are formed by the repetition in 3 dimensions of a unit structure.


-The crystal faces then, depend on the shape of the unit cell and the conditions in 
which the crystal grows. (T, P, availability of open space)

For any given internal structure, a limited # of planes (faces) bound a crystal (and 
only a few are common)

Thus, there is a relationship between the types of faces and the internal structure of a mineral.  It is called the Law of Bravais

Law of Bravais – the frequency with which a given face is observed is roughly proportional to the number of nodes (lattice points) it intersects in the lattice.

ie- the larger the number of lattice points, the more common the face.

See Figure 6.6, p. 113
In that example, Face B will be the most common, face C the second, face E the third etc.

Because these faces have a direct relationship to internal structure, they must have a direct and consistent angular relationship to each other.
Steno's Law – the angles between equivalent faces of crystals of the same substance, at the same T, are constant.    

See Fig 6.7, p. 113
Crystal Face Representations - Miller Indices
Crystallographic axes
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Miller Indices of a face consist of a series off whole numbers that have been derived from the intercepts, by their inversion and, if necessary, the subsequent clearing of fractions.
*In all crystal systems, with the exception of the hexagonal system, the 3 numbers refer to the a, b and c axes respectively.

*In the hexagonal system, they refer to the a1, a2 and a3 and c axes respectively.

What are face intercepts?
Face intercepts (thus crystal faces) are defined by indicating their relative intercept distance on the crystallographic axes.

How do you determine a Miller Index?

1.  First you must determine if a face is parallel to an axis or if it intersects it & at what relative distance.
2. Take the reciprocal

3. Clear fractions if necessary 

Examples:
	
	a b c
	a b c
	a b c

	Intercept
	4, 2,(
	2, 3, 4
	4 8/3 (

	Reciprocal
	¼ ½ 1/(
	½ 1/3 1/6
	¼ 3/8 (

	MI
	1 2 0
	3,2,1
	2 3 0


Some general Rules

· Miller Indices are always given in parenthesis.  E.g. (1 2 0).

· For face intercepts with a negative axis, a bar is placed over the number and it is read as bar 1 or bar 2 etc.

*However you will often see a minus sign before the number because most computers, including mine, will not place a bar over the number.

· If the exact distances (intercepts) are not known, often the letters h, k l are used to substitute for a, b and c respectively

Crystal Forms & Zones
It should be obvious then that there will be many faces on a crystal that are symmetrically equivalent.
.


Ex:  octahedron


(111), (-111), (1-11), (11-1), (-1-11), (-11-1), and (-1-1-1)


we can refer to these together as a form

Form- group of crystal faces, all of which have the same relation to symmetry elements 

We use brackets to refer to the form (i.e. all of the faces) 
Thus, 

All 8 faces of the octahedron can be represented as {111}
And all 6 faces of the cube can be represented as {100} 
Open vs. Closed forms

Open forms – faces do not enclose space

Closed forms – faces together enclose space 

Examples of forms – See Table 6.6 for the full list 

Pedion- single face comprising a form

Pinacoid- open form made up of 2 // faces

Dome- open form consisting of 2 non // faces symmetrically/ a mirror plane

Sphenoid- 2 non // faces symmetrical w/ a 2-fold rotation axis

Prism- open form composed of 3, 4, 6, 8, or 12 non // faces, all of which are parallel  to the same axis.  (except for 1 monoclinic one, axis is crystallographic axis)

Pyramid- open form composed of 3, 4, 6, 8, or 12 non // faces that meet at a point

Dipyramid- closed form having 6, 8, 12, 16, or 24 faces 




ex: 2 pyramids separated by a mirror plane

Trapezohedron- closed form w/ 6, 8, or 12 faces.  3, 4, or 6 upper faces offset 



from 3, 4, or 6 lower faces and isometric one w/ 24 faces.
Scalenohedron- Closed form with 8 or 12 faces grouped in symmetrical pairs.
Rhombohedron- closed form with 6 faces; 3 at top alternate with 3 at bottom.

Disphenoid- closed form with 2 upper phases that alternate with 2 lower faces, offset by 90 degrees.
Illustrations of all of these are given in Figure 6.36 (pp. 139 – 142)

Zone- group of faces with parallel intersecting edges. 
· Use [ u v w ] in brackets rather than parenthesis

· A line through the center of these is the "zone axis" 

Twinning in crystals 

· Twin- crystallographically controlled intergrowth.  The lattices of each orientation have definite crystallographic relation to each other

Thus, a twin comprises 2 or more "twinned crystals" (of the same substance)

Operations that relate a twin to its counterpart can be:


1)  Reflection by a mirror plane



The surface between the 2 is called a twin plane. 

 

Note: it us NEVER  a plane of symmetry

2)  Rotation about a twin axis 



The twin axis never coincides with rotation axis in untwined crystal

3)  Center of symmetry




called centro-symmetric twins.

Types of twinning     (see Ch 10 for illustrations)
1) Lamellar or Polysynthetic Twinning

Multiple twins that occur repeatedly along parallel twin planes   ex: plagioclase.

2)  Cyclic


Twins repeated by successive planes that are not parallel
3) Penetration twin


2 equivalent lattice rows merge into each other       ex: staurolite

4)  Contact twins

Have a definite contact surface separation the two individuals

Origin of Twinning

Primary vs. Secondary twins

I. Primary Twins – Form during crystal growth

Growth- develop during growth of a crystal    (ie- mistakes of growth)
II. Secondary Twins – Form after the crystal grew as a response to changing conditions (P or T)
1) Transformation twins - Earlier formed crystals transform in structure as a response to changing T) 

Example - as quartz cools from high temperatures, it rearranges its structure from the high temperature form to the low temperature form.  In this transition, the symmetry is reduced.



( Qz (622)   (  β Qz (32) 

Atoms shift to the right or left to forming a 3 fold axis of rotation. This is what forms right and left handed quartz.   This property is called enantiomorphism. 

Enantiomorphic - the ability to form right or left handed crystals. 

2)  Deformation (Glide twins)- occur when a crystal is put under pressure (shear stress).  The rearrangement of the atoms due to the increased pressure can form twins.
Physical Properties of Minerals

1) Crystal Habit- appearance of single crystals (shape) was well as the manner in which crystals grow together. These are defined and pictured on p 22-23.
Micaceous – occur in thin plates

Bladed- elongated crystals (flattened like a knife blade)

Fibrous – needlike fibers
Asicular- Slender, needle-like crystals

Radiating- extending out from a centerpoint

Dendritic- branchlike (divergent and slender)

Banded – exhibit parallel banding
Concentric – bands or layers about one or more center (circular)

Mamillary – large rounded provinces
Botryoidal – has rounded provinces –smaller than mamillary
Globular – surface made of little spherules or globules
Reniform – kidney shaped outer surfaces

Drusy- surface covered with a layer of small crystals

Tabular- shaped like a pad of paper (thin tabular) or a deck of playing cards (thick tabular).
Blocky or Equant – Roughly box-like or ball-like

Prismatic – Elongated with opposite faces parallel to one another, in which case they may be short and stout, or long and thin. 

2)  Color: perhaps the most obvious property, but often almost a misleading property

3)  Streak: color of mineral when powdered

4)  Cleavage: Tendency of a mineral to break parallel to atomic planes

· This depends on the types and strength of bonding

· Direction is expressed by the name or indices of the form.  

Ex’s. Cubic (100), octahedral (111), rhombohedral (10-11), Prismatic (110), 
Basal (001)
Note: Be careful not to confuse cleavage with euhedral crystals.

5)  Parting: similar to cleavage, but is the tendency of a mineral along planes of structural weakness.  

Sources of weakness:   Pressure
Twinning

Exsolution

Parting sometimes resembles cleavage but is generally more irregular.
6)  Fracture: If bonding is of equal strength in all direction breaking will not follow a particular crystallographic direction.  The resulting mineral has often has hackly-jagged fractures with sharp edges and uneven or irregular surfaces.
Ex: 
Quartz displays conchoidal fracture
7)  Hardness (H): resistance that a smooth surface of a mineral offers to scratching.
	Moh's Hardness Scale

	10
Diamond

9
Corundum

8
Topaz

7
Quartz 

6
Orthoclase

5
Apatite

4
Fluorite

3
Calcite

2
Gypsum

1
Talc


Note:  some minerals have variable hardness, which is a function of direction

Ex:  Kyanite has a hardness of 5 in one direction and 7 in another.

8)  Tenacity - resistance that a mineral offers to breaking, crushing, bending, or tearing (its cohesiveness)

A. Brittle - breaks & powders easily (characteristic of minerals with ionic bonding)


B.  Malleable - can be hammered into thin sheets


C.  Sectile - can be cut into thin shavings with a knife

D.  Flexible - bends but does not resume original shape when pressure is released.  (chl & te) 

E.  Elastic - after being bent will resume its original position upon release of pressure (e.g., micas) 

9)  Specific Gravity - (G) or “relative density” - dimensionless ratio of the weight of a substance & the weight of an equal volume of water at 4° C. 


G depends on: 



A.  The kind of atoms comprising mineral



B.  The manner in which atoms are packed together

General note:  the higher G, the heavier it “feels” for its weight 
10)  Luster - General appearance of a mineral surface in reflected light.

Metallic - reflect light completely

Non-Metallic - Vitreous




- Resinous




- Pearly




- Creasy




- Silky




- Adamantine 

11)  Diaphaneity – refers to the amount of light a mineral can transmit

Transparent – capable of transmitting light through which an object can be seen.

Translucent – capable of transmitting light diffusely

Opaque – no light is transmitted through the mineral

12)  Magnetism – some minerals are drawn to a magnetic field
13)  Double refraction – ability of a mineral to refract light in two directions.  ex. calcite
Other Properties:
Fluorescence - luminescence during exposure to UV light, x-rays, etc.

Phosphorescence - luminescence continues after the light is cut off 

Thermoluminescence - emitting light when heated - not the same as red hot 

Triboluminescence - becoming luminous when pressure is added

EX:  crushed, rubbed, smacked with a hammer

Piezoelectricity – occurs when a mineral is slightly polar (+ charge at one end, - charge at the other)

If P is exerted at the ends of the polar axes, a flow of e- toward one end produces a positive charge on one end and a negative charge on other.  In other words, the applied mechanical stress generates a voltage.


EX’s:  tourmaline & quartz
Double Refraction – 

Magnetism
Some or all of these are used to ID minerals.  Some may be more useful than others depending on the mineral.
Complications in Mineral ID
Polymorphism - ability of a mineral to crystallize in more than one form

Pseudomorphs - one mineral replaces another retaining the crystal habit of the first 

Twins - intergrowth of 2 or more single crystals.
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