
Mineralogy 
A Reference Guide 
 

a Wikipedia Book 

 



Mineralogy
A Reference Guide



Contents

0.1 Mineral . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
0.1.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
0.1.2 Mineral chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
0.1.3 Physical properties of minerals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
0.1.4 Mineral classes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
0.1.5 Astrobiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
0.1.6 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
0.1.7 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
0.1.8 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
0.1.9 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1 Native Elements 21
1.1 Native copper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.1.1 Gallery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.1.2 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.1.3 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.1.4 Further reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.1.5 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.2 Diamond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.2.1 History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.2.2 Material properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
1.2.3 Industry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
1.2.4 Synthetics, simulants, and enhancements . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
1.2.5 Stolen diamonds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
1.2.6 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
1.2.7 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
1.2.8 Books . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
1.2.9 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

1.3 Gold . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
1.3.1 Etymology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
1.3.2 Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
1.3.3 Modern applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
1.3.4 Monetary exchange (historical) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

i



ii CONTENTS

1.3.5 Cultural history . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
1.3.6 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
1.3.7 Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
1.3.8 Mining . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
1.3.9 Bioremediation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
1.3.10 Extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
1.3.11 Synthesis from other elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
1.3.12 Consumption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
1.3.13 Pollution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
1.3.14 Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
1.3.15 Toxicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
1.3.16 Price . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
1.3.17 Symbolism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
1.3.18 State emblem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
1.3.19 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
1.3.20 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
1.3.21 Further reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
1.3.22 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

1.4 Graphite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
1.4.1 Types or varieties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
1.4.2 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
1.4.3 Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
1.4.4 History of natural graphite use . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
1.4.5 Uses of natural graphite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
1.4.6 Uses of synthetic graphite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
1.4.7 Graphite mining, beneficiation, and milling . . . . . . . . . . . . . . . . . . . . . . . . . . 62
1.4.8 Graphite recycling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
1.4.9 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
1.4.10 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
1.4.11 Further reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
1.4.12 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

1.5 Kamacite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
1.5.1 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
1.5.2 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

1.6 Silver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
1.6.1 Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
1.6.2 Isotopes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
1.6.3 Compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
1.6.4 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
1.6.5 History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
1.6.6 Occurrence and extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71



CONTENTS iii

1.6.7 Price . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
1.6.8 Human exposure and consumption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
1.6.9 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
1.6.10 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
1.6.11 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

1.7 Sulfur . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
1.7.1 Spelling and etymology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
1.7.2 Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
1.7.3 Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
1.7.4 Compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
1.7.5 History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
1.7.6 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
1.7.7 Biological role . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
1.7.8 Precautions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
1.7.9 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
1.7.10 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
1.7.11 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

1.8 Taenite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
1.8.1 Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
1.8.2 Meteorite Localities with this Mineral . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
1.8.3 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
1.8.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

2 Sulfides 89
2.1 Acanthite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

2.1.1 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
2.1.2 Gallery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
2.1.3 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

2.2 Arsenopyrite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
2.2.1 Crystallography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
2.2.2 Related minerals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
2.2.3 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
2.2.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

2.3 Bornite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
2.3.1 Appearance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
2.3.2 Mineralogy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
2.3.3 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
2.3.4 History and etymology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
2.3.5 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
2.3.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

2.4 Carrollite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
2.4.1 Unit cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91



iv CONTENTS

2.4.2 Linnaeite group . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
2.4.3 Solid solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
2.4.4 Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
2.4.5 Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
2.4.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

2.5 Chalcocite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
2.5.1 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
2.5.2 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
2.5.3 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

2.6 Chalcopyrite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
2.6.1 Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
2.6.2 Paragenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
2.6.3 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
2.6.4 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
2.6.5 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
2.6.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

2.7 Cinnabar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
2.7.1 Etymology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
2.7.2 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
2.7.3 Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
2.7.4 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
2.7.5 Mining and extraction of mercury . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
2.7.6 Toxicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
2.7.7 Decorative use . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
2.7.8 Other forms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
2.7.9 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
2.7.10 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
2.7.11 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

2.8 Cobaltite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
2.8.1 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
2.8.2 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

2.9 Dimorphite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
2.9.1 Properties and applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
2.9.2 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

2.10 Enargite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
2.10.1 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
2.10.2 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
2.10.3 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

2.11 Galena . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.11.1 Lead ore deposits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.11.2 Crystal structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100



CONTENTS v

2.11.3 Geochemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
2.11.4 Galena uses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
2.11.5 Health issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
2.11.6 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
2.11.7 Notes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
2.11.8 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
2.11.9 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

2.12 Marcasite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
2.12.1 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
2.12.2 Alteration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
2.12.3 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
2.12.4 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

2.13 Millerite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
2.13.1 Paragenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
2.13.2 Economic importance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
2.13.3 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
2.13.4 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
2.13.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
2.13.6 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

2.14 Molybdenite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
2.14.1 Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
2.14.2 Uses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
2.14.3 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
2.14.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

2.15 Nickeline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
2.15.1 Etymology and history . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
2.15.2 Preparation of NiAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
2.15.3 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
2.15.4 Crystal structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
2.15.5 Economic Importance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
2.15.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

2.16 Orpiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
2.16.1 Historical uses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
2.16.2 Contemporary uses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
2.16.3 Physical and optical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
2.16.4 Crystal structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
2.16.5 Gallery of orpiment specimens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
2.16.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
2.16.7 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

2.17 Proustite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
2.17.1 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107



vi CONTENTS

2.17.2 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
2.18 Pyrargyrite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

2.18.1 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
2.18.2 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

2.19 Pyrite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
2.19.1 Uses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
2.19.2 Formal oxidation states for pyrite, marcasite, and arsenopyrite . . . . . . . . . . . . . . . . 109
2.19.3 Crystallography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
2.19.4 Crystal habit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
2.19.5 Varieties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
2.19.6 Distinguishing similar minerals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
2.19.7 Hazards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
2.19.8 Pyritised fossils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
2.19.9 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
2.19.10 Further reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
2.19.11 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

2.20 Pyrrhotite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
2.20.1 Etymology and history . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
2.20.2 Crystal structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
2.20.3 Magnetic properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
2.20.4 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
2.20.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
2.20.6 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

2.21 Realgar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
2.21.1 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
2.21.2 Uses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
2.21.3 Realgar gallery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
2.21.4 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
2.21.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
2.21.6 Further reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
2.21.7 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

2.22 Sphalerite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
2.22.1 Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
2.22.2 Varieties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
2.22.3 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
2.22.4 Gemstone use . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
2.22.5 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
2.22.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
2.22.7 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

2.23 Stibnite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
2.23.1 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116



CONTENTS vii

2.23.2 Uses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
2.23.3 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
2.23.4 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
2.23.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
2.23.6 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

2.24 Tetrahedrite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
2.24.1 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
2.24.2 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
2.24.3 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
2.24.4 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

2.25 Skutterudite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
2.25.1 The skutterudite crystal structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
2.25.2 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
2.25.3 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

2.26 Sylvanite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
2.26.1 Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
2.26.2 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
2.26.3 Use . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
2.26.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
2.26.5 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

3 Oxides 121
3.1 Cassiterite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

3.1.1 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
3.1.2 Crystallography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
3.1.3 Etymology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
3.1.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

3.2 Chromite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
3.2.1 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
3.2.2 Usage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
3.2.3 Mining . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
3.2.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
3.2.5 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

3.3 Chrysoberyl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
3.3.1 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
3.3.2 Alexandrite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
3.3.3 Cymophane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
3.3.4 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
3.3.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

3.4 Corundum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
3.4.1 Geology and occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
3.4.2 Synthetic corundum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127



viii CONTENTS

3.4.3 Structure and physical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
3.4.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

3.5 Cuprite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
3.5.1 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
3.5.2 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

3.6 Franklinite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
3.6.1 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
3.6.2 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
3.6.3 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

3.7 Hematite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
3.7.1 Etymology and history . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
3.7.2 Magnetism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
3.7.3 Discovery on Mars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
3.7.4 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
3.7.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
3.7.6 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

3.8 Ilmenite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
3.8.1 Structure and properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
3.8.2 Mineral chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
3.8.3 Paragenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
3.8.4 Processing and consumption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
3.8.5 Feedstock Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
3.8.6 Lunar ilmenite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
3.8.7 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

3.9 Magnetite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
3.9.1 Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
3.9.2 Distribution of deposits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
3.9.3 Biological occurrences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
3.9.4 Synthetic magnetite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
3.9.5 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
3.9.6 Gallery of magnetite mineral specimens . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
3.9.7 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
3.9.8 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
3.9.9 Further reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
3.9.10 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

3.10 Pyrolusite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
3.10.1 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
3.10.2 Use . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
3.10.3 Variations in crystal habit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
3.10.4 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
3.10.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139



CONTENTS ix

3.11 Rutile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
3.11.1 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
3.11.2 Crystal structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
3.11.3 Uses and economic importance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
3.11.4 Synthetic rutile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
3.11.5 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
3.11.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
3.11.7 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

3.12 Spinel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
3.12.1 Properties of true spinel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
3.12.2 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
3.12.3 Synthetic spinel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
3.12.4 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
3.12.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
3.12.6 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
3.12.7 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

3.13 Uraninite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
3.13.1 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
3.13.2 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
3.13.3 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
3.13.4 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

3.14 Zincite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
3.14.1 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
3.14.2 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
3.14.3 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

4 Hydroxides 145
4.1 Bauxite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

4.1.1 Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
4.1.2 Production trends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
4.1.3 Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
4.1.4 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
4.1.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
4.1.6 Further reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
4.1.7 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

4.2 Brucite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
4.2.1 Discovery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
4.2.2 Industrial applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
4.2.3 Magnesian attack of cement and concrete . . . . . . . . . . . . . . . . . . . . . . . . . . 148
4.2.4 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
4.2.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

4.3 Boehmite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148



x CONTENTS

4.3.1 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
4.4 Diaspore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

4.4.1 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
4.4.2 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

4.5 Gibbsite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
4.5.1 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
4.5.2 Etymology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
4.5.3 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
4.5.4 Further reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
4.5.5 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

4.6 Goethite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
4.6.1 Composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
4.6.2 Usage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
4.6.3 Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
4.6.4 Prevalence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
4.6.5 Gallery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
4.6.6 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
4.6.7 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
4.6.8 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

4.7 Limonite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
4.7.1 Names . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
4.7.2 Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
4.7.3 Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
4.7.4 Uses of limonite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
4.7.5 History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
4.7.6 Notes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
4.7.7 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
4.7.8 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

4.8 Manganite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
4.8.1 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
4.8.2 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
4.8.3 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

5 Halides 156

6 Carbonates 157
6.1 Calcite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

6.1.1 Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
6.1.2 Use and applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
6.1.3 Natural occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
6.1.4 Formation processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
6.1.5 In Earth history . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158



CONTENTS xi

6.1.6 Gallery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
6.1.7 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
6.1.8 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
6.1.9 Further reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
6.1.10 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

7 Phosphates 160
7.1 Hureaulite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

7.1.1 Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
7.1.2 Localities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
7.1.3 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

7.2 Pseudomalachite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
7.2.1 Type Locality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
7.2.2 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
7.2.3 Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
7.2.4 Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
7.2.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

7.3 Woodhouseite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
7.3.1 Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
7.3.2 Localities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
7.3.3 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
7.3.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

8 Sulfates 163

9 Silicates 164
9.1 Ashburtonite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

9.1.1 Geological occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
9.1.2 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

9.2 Bustamite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
9.2.1 Cell parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
9.2.2 Type locality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
9.2.3 Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
9.2.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
9.2.5 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

9.3 Hsianghualite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
9.3.1 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
9.3.2 Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
9.3.3 Localities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
9.3.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
9.3.5 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

9.4 Quartz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166



xii CONTENTS

9.4.1 Etymology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
9.4.2 Crystal habit and structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
9.4.3 Varieties (according to color) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
9.4.4 Varieties (according to microstructure) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
9.4.5 Synthetic and artificial treatments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
9.4.6 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
9.4.7 Related silica minerals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
9.4.8 History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
9.4.9 Piezoelectricity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
9.4.10 Gallery of quartz mineral specimens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
9.4.11 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
9.4.12 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
9.4.13 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

10 Organic 173
10.1 Hoelite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

10.1.1 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

11 Igneous Rocks 174
11.1 Granite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

11.1.1 Mineralogy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
11.1.2 Occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
11.1.3 Origin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
11.1.4 Ascent and emplacement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
11.1.5 Weathering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
11.1.6 Natural radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
11.1.7 Uses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
11.1.8 Rock climbing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
11.1.9 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
11.1.10 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
11.1.11 Further reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
11.1.12 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

12 Sedimentary Rocks 182
12.1 Flint . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

12.1.1 Origin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
12.1.2 Uses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
12.1.3 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
12.1.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
12.1.5 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

12.2 Limestone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
12.2.1 Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186



CONTENTS xiii

12.2.2 Classification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
12.2.3 Limestone landscape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
12.2.4 Uses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
12.2.5 Degradation by organisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
12.2.6 Gallery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
12.2.7 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
12.2.8 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
12.2.9 Further reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

13 Metamorphic Rocks 191

14 Non classified minerals 192
14.1 Coloradoite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

14.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
14.1.2 Composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
14.1.3 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
14.1.4 Physical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
14.1.5 Geologic occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
14.1.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
14.1.7 External links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

14.2 Duftite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
14.2.1 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
14.2.2 Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
14.2.3 Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
14.2.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

14.3 Moissanite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
14.3.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
14.3.2 Geological occurrence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
14.3.3 Meteorites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
14.3.4 Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
14.3.5 Physical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
14.3.6 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
14.3.7 See also . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
14.3.8 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
14.3.9 Further reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

15 Text and image sources, contributors, and licenses 197
15.1 Text . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
15.2 Images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
15.3 Content license . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227



0.1. MINERAL 1

0.1 Mineral

For other uses, see Mineral (disambiguation).
Amineral is a naturally occurring substance that is solid

Amethyst, a variety of quartz

and inorganic representable by a chemical formula, usu-
ally abiogenic, and has an ordered atomic structure. It is
different from a rock, which can be an aggregate of min-
erals or non-minerals and does not have a specific chemi-
cal composition. The exact definition of a mineral is un-
der debate, especially with respect to the requirement a
valid species be abiogenic, and to a lesser extent with re-
gard to it having an ordered atomic structure. The study
of minerals is called mineralogy.
There are over 4,900 known mineral species; over 4,660
of these have been approved by the International Miner-
alogical Association (IMA). The silicate minerals com-
pose over 90% of the Earth’s crust. The diversity and
abundance of mineral species is controlled by the Earth’s
chemistry. Silicon and oxygen constitute approximately
75% of the Earth’s crust, which translates directly into
the predominance of silicate minerals. Minerals are dis-
tinguished by various chemical and physical properties.
Differences in chemical composition and crystal struc-
ture distinguish various species, and these properties in
turn are influenced by the mineral’s geological environ-
ment of formation. Changes in the temperature, pressure,
and bulk composition of a rock mass cause changes in its
mineralogy; however, a rock can maintain its bulk com-
position, but as long as temperature and pressure change,
its mineralogy can change as well.
Minerals can be described by various physical proper-
ties which relate to their chemical structure and com-

position. Common distinguishing characteristics include
crystal structure and habit, hardness, lustre, diaphaneity,
colour, streak, tenacity, cleavage, fracture, parting, and
specific gravity. More specific tests for minerals include
reaction to acid, magnetism, taste or smell, and radioac-
tivity.
Minerals are classified by key chemical constituents; the
two dominant systems are the Dana classification and
the Strunz classification. The silicate class of miner-
als is subdivided into six subclasses by the degree of
polymerization in the chemical structure. All silicate
minerals have a base unit of a [SiO4]4- silica tetrahedra—
that is, a silicon cation coordinated by four oxygen anions,
which gives the shape of a tetrahedron. These tetrahe-
dra can be polymerized to give the subclasses: orthosil-
icates (no polymerization, thus single tetrahedra), dis-
ilicates (two tetrahedra bonded together), cyclosilicates
(rings of tetrahedra), inosilicates (chains of tetrahedra),
phyllosilicates (sheets of tetrahedra), and tectosilicates
(three-dimensional network of tetrahedra). Other impor-
tant mineral groups include the native elements, sulfides,
oxides, halides, carbonates, sulfates, and phosphates.

0.1.1 Definition

Basic definition

The general definition of a mineral encompasses the fol-
lowing criteria:[1]

1. Naturally occurring

2. Stable at room temperature

3. Represented by a chemical formula

4. Usually abiogenic (not resulting from the activity of
living organisms)

5. Ordered atomic arrangement

The first three general characteristics are less debated
than the last two.[1] The first criterion means that a min-
eral has to form by a natural process, which excludes an-
thropogenic compounds. Stability at room temperature,
in the simplest sense, is synonymous to the mineral being
solid. More specifically, a compound has to be stable or
metastable at 25 °C. Classical examples of exceptions to
this rule include native mercury, which crystallizes at −39
°C, and water ice, which is solid only below 0 °C; as these
two minerals were described prior to 1959, they were
grandfathered by the International Mineralogical Asso-
ciation (IMA).[2][3] Modern advances have included ex-
tensive study of liquid crystals, which also extensively in-
volve mineralogy. Minerals are chemical compounds,
and as such they can be described by fixed or a vari-
able formula. Many mineral groups and species are com-
posed of a solid solution; pure substances are not usually
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found because of contamination or chemical substitution.
For example, the olivine group is described by the vari-
able formula (Mg, Fe)2SiO4, which is a solid solution of
two end-member species, magnesium-rich forsterite and
iron-rich fayalite, which are described by a fixed chem-
ical formula. Mineral species themselves could have a
variable compositions, such as the sulfide mackinawite,
(Fe, Ni)9S8, which is mostly a ferrous sulfide, but has
a very significant nickel impurity that is reflected in its
formula.[1][4]

The requirement of a valid mineral species to be abio-
genic has also been described as similar to have to be
inorganic; however, this criterion is imprecise and or-
ganic compounds have been assigned a separate classi-
fication branch. Finally, the requirement of an ordered
atomic arrangement is usually synonymous to being crys-
talline; however, crystals are periodic in addition to being
ordered, so the broader criterion is used instead.[1] The
presence of an ordered atomic arrangement translates to
a variety ofmacroscopic physical properties, such as crys-
tal form, hardness, and cleavage.[5] There have been sev-
eral recent proposals to amend the definition to consider
biogenic or amorphous substances as minerals. The for-
mal definition of a mineral approved by the IMA in 1995:

“A mineral is an element or chemical com-
pound that is normally crystalline and that
has been formed as a result of geological
processes.”[6]

In addition, biogenic substances were explicitly excluded:

“Biogenic substances are chemical com-
pounds produced entirely by biological pro-
cesses without a geological component (e.g.,
urinary calculi, oxalate crystals in plant tissues,
shells of marine molluscs, etc.) and are not
regarded as minerals. However, if geological
processes were involved in the genesis of the
compound, then the product can be accepted
as a mineral.”[6]

Recent advances

Mineral classification schemes and their definitions are
evolving to match recent advances in mineral science.
Recent changes have included the addition of an organic
class, in both the new Dana and the Strunz classification
schemes.[7][8] The organic class includes a very rare group
of minerals with hydrocarbons. The IMA Commission
on New Minerals and Mineral Names adopted in 2009 a
hierarchical scheme for the naming and classification of
mineral groups and group names[9] and established seven
commissions and four working groups to review and clas-
sify minerals into an official listing of their published
names.[10] According to these new rules, “mineral species
can be grouped in a number of different ways, on the basis

of chemistry, crystal structure, occurrence, association,
genetic history, or resource, for example, depending on
the purpose to be served by the classification.”[9]

The Nickel (1995) exclusion of biogenic substances was
not universally adhered to. For example, Lowenstam
(1981) stated that “organisms are capable of forming a di-
verse array of minerals, some of which cannot be formed
inorganically in the biosphere.”[11] The distinction is a
matter of classification and less to do with the constituents
of the minerals themselves. Skinner (2005) views all
solids as potential minerals and includes biominerals in
the mineral kingdom, which are those that are created by
the metabolic activities of organisms. Skinner expanded
the previous definition of a mineral to classify “element
or compound, amorphous or crystalline, formed through
biogeochemical processes,” as a mineral.[12]

Recent advances in high-resolution genetic and x-ray
absorption spectroscopy is opening new revelations on
the biogeochemical relations between microorganisms
and minerals that may make Nickel’s (1995)[6] biogenic
mineral exclusion obsolete and Skinner’s (2005) bio-
genic mineral inclusion a necessity.[12] For example,
the IMA commissioned 'Environmental Mineralogy and
Geochemistry Working Group'[13] deals with minerals in
the hydrosphere, atmosphere, and biosphere. Mineral
forming microorganisms inhabit the areas that this work-
ing group deals with. These organisms exist on nearly
every rock, soil, and particle surface spanning the globe
reaching depths at 1600metres below the sea floor (possi-
bly further) and 70 kilometres into the stratosphere (pos-
sibly entering the mesosphere).[14][15][16] Biologists and
geologists have started to research and appreciate the
magnitude of mineral geoengineering that these creatures
are capable of. Bacteria have contributed to the forma-
tion of minerals for billions of years and critically define
the biogeochemical cycles on this planet. Microorgan-
isms can precipitate metals from solution contributing to
the formation of ore deposits in addition to their ability to
catalyze mineral dissolution, to respire, precipitate, and
form minerals.[17][18][19]

Prior to the International Mineralogical Association’s list-
ing, over 60 biominerals had been discovered, named,
and published.[20] These minerals (a sub-set tabulated in
Lowenstam (1981)[11]) are considered minerals proper
according to the Skinner (2005) definition.[12] These
biominerals are not listed in the International Mineral
Association official list of mineral names,[21] however,
many of these biomineral representatives are distributed
amongst the 78 mineral classes listed in the Dana classifi-
cation scheme.[12] Another rare class ofminerals (primar-
ily biological in origin) include the mineral liquid crys-
tals that are crystalline and liquid at the same time. To
date over 80,000 liquid crystalline compounds have been
identified.[22][23]

Concerning the use of the term “mineral”
to name this family of liquid crystals, one can
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argue that the term inorganic would be more
appropriate. However, inorganic liquid crys-
tals have long been used for organometallic liq-
uid crystals. Therefore, in order to avoid any
confusion between these fairly chemically dif-
ferent families, and taking into account that a
large number of these liquid crystals occur nat-
urally in nature, we think that the use of the
old fashioned but adequate “mineral” adjective
taken sensus largo is more specific that an al-
ternative such as “purely inorganic”, to name
this subclass of the inorganic liquid crystals
family.[23]

The Skinner (2005) definition[12] of a mineral takes this
matter into account by stating that a mineral can be crys-
talline or amorphous. Liquid mineral crystals are amor-
phous. Biominerals and liquid mineral crystals, however,
are not the primary form of minerals, most are geological
in origin,[24] but these groups do help to identify at the
margins of what constitutes a mineral proper. The for-
mal Nickel (1995) definition explicitly mentioned crys-
talline nature as a key to defining a substance as a min-
eral. A 2011 article defined icosahedrite, an aluminium-
iron-copper alloy as mineral; named for its unique natu-
ral icosahedral symmetry, it is also a quasicrystal. Un-
like a true crystal, quasicrystals are ordered but not
periodic.[25][26]

Rocks, ores, and gems

Minerals are not equivalent to rocks. Whereas a mineral
is a naturally occurring usually solid substance, stable at
room temperature, representable by a chemical formula,
usually abiogenic, and has an ordered atomic structure, a
rock is either an aggregate of one or more minerals, or
not composed of minerals at all.[27] Rocks like limestone
or quartzite are composed primarily of one mineral—
calcite or aragonite in the case of limestone, and quartz
in the latter case.[28][29] Other rocks can be defined by
relative abundances of key (essential) minerals; a granite
is defined by proportions of quartz, alkali feldspar, and
plagioclase feldspar.[30] The other minerals in the rock
are termed accessory, and do not greatly affect the bulk
composition of the rock. Rocks can also be composed en-
tirely of non-mineral material; coal is a sedimentary rock
composed primarily of organically derived carbon.[27][31]

In rocks, somemineral species and groups are muchmore
abundant than others; these are termed the rock-forming
minerals. The major examples of these are quartz, the
feldspars, the micas, the amphiboles, the pyroxenes, the
olivines, and calcite; except the last one, all of the miner-
als are silicates.[32] Overall, around 150 minerals are con-
sidered particularly important, whether in terms of their
abundance or aesthetic value in terms of collecting.[33]

Commercially valuable minerals and rocks are referred to
as industrial minerals. For example, muscovite, a white

Schist is a metamorphic rock characterized by an abundance
of platy minerals. In this example, the rock has prominent
sillimanite porphyroblasts as large as 3 cm (1.2 in).

mica, can be used for windows (sometimes referred to as
isinglass), as a filler, or as an insulator.[34] Ores are min-
erals that have a high concentration of a certain element,
typically a metal. Examples are cinnabar (HgS), an ore
of mercury, sphalerite (ZnS), an ore of zinc, or cassiterite
(SnO2), an ore of tin. Gems are minerals with an orna-
mental value, and are distinguished from non-gems by
their beauty, durability, and usually, rarity. There are
about 20 mineral species that qualify as gem minerals,
which constitute about 35 of the most common gem-
stones. Gem minerals are often present in several vari-
eties, and so one mineral can account for several differ-
ent gemstones; for example, ruby and sapphire are both
corundum, Al2O3.[35]

Nomenclature and classification

In general, a mineral is defined as naturally occurring
solid, that is stable at room temperature, representable by
a chemical formula, usually abiogenic, and has an ordered
atomic structure. However, a mineral can be also nar-
rowed down in terms of a mineral group, series, species,
or variety, in order from most broad to least broad. The
basic level of definition is that of mineral species, which
is distinguished from other species by specific and unique
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chemical and physical properties. For example, quartz
is defined by its formula, SiO2, and a specific crystalline
structure that distinguishes it from other minerals with
the same chemical formula (termed polymorphs). When
there exists a range of composition between two min-
erals species, a mineral series is defined. For example,
the biotite series is represented by variable amounts of
the endmembers phlogopite, siderophyllite, annite, and
eastonite. In contrast, a mineral group is a grouping of
mineral species with some common chemical properties
that share a crystal structure. The pyroxene group has a
common formula of XY(Si,Al)2O6, where X and Y are
both cations, with X typically bigger than Y; the pyrox-
enes are single-chain silicates that crystallize in either the
orthorhombic or monoclinic crystal systems. Finally, a
mineral variety is a specific type of mineral species that
differs by some physical characteristic, such as colour or
crystal habit. An example is amethyst, which is a purple
variety of quartz.[36]

Two common classifications are used for minerals; both
the Dana and Strunz classifications rely on the composi-
tion of the mineral, specifically with regards to important
chemical groups, and its structure. The Dana System of
Mineralogy was first published in 1837 by James Dwight
Dana, a leading geologist of his time; it is in its eighth edi-
tion (1997 ed.). The Dana classification, assigns a four-
part number to a mineral species. First is its class, based
on important compositional groups; next, the type gives
the ratio of cations to anions in the mineral; finally, the
last two numbers group minerals by structural similarity
with a given type or class. The less commonly used Strunz
classification, named for German mineralogist Karl Hugo
Strunz, is based on the Dana system, but combines both
chemical and structural criteria, the latter with regards to
distribution of chemical bonds.[37]

There are over 4,660 approved mineral species.[38] They
are most commonly named after a person (45%), fol-
lowed by discovery location (23%); names based on
chemical composition (14%) and physical properties
(8%) are the two other major groups of mineral name
etymologies.[36][39] The common suffix -ite of mineral
names descends from the ancient Greek suffix - ί τ η ς
(-ites), meaning “connected with or belonging to”.[40]

0.1.2 Mineral chemistry

The abundance and diversity of minerals is controlled di-
rectly by their chemistry, in turn dependent on elemental
abundances in the Earth. The majority of minerals ob-
served are derived from the Earth’s crust. Eight elements
account for most of the key components of minerals, due
to their abundance in the crust. These eight elements,
summing to over 98% of the crust by weight, are, in order
of decreasing abundance: oxygen, silicon, aluminium,
iron, magnesium, calcium, sodium and potassium. Oxy-
gen and silicon are by far the two most important — oxy-
gen composes 46.6% of the crust by weight, and silicon

Hübnerite, the manganese-rich end-member of the wolframite
series, with minor quartz in the background

accounts for 27.7%.[41]

The minerals that form are directly controlled by the bulk
chemistry of the parent body. For example, a magma
rich in iron and magnesium will form mafic minerals,
such as olivine and the pyroxenes; in contrast, a more
silica-rich magma will crystallize to form minerals than
incorporate more SiO2, such as the feldspars and quartz.
In a limestone, calcite or aragonite (both CaCO3) form
because the rock is rich in calcium and carbonate. A
corollary is that a mineral will not be found in a rock
whose bulk chemistry does not resemble the bulk chem-
istry of a given mineral with the exception of trace min-
erals. For example, kyanite, Al2SiO5 forms from the
metamorphism of aluminium-rich shales; it would not
likely occur in aluminium-poor rock, such quartzite.
The chemical composition may vary between end mem-
ber species of a mineral series. For example, the
plagioclase feldspars comprise a continuous series from
sodium-rich end member albite (NaAlSi3O8) to calcium-
rich anorthite (CaAl2Si2O8) with four recognized in-
termediate varieties between them (given in order
from sodium- to calcium-rich): oligoclase, andesine,
labradorite, and bytownite.[42] Other examples of series
include the olivine series of magnesium-rich forsterite
and iron-rich fayalite, and the wolframite series of
manganese-rich hübnerite and iron-rich ferberite.
Chemical substitution and coordination polyhedra ex-
plain this common feature of minerals. In nature, min-
erals are not pure substances, and are contaminated by
whatever other elements are present in the given chemi-
cal system. As a result, it is possible for one element to
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be substituted for another.[43] Chemical substitution will
occur between ions of a similar size and charge; for ex-
ample, K+ will not substitute for Si4+ because of chemical
and structural incompatibilities caused by a big difference
in size and charge. A common example of chemical sub-
stitution is that of Si4+ by Al3+, which are close in charge,
size, and abundance in the crust. In the example of pla-
gioclase, there are three cases of substitution. Feldspars
are all framework silicates, which have a silicon-oxygen
ratio of 2:1, and the space for other elements is given
by the substitution of Si4+ by Al3+ to give a base unit of
[AlSi3O8]-; without the substitution, the formula would
be charge-balanced as SiO2, giving quartz.[44] The signif-
icance of this structural property will be explained further
by coordination polyhedra. The second substitution oc-
curs between Na+ and Ca2+; however, the difference in
charge has to accounted for by making a second substitu-
tion of Si4+ by Al3+.[45]

Coordination polyhedra are geometric representation of
how a cation is surrounded by an anion. In mineralogy,
due its abundance in the crust, coordination polyhedra
are usually considered in terms of oxygen. The base unit
of silicate minerals is the silica tetrahedron — one Si4+
surrounded by four O2-. An alternate way of describ-
ing the coordination of the silicate is by a number: in
the case of the silica tetrahedron, the silicon is said to
have a coordination number of 4. Various cations have a
specific range of possible coordination numbers; for sil-
icon, it is almost always 4, except for very high-pressure
minerals where compound is compressed such that sil-
icon is in six-fold (octahedral) coordination by oxygen.
Bigger cations have a bigger coordination number be-
cause of the increase in relative size as compared to oxy-
gen (the last orbital subshell of heavier atoms is different
too). Changes in coordination numbers between leads to
physical and mineralogical differences; for example, at
high pressure such as in the mantle, many minerals, es-
pecially silicates such as olivine and garnet will change
to a perovskite structure, where silicon is in octahedral
coordination. Another example are the aluminosilicates
kyanite, andalusite, and sillimanite (polymorphs, as they
share the formula Al2SiO5), which differ by the coor-
dination number of the Al3+; these minerals transition
from one another as a response to changes in pressure and
temperature.[41] In the case of silicate materials, the sub-
stitution of Si4+ by Al3+ allows for a variety of minerals
because of the need to balance charges.[46]

Changes in temperature and pressure, and composition
alter the mineralogy of a rock sample. Changes in com-
position can be caused by processes such as weathering
or metasomatism (hydrothermal alteration). Changes in
temperature and pressure occur when the host rock un-
dergoes tectonic or magmatic movement into differing
physical regimes. Changes in thermodynamic conditions
make it favourable for mineral assemblages to react with
each other to produce new minerals; as such, it is pos-
sible for two rocks to have an identical or a very similar

When minerals react, the products will sometimes assume the
shape of the reagent; the product mineral is termed to be a pseu-
domorph of (or after) the reagent. Illustrated here is a pseu-
domorph of kaolinite after orthoclase. Here, the pseudomorph
preserved the Carlsbad twinning common in orthoclase.

bulk rock chemistry without having a similar mineralogy.
This process of mineralogical alteration is related to the
rock cycle. An example of a series of mineral reactions
is illustrated as follows.[47]

Orthoclase feldspar (KAlSi3O8) is a mineral commonly
found in granite, a plutonic igneous rock. When
exposed to weathering, it reacts to form kaolinite
(Al2Si2O5(OH)4, a sedimentary mineral, and silicic
acid):

2 KAlSi3O8 + 5 H2O + 2 H+ →
Al2Si2O5(OH)4 + 4 H2SiO3 + 2 K+

Under low-grade metamorphic conditions, kaolinite re-
acts with quartz to form pyrophyllite (Al2Si4O10(OH)2):

Al2Si2O5(OH)4 + SiO2 →Al2Si4O10(OH)2 +
H2O

As metamorphic grade increases, the pyrophyllite reacts
to form kyanite and quartz:

Al2Si4O10(OH)2 →Al2SiO5 + 3 SiO2 + H2O

Alternatively, a mineral may change its crystal structure
as a consequence of changes in temperature and pres-
sure without reacting. For example, quartz will change
into a variety of its SiO2 polymorphs, such as tridymite
and cristobalite at high temperatures, and coesite at high
pressures.[48]

0.1.3 Physical properties of minerals

Classifying minerals ranges from simple to difficult. A
mineral can be identified by several physical proper-
ties, some of them being sufficient for full identifica-
tion without equivocation. In other cases, minerals can
only be classified by more complex optical, chemical or
X-ray diffraction analysis; these methods, however, can
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be costly and time-consuming. Physical properties ap-
plied for classification include crystal structure and habit,
hardness, lustre, diaphaneity, colour, streak, cleavage
and fracture, and specific gravity. Other less general
tests include fluorescence, phosphorescence, magnetism,
radioactivity, tenacity (response to mechanical induced
changes of shape or form), piezoelectricity and reactivity
to dilute acids.[49]

Crystal structure and habit

Main articles: Crystal system and Crystal habit
See also: Crystal twinning
Crystal structure results from the orderly geometric spa-

Topaz has a characteristic orthorhombic elongated crystal shape.

tial arrangement of atoms in the internal structure of a
mineral. This crystal structure is based on regular inter-
nal atomic or ionic arrangement that is often expressed
in the geometric form that the crystal takes. Even when
the mineral grains are too small to see or are irregularly
shaped, the underlying crystal structure is always periodic
and can be determined by X-ray diffraction.[1] Minerals
are typically described by their symmetry content. Crys-
tals are restricted to 32 point groups, which differ by their
symmetry. These groups are classified in turn into more
broad categories, the most encompassing of these being
the six crystal families.[50]

These families can be described by the relative lengths of
the three crystallographic axes, and the angles between
them; these relationships correspond to the symmetry op-
erations that define the narrower point groups. They are
summarized below; a, b, and c represent the axes, and α,

β, γ represent the angle opposite the respective crystallo-
graphic axis (e.g. α is the angle opposite the a-axis, viz.
the angle between the b and c axes):[50]

The hexagonal crystal family is also split into two crys-
tal systems— the trigonal, which has a three-fold axis of
symmetry, and the hexagonal, which has a six-fold axis
of symmetry.
Chemistry and crystal structure together define a min-
eral. With a restriction to 32 point groups, minerals of
different chemistry may have identical crystal structure.
For example, halite (NaCl), galena (PbS), and periclase
(MgO) all belong to the hexaoctahedral point group (iso-
metric family), as they have a similar stoichiometry be-
tween their different constituent elements. In contrast,
polymorphs are groupings of minerals that share a chem-
ical formula but have a different structure. For example,
pyrite and marcasite, both iron sulfides, have the formula
FeS2; however, the former is isometric while the latter is
orthorhombic. This polymorphism extends to other sul-
fides with the generic AX2 formula; these two groups are
collectively known as the pyrite and marcasite groups.[51]

Polymorphism can extend beyond pure symmetry con-
tent. The aluminosilicates are a group of three min-
erals — kyanite, andalusite, and sillimanite — which
share the chemical formula Al2SiO5. Kyanite is triclinic,
while andalusite and sillimanite are both orthorhombic
and belong to the dipyramidal point group. These dif-
ference arise correspond to how aluminium is coordi-
nated within the crystal structure. In all minerals, one
aluminium ion is always in six-fold coordination by oxy-
gen; the silicon, as a general rule is in four-fold coordina-
tion in all minerals; an exception is a case like stishovite
(SiO2, an ultra-high pressure quartz polymorph with ru-
tile structure).[52] In kyanite, the second aluminium is in
six-fold coordination; its chemical formula can be ex-
pressed as Al[6]Al[6]SiO5, to reflect its crystal structure.
Andalusite has the second aluminium in five-fold coordi-
nation (Al[6]Al[5]SiO5) and sillimanite has it in four-fold
coordination (Al[6]Al[4]SiO5).[53]

Differences in crystal structure and chemistry greatly in-
fluence other physical properties of the mineral. The car-
bon allotropes diamond and graphite have vastly different
properties; diamond is the hardest natural substance, has
an adamantine lustre, and belongs to the isometric crys-
tal family, whereas as graphite is very soft, has a greasy
lustre, and crystallises in the hexagonal family. This dif-
ference is accounted by differences in bonding. In dia-
mond, the carbons are in sp3 hybrid orbitals, whichmeans
they form a framework where each carbon is covalently
bonded to three neighbours in a tetrahedral fashion; on
the other hand, graphite is composed of sheets of car-
bons in sp2 hybrid orbitals, where each carbon is bonded
covalently to only two others. These sheets are held to-
gether by much weaker van der Waals forces, and this
discrepancy translates to big macroscopic differences.[54]

Twinning is the intergrowth of two or more crystal of a
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Contact twins, as seen in spinel

single mineral species. The geometry of the twinning is
controlled by the mineral’s symmetry. As a result, there
are several types of twins, including contact twins, retic-
ulated twins, geniculated twins, penetration twins, cyclic
twins, and polysynthetic twins. Contact, or simple twins,
consist of two crystals joined at a plane; this type of twin-
ning is common in spinel. Reticulated twins, common
in rutile, are interlocking crystals resembling netting.
Geniculated twins have a bend in themiddle that is caused
by start of the twin. Penetration twins consist of two sin-
gle crystals that have grown into each other; examples
of this twinning include cross-shaped staurolite twins and
Carlsbad twinning in orthoclase. Cyclic twins are caused
by repeated twinning around a rotation axis. It occurs
around three, four, five, six, or eight-fold axes, and the
corresponding patterns are called threelings, fourlings,
fivelings, sixlings, and eightlings. Sixlings are common in
aragonite. Polysynthetic twins are similar to cyclic twin-
ning by the presence of repetitive twinning; however, in-
stead of occurring around a rotational axis, it occurs along
parallel planes, usually on a microscopic scale.[55][56]

Crystal habit refers to the overall shape of crystal. Sev-
eral terms are used to describe this property. Common
habits include acicular, which described needlelike crys-
tals like in natrolite, bladed, dendritic (tree-pattern, com-
mon in native copper), equant, which is typical of gar-
net, prismatic (elongated in one direction), and tabular,
which differs from bladed habit in that the former is platy
whereas the latter has a defined elongation. Related to
crystal form, the quality of crystal faces is diagnostic
of some minerals, especially with a petrographic micro-
scope. Euhedral crystals have a defined external shape,
while anhedral crystals do not; those intermediate forms
are termed subhedral.[57][58]

Hardness

Main article: Mohs scale of mineral hardness
The hardness of a mineral defines how much it can re-

Diamond is the hardest natural material, and has a Mohs hard-
ness of 10.

sist scratching. This physical property is controlled by
the chemical composition and crystalline structure of a
mineral. A mineral’s hardness is not necessarily constant
for all sides, which is a function of its structure; crystal-
lographic weakness renders some directions softer than
others.[59] An example of this property exists in kyanite,
which has a Mohs hardness of 5½ parallel to [001] but 7
parallel to [100].[60]

The most common scale of measurement is the ordinal
Mohs hardness scale. Defined by ten indicators, a mineral
with a higher index scratches those below it. The scale
ranges from talc, a phyllosilicate, to diamond, a carbon
polymorph that is the hardest natural material. The scale
is provided below:[59]

Lustre and diaphaneity

Main article: Lustre (mineralogy)
Lustre indicates how light reflects from the mineral’s sur-

Pyrite has a metallic lustre.

face, with regards to its quality and intensity. There are
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numerous qualitative terms used to describe this prop-
erty, which are split into metallic and non-metallic cate-
gories. Metallic and sub-metallic minerals have high re-
flectivity like metal; examples of minerals with this lus-
tre are galena and pyrite. Non-metallic lustres include:
adamantine, such as in diamond; vitreous, which is a
glassy lustre very common in silicate minerals; pearly,
such as in talc and apophyllite, resinous, such as mem-
bers of the garnet group, silky which common in fibrous
minerals such as asbestiform chrysotile.[61]

The diaphaneity of a mineral describes the ability of light
to pass through it. Transparent minerals do not dimin-
ish the intensity of light passing through it. An example
of such a mineral is muscovite (potassium mica); some
varieties are sufficiently clear to have been used for win-
dows. Translucent minerals allow some light to pass, but
less than those that are transparent. Jadeite and nephrite
(mineral forms of jade are examples of minerals with this
property). Minerals that do not allow light to pass are
called opaque.[62][63]

The diaphaneity of a mineral depends on thickness of the
sample. When a mineral is sufficiently thin (e.g., in a thin
section for petrography), it may become transparent even
if that property is not seen in hand sample. In contrast,
someminerals, such as hematite or pyrite are opaque even
in thin-section.[63]

Colour and streak

Main article: Streak (mineralogy)

Colour is the most obvious property of a mineral, but it is
often non-diagnostic.[64] It is caused by electromagnetic
radiation interacting with electrons (except in the case
of incandescence, which does not apply to minerals).[65]
Two broad classes of elements are defined with regards
to their contribution to a mineral’s colour. Idiochromatic
elements are essential to a mineral’s composition; their
contribution to a mineral’s colour is diagnostic.[62][66] Ex-
amples of suchminerals are malachite (green) and azurite
(blue). In contrast, allochromatic elements in minerals
are present in trace amounts as impurities. An example
of such amineral would be the ruby and sapphire varieties
of the mineral corundum.[66] The colours of pseudochro-
matic minerals are the result of interference of light
waves. Examples include opal, labradorite, ammolite and
bornite.
In addition to simple body colour, minerals can have var-
ious other distinctive optical properties, such as play of
colours, asterism, chatoyancy, iridescence, tarnish, and
pleochroism. Several of these properties involve vari-
ability in colour. Play of colour, such as in opal, re-
sults in the sample reflecting different colours as it is
turned, while pleochroism describes the change in colour
as light passes through a mineral in a different orien-
tation. Iridescence is a variety of the play of colours

where light scatters off a coating on the surface of crystal,
cleavage planes, or off layers having minor gradations in
chemistry.[67] In contrast, the play of colours in opal is
caused by light refracting from ordered microscopic sil-
ica spheres within its physical structure.[68] Chatoyancy
(“cat’s eye”) is the wavy banding of colour that is observed
as the sample is rotated; asterism, a variety of chatoy-
ancy, gives the appearance of a star on the mineral grain.
The latter property is particularly common in gem-quality
corundum.[67][68]

The streak of a mineral refers to the colour of a min-
eral in powdered form, which may or may not be iden-
tical to its body colour.[66] The most common way of
testing this property is done with a streak plate, which
is made out of porcelain and coloured either white or
black. The streak of a mineral is independent of trace
elements[62] or any weathering surface.[66] A common ex-
ample of this property is illustrated with hematite, which
is coloured black, silver, or red in hand sample, but has a
cherry-red[62] to reddish-brown streak.[66] Streak is more
often distinctive for metallic minerals, in contrast to non-
metallic minerals whose body colour is created by al-
lochromatic elements.[62] Streak testing is constrained by
the hardness of the mineral, as those harder than 7 pow-
der the streak plate instead.[66]

Cleavage, parting, fracture, and tenacity

Main articles: Cleavage (crystal) and Fracture (mineral-
ogy)
By definition, minerals have a characteristic atomic ar-
rangement. Weakness in this crystalline structure causes
planes of weakness, and the breakage of a mineral along
such planes is termed cleavage. The quality of cleavage
can be described based on how cleanly and easily themin-
eral breaks; common descriptors, in order of decreasing
quality, are “perfect”, “good”, “distinct”, and “poor”. In
particularly transparent mineral, or in thin-section, cleav-
age can be seen a series of parallel lines marking the pla-
nar surfaces when viewed at a side. Cleavage is not a
universal property among minerals; for example, quartz,
consisting of extensively interconnected silica tetrahedra,
does not have a crystallographic weakness which would
allow it to cleave. In contrast, micas, which have perfect
basal cleavage, consist of sheets of silica tetrahedra which
are very weakly held together.[69][70]

As cleavage is a function of crystallography, there are a
variety of cleavage types. Cleavage occurs typically in ei-
ther one, two, three, four, or six directions. Basal cleav-
age in one direction is a distinctive property of the micas.
Two-directional cleavage is described as prismatic, and
occurs in minerals such as the amphiboles and pyroxenes.
Minerals such as galena or halite have cubic (or isometric)
cleavage in three directions, at 90°; when three directions
of cleavage are present, but not at 90°, such as in calcite or
rhodochrosite, it is termed rhombohedral cleavage. Octa-
hedral cleavage (four directions) is present in fluorite and
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Perfect basal cleavage as seen in biotite (black), and good cleav-
age seen in the matrix (pink orthoclase).

diamond, and sphalerite has six-directional dodecahedral
cleavage.[69][70]

Minerals with many cleavages might not break equally
well in all of the directions; for example, calcite has good
cleavage in three direction, but gypsum has perfect cleav-
age in one direction, and poor cleavage in two other direc-
tions. Angles between cleavage planes vary between min-
erals. For example, as the amphiboles are double-chain
silicates and the pyroxenes are single-chain silicates, the
angle between their cleavage planes is different. The py-
roxenes cleave in two directions at approximately 90°,
whereas the amphiboles distinctively cleave in two di-
rections separated by approximately 120° and 60°. The
cleavage angles can be measured with a contact goniome-
ter, which is similar to a protractor.[69][70]

Parting, sometimes called “false cleavage”, is similar in
appearance to cleavage but is instead produced by struc-
tural defects in the mineral as opposed to systematic
weakness. Parting varies from crystal to crystal of a min-
eral, whereas all crystals of a given mineral will cleave
if the atomic structure allows for that property. In gen-
eral, parting is caused by some stress applied to a crys-
tal. The sources of the stresses include deformation (e.g.
an increase in pressure), exsolution, or twinning. Min-
erals that often display parting include the pyroxenes,
hematite, magnetite, and corundum.[69][71]

When a mineral is broken in a direction that does not cor-
respond to a plane of cleavage, it is termed to have been
fractured. There are several types of uneven fracture.
The classic example is conchoidal fracture, like that of

quartz; rounded surfaces are created, which are marked
by smooth curved lines. This type of fracture occurs only
in very homogeneous minerals. Other types of fracture
are fibrous, splintery, and hackly. The latter describes a
break along a rough, jagged surface; an example of this
property is found in native copper.[72]

Tenacity is related to both cleavage and fracture.
Whereas fracture and cleavage describes the surfaces that
are created when a mineral is broken, tenacity describes
how resistant a mineral is to such breaking. Minerals can
be described as brittle, ductile, malleable, sectile, flexi-
ble, or elastic.[73]

Specific gravity

Galena, PbS, is a mineral with a high specific gravity.

Specific gravity numerically describes the density of a
mineral. The dimensions of density are mass divided by
volumewith units: kg/m3 or g/cm3. Specific gravitymea-
sures how much water a mineral sample displaces. De-
fined as the quotient of the mass of the sample and dif-
ference between the weight of the sample in air and its
corresponding weight in water, specific gravity is a unit-
less ratio. Among most minerals, this property is not di-
agnostic. Rock forming minerals — typically silicates or
occasionally carbonates — have a specific gravity of 2.5–
3.5.[74]

High specific gravity is a diagnostic property of a min-
eral. A variation in chemistry (and consequently, mineral
class) correlates to a change in specific gravity. Among
more common minerals, oxides and sulfides tend to have
a higher specific gravity as they include elements with
higher atomic mass. A generalization is that minerals
with metallic or adamantine lustre tend to have higher
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specific gravities than those having a non-metallic to dull
lustre. For example, hematite, Fe2O3, has a specific grav-
ity of 5.26[75] while galena, PbS, has a specific gravity of
7.2–7.6,[76] which is a result of their high iron and lead
content, respectively. A very high specific gravity be-
comes very pronounced in native metals; kamacite, an
iron-nickel alloy common in iron meteorites has a spe-
cific gravity of 7.9,[77] and gold has an observed specific
gravity between 15 and 19.3.[74][78]

Other properties

Carnotite (yellow) is a radioactive uranium-bearing mineral.

Other properties can be used to diagnose minerals. These
are less general, and apply to specific minerals.
Dropping dilute acid (often 10%HCl) aids in distinguish-
ing carbonates from other mineral classes. The acid re-
acts with the carbonate ([CO3]2-) group, which causes
the affected area to effervesce, giving off carbon dioxide
gas. This test can be further expanded to test the mineral
in its original crystal form or powdered. An example of
this test is done when distinguish calcite from dolomite,
especially within rocks (limestone and dolostone respec-
tively). Calcite immediately effervesces in acid, whereas
acid must be applied to powdered dolomite (often to
a scratched surface in a rock), for it to effervesce.[79]
Zeolite minerals will not effervesce in acid; instead, they
become frosted after 5–10 minutes, and if left in acid for
a day, they dissolve or become a silica gel.[80]

When tested, magnetism is a very conspicuous property
of minerals. Among common minerals, magnetite ex-
hibits this property strongly, and it is also present, albeit
not as strongly, in pyrrhotite and ilmenite.[79]

Minerals can also be tested for taste or smell. Halite,
NaCl, is table salt; its potassium-bearing counterpart,
sylvite, has a pronounced bitter taste. Sulfides have a
characteristic smell, especially as samples are fractured,
reacting, or powdered.[79]

Radioactivity is a rare property; minerals may be com-
posed of radioactive elements. They could be a defining

constituent, such as uranium in uraninite, autunite, and
carnotite, or as trace impurities. In the latter case, the de-
cay of a radioactive element damages the mineral crystal;
the result, termed a radioactive halo or pleochroic halo,
is observable by various techniques, such as thin-section
petrography.[79]

0.1.4 Mineral classes

As the composition of the Earth’s crust is dominated by
silicon and oxygen, silicate elements are by far the most
important class of minerals in terms of rock formation
and diversity. However, non-silicate minerals are of great
economic importance, especially as ores.[81][82]

Non-silicate minerals are subdivided into several other
classes by their dominant chemistry, which included na-
tive elements, sulfides, halides, oxides and hydroxides,
carbonates and nitrates, borates, sulfates, phosphates, and
organic compounds. The majority of non-silicate min-
eral species are extremely rare (constituting in total 8%
of the Earth’s crust), although some are relative common,
such as calcite, pyrite, magnetite, and hematite. There
are two major structural styles observed in non-silicates:
close-packing and silicate-like linked tetrahedra. The
close-packed structures, which is a way to densely pack
atoms while minimizing interstitial space. Hexagonal
close-packing involves stacking layers where every other
layer is the same (“ababab”), whereas cubic close-packing
involves stacking groups of three layers (“abcabcabc”).
Analogues to linked silica tetrahedra include SO4 (sul-
fate), PO4 (phosphate), AsO4 (arsenate), and VO4 (vana-
date). The non-silicates have great economic importance,
as they concentrate elements more than the silicate min-
erals do.[83]

The largest grouping of minerals by far are the silicates;
most rocks are composed of greater than 95% silicate
minerals, and over 90% of the Earth’s crust is composed
of these minerals.[84] The two main constituents of sil-
icates are silicon and oxygen, which are the two most
abundant elements in the Earth’s crust. Other common
elements in silicate minerals correspond to other com-
mon elements in the Earth’s crust, such aluminium, mag-
nesium, iron, calcium, sodium, and potassium.[85] Some
important rock-forming silicates include the feldspars,
quartz, olivines, pyroxenes, amphiboles, garnets, and
micas.

Silicates

Main article: Silicate minerals
The base of unit of a silicate mineral is the [SiO4]4-
tetrahedron. In the vast majority of cases, silicon is in
four-fold or tetrahedral coordination with oxygen. In very
high-pressure situations, silicon will be six-fold or octa-
hedral coordination, such as in the perovskite structure
or the quartz polymorph stishovite (SiO2). In the lat-
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Aegirine, an iron-sodium clinopyroxene, is part of the inosilicate
subclass.

ter case, the mineral no longer has a silicate structure,
but that of rutile (TiO2), and its associated group, which
are simple oxides. These silica tetrahedra are then poly-
merized to some degree to create various structures, such
as one-dimensional chains, two-dimensional sheets, and
three-dimensional frameworks. The basic silicate min-
eral where no polymerization of the tetrahedra has oc-
curred requires other elements to balance out the base 4-
charge. In other silicate structures, different combina-
tions of elements are required to balance out the resultant
negative charge. It is common for the Si4+ to be substi-
tuted by Al3+ because of similarity in ionic radius and
charge; in those case, the [AlO4]5- tetrahedra form the
same structures as do the unsubstituted tetrahedra, but
their charge-balancing requirements are different.[86]

The degree of polymerization can be described by both
the structure formed and how many tetrahedral corners
(or coordinating oxygens) are shared (for aluminium and
silicon in tetrahedral sites).[87] Orthosilicates (or nesosili-
cates) have no linking of polyhedra, thus tetrahedra share
no corners. Disilicates (or sorosilicates) have two tetra-
hedra sharing one oxygen atom. Inosilicates are chain
silicates; single-chain silicates have two shared corners,
whereas double-chain silicates have two or three shared
corners. In phyllosilicates, a sheet structure is formed
which requires three shared oxygens; in the case of
double-chain silicates, some tetrahedra must share two
corners instead of three as otherwise a sheet structure

would result. Framework silicates, or tectosilicates, have
tetrahedra that share all four corners. The ring silicates,
or cyclosilicates, only need tetrahedra to share two cor-
ners to form the cyclical structure.[88]

The silicate subclasses are described below in order of
decreasing polymerization.

Tectosilicates Main category: Tectosilicates
Tectosilicates, also known as framework silicates, have

Natrolite is a mineral series in the zeolite group; this sample has
a very prominent acicular crystal habit.

the highest degree of polymerization. With all corners
of a tetrahedra shared, the silicon:oxygen ratio becomes
1:2. Examples are quartz, the feldspars, feldspathoids,
and the zeolites. Framework silicates tend to be par-
ticularly chemically stable as a result of strong covalent
bonds.[89]

Forming 12% of the Earth’s crust, quartz (SiO2) is the
most abundant mineral species. It is characterized by its
high chemical and physical resistivity. Quartz has several
polymorphs, including tridymite and cristobalite at high
temperatures, high-pressure coesite, and ultra-high pres-
sure stishovite. The latter mineral can only be formed
on Earth by meteorite impacts, and its structure has been
composed so much that it had changed from a silicate
structure to that of rutile (TiO2). The silica polymorph
that is most stable at the Earth’s surface is α-quartz. Its
counterpart, β-quartz, is present only at high tempera-
tures and pressures (changes to α-quartz below 573 °C
at 1 bar). These two polymorphs differ by a “kinking”
of bonds; this change in structure gives β-quartz greater
symmetry than α-quartz, and they are thus also called
high quartz (β) and low quartz (α).[84][90]

Feldspars are the most abundant group in the Earth’s
crust, at about 50%. In the feldspars, Al3+ substitutes for
Si4+, which creates a charge imbalance that must be ac-
counted for by the addition of cations. The base structure
becomes either [AlSi3O8]- or [Al2Si2O8]2- There are 22
mineral species of feldspars, subdivided into two major
subgroups—alkali and plagioclase—and two less com-
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mon groups—celsian and banalsite. The alkali feldspars
are most commonly in a series between potassium-rich
orthoclase and sodium-rich albite; in the case of pla-
gioclase, the most common series ranges from albite to
calcium-rich anorthite. Crystal twinning is common in
feldspars, especially polysynthetic twins in plagioclase
and Carlsbad twins in alkali feldspars. If the latter
subgroup cools slowly from a melt, it forms exsolution
lamellae because the two components—orthoclase and
albite—are unstable in solid solution. Exsolution can
be on a scale from microscopic to readily observable
in hand-sample; perthitic texture forms when Na-rich
feldspar exsolve in a K-rich host. The opposite texture
(antiperthitic), where K-rich feldspar exsolves in a Na-
rich host, is very rare.[91]

Feldsapthoids are structurally similar to feldspar, but dif-
fer in that they form in Si-deficient conditions which
allows for further substitution by Al3+. As a result,
feldsapthoids cannot be associated with quartz. A
common example of a feldsapthoid is nepheline ((Na,
K)AlSiO4); compared to alkali feldspar, nepheline has
an Al2O3:SiO2 ratio of 1:2, as opposed to 1:6 in the
feldspar.[92] Zeolites often have distinctive crystal habits,
occurring in needles, plates, or blockymasses. They form
in the presence of water at low temperatures and pres-
sures, and have channels and voids in their structure. Ze-
olites have several industrial applications, especially in
waste water treatment.[93]

Phyllosilicates Main category: Phyllosilicates
Phyllosilicates consist of sheets of polymerized tetrahe-

Muscovite, a mineral species in the mica group, within the phyl-
losilicate subclass

dra. They are bound at three oxygen sites, which gives
a characteristic silicon:oxygen ratio of 2:5. Important
examples include the mica, chlorite, and the kaolinite-
serpentine groups. The sheets are weakly bound by van
der Waals forces or hydrogen bonds, which causes a crys-
tallographic weakness, in turn leading to a prominent
basal cleavage among the phyllosilicates.[94] In addition

to the tetrahedra, phyllosilicates have a sheet of octahe-
dra (elements in six-fold coordination by oxygen) that
balanced out the basic tetrahedra, which have a negative
charge (e.g. [Si4O10]4-) These tetrahedra (T) and octahe-
dra (O) sheets are stacked in a variety of combinations to
create phyllosilicate groups. Within an octahedral sheet,
there are three octahedral sites in a unit structure; how-
ever, not all of the sites may be occupied. In that case,
the mineral is termed dioctahedral, whereas in other case
it is termed trioctahedral.[95]

The kaolinite-serpentine group consists of T-O stacks
(the 1:1 clay minerals); their hardness ranges from 2 to
4, as the sheets are held by hydrogen bonds. The 2:1
clay minerals (pyrophyllite-talc) consist of T-O-T stacks,
but they are softer (hardness from 1 to 2), as they are in-
stead held together by van der Waals forces. These two
groups of minerals are subgrouped by octahedral occupa-
tion; specifically, kaolinite and pyrophyllite are dioctahe-
dral whereas serpentine and talc trioctahedral.[96]

Micas are also T-O-T-stacked phyllosilicates, but differ
from the other T-O-T and T-O-stacked subclass members
in that they incorporate aluminium into the tetrahedral
sheets (clay minerals have Al3+ in octahedral sites). Com-
mon examples of micas are muscovite, and the biotite
series. The chlorite group is related to mica group,
but a brucite-like (Mg(OH)2) layer between the T-O-T
stacks.[97]

Because of their chemical structure, phyllosilicates typ-
ically have flexible, elastic, transparent layers that are
electrical insulators and can be split into very thin flakes.
Micas can be used in electronics as insulators, in con-
struction, as optical filler, or even cosmetics. Chrysotile,
a species of serpentine, is the most common mineral
species in industrial asbestos, as it is less dangerous in
terms of health than the amphibole asbestos.[98]

Inosilicates Main category: Inosilicates
Inosilicates consist of tetrahedra repeatedly bonded in
chains. These chains can be single, where a tetrahedron
is bound to two others to form a continuous chain; alter-
natively, two chains can be merged to create double-chain
silicates. Single-chain silicates have a silicon:oxygen ra-
tio of 1:3 (e.g. [Si2O6]4-), whereas the double-chain vari-
ety has a ratio of 4:11, e.g. [Si8O22]12-. Inosilicates con-
tain two important rock-forming mineral groups; single-
chain silicates are most commonly pyroxenes, while
double-chain silicates are often amphiboles.[99] Higher-
order chains exist (e.g. three-member, four-member,
five-member chains, etc.) but they are rare.[100]

The pyroxene group consists of 21 mineral species.[101]
Pyroxenes have a general structure formula of
XY(Si2O6), where X is an octahedral site, while Y
can vary in coordination number from six to eight. Most
varieties of pyroxene consist of permutations of Ca2+,
Fe2+ and Mg2+ to balance the negative charge on the
backbone. Pyroxenes are common in the Earth’s crust
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Asbestiform tremolite, part of the amphibole group in the inosili-
cate subclass

(about 10%) and are a key constituent of mafic igneous
rocks.[102]

Amphiboles have great variability in chemistry, described
variously as a “mineralogical garbage can” or a “miner-
alogical shark swimming a sea of elements”. The back-
bone of the amphiboles is the [Si8O22]12-; it is bal-
anced by cations in three possible positions, although
the third position is not always used, and one element
can occupy both remaining ones. Finally, the amphi-
boles are usually hydrated, that is, they have a hydroxyl
group ([OH]-), although it can be replaced by a fluoride,
a chloride, or an oxide ion.[103] Because of the variable
chemistry, there are over 80 species of amphibole, al-
though variations, as in the pyroxenes, most commonly
involve mixtures of Ca2+, Fe2+ and Mg2+.[101] Several
amphibole mineral species can have an asbestiform crys-
tal habit. These asbestos minerals form long, thin, flex-
ible, and strong fibres, which are electrical insulators,
chemically inert and heat-resistant; as such, they have
several applications, especially in construction materi-
als. However, asbestos are known carcinogens, and cause
various other illnesses, such as asbestosis; amphibole
asbestos (anthophyllite, tremolite, actinolite, grunerite,
and riebeckite) are considered more dangerous than
chrysotile serpentine asbestos.[104]

Cyclosilicates Main category: Cyclosilicates
Cyclosilicates, or ring silicates, have a ratio of silicon
to oxygen of 1:3. Six-member rings are most common,
with a base structure of [Si6O18]12-; examples include
the tourmaline group and beryl. Other ring structures ex-
ist, with 3, 4, 8, 9, 12 having been described.[105] Cy-

An example of elbaite, a species of tourmaline, with distinctive
colour banding.

closilicates tend to be strong, with elongated, striated
crystals.[106]

Tourmalines have a very complex chemistry
that can be described by a general formula
XY3Z6(BO3)3T6O18V3W. The T6O18 is the basic
ring structure, where T is usually Si4+, but substitutable
by Al₃₊ or B3+. Tourmalines can be subgrouped by
the occupancy of the X site, and from there further
subdivided by the chemistry of the W site. The Y
and Z sites can accommodate a variety of cations,
especially various transition metals; this variability in
structural transition metal content gives the tourmaline
group greater variability in colour. Other cyclosilicates
include beryl, Al2Be3Si6O18, whose varieties include
the gemstones emerald (green) and aquamarine (bluish).
Cordierite is structurally similar to beryl, and is a
common metamorphic mineral.[107]

Sorosilicates Main category: Sorosilicates
Sorosilicates, also termed disilicates, have tetrahedron-
tetrahedron bonding at one oxygen, which results in a 2:7
ratio of silicon to oxygen. The resultant common struc-
tural element is the [Si2O7]6- group. The most common
disilicates by far are members of the epidote group. Epi-
dotes are found in variety of geologic settings, ranging
from mid-ocean ridge to granites to metapelites. Epi-
dotes are built around the structure [(SiO4)(Si2O7)]10-
structure; for example, the mineral species epidote has
calcium, aluminium, and ferric iron to charge balance:
Ca2Al2(Fe3+, Al)(SiO4)(Si2O7)O(OH). The presence of
iron as Fe3+ and Fe2+ helps understand oxygen fugacity,
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Epidote often has a distinctive pistachio-green colour.

which in turn is a significant factor in petrogenesis.[108]

Other examples of sorosilicates include lawsonite, a
metamorphic mineral forming in the blueschist facies
(subduction zone setting with low temperature and high
pressure), vesuvianite, which takes up a significant
amount of calcium in its chemical structure.[108][109]

Orthosilicates Main category: Nesosilicates
Orthosilicates consist of isolated tetrahedra that are

Black andradite, an end-member of the orthosilicate garnet
group.

charge-balanced by other cations.[110] Also termed ne-
sosilicates, this type of silicate has a silicon:oxygen ra-
tio of 1:4 (e.g. SiO4). Typical orthosilicates tend to
form blocky equant crystals, and are fairly hard.[111] Sev-
eral rock-forming minerals are part of this subclass, such
as the aluminosilicates, the olivine group, and the garnet
group.

The aluminosilicates—kyanite, andalusite, and silliman-
ite, all Al2SiO5—are structurally composed of one
[SiO4]4- tetrahedron, and one Al3+ in octahedral co-
ordination. The remaining Al3+ can be in six-fold
coordination (kyanite), five-fold (andalusite) or four-
fold (sillimanite); which mineral forms in a given en-
vironment is depend on pressure and temperature con-
ditions. In the olivine structure, the main olivine
series of (Mg, Fe)2SiO4 consist of magnesium-rich
forsterite and iron-rich fayalite. Both iron and mag-
nesium are in octahedral by oxygen. Other mineral
species having this structure exist, such as tephroite,
Mn2SiO4.[112] The garnet group has a general formula
of X3Y2(SiO4)3, where X is a large eight-fold coor-
dinated cation, and Y is a smaller six-fold coordinated
cation. There are six ideal endmembers of garnet,
split into two group. The pyralspite garnets have Al3+
in the Y position: pyrope (Mg3Al2(SiO4)3, almandine
(Fe3Al2(SiO4)3), and spessartine (Mn3Al2(SiO4)3).
The ugrandite garnets have Ca2+ in the X position:
uvarovite (Ca3Cr2(SiO4)3), grossular (Ca3Al2(SiO4)3)
and andradite (Ca3Fe2(SiO4)3). While there are two sub-
groups of garnet, solid solutions exist between all six end-
members.[110]

Other orthosilicates include zircon, staurolite, and topaz.
Zircon (ZrSiO4) is useful in geochronology as the Zr4+
can be substituted by U6+; furthermore, because of
its very resistant structure, it is difficult to reset it as
a chronometer. Staurolite is a common metamorphic
intermediate-grade index mineral. It has a particularly
complicated crystal structure that was only fully de-
scribed in 1986. Topaz (Al2SiO4(F, OH)2, often found
in granitic pegmatites associated with tourmaline, is a
common gemstone mineral.[113]

Non-silicates

Native elements Main article: Native element miner-
als
Native elements are those that are not chemically bonded
to other elements. This mineral group includes native
metals, semi-metals, and non-metals, and various al-
loys and solid solutions. The metals are held together
by metallic bonding, which confers distinctive physical
properties such as their shiny metallic lustre, ductility and
malleability, and electrical conductivity. Native elements
are subdivided into groups by their structure or chemical
attributes.
The gold group, with a cubic close-packed structure, in-
cludes metals such as gold, silver, and copper. The plat-
inum group is similar in structure to the gold group. The
iron-nickel group is characterized by several iron-nickel
alloy species. Two examples are kamacite and taenite,
which are found in iron meteorites; these species differ
by the amount of Ni in the alloy; kamacite has less than
5–7% nickel and is a variety of native iron, whereas the
nickel content of taenite ranges from 7–37%. Arsenic
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Native gold. Rare specimen of stout crystals growing off of a
central stalk, size 3.7 x 1.1 x 0.4 cm, from Venezuela.

group minerals consist of semi-metals, which have only
some metallic; for example, they lack the malleability of
metals. Native carbon occurs in two allotropes, graphite
and diamond; the latter forms at very high pressure in
the mantle, which gives it a much stronger structure than
graphite.[114]

Sulfides Main article: Sulfide minerals
The sulfide minerals are chemical compounds of one or

Red cinnabar (HgS), a mercury ore, on dolomite

more metals or semimetals with a sulfur; tellurium, ar-
senic, or selenium can substitute for the sulfur. Sulfides
tend to be soft, brittle minerals with a high specific grav-
ity. Many powdered sulfides, such as pyrite, have a sul-
furous smell when powdered. Sulfides are susceptible to
weathering, and many readily dissolve in water; these dis-
solved minerals can be later redeposited, which creates
enriched secondary ore deposits.[115] Sulfides are classi-
fied by the ratio of the metal or semimetal to the sulfur,

such as M:S equal to 2:1, or 1:1.[116] Many sulfide miner-
als are economically important as metal ores; examples
include sphalerite (ZnS), an ore of zinc, galena (PbS),
an ore of lead, cinnabar (HgS), an ore of mercury, and
molybdenite (MoS2, an ore of molybdenum.[117] Pyrite
(FeS2), is the most commonly occurring sulfide, and can
be found in most geological environments. It is not, how-
ever, an ore of iron, but can be instead oxidized to pro-
duce sulfuric acid.[118] Related to the sulfides are the rare
sulfosalts, in which a metallic element is bonded to sulfur
and a semimetal such as antimony, arsenic, or bismuth.
Like the sulfides, sulfosalts are typically soft, heavy, and
brittle minerals.[119]

Oxides Main article: Oxide minerals

Oxide minerals are divided into three categories: simple
oxides, hydroxides, and multiple oxides. Simple oxides
are characterized by O2- as the main anion and primar-
ily ionic bonding. They can be further subdivided by the
ratio of oxygen to the cations. The periclase group con-
sists of minerals with a 1:1 ratio. Oxides with a 2:1 ratio
include cuprite (Cu2O) and water ice. Corundum group
minerals have a 2:3 ratio, and includes minerals such as
corundum (Al2O3), and hematite (Fe2O3). Rutile group
minerals have a ratio of 1:2; the eponymous species,
rutile (TiO2) is the chief ore of titanium; other exam-
ples include cassiterite (SnO2; ore of tin), and pyrolusite
(MnO2; ore of manganese).[120][121] In hydroxides, the
dominant anion is the hydroxyl ion, OH-. Bauxites are the
chief aluminium ore, and are a heterogeneous mixture of
the hydroxide minerals diaspore, gibbsite, and bohmite;
they form in areas with a very high rate of chemical
weathering (mainly tropical conditions).[122] Finally, mul-
tiple oxides are compounds of two metals with oxygen. A
major group within this class are the spinels, with a gen-
eral formula of X2+Y3+

2O4. Examples of species include
spinel (MgAl2O4), chromite (FeCr2O4), and magnetite
(Fe3O4). The latter is readily distinguishable by its strong
magnetism, which occurs as it has iron in two oxidation
states (Fe2+Fe3+2O4), which makes it a multiple oxide in-
stead of a single oxide.[123]

Halides Main article: Halide minerals
The halide minerals are compounds where a halogen
(fluorine, chlorine, iodine, and bromine) is the main an-
ion. These minerals tend to be soft, weak, brittle, and
water-soluble. Common examples of halides include
halite (NaCl, table salt), sylvite (KCl), fluorite (CaF2).
Halite and sylvite commonly form as evaporites, and can
be dominant minerals in chemical sedimentary rocks.
Cryolite, Na3AlF6, is a key mineral in the extraction of
aluminium from bauxites; however, as the only signifi-
cant occurrence at Ivittuut, Greenland, in a granitic peg-
matite, was depleted, synthetic cryolite can be made from
fluorite.[124]
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Pink cubic halite (NaCl; halide class) crystals on a nahcolite ma-
trix (NaHCO3; a carbonate, and mineral form of sodium bicar-
bonate, used as baking soda).

Carbonates Main article: Carbonate minerals

The carbonate minerals are those were the main anionic
group is carbonate, [CO3]2−. Carbonates tend to be brit-
tle, many have rhombohedral cleavage, and all react with
acid.[125] Due to the last characteristic, field geologists
often carry dilute hydrochloric acid to distinguish car-
bonates from non-carbonates. The reaction of acid with
carbonates, most commonly found as the polymorph cal-
cite and aragonite (CaCO3), relates to the dissolution and
precipitation of the mineral, which is a key in the for-
mation of limestone caves, features within them such as
stalactite and stalagmites, and karst landforms. Carbon-
ates are most often formed as biogenic or chemical sed-
iments in marine environments. The carbonate group is
structurally a triangle, where a central C4+ cation is sur-
rounded by three O2- anions; different groups of minerals
form from different arrangements of these triangles.[126]
The most common carbonate mineral is calcite, and is
the primary constituent of sedimentary limestone and
metamorphic marble. Calcite, CaCO3, can have a high
magnesium impurity; under high-Mg conditions, its poly-
morph aragonite will form instead; the marine geochem-
istry in this regard can be described as an aragonite or
calcite sea, depending on which mineral preferentially
forms. Dolomite is a double carbonate, with the formula
CaMg(CO3)2. Secondary dolomitization of limestone
is common, where calcite or aragonite are converted to
dolomite; this reaction increases pore space (the unit cell
volume of dolomite is 88% that of calcite), which can
create a reservoir for oil and gas. These two minerals
species are members of eponymous mineral groups: the
calcite group includes carbonates with the general for-
mula XCO3, and the dolomite group constitutes minerals
with general formula XY(CO3)2.[127]

Sulfates Main article: Sulfate minerals
The sulfate minerals all contain the sulfate anion,

Gypsum desert rose

[SO4]2−. They tend to be transparent to translucent,
soft, and many are fragile.[128] Sulfate minerals com-
monly form as evaporites, where they precipitate out
of evaporating saline waters; alternative, sulfates can
also be found in hydrothermal vein systems associated
with sulfides,[129] or as oxidation products of sulfides.[130]
Sulfates can be subdivded into anhydrous and hydrous
minerals. The most common hydrous sulfate by far is
gypsum, CaSO4⋅2H2O. It forms as an evaporite, and is
associated other evaporites such as calcite and halite; if
it incorporates sand grains as it crystallizes, gypsum can
form desert roses. Gypsum has very low thermal con-
ductivity and maintains a low temperature when heated
as it loses that heat by dehydrating; as such, gypsum is
used as an insulator in materials such as plaster and dry-
wall. The anhydrous equivalent of gypsum is anhydrite;
it can form directly from seawater in highly arid condi-
tions. The barite group has the general formula XSO4,
where the X is a large 12-coordinated cation. Examples
include barite (BaSO4), celestine (SrSO4), and anglesite
(PbSO4); anhydrite is not part of the barite group, as the
smaller Ca2+ is only in eight-fold coordination.[131]

Phosphates Main article: Phosphate minerals

The phosphate minerals are characterized by the tetrahe-
dral [PO4]3- unit, although the structure can be general-
ized, and phosphorus is replaced by antimony, arsenic,
or vanadium. The most common phosphate is the apatite
group; common species within this group are fluorapatite
(Ca5(PO4)3F), chlorapatite (Ca5(PO4)3Cl) and hydrox-
ylapatite (Ca5(PO4)3(OH)). Minerals in this group are
the main crystalline constituents of teeth and bones in
vertebrates. The relatively abundant monazite group has
a general structure of ATO4, where T is phosphorus or
arsenic, and A is often a rare-earth element (REE). Mon-
azite is important in two ways: first, as a REE “sink”, it
can sufficiently concentrate these elements to become an
ore; secondly, monazite group elements can incorporate
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relatively large amounts of uranium and thorium, which
can be used to date the rock based on the decay of the U
and Th to lead.[132]

Organic minerals Main article: Organic minerals

The Strunz classification includes a class for organic min-
erals. These rare compounds contain organic carbon,
but can be formed by a geologic process. For example,
whewellite, CaC2O4⋅H2O is an oxalate that can be de-
posited in hydrothermal ore veins. While hydrated cal-
cium oxalate can be found in coal seams and other sedi-
mentary deposits involving organic matter, the hydrother-
mal occurrence is not considered to be related to biolog-
ical activity.[82]

0.1.5 Astrobiology

It has been suggested that biominerals could be impor-
tant indicators of extraterrestrial life and thus could play
an important role in the search for past or present life
on the planet Mars. Furthermore, organic components
(biosignatures) that are often associated with biominerals
are believed to play crucial roles in both pre-biotic and
biotic reactions.[133]

On January 24, 2014, NASA reported that current stud-
ies by the Curiosity and Opportunity rovers on Mars
will now be searching for evidence of ancient life, in-
cluding a biosphere based on autotrophic, chemotrophic
and/or chemolithoautotrophic microorganisms, as well as
ancient water, including fluvio-lacustrine environments
(plains related to ancient rivers or lakes) that may have
been habitable.[134][135][136][137] The search for evidence
of habitability, taphonomy (related to fossils), and organic
carbon on the planet Mars is now a primary NASA
objective.[134][135]

0.1.6 See also

• Dietary mineral

• List of minerals

• List of minerals (complete)

• Mineral collecting
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0.1.9 External links

• Mindat mineralogical database, largest mineral
database on the Internet

• “Mineralogy Database” by David Barthelmy (2009)

• “Mineral Identification Key II” Mineralogical Soci-
ety of America

• “American Mineralogist Crystal Structure
Database”

• Minerals and the Origins of Life (Robert Hazen,
NASA) (video, 60m, April 2014).
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Chapter 1

Native Elements

1.1 Native copper

Native copper is an uncombined form of copper which
occurs as a natural mineral. Copper is one of the few
metallic elements to occur in native form, although it most
commonly occurs in oxidized states and mixed with other
elements. Native copper was an important ore of copper
in historic times and was used by pre-historic peoples.
Native copper occurs rarely as isometric cubic and octa-
hedral crystals, but more typically as irregular masses and
fracture fillings. It has a reddish, orangish, and/or brown-
ish color on fresh surfaces, but typically is weathered and
coated with a green tarnish of copper(II) carbonate (also
known as patina or verdigris). Its specific gravity is 8.9
and its hardness is 2.5–3.[5]

The mines of the Keweenaw native copper deposits of
Upper Michigan were major copper producers in the
19th and early 20th centuries, and are the largest de-
posits of native copper in the world.[6] Native Americans
mined copper on a small scale at this and several other
locations,[7] and evidence exists of copper trading routes
throughout North America among native peoples, proven
by isotopic analysis. The first commercial mines in the
Keweenaw Peninsula (which is nicknamed the "Copper
Country" and "Copper Island"), opened in the 1840s. Isle
Royale in western Lake Superior was also a site of many
tons of native copper. Some of it was extracted by native
peoples, but only one of several commercial attempts at
mining turned a profit there.[6]

Another major native copper deposit is in Coro Coro, Bo-
livia.
The name copper comes from the Greek kyprios, of
Cyprus, the location of copper mines since pre-historic
times.[3]

1.1.1 Gallery
• Specimens from notable native copper localities
worldwide

• Broken Hill, New South Wales, Australia.

• Native copper cementing host rock, Ray Mine, Ari-
zona. Click & scroll down for a detail photo.

• Itauz Mine, Kazakhstan.

• Tsumeb, Namibia.

• Dendritic native copper encased in transparent
gypsum, Mission Mine, Pima County, Arizona,
USA.

• “Halfbreed” copper-silver nugget, Keweenaw
County, Michigan, USA.

• Native Copper, Keweenaw Peninsula,
Michigan,USA

1.1.2 See also

• Copper Inuit

1.1.3 References

[1] Handbook of Mineralogy

[2] Copper, WebMineral.com, retrieved 2009-12-04

[3] Copper, MinDat.org, retrieved 2009-12-04

[4] Klein, Cornelis and Cornelius S. Hurlbut,Manual of Min-
eralogy,Wiley, 20th ed., 1985, pp 259-260 ISBN 0-471-
80580-7

[5] “Native Copper”. Amethyst Galleries’ Mineral Gallery.
Retrieved 2005-06-26.

[6] “Michigan’s Copper Deposits and Mining”. Archived
from the original on 2005-09-09. Retrieved 2005-06-26.
(Web archive; click cancel when it asks for authentica-
tion.)

[7] Henry Rowe Schoolcraft and Seth Eastman (1851).
Historical and statistical Information, respecting the His-
tory, Condition and Prospects of the Indian Tribes of the
United States: Coll. and prepared under the direction of
the Bureau of Indian Affairs per act of Congress of march
3rd 1847, Volume 1. Lippincott, Grambo. pp. 223–229.
Retrieved July 17, 2011.
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1.1.4 Further reading

• Thurner, Arthur W. Strangers and Sojourners - A
History of Michigan’s Keweenaw Peninsula (Detroit,
Michigan, U.S.A.: Wayne State University Press,
1994) ISBN 0-8143-2396-0.B

• “Prehistoric Copper inWisconsin”. Mississippi Val-
ley Archaeology Center. Retrieved 2005-06-26.

1.1.5 External links

1.2 Diamond

This article is about the mineral. For the gemstone,
see Diamond (gemstone). For other uses, including the
shape ◊, see Diamond (disambiguation).

In mineralogy, diamond (/daɪ(ə)mənd/; from the ancient
Greek ἀδάμας – adámas “unbreakable”) is a metastable
allotrope of carbon, where the carbon atoms are arranged
in a variation of the face-centered cubic crystal struc-
ture called a diamond lattice. Diamond is less stable
than graphite, but the conversion rate from diamond to
graphite is negligible at standard conditions. Diamond is
renowned as a material with superlative physical qualities,
most of which originate from the strong covalent bonding
between its atoms. In particular, diamond has the highest
hardness and thermal conductivity of any bulk material.
Those properties determine the major industrial applica-
tion of diamond in cutting and polishing tools and the sci-
entific applications in diamond knives and diamond anvil
cells.
Because of its extremely rigid lattice, it can be contam-
inated by very few types of impurities, such as boron
and nitrogen. Small amounts of defects or impurities
(about one per million of lattice atoms) color diamond
blue (boron), yellow (nitrogen), brown (lattice defects),
green (radiation exposure), purple, pink, orange or red.
Diamond also has relatively high optical dispersion (abil-
ity to disperse light of different colors).
Most natural diamonds are formed at high temperature
and pressure at depths of 140 to 190 kilometers (87 to
118 mi) in the Earth’s mantle. Carbon-containing min-
erals provide the carbon source, and the growth occurs
over periods from 1 billion to 3.3 billion years (25% to
75% of the age of the Earth). Diamonds are brought
close to the Earth’s surface through deep volcanic erup-
tions by a magma, which cools into igneous rocks known
as kimberlites and lamproites. Diamonds can also be pro-
duced synthetically in a HPHT method which approxi-
mately simulates the conditions in the Earth’s mantle. An
alternative, and completely different growth technique is
chemical vapor deposition (CVD). Several non-diamond
materials, which include cubic zirconia and silicon car-
bide and are often called diamond simulants, resemble

diamond in appearance and many properties. Special
gemological techniques have been developed to distin-
guish natural, synthetic diamonds and diamond simu-
lants.

1.2.1 History

See also: Diamond (gemstone)

The name diamond is derived from the ancient Greek
αδάμας (adámas), “proper”, “unalterable”, “unbreak-
able”, “untamed”, from ἀ- (a-), “un-" + δαμάω (damáō),
“I overpower”, “I tame”.[3] Diamonds are thought to have
been first recognized and mined in India, where sig-
nificant alluvial deposits of the stone could be found
many centuries ago along the rivers Penner, Krishna and
Godavari. Diamonds have been known in India for at
least 3,000 years but most likely 6,000 years.[4]

Diamonds have been treasured as gemstones since their
use as religious icons in ancient India. Their usage in en-
graving tools also dates to early human history.[5][6] The
popularity of diamonds has risen since the 19th century
because of increased supply, improved cutting and pol-
ishing techniques, growth in the world economy, and in-
novative and successful advertising campaigns.[7]

In 1772, Antoine Lavoisier used a lens to concentrate
the rays of the sun on a diamond in an atmosphere of
oxygen, and showed that the only product of the combus-
tion was carbon dioxide, proving that diamond is com-
posed of carbon.[8] Later in 1797, Smithson Tennant re-
peated and expanded that experiment.[9] By demonstrat-
ing that burning diamond and graphite releases the same
amount of gas he established the chemical equivalence of
these substances.[10]

The most familiar use of diamonds today is as gemstones
used for adornment, a use which dates back into antiq-
uity. The dispersion of white light into spectral colors is
the primary gemological characteristic of gem diamonds.
In the 20th century, experts in gemology have developed
methods of grading diamonds and other gemstones based
on the characteristics most important to their value as a
gem. Four characteristics, known informally as the four
Cs, are now commonly used as the basic descriptors of di-
amonds: these are carat (its weight), cut (quality of the cut
is graded according to proportions, symmetry and polish),
color (how close to white or colorless; For fancy diamonds
how intense is its hue), and clarity (how free is it from
inclusions).[11] A large, flawless diamond is known as a
paragon.

Natural history

The formation of natural diamond requires very spe-
cific conditions—exposure of carbon-bearing materials
to high pressure, ranging approximately between 45 and
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60 kilobars (4.5 and 6 GPa), but at a comparatively low
temperature range between approximately 900 and 1,300
°C (1,650 and 2,370 °F). These conditions are met in two
places on Earth; in the lithospheric mantle below rela-
tively stable continental plates, and at the site of a mete-
orite strike.[12]

One face of an uncut octahedral diamond, showing trigons (of
positive and negative relief) formed by natural chemical etching

Formation in cratons The conditions for diamond for-
mation to happen in the lithospheric mantle occur at
considerable depth corresponding to the requirements
of temperature and pressure. These depths are esti-
mated between 140 and 190 kilometers (87 and 118 mi)
though occasionally diamonds have crystallized at depths
about 300 kilometers (190 mi).[13] The rate at which
temperature changes with increasing depth into the Earth
varies greatly in different parts of the Earth. In particular,
under oceanic plates the temperature rises more quickly
with depth, beyond the range required for diamond for-
mation at the depth required. The correct combination of
temperature and pressure is only found in the thick, an-
cient, and stable parts of continental plates where regions
of lithosphere known as cratons exist. Long residence in
the cratonic lithosphere allows diamond crystals to grow
larger.[13]

Through studies of carbon isotope ratios (similar to the
methodology used in carbon dating, except with the stable
isotopes C-12 and C-13), it has been shown that the car-
bon found in diamonds comes from both inorganic and
organic sources. Some diamonds, known as harzburgitic,
are formed from inorganic carbon originally found deep
in the Earth’s mantle. In contrast, eclogitic diamonds con-
tain organic carbon from organic detritus that has been
pushed down from the surface of the Earth’s crust through
subduction (see plate tectonics) before transforming into
diamond. These two different source of carbon have
measurably different 13C:12C ratios. Diamonds that have
come to the Earth’s surface are generally quite old, rang-
ing from under 1 billion to 3.3 billion years old. This is
22% to 73% of the age of the Earth.[13]

Diamonds occur most often as euhedral or rounded
octahedra and twinned octahedra known as macles. As
diamond’s crystal structure has a cubic arrangement of
the atoms, they have many facets that belong to a cube,
octahedron, rhombicosidodecahedron, tetrakis hexahe-
dron or disdyakis dodecahedron. The crystals can have
rounded off and unexpressive edges and can be elongated.
Sometimes they are found grown together or form dou-
ble “twinned” crystals at the surfaces of the octahedron.
These different shapes and habits of some diamonds re-
sult from differing external circumstances. Diamonds
(especially those with rounded crystal faces) are com-
monly found coated in nyf, an opaque gum-like skin.[14]

Space diamonds See also: Aggregated diamond
nanorod

Primitive interstellar meteorites were found to contain
carbon possibly in the form of diamond (Lewis et al.
1987).[15] Not all diamonds found on Earth originated
here. A type of diamond called carbonado that is found
in South America and Africa may have been deposited
there via an asteroid impact (not formed from the im-
pact) about 3 billion years ago. These diamonds may have
formed in the intrastellar environment, but as of 2008,
there was no scientific consensus on how carbonado dia-
monds originated.[16][17]

Diamonds can also form under other naturally occurring
high-pressure conditions. Very small diamonds of mi-
crometer and nanometer sizes, known as microdiamonds
or nanodiamonds respectively, have been found in me-
teorite impact craters. Such impact events create shock
zones of high pressure and temperature suitable for di-
amond formation. Impact-type microdiamonds can be
used as an indicator of ancient impact craters.[12] Popigai
crater in Russia may have the world’s largest diamond de-
posit, estimated at trillions of carats, and formed by an
asteroid impact.[18]

Scientific evidence indicates that white dwarf stars have
a core of crystallized carbon and oxygen nuclei. The
largest of these found in the universe so far, BPM
37093, is located 50 light-years (4.7×1014 km) away in
the constellation Centaurus. A news release from the
Harvard-Smithsonian Center for Astrophysics described
the 2,500-mile (4,000 km)-wide stellar core as a dia-
mond.[19] It was referred to as Lucy, after the Beatles’
song “Lucy in the Sky With Diamonds”.[20][21]

Transport frommantle Diamond-bearing rock is car-
ried from the mantle to the Earth’s surface by deep-origin
volcanic eruptions. The magma for such a volcano must
originate at a depth where diamonds can be formed[13]—
150 km (93 mi) or more (three times or more the depth
of source magma for most volcanoes). This is a relatively
rare occurrence. These typically small surface volcanic
craters extend downward in formations known as volcanic
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Schematic diagram of a volcanic pipe

pipes.[13] The pipes contain material that was transported
toward the surface by volcanic action, but was not ejected
before the volcanic activity ceased. During eruption these
pipes are open to the surface, resulting in open circula-
tion; many xenoliths of surface rock and even wood and
fossils are found in volcanic pipes. Diamond-bearing vol-
canic pipes are closely related to the oldest, coolest re-
gions of continental crust (cratons). This is because cra-
tons are very thick, and their lithospheric mantle extends
to great enough depth that diamonds are stable. Not all
pipes contain diamonds, and even fewer contain enough
diamonds to make mining economically viable.[13] Dia-
monds are very rare[22] because most of the crust is too
thin to permit diamond crystallization, whereas most of
the mantle has relatively little carbon.
The magma in volcanic pipes is usually one of two char-
acteristic types, which cool into igneous rock known
as either kimberlite or lamproite.[13] The magma itself
does not contain diamond; instead, it acts as an eleva-
tor that carries deep-formed rocks (xenoliths), minerals
(xenocrysts), and fluids upward. These rocks are charac-
teristically rich in magnesium-bearing olivine, pyroxene,
and amphibole minerals[13] which are often altered to
serpentine by heat and fluids during and after eruption.
Certain indicator minerals typically occur within dia-
mantiferous kimberlites and are used as mineralogical
tracers by prospectors, who follow the indicator trail
back to the volcanic pipe which may contain diamonds.
These minerals are rich in chromium (Cr) or titanium
(Ti), elements which impart bright colors to the miner-
als. The most common indicator minerals are chromium
garnets (usually bright red chromium-pyrope, and occa-
sionally green ugrandite-series garnets), eclogitic garnets,
orange titanium-pyrope, red high-chromium spinels, dark
chromite, bright green chromium-diopside, glassy green
olivine, black picroilmenite, and magnetite. Kimberlite

deposits are known as blue ground for the deeper serpen-
tinized part of the deposits, or as yellow ground for the
near surface smectite clay and carbonate weathered and
oxidized portion.[13]

Once diamonds have been transported to the surface by
magma in a volcanic pipe, they may erode out and be
distributed over a large area. A volcanic pipe contain-
ing diamonds is known as a primary source of diamonds.
Secondary sources of diamonds include all areas where
a significant number of diamonds have been eroded out
of their kimberlite or lamproite matrix, and accumulated
because of water or wind action. These include alluvial
deposits and deposits along existing and ancient shore-
lines, where loose diamonds tend to accumulate because
of their size and density. Diamonds have also rarely
been found in deposits left behind by glaciers (notably in
Wisconsin and Indiana); in contrast to alluvial deposits,
glacial deposits are minor and are therefore not viable
commercial sources of diamond.[13]

1.2.2 Material properties

Main articles: Material properties of diamond and
Crystallographic defects in diamond
A diamond is a transparent crystal of tetrahedrally

Theoretically predicted phase diagram of carbon

bonded carbon atoms in a covalent network lattice (sp3)
that crystallizes into the diamond lattice which is a vari-
ation of the face centered cubic structure. Diamonds
have been adapted for many uses because of the mate-
rial’s exceptional physical characteristics. Most notable
are its extreme hardness and thermal conductivity (900–
2,320 W·m−1·K−1),[23] as well as wide bandgap and high
optical dispersion.[24] Above 1,700 °C (1,973 K / 3,583
°F) in vacuum or oxygen-free atmosphere, diamond con-
verts to graphite; in air, transformation starts at ~700
°C.[25] Diamond’s ignition point is 720 – 800 °C in oxy-
gen and 850 – 1,000 °C in air.[26] Naturally occurring
diamonds have a density ranging from 3.15–3.53 g/cm3,
with pure diamond close to 3.52 g/cm3.[1] The chemi-
cal bonds that hold the carbon atoms in diamonds to-
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Diamond and graphite are two allotropes of carbon: pure forms
of the same element that differ in structure.

gether are weaker than those in graphite. In diamonds,
the bonds form an inflexible three-dimensional lattice,
whereas in graphite, the atoms are tightly bonded into
sheets, which can slide easily over one another, making
the overall structure weaker.[27]

Hardness

Diamond is the hardest known natural material on the
Mohs scale of mineral hardness, where hardness is de-
fined as resistance to scratching and is graded between
1 (softest) and 10 (hardest). Diamond has a hardness
of 10 (hardest) on this scale and is four times harder
than corundum, 9Mohs.[28] Diamond’s hardness has been
known since antiquity, and is the source of its name.
Diamond hardness depends on its purity, crystalline per-
fection and orientation: hardness is higher for flawless,
pure crystals oriented to the <111> direction (along the
longest diagonal of the cubic diamond lattice).[29] There-
fore, whereas it might be possible to scratch some dia-
monds with other materials, such as boron nitride, the
hardest diamonds can only be scratched by other dia-
monds and nanocrystalline diamond aggregates.
The hardness of diamond contributes to its suitability as
a gemstone. Because it can only be scratched by other
diamonds, it maintains its polish extremely well. Un-
like many other gems, it is well-suited to daily wear be-
cause of its resistance to scratching—perhaps contribut-
ing to its popularity as the preferred gem in engagement
or wedding rings, which are often worn every day.
The hardest natural diamonds mostly originate from the
Copeton and Bingara fields located in the New England
area in New South Wales, Australia. These diamonds
are generally small, perfect to semiperfect octahedra, and
are used to polish other diamonds. Their hardness is as-
sociated with the crystal growth form, which is single-
stage crystal growth. Most other diamonds show more
evidence of multiple growth stages, which produce inclu-
sions, flaws, and defect planes in the crystal lattice, all of

The extreme hardness of diamond in certain orientations makes
it useful in materials science, as in this pyramidal diamond em-
bedded in the working surface of a Vickers hardness tester.

which affect their hardness. It is possible to treat regular
diamonds under a combination of high pressure and high
temperature to produce diamonds that are harder than the
diamonds used in hardness gauges.[20]

Somewhat related to hardness is another mechanical
property toughness, which is a material’s ability to resist
breakage from forceful impact. The toughness of natural
diamond has been measured as 7.5–10 MPa·m1/2.[30][31]
This value is good compared to other gemstones, but
poor compared to most engineering materials. As with
any material, the macroscopic geometry of a diamond
contributes to its resistance to breakage. Diamond has
a cleavage plane and is therefore more fragile in some
orientations than others. Diamond cutters use this at-
tribute to cleave some stones, prior to faceting.[32] “Im-
pact toughness” is one of the main indexes to measure
the quality of synthetic industrial diamonds.[26]

Electrical conductivity

Other specialized applications also exist or are being de-
veloped, including use as semiconductors: some blue dia-
monds are natural semiconductors, in contrast to most di-
amonds, which are excellent electrical insulators.[33] The
conductivity and blue color originate from boron impu-
rity. Boron substitutes for carbon atoms in the diamond
lattice, donating a hole into the valence band.[33]

Substantial conductivity is commonly observed in nom-
inally undoped diamond grown by chemical vapor de-
position. This conductivity is associated with hydrogen-
related species adsorbed at the surface, and it can be re-
moved by annealing or other surface treatments.[34][35]

Surface property

Diamonds are naturally lipophilic and hydrophobic,
which means the diamonds’ surface cannot be wet by wa-
ter but can be easily wet and stuck by oil. This property
can be utilized to extract diamonds using oil when mak-
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ing synthetic diamonds.[26] However, when diamond sur-
faces are chemically modified with certain ions, they are
expected to become so hydrophilic that they can stabi-
lize multiple layers of water ice at human body tempera-
ture.[36]

Chemical stability

Diamonds are not very reactive. Under room temperature
diamonds do not react with any chemical reagents includ-
ing strong acids and bases. A diamond’s surface can only
be oxidized at higher temperatures.[26]

Color

Main article: Diamond color
Diamond has a wide bandgap of 5.5 eV correspond-

Brown diamonds at the National Museum of Natural History in
Washington, D.C.

The most famous colored diamond, Hope Diamond in 1974.

ing to the deep ultraviolet wavelength of 225 nanome-
ters. This means pure diamond should transmit visible
light and appear as a clear colorless crystal. Colors in di-
amond originate from lattice defects and impurities. The
diamond crystal lattice is exceptionally strong and only

atoms of nitrogen, boron and hydrogen can be introduced
into diamond during the growth at significant concentra-
tions (up to atomic percents). Transition metals Ni and
Co, which are commonly used for growth of synthetic
diamond by high-pressure high-temperature techniques,
have been detected in diamond as individual atoms; the
maximum concentration is 0.01% for Ni[37] and even less
for Co. Virtually any element can be introduced to dia-
mond by ion implantation.[38]

Nitrogen is by far the most common impurity found
in gem diamonds and is responsible for the yellow and
brown color in diamonds. Boron is responsible for
the blue color.[24] Color in diamond has two additional
sources: irradiation (usually by alpha particles), that
causes the color in green diamonds; and plastic defor-
mation of the diamond crystal lattice. Plastic deforma-
tion is the cause of color in some brown[39] and per-
haps pink and red diamonds.[40] In order of rarity, yellow
diamond is followed by brown, colorless, then by blue,
green, black, pink, orange, purple, and red.[32] “Black”,
or Carbonado, diamonds are not truly black, but rather
contain numerous dark inclusions that give the gems their
dark appearance. Colored diamonds contain impurities
or structural defects that cause the coloration, while pure
or nearly pure diamonds are transparent and colorless.
Most diamond impurities replace a carbon atom in the
crystal lattice, known as a carbon flaw. The most com-
mon impurity, nitrogen, causes a slight to intense yellow
coloration depending upon the type and concentration of
nitrogen present.[32] The Gemological Institute of Amer-
ica (GIA) classifies low saturation yellow and brown dia-
monds as diamonds in the normal color range, and applies
a grading scale from “D” (colorless) to “Z” (light yellow).
Diamonds of a different color, such as blue, are called
fancy colored diamonds, and fall under a different grad-
ing scale.[32]

In 2008, the Wittelsbach Diamond, a 35.56-carat (7.112
g) blue diamond once belonging to the King of Spain,
fetched over US$24 million at a Christie’s auction.[41] In
May 2009, a 7.03-carat (1.406 g) blue diamond fetched
the highest price per carat ever paid for a diamond when
it was sold at auction for 10.5 million Swiss francs (6.97
million euro or US$9.5 million at the time).[42] That
record was however beaten the same year: a 5-carat (1.0
g) vivid pink diamond was sold for $10.8 million in Hong
Kong on December 1, 2009.[43]

Identification

Diamonds can be identified by their high thermal con-
ductivity. Their high refractive index is also indicative,
but other materials have similar refractivity. Diamonds
cut glass, but this does not positively identify a diamond
because other materials, such as quartz, also lie above
glass on the Mohs scale and can also cut it. Diamonds
can scratch other diamonds, but this can result in dam-
age to one or both stones. Hardness tests are infre-
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quently used in practical gemology because of their po-
tentially destructive nature.[28] The extreme hardness and
high value of diamond means that gems are typically pol-
ished slowly using painstaking traditional techniques and
greater attention to detail than is the case with most other
gemstones;[10] these tend to result in extremely flat, highly
polished facets with exceptionally sharp facet edges. Di-
amonds also possess an extremely high refractive index
and fairly high dispersion. Taken together, these factors
affect the overall appearance of a polished diamond and
most diamantaires still rely upon skilled use of a loupe
(magnifying glass) to identify diamonds 'by eye'.[44]

1.2.3 Industry

A round brilliant cut diamond set in a ring

See also: Diamonds as an investment

The diamond industry can be separated into two distinct
categories: one dealing with gem-grade diamonds and an-
other for industrial-grade diamonds. Both markets value
diamonds differently.

Gem-grade diamonds

Main article: Diamond (gemstone)

A large trade in gem-grade diamonds exists. Unlike other
commodities, such asmost preciousmetals, there is a sub-
stantial mark-up in the retail sale of gem diamonds.[45]
There is a well-established market for resale of polished
diamonds (e.g. pawnbroking, auctions, second-hand jew-
elry stores, diamantaires, bourses, etc.). One hallmark of
the trade in gem-quality diamonds is its remarkable con-
centration: wholesale trade and diamond cutting is lim-
ited to just a few locations; in 2003, 92% of the world’s

diamonds were cut and polished in Surat, India.[46] Other
important centers of diamond cutting and trading are
the Antwerp diamond district in Belgium, where the
International Gemological Institute is based, London, the
Diamond District in New York City, Tel Aviv, and Am-
sterdam. A single company – De Beers – controls a sig-
nificant proportion of the trade in diamonds.[47] They are
based in Johannesburg, South Africa and London, Eng-
land. One contributory factor is the geological nature of
diamond deposits: several large primary kimberlite-pipe
mines each account for significant portions of market
share (such as the Jwaneng mine in Botswana, which is a
single large pit operated by De Beers that can produce be-
tween 12,500,000 carats (2,500 kg) to 15,000,000 carats
(3,000 kg) of diamonds per year,[48]) whereas secondary
alluvial diamond deposits tend to be fragmented amongst
many different operators because they can be dispersed
over many hundreds of square kilometers (e.g., alluvial
deposits in Brazil).
The production and distribution of diamonds is largely
consolidated in the hands of a few key players, and con-
centrated in traditional diamond trading centers, the most
important being Antwerp, where 80% of all rough di-
amonds, 50% of all cut diamonds and more than 50%
of all rough, cut and industrial diamonds combined are
handled.[49] This makes Antwerp a de facto “world dia-
mond capital”.[50] Another important diamond center is
New York City, where almost 80% of the world’s dia-
monds are sold, including auction sales.[49] The DeBeers
company, as the world’s largest diamond miner holds a
dominant position in the industry, and has done so since
soon after its founding in 1888 by the British imperial-
ist Cecil Rhodes. De Beers owns or controls a signifi-
cant portion of the world’s rough diamond production fa-
cilities (mines) and distribution channels for gem-quality
diamonds. The Diamond Trading Company (DTC) is a
subsidiary of De Beers and markets rough diamonds from
De Beers-operated mines. De Beers and its subsidiaries
own mines that produce some 40% of annual world di-
amond production. For most of the 20th century over
80% of the world’s rough diamonds passed through De
Beers,[51] but by 2001–2009 the figure had decreased to
around 45%,[52] and by 2013 the company’s market share
had further decreased to around 38% in value terms and
even less by volume.[53] De Beers sold off the vast ma-
jority of its diamond stockpile in the late 1990s – early
2000s[54] and the remainder largely represents working
stock (diamonds that are being sorted before sale).[55]
This was well documented in the press[56] but remains
little known to the general public.
As a part of reducing its influence, De Beers withdrew
from purchasing diamonds on the open market in 1999
and ceased, at the end of 2008, purchasing Russian di-
amonds mined by the largest Russian diamond company
Alrosa.[57] As of January 2011, De Beers states that it
only sells diamonds from the following four countries:
Botswana, Namibia, South Africa and Canada.[58] Alrosa
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had to suspend their sales in October 2008 due to the
global energy crisis,[59] but the company reported that it
had resumed selling rough diamonds on the open mar-
ket by October 2009.[60] Apart from Alrosa, other im-
portant diamond mining companies include BHP Billi-
ton, which is the world’s largest mining company;[61] Rio
Tinto Group, the owner of Argyle (100%), Diavik (60%),
and Murowa (78%) diamond mines;[62] and Petra Dia-
monds, the owner of several major diamond mines in
Africa.

Diamond polisher in Amsterdam

Further down the supply chain, members of The World
Federation of Diamond Bourses (WFDB) act as a
medium for wholesale diamond exchange, trading both
polished and rough diamonds. The WFDB consists of
independent diamond bourses in major cutting centers
such as Tel Aviv, Antwerp, Johannesburg and other cities
across the USA, Europe and Asia.[32] In 2000, theWFDB
and The International Diamond Manufacturers Associa-
tion established the World Diamond Council to prevent
the trading of diamonds used to fund war and inhumane
acts. WFDB’s additional activities include sponsoring the
World Diamond Congress every two years, as well as
the establishment of the International Diamond Council
(IDC) to oversee diamond grading.
Once purchased by Sightholders (which is a trademark
term referring to the companies that have a three-year
supply contract with DTC), diamonds are cut and pol-
ished in preparation for sale as gemstones ('industrial'
stones are regarded as a by-product of the gemstone
market; they are used for abrasives).[63] The cutting
and polishing of rough diamonds is a specialized skill
that is concentrated in a limited number of locations
worldwide.[63] Traditional diamond cutting centers are
Antwerp, Amsterdam, Johannesburg, New York City,
and Tel Aviv. Recently, diamond cutting centers have
been established in China, India, Thailand, Namibia and
Botswana.[63] Cutting centers with lower cost of labor,
notably Surat in Gujarat, India, handle a larger number of
smaller carat diamonds, while smaller quantities of larger
or more valuable diamonds are more likely to be handled
in Europe or North America. The recent expansion of
this industry in India, employing low cost labor, has al-
lowed smaller diamonds to be prepared as gems in greater

quantities than was previously economically feasible.[49]

Diamonds which have been prepared as gemstones are
sold on diamond exchanges called bourses. There are
28 registered diamond bourses in the world.[64] Bourses
are the final tightly controlled step in the diamond supply
chain; wholesalers and even retailers are able to buy rel-
atively small lots of diamonds at the bourses, after which
they are prepared for final sale to the consumer. Dia-
monds can be sold already set in jewelry, or sold unset
(“loose”). According to the Rio Tinto Group, in 2002
the diamonds produced and released to the market were
valued at US$9 billion as rough diamonds, US$14 billion
after being cut and polished, US$28 billion in wholesale
diamond jewelry, and US$57 billion in retail sales.[65]

Cutting Main articles: Diamond cutting and Diamond
cut
Mined rough diamonds are converted into gems through

The Darya-I-Nur Diamond—an example of unusual diamond
cut and jewelry arrangement

a multi-step process called “cutting”. Diamonds are ex-
tremely hard, but also brittle and can be split up by a sin-
gle blow. Therefore, diamond cutting is traditionally con-
sidered as a delicate procedure requiring skills, scientific
knowledge, tools and experience. Its final goal is to pro-
duce a faceted jewel where the specific angles between
the facets would optimize the diamond luster, that is dis-
persion of white light, whereas the number and area of
facets would determine the weight of the final product.
The weight reduction upon cutting is significant and can
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be of the order of 50%.[66] Several possible shapes are
considered, but the final decision is often determined not
only by scientific, but also practical considerations. For
example the diamond might be intended for display or
for wear, in a ring or a necklace, singled or surrounded
by other gems of certain color and shape.[67]

The most time-consuming part of the cutting is the pre-
liminary analysis of the rough stone. It needs to address
a large number of issues, bears much responsibility, and
therefore can last years in case of unique diamonds. The
following issues are considered:

• The hardness of diamond and its ability to cleave
strongly depend on the crystal orientation. There-
fore, the crystallographic structure of the diamond
to be cut is analyzed using X-ray diffraction to
choose the optimal cutting directions.

• Most diamonds contain visible non-diamond inclu-
sions and crystal flaws. The cutter has to decide
which flaws are to be removed by the cutting and
which could be kept.

• The diamond can be split by a single, well calcu-
lated blow of a hammer to a pointed tool, which is
quick, but risky. Alternatively, it can be cut with a
diamond saw, which is a more reliable but tedious
procedure.[67][68]

After initial cutting, the diamond is shaped in numerous
stages of polishing. Unlike cutting, which is a responsible
but quick operation, polishing removes material by grad-
ual erosion and is extremely time consuming. The associ-
ated technique is well developed; it is considered as a rou-
tine and can be performed by technicians.[69] After pol-
ishing, the diamond is reexamined for possible flaws, ei-
ther remaining or induced by the process. Those flaws are
concealed through various diamond enhancement tech-
niques, such as repolishing, crack filling, or clever ar-
rangement of the stone in the jewelry. Remaining non-
diamond inclusions are removed through laser drilling
and filling of the voids produced.[28]

Marketing Marketing has significantly affected the
image of diamond as a valuable commodity.
N. W. Ayer & Son, the advertising firm retained by De
Beers in the mid-20th century, succeeded in reviving
the American diamond market. And the firm created
new markets in countries where no diamond tradition
had existed before. N. W. Ayer’s marketing included
product placement, advertising focused on the diamond
product itself rather than the De Beers brand, and as-
sociations with celebrities and royalty. Without adver-
tising the De Beers brand, De Beers was also adver-
tising its competitors’ diamond products as well.[70] De
Beers’ market share dipped temporarily to 2nd place in
the global market below Alrosa in the aftermath of the

global economic crisis of 2008, down to less than 29%
in terms of carats mined, rather than sold.[71] The cam-
paign lasted for decades but was effectively discontinued
by early 2011. De Beers still advertises diamonds, but
the advertising nowmostly promotes its own brands, or li-
censed product lines, rather than completely “generic” di-
amond products.[71] The campaign was perhaps best cap-
tured by the slogan “a diamond is forever”.[7] This slogan
is now being used by De Beers Diamond Jewelers,[72] a
jewelry firm which is a 50%/50% joint venture between
the De Beers mining company and LVMH, the luxury
goods conglomerate.
Brown-colored diamonds constituted a significant part of
the diamond production, and were predominantly used
for industrial purposes. They were seen as worthless for
jewelry (not even being assessed on the diamond color
scale). After the development of Argyle diamond mine in
Australia in 1986, and marketing, brown diamonds have
become acceptable gems.[73][74] The change was mostly
due to the numbers: the Argyle mine, with its 35,000,000
carats (7,000 kg) of diamonds per year, makes about one-
third of global production of natural diamonds;[75] 80%
of Argyle diamonds are brown.[76]

Industrial-grade diamonds

A scalpel with synthetic diamond blade

Industrial diamonds are valued mostly for their hardness
and thermal conductivity, making many of the gemo-
logical characteristics of diamonds, such as the 4 Cs,
irrelevant for most applications. 80% of mined dia-
monds (equal to about 135,000,000 carats (27,000 kg)
annually), are unsuitable for use as gemstones, and used
industrially.[77] In addition to mined diamonds, syn-
thetic diamonds found industrial applications almost im-
mediately after their invention in the 1950s; another
570,000,000 carats (114,000 kg) of synthetic diamond
is produced annually for industrial use (in 2004; in 2014
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Close-up photograph of an angle grinder blade with tiny dia-
monds shown embedded in the metal

A diamond knife blade used for cutting ultrathin sections (typi-
cally 70 to 350 nm for transmission electron microscopy.

it’s 4,500,000,000 carats (900,000 kg), 90% by produced
in China). Approximately 90% of diamond grinding grit
is currently of synthetic origin.[78]

The boundary between gem-quality diamonds and indus-
trial diamonds is poorly defined and partly depends on
market conditions (for example, if demand for polished
diamonds is high, some lower-grade stones will be pol-
ished into low-quality or small gemstones rather than be-
ing sold for industrial use). Within the category of in-
dustrial diamonds, there is a sub-category comprising the
lowest-quality, mostly opaque stones, which are known as
bort.[79]

Industrial use of diamonds has historically been associ-
ated with their hardness, which makes diamond the ideal
material for cutting and grinding tools. As the hard-
est known naturally occurring material, diamond can be
used to polish, cut, or wear away any material, includ-
ing other diamonds. Common industrial applications of
this property include diamond-tipped drill bits and saws,

and the use of diamond powder as an abrasive. Less ex-
pensive industrial-grade diamonds, known as bort, with
more flaws and poorer color than gems, are used for
such purposes.[80] Diamond is not suitable for machining
ferrous alloys at high speeds, as carbon is soluble in iron
at the high temperatures created by high-speed machin-
ing, leading to greatly increased wear on diamond tools
compared to alternatives.[81]

Specialized applications include use in laboratories as
containment for high pressure experiments (see diamond
anvil cell), high-performance bearings, and limited use
in specialized windows.[79] With the continuing advances
being made in the production of synthetic diamonds, fu-
ture applications are becoming feasible. The high thermal
conductivity of diamond makes it suitable as a heat sink
for integrated circuits in electronics.[82]

Mining

See also: List of diamond mines and Exploration
diamond drilling

Approximately 130,000,000 carats (26,000 kg) of dia-
monds are mined annually, with a total value of nearly
US$9 billion, and about 100,000 kg (220,000 lb) are syn-
thesized annually.[83]

Roughly 49% of diamonds originate from Central and
Southern Africa, although significant sources of the min-
eral have been discovered in Canada, India, Russia,
Brazil, and Australia.[78] They are mined from kimber-
lite and lamproite volcanic pipes, which can bring dia-
mond crystals, originating from deep within the Earth
where high pressures and temperatures enable them to
form, to the surface. The mining and distribution of nat-
ural diamonds are subjects of frequent controversy such
as concerns over the sale of blood diamonds or conflict di-
amonds by African paramilitary groups.[84] The diamond
supply chain is controlled by a limited number of power-
ful businesses, and is also highly concentrated in a small
number of locations around the world.
Only a very small fraction of the diamond ore consists
of actual diamonds. The ore is crushed, during which
care is required not to destroy larger diamonds, and then
sorted by density. Today, diamonds are located in the
diamond-rich density fraction with the help of X-ray flu-
orescence, after which the final sorting steps are done by
hand. Before the use of X-rays became commonplace,[66]
the separation was done with grease belts; diamonds have
a stronger tendency to stick to grease than the other min-
erals in the ore.[32]

Historically, diamonds were found only in alluvial de-
posits in Guntur and Krishna district of the Krishna River
delta in Southern India.[85] India led the world in diamond
production from the time of their discovery in approxi-
mately the 9th century BC[4][86] to the mid-18th century
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Siberia's Udachnaya diamond mine

AD, but the commercial potential of these sources had
been exhausted by the late 18th century and at that time
India was eclipsed by Brazil where the first non-Indian di-
amonds were found in 1725.[4] Currently, one of the most
prominent Indian mines is located at Panna.[87]

Diamond extraction from primary deposits (kimberlites
and lamproites) started in the 1870s after the discovery
of the Diamond Fields in South Africa.[88] Production
has increased over time and now an accumulated total
of 4,500,000,000 carats (900,000 kg) have been mined
since that date.[89] Twenty percent of that amount has
been mined in the last five years, and during the last
10 years, nine new mines have started production; four
more are waiting to be opened soon. Most of these mines
are located in Canada, Zimbabwe, Angola, and one in
Russia.[89]

In the U.S., diamonds have been found in Arkansas,
Colorado, Wyoming, and Montana.[90][91] In 2004, the
discovery of a microscopic diamond in the U.S. led to
the January 2008 bulk-sampling of kimberlite pipes in a
remote part of Montana.[91]

Today, most commercially viable diamond deposits are in
Russia (mostly in Sakha Republic, for example Mir pipe
and Udachnaya pipe), Botswana, Australia (Northern
and Western Australia) and the Democratic Republic of
Congo.[92] In 2005, Russia produced almost one-fifth of
the global diamond output, reports the British Geological
Survey. Australia boasts the richest diamantiferous pipe,
with production from the Argyle diamond mine reaching
peak levels of 42 metric tons per year in the 1990s.[90][93]
There are also commercial deposits being actively mined
in the Northwest Territories of Canada and Brazil.[78]
Diamond prospectors continue to search the globe for
diamond-bearing kimberlite and lamproite pipes.

Political issues

Main articles: Kimberley Process, Blood diamond and
Child labour in the diamond industry

Unsustainable diamond mining in Sierra Leone

In some of the more politically unstable central African
and west African countries, revolutionary groups have
taken control of diamond mines, using proceeds from
diamond sales to finance their operations. Diamonds
sold through this process are known as conflict diamonds
or blood diamonds.[84] Major diamond trading corpora-
tions continue to fund and fuel these conflicts by do-
ing business with armed groups. In response to public
concerns that their diamond purchases were contributing
to war and human rights abuses in central and western
Africa, the United Nations, the diamond industry and
diamond-trading nations introduced the Kimberley Pro-
cess in 2002.[94] The Kimberley Process aims to ensure
that conflict diamonds do not become intermixed with the
diamonds not controlled by such rebel groups. This is
done by requiring diamond-producing countries to pro-
vide proof that the money they make from selling the di-
amonds is not used to fund criminal or revolutionary ac-
tivities. Although the Kimberley Process has been mod-
erately successful in limiting the number of conflict di-
amonds entering the market, some still find their way
in. Conflict diamonds constitute 2–3% of all diamonds
traded.[95] Two major flaws still hinder the effectiveness
of the Kimberley Process: (1) the relative ease of smug-
gling diamonds across African borders, and (2) the vio-
lent nature of diamond mining in nations that are not in a
technical state of war and whose diamonds are therefore
considered “clean”.[94]

The Canadian Government has set up a body known as
Canadian Diamond Code of Conduct[96] to help authen-
ticate Canadian diamonds. This is a stringent tracking
system of diamonds and helps protect the “conflict free”
label of Canadian diamonds.[97]

1.2.4 Synthetics, simulants, and enhance-
ments

Synthetics

Main article: Synthetic diamond
Synthetic diamonds are diamonds manufactured in a lab-
oratory, as opposed to diamonds mined from the Earth.
The gemological and industrial uses of diamond have
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Synthetic diamonds of various colors grown by the high-pressure
high-temperature technique

created a large demand for rough stones. This demand
has been satisfied in large part by synthetic diamonds,
which have been manufactured by various processes for
more than half a century. However, in recent years it
has become possible to produce gem-quality synthetic
diamonds of significant size.[13] It is possible to make
colorless synthetic gemstones that, on a molecular level,
are identical to natural stones and so visually similar that
only a gemologist with special equipment can tell the
difference.[98]

The majority of commercially available synthetic dia-
monds are yellow and are produced by so-called High
Pressure High Temperature (HPHT) processes.[99] The
yellow color is caused by nitrogen impurities. Other col-
ors may also be reproduced such as blue, green or pink,
which are a result of the addition of boron or from irra-
diation after synthesis.[100]

Colorless gem cut from diamond grown by chemical vapor depo-
sition

Another popular method of growing synthetic diamond
is chemical vapor deposition (CVD). The growth oc-
curs under low pressure (below atmospheric pressure).
It involves feeding a mixture of gases (typically 1 to
99 methane to hydrogen) into a chamber and splitting
them to chemically active radicals in a plasma ignited by
microwaves, hot filament, arc discharge, welding torch or

laser.[101] This method is mostly used for coatings, but
can also produce single crystals several millimeters in size
(see picture).[83]

As of 2010, nearly all 5,000 million carats (1,000 tonnes)
of synthetic diamonds produced per year are for industrial
use. Around 50% of the 133 million carats of natural di-
amonds mined per year end up in industrial use.[98][102]
The cost of mining a natural colorless diamond runs about
$40 to $60 per carat, and the cost to produce a syn-
thetic, gem-quality colorless diamond is about $2,500
per carat.[98] However, a purchaser is more likely to en-
counter a synthetic when looking for a fancy-colored di-
amond because nearly all synthetic diamonds are fancy-
colored, while only 0.01% of natural diamonds are.[103]

Simulants

Main article: Diamond simulant
A diamond simulant is a non-diamond material that

Gem-cut synthetic silicon carbide set in a ring

is used to simulate the appearance of a diamond, and
may be referred to as diamante. Cubic zirconia is the
most common. The gemstone Moissanite (silicon car-
bide) can be treated as a diamond simulant, though more
costly to produce than cubic zirconia. Both are produced
synthetically.[104]

Enhancements

Main article: Diamond enhancement

Diamond enhancements are specific treatments per-
formed on natural or synthetic diamonds (usually those al-
ready cut and polished into a gem), which are designed to
better the gemological characteristics of the stone in one
or more ways. These include laser drilling to remove in-
clusions, application of sealants to fill cracks, treatments
to improve a white diamond’s color grade, and treatments
to give fancy color to a white diamond.[105]

Coatings are increasingly used to give a diamond simu-
lant such as cubic zirconia a more “diamond-like” appear-
ance. One such substance is diamond-like carbon—an
amorphous carbonaceous material that has some physi-
cal properties similar to those of the diamond. Adver-
tising suggests that such a coating would transfer some
of these diamond-like properties to the coated stone,

https://en.wikipedia.org/wiki/HPHT
https://en.wikipedia.org/wiki/Chemical_vapor_deposition
https://en.wikipedia.org/wiki/Methane
https://en.wikipedia.org/wiki/Hydrogen
https://en.wikipedia.org/wiki/Radical_(chemistry)
https://en.wikipedia.org/wiki/Plasma_(physics)
https://en.wikipedia.org/wiki/Microwaves
https://en.wikipedia.org/wiki/Hot_filament
https://en.wikipedia.org/wiki/Electric_arc
https://en.wikipedia.org/wiki/Welding_torch
https://en.wikipedia.org/wiki/Laser
https://en.wikipedia.org/wiki/Diamond_simulant
https://en.wikipedia.org/wiki/Cubic_zirconia
https://en.wikipedia.org/wiki/Moissanite
https://en.wikipedia.org/wiki/Diamond_enhancement
https://en.wikipedia.org/wiki/Diamond-like_carbon


1.2. DIAMOND 33

hence enhancing the diamond simulant. Techniques such
as Raman spectroscopy should easily identify such a
treatment.[106]

Identification

Early diamond identification tests included a scratch test
relying on the superior hardness of diamond. This test is
destructive, as a diamond can scratch another diamond,
and is rarely used nowadays. Instead, diamond identifica-
tion relies on its superior thermal conductivity. Electronic
thermal probes are widely used in the gemological centers
to separate diamonds from their imitations. These probes
consist of a pair of battery-powered thermistors mounted
in a fine copper tip. One thermistor functions as a heat-
ing device while the other measures the temperature of
the copper tip: if the stone being tested is a diamond, it
will conduct the tip’s thermal energy rapidly enough to
produce a measurable temperature drop. This test takes
about 2–3 seconds.[107]

Whereas the thermal probe can separate diamonds from
most of their simulants, distinguishing between various
types of diamond, for example synthetic or natural, ir-
radiated or non-irradiated, etc., requires more advanced,
optical techniques. Those techniques are also used for
some diamonds simulants, such as silicon carbide, which
pass the thermal conductivity test. Optical techniques can
distinguish between natural diamonds and synthetic dia-
monds. They can also identify the vast majority of treated
natural diamonds.[108] “Perfect” crystals (at the atomic
lattice level) have never been found, so both natural and
synthetic diamonds always possess characteristic imper-
fections, arising from the circumstances of their crystal
growth, that allow them to be distinguished from each
other.[109]

Laboratories use techniques such as spectroscopy, mi-
croscopy and luminescence under shortwave ultraviolet
light to determine a diamond’s origin.[108] They also use
specially made instruments to aid them in the identifi-
cation process. Two screening instruments are the Di-
amondSure and the DiamondView, both produced by the
DTC and marketed by the GIA.[110]

Several methods for identifying synthetic diamonds can
be performed, depending on the method of production
and the color of the diamond. CVD diamonds can usu-
ally be identified by an orange fluorescence. D-J colored
diamonds can be screened through the Swiss Gemmolog-
ical Institute's[111] Diamond Spotter. Stones in the D-
Z color range can be examined through the Diamond-
Sure UV/visible spectrometer, a tool developed by De
Beers.[109] Similarly, natural diamonds usually have mi-
nor imperfections and flaws, such as inclusions of foreign
material, that are not seen in synthetic diamonds.
Screening devices based on diamond type detection can
be used to make a distinction between diamonds that
are certainly natural and diamonds that are potentially

synthetic. Those potentially synthetic diamonds require
more investigation in a specialized lab. Examples of com-
mercial screening devices are D-Screen (WTOCD / HRD
Antwerp) and Alpha Diamond Analyzer (Bruker / HRD
Antwerp).

1.2.5 Stolen diamonds

Occasionally large thefts of diamonds take place. In
February 2013 armed robbers carried out a raid at Brus-
sels Airport and escaped with gems estimated to be worth
$50m (£32m; 37m euros). The gang broke through a
perimeter fence and raided the cargo hold of a Swiss-
bound plane. The gang have since been arrested and large
amounts of cash and diamonds recovered.[112]

The identification of stolen diamonds presents a set of
difficult problems. Rough diamonds will have a distinc-
tive shape depending on whether their source is a mine
or from an alluvial environment such as a beach or river -
alluvial diamonds have smoother surfaces than those that
have been mined. Determining the provenance of cut and
polished stones is much more complex.
The Kimberley Process was developed to monitor the
trade in rough diamonds and prevent their being used
to fund violence. Before exporting, rough diamonds are
certificated by the government of the country of origin.
Some countries, such as Venezuela, are not party to the
agreement. The Kimberley Process does not apply to lo-
cal sales of rough diamonds within a country.
Diamonds may be etched by laser with marks invisible
to the naked eye. Lazare Kaplan, a US-based company,
developed this method. However, whatever is marked on
a diamond can readily be removed.[113][114]

1.2.6 See also

• List of diamonds

• List of minerals
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1.3 Gold

“Element 79” redirects here. For the short story and
anthology by Fred Hoyle, see Element 79 (anthology).
This article is about the metal. For the color, see Gold
(color). For other uses, see Gold (disambiguation).

Gold is a chemical element with symbol Au and atomic
number 79. It is a bright yellow dense, soft, malleable
and ductile metal. The properties remain when exposed
to air or water. Chemically, gold is a transition metal and
a group 11 element. It is one of the least reactive chemi-
cal elements, and is solid under standard conditions. The
metal therefore occurs often in free elemental (native)
form, as nuggets or grains, in rocks, in veins and in alluvial
deposits. It occurs in a solid solution series with the na-
tive element silver (as electrum) and also naturally alloyed
with copper and palladium. Less commonly, it occurs in
minerals as gold compounds, often with tellurium (gold
tellurides).
Gold’s atomic number of 79 makes it one of the higher
atomic number elements that occur naturally in the uni-
verse, and is traditionally thought to have been produced
in supernova nucleosynthesis to seed the dust from which
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the Solar System formed. Because the Earth was molten
when it was just formed, almost all of the gold present in
the Earth sank into the planetary core. Therefore most
of the gold that is present today in the Earth’s crust and
mantle is thought to have been delivered to Earth later,
by asteroid impacts during the late heavy bombardment,
about 4 billion years ago.
Gold resists attacks by individual acids, but it can be dis-
solved by aqua regia (nitro-hydrochloric acid), so named
because it dissolves gold into a soluble gold tetrachloride
cation. Gold compounds also dissolve in alkaline solu-
tions of cyanide, which have been used in mining. It dis-
solves in mercury, forming amalgam alloys; it is insoluble
in nitric acid, which dissolves silver and base metals, a
property that has long been used to confirm the presence
of gold in items, giving rise to the term acid test.

This metal has been a valuable and highly sought-after
precious metal for coinage, jewelry, and other arts since
long before the beginning of recorded history. In the past,
a gold standard was often implemented as amonetary pol-
icy within and between nations, but gold coins ceased to
be minted as a circulating currency in the 1930s, and the
world gold standard (see article for details) was finally
abandoned for a fiat currency system after 1976. The his-
torical value of gold was rooted in its medium rarity, easy
handling and minting, easy smelting, non-corrosiveness,
distinct color, and non-reactivity to other elements.
A total of 174,100 tonnes of gold have been mined in
human history, according to GFMS as of 2012.[3] This is
roughly equivalent to 5.6 billion troy ounces or, in terms
of volume, about 9200 m3, or a cube 21 m on a side. The
world consumption of new gold produced is about 50%
in jewelry, 40% in investments, and 10% in industry.[4]

Gold’s high malleability, ductility, resistance to corro-
sion and most other chemical reactions, and conductiv-
ity of electricity have led to its continued use in corro-
sion resistant electrical connectors in all types of com-
puterized devices (its chief industrial use). Gold is also
used in infrared shielding, colored-glass production, and
gold leafing. Certain gold salts are still used as anti-
inflammatories in medicine.

1.3.1 Etymology

“Gold” is cognate with similar words in many Germanic
languages, deriving via Proto-Germanic *gulþą from
Proto-Indo-European *ǵʰelh₃- (“to shine, to gleam; to be
yellow or green”).[5][6]

The symbolAu is from the Latin: aurum, the Latin word
for “gold”.[7] The Proto-Indo-European ancestor of au-
rum was *h₂é-h₂us-o-, meaning “glow”. This word is de-
rived from the same root (Proto-Indo-European *h₂u̯es-
“to dawn”) as *h₂éu̯sōs, the ancestor of the Latin word
Aurora, “dawn”.[8] This etymological relationship is pre-
sumably behind the frequent claim in scientific publica-

tions that aurum meant “shining dawn”.[9][10]

1.3.2 Characteristics

Gold is the most malleable of all metals; a single gram
can be beaten into a sheet of 1 square meter, or an ounce
into 300 square feet. Gold leaf can be beaten thin enough
to become transparent. The transmitted light appears
greenish blue, because gold strongly reflects yellow and
red.[11] Such semi-transparent sheets also strongly reflect
infrared light, making them useful as infrared (radiant
heat) shields in visors of heat-resistant suits, and in sun-
visors for spacesuits.[12]

Gold readily dissolves in mercury at room temperature to
form an amalgam, and forms alloys with many other met-
als at higher temperatures. These alloys can be produced
to modify the hardness and other metallurgical proper-
ties, to control melting point or to create exotic colors.[13]
Gold is a good conductor of heat and electricity and re-
flects infrared radiation strongly. Chemically, it is unaf-
fected by air, moisture andmost corrosive reagents, and is
therefore well suited for use in coins and jewelry and as a
protective coating on other, more reactive metals. How-
ever, it is not chemically inert. Gold is almost insoluble,
but can be dissolved in aqua regia or solutions of sodium
or potassium cyanide, for example.
Common oxidation states of gold include +1 (gold(I)
or aurous compounds) and +3 (gold(III) or auric com-
pounds). Gold ions in solution are readily reduced and
precipitated as metal by adding any other metal as the
reducing agent. The added metal is oxidized and dis-
solves, allowing the gold to be displaced from solution
and be recovered as a solid precipitate.
In addition, gold is very dense, a cubic meter has a mass
of 19,300 kg. By comparison, the density of lead is
11,340 kg/m3, and that of the densest element, osmium,
is 22,588 ± 15 kg/m3.[14]

Color

Whereas most other pure metals are gray or silvery white,
gold is yellow. This color is determined by the den-
sity of loosely bound (valence) electrons; those electrons
oscillate as a collective “plasma” medium described in
terms of a quasiparticle called plasmon. The frequency
of these oscillations lies in the ultraviolet range for most
metals, but it falls into the visible range for gold due to
subtle relativistic effects that affect the orbitals around
gold atoms.[15][16] Similar effects impart a golden hue to
metallic caesium.
Common colored gold alloys such as rose gold can be
created by the addition of various amounts of copper
and silver, as indicated in the triangular diagram to the
left. Alloys containing palladium or nickel are also im-
portant in commercial jewelry as these produce white
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gold alloys. Less commonly, addition of manganese,
aluminium, iron, indium and other elements can produce
more unusual colors of gold for various applications.[13]

Isotopes

Main article: Isotopes of gold

Gold has only one stable isotope, 197Au, which is also its
only naturally occurring isotope. Thirty-six radioisotopes
have been synthesized ranging in atomic mass from 169
to 205. The most stable of these is 195Au with a half-life
of 186.1 days. The least stable is 171Au, which decays
by proton emission with a half-life of 30 µs. Most of
gold’s radioisotopes with atomic masses below 197 de-
cay by some combination of proton emission, α decay,
and β+ decay. The exceptions are 195Au, which decays
by electron capture, and 196Au, which decays most often
by electron capture (93%) with a minor β− decay path
(7%).[17] All of gold’s radioisotopes with atomic masses
above 197 decay by β− decay.[18]

At least 32 nuclear isomers have also been characterized,
ranging in atomic mass from 170 to 200. Within that
range, only 178Au, 180Au, 181Au, 182Au, and 188Au do
not have isomers. Gold’s most stable isomer is 198m2Au
with a half-life of 2.27 days. Gold’s least stable isomer is
177m2Au with a half-life of only 7 ns. 184m1Au has three
decay paths: β+ decay, isomeric transition, and alpha de-
cay. No other isomer or isotope of gold has three decay
paths.[18]

1.3.3 Modern applications

The world consumption of new gold produced is about
50% in jewelry, 40% in investments, and 10% in
industry.[4]

Jewelry

Main article: Jewelry
Because of the softness of pure (24k) gold, it is usu-

Moche gold necklace depicting feline heads. Larco Museum Col-
lection. Lima-Peru

ally alloyed with base metals for use in jewelry, altering
its hardness and ductility, melting point, color and other
properties. Alloys with lower carat rating, typically 22k,
18k, 14k or 10k, contain higher percentages of copper
or other base metals or silver or palladium in the alloy.
Copper is the most commonly used base metal, yielding
a redder color.[19]

Eighteen-carat gold containing 25% copper is found in
antique and Russian jewelry and has a distinct, though
not dominant, copper cast, creating rose gold. Fourteen-
carat gold-copper alloy is nearly identical in color to cer-
tain bronze alloys, and both may be used to produce po-
lice and other badges. Blue gold can be made by alloy-
ing with iron and purple gold can be made by alloying
with aluminium, although rarely done except in special-
ized jewelry. Blue gold is more brittle and therefore more
difficult to work with when making jewelry.[19]

Fourteen- and eighteen-carat gold alloys with silver alone
appear greenish-yellow and are referred to as green gold.
White gold alloys can be made with palladium or nickel.
White 18-carat gold containing 17.3% nickel, 5.5% zinc
and 2.2% copper is silvery in appearance. Nickel is toxic,
however, and its release from nickel white gold is con-
trolled by legislation in Europe.[19]

Alternative white gold alloys are available based on pal-
ladium, silver and other white metals,[19] but the palla-
dium alloys are more expensive than those using nickel.
High-carat white gold alloys are far more resistant to cor-
rosion than are either pure silver or sterling silver. The
Japanese craft of Mokume-gane exploits the color con-
trasts between laminated colored gold alloys to produce
decorative wood-grain effects.
By 2014 the gold jewelry industry was escalating despite
a dip in gold prices. Demand in the first quarter of 2014
pushed turnover to $23.7 billion according to a World
Gold Council report.
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Investment

Gold prices (US$ per troy ounce), in nominal US$ and inflation
adjusted US$.

Main article: Gold as an investment

Many holders of gold store it in form of bullion coins or
bars as a hedge against inflation or other economic dis-
ruptions. However, economist Martin Feldstein does not
believe gold serves as a hedge against inflation or currency
depreciation.[20]

The ISO 4217 currency code of gold is XAU.
Modern bullion coins for investment or collector pur-
poses do not require good mechanical wear properties;
they are typically fine gold at 24k, although the American
Gold Eagle and the British gold sovereign continue to be
minted in 22k (0.92) metal in historical tradition, and the
South African Krugerand, first released in 1967, is also
22k (0.92).[21] The special issue Canadian Gold Maple
Leaf coin contains the highest purity gold of any bullion
coin, at 99.999% or 0.99999, while the popular issue
Canadian Gold Maple Leaf coin has a purity of 99.99%.
Several other 99.99% pure gold coins are available.
In 2006, the United States Mint began producing the
American Buffalo gold bullion coin with a purity of
99.99%. The Australian Gold Kangaroos were first
coined in 1986 as the Australian Gold Nugget but
changed the reverse design in 1989. Other modern coins
include the Austrian Vienna Philharmonic bullion coin
and the Chinese Gold Panda.

Electronics connectors

Only 10% of the world consumption of new gold pro-
duced goes to industry,[4] but by far the most important
industrial use for new gold is in fabrication of corrosion-
free electrical connectors in computers and other electri-
cal devices. For example, according to the World Gold
council, a typical cell phone may contain 50 mg of gold,
worth about 50 cents. But since nearly one billion cell
phones are produced each year, a gold value of 50 cents
in each phone adds to $500 million in gold from just this
application.[22]

Though gold is attacked by free chlorine, its good con-
ductivity and general resistance to oxidation and corro-
sion in other environments (including resistance to non-
chlorinated acids) has led to its widespread industrial use
in the electronic era as a thin layer coating electrical con-
nectors, thereby ensuring good connection. For example,
gold is used in the connectors of the more expensive elec-
tronics cables, such as audio, video and USB cables. The
benefit of using gold over other connector metals such as
tin in these applications has been debated; gold connec-
tors are often criticized by audio-visual experts as unnec-
essary for most consumers and seen as simply a market-
ing ploy. However, the use of gold in other applications
in electronic sliding contacts in highly humid or corrosive
atmospheres, and in use for contacts with a very high fail-
ure cost (certain computers, communications equipment,
spacecraft, jet aircraft engines) remains very common.[23]

Besides sliding electrical contacts, gold is also used in
electrical contacts because of its resistance to corrosion,
electrical conductivity, ductility and lack of toxicity.[24]
Switch contacts are generally subjected to more intense
corrosion stress than are sliding contacts. Fine gold wires
are used to connect semiconductor devices to their pack-
ages through a process known as wire bonding.
The concentration of free electrons in gold metal is
5.90×1022 cm−3. Gold is highly conductive to electric-
ity, and has been used for electrical wiring in some high-
energy applications (only silver and copper are more con-
ductive per volume, but gold has the advantage of corro-
sion resistance). For example, gold electrical wires were
used during some of the Manhattan Project's atomic ex-
periments, but large high current silver wires were used
in the calutron isotope separator magnets in the project.

Non-electronic industry

Mirror for the future JamesWebb Space Telescope coated in gold
to reflect infrared light

• Gold solder is used for joining the components of
gold jewelry by high-temperature hard soldering or
brazing. If the work is to be of hallmarking qual-
ity, gold solder must match the carat weight of the
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The world’s largest gold bar has a mass of 250 kg. Toi museum,
Japan.

A gold nugget of 5 mm in diameter (bottom) can be expanded
through hammering into a gold foil of about 0.5 square meters.
Toi museum, Japan.

work, and alloy formulas are manufactured in most
industry-standard carat weights to color match yel-

low and white gold. Gold solder is usually made in at
least three melting-point ranges referred to as Easy,
Medium and Hard. By using the hard, high-melting
point solder first, followed by solders with progres-
sively lower melting points, goldsmiths can assemble
complex items with several separate soldered joints.

• Gold can be made into thread and used in
embroidery.

• Gold produces a deep, intense red color when used
as a coloring agent in cranberry glass.

• In photography, gold toners are used to shift the
color of silver bromide black-and-white prints to-
wards brown or blue tones, or to increase their sta-
bility. Used on sepia-toned prints, gold toners pro-
duce red tones. Kodak published formulas for sev-
eral types of gold toners, which use gold as the
chloride.[25]

• Gold is a good reflector of electromagnetic radi-
ation such as infrared and visible light as well as
radio waves. It is used for the protective coatings on
many artificial satellites, in infrared protective face-
plates in thermal protection suits and astronauts’ hel-
mets and in electronic warfare planes like the EA-6B
Prowler.

• Gold is used as the reflective layer on some high-end
CDs.

• Automobiles may use gold for heat shielding.
McLaren uses gold foil in the engine compartment
of its F1 model.[26]

• Gold can be manufactured so thin that it appears
transparent. It is used in some aircraft cockpit win-
dows for de-icing or anti-icing by passing electricity
through it. The heat produced by the resistance of
the gold is enough to deter ice from forming.[27]

Commercial chemistry

Gold is attacked by and dissolves in alkaline solu-
tions of potassium or sodium cyanide, to form the salt
gold cyanide—a technique that has been used in ex-
tracting metallic gold from ores in the cyanide pro-
cess. Gold cyanide is the electrolyte used in com-
mercial electroplating of gold onto base metals and
electroforming.
Gold chloride (chloroauric acid) solutions are used to
make colloidal gold by reduction with citrate or ascorbate
ions. Gold chloride and gold oxide are used to make cran-
berry or red-colored glass, which, like colloidal gold sus-
pensions, contains evenly sized spherical gold nanoparti-
cles.[28]
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Medicine

Gold (usually as the metal) is perhaps the most an-
ciently administered medicine (apparently by shamanic
practitioners)[29] and known to Dioscorides,[30][31] appar-
ent paradoxes of the actual toxicology of the substance
nevertheless suggests the possibility still of serious gaps
in understanding of action on physiology.[32]

In medieval times, gold was often seen as beneficial for
the health, in the belief that something so rare and beau-
tiful could not be anything but healthy. Even some mod-
ern esotericists and forms of alternative medicine assign
metallic gold a healing power.[33]

Only salts and radioisotopes of gold are of use in standard
pharmacological value, since elemental (metallic) gold is
inert to all chemicals it encounters inside the body (i.e.,
ingested gold cannot be attacked by stomach acid). Some
gold salts do have anti-inflammatory properties and at
present two are still used as pharmaceuticals in the treat-
ment of arthritis and other similar conditions in the US
(sodium aurothiomalate and auranofin). These drugs have
been explored as a means to help to reduce the pain and
swelling of rheumatoid arthritis, and also (historically)
against tuberculosis and some parasites.[34]

Gold alloys are used in restorative dentistry, especially in
tooth restorations, such as crowns and permanent bridges.
The gold alloys’ slight malleability facilitates the creation
of a superior molar mating surface with other teeth and
produces results that are generally more satisfactory than
those produced by the creation of porcelain crowns. The
use of gold crowns in more prominent teeth such as in-
cisors is favored in some cultures and discouraged in oth-
ers.
Colloidal gold preparations (suspensions of gold nanopar-
ticles) in water are intensely red-colored, and can be
made with tightly controlled particle sizes up to a few
tens of nanometers across by reduction of gold chlo-
ride with citrate or ascorbate ions. Colloidal gold is
used in research applications in medicine, biology and
materials science. The technique of immunogold labeling
exploits the ability of the gold particles to adsorb protein
molecules onto their surfaces. Colloidal gold particles
coated with specific antibodies can be used as probes for
the presence and position of antigens on the surfaces of
cells.[35] In ultrathin sections of tissues viewed by electron
microscopy, the immunogold labels appear as extremely
dense round spots at the position of the antigen.[36]

Gold, or alloys of gold and palladium, are applied as con-
ductive coating to biological specimens and other non-
conducting materials such as plastics and glass to be
viewed in a scanning electron microscope. The coat-
ing, which is usually applied by sputtering with an argon
plasma, has a triple role in this application. Gold’s very
high electrical conductivity drains electrical charge to
earth, and its very high density provides stopping power
for electrons in the electron beam, helping to limit the

depth to which the electron beam penetrates the speci-
men. This improves definition of the position and topog-
raphy of the specimen surface and increases the spatial
resolution of the image. Gold also produces a high out-
put of secondary electrons when irradiated by an electron
beam, and these low-energy electrons are the most com-
monly used signal source used in the scanning electron
microscope.[37]

The isotope gold-198 (half-life 2.7 days) is used, in
nuclear medicine, in some cancer treatments and for
treating other diseases.[38][39]

Food and drink

• Gold can be used in food and has the E number
175.[40]

• Gold leaf, flake or dust is used on and in some
gourmet foods, notably sweets and drinks as decora-
tive ingredient.[41] Gold flake was used by the nobil-
ity in medieval Europe as a decoration in food and
drinks, in the form of leaf, flakes or dust, either to
demonstrate the host’s wealth or in the belief that
something that valuable and rare must be beneficial
for one’s health.

• Danziger Goldwasser (German: Gold water of
Danzig) or Goldwasser (English: Goldwater) is a
traditional German herbal liqueur[42] produced in
what is today Gdańsk, Poland, and Schwabach, Ger-
many, and contains flakes of gold leaf. There are
also some expensive (~$1000) cocktails which con-
tain flakes of gold leaf.[43] However, since metal-
lic gold is inert to all body chemistry, it has no
taste, it provides no nutrition, and it leaves the body
unaltered.[44]

1.3.4 Monetary exchange (historical)

Gold is commonly formed into bars for use in monetary ex-
change.

Gold has been widely used throughout the world as
money, for efficient indirect exchange (versus barter),
and to store wealth in hoards. For exchange purposes,
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Two golden 20 kr coins from the Scandinavian Monetary Union,
which was based on a gold standard. The coin to the left is
Swedish and the right one is Danish.

mints produce standardized gold bullion coins, bars and
other units of fixed weight and purity.
The first coins containing gold were struck in Lydia, Asia
Minor, around 600 BC.[45] The talent coin of gold in use
during the periods of Grecian history both before and
during the time of the life of Homer weighed between
8.42 and 8.75 grams.[46] From an earlier preference in us-
ing silver, European economies re-established the mint-
ing of gold as coinage during the thirteenth and fourteenth
centuries.[47]

Bills (that mature into gold coin) and gold certificates
(convertible into gold coin at the issuing bank) added to
the circulating stock of gold standard money in most 19th
century industrial economies. In preparation for World
War I the warring nations moved to fractional gold stan-
dards, inflating their currencies to finance the war effort.
Post-war, the victorious countries, most notably Britain,
gradually restored gold-convertibility, but international
flows of gold via bills of exchange remained embargoed;
international shipments were made exclusively for bilat-
eral trades or to pay war reparations.
After World War II gold was replaced by a system of
nominally convertible currencies related by fixed ex-
change rates following the Bretton Woods system. Gold
standards and the direct convertibility of currencies to
gold have been abandoned by world governments, led
in 1971 by the United States’ refusal to redeem its dol-
lars in gold. Fiat currency now fills most monetary roles.
Switzerland was the last country to tie its currency to
gold; it backed 40% of its value until the Swiss joined
the International Monetary Fund in 1999.[48]

Central banks continue to keep a portion of their liq-
uid reserves as gold in some form, and metals exchanges
such as the London Bullion Market Association still clear
transactions denominated in gold, including future deliv-
ery contracts. Today, gold mining output is declining.[49]
With the sharp growth of economies in the 20th century,
and increasing foreign exchange, the world’s gold reserves
and their trading market have become a small fraction of

all markets and fixed exchange rates of currencies to gold
have been replaced by floating prices for gold and gold
future contract. Though the gold stock grows by only 1 or
2% per year, very little metal is irretrievably consumed.
Inventory above ground would satisfy many decades of
industrial and even artisan uses at current prices.
The gold content of alloys is measured in carats (k). Pure
gold is designated as 24k. English gold coins intended
for circulation from 1526 into the 1930s were typically
a standard 22k alloy called crown gold,[50] for hardness
(American gold coins for circulation after 1837 contained
the slightly lower amount of 0.900 fine gold, or 21.6
kt).[51]

Although the prices of some platinum group metals can
be much higher, gold has long been considered the most
desirable of precious metals, and its value has been used
as the standard for many currencies. Gold has been used
as a symbol for purity, value, royalty, and particularly
roles that combine these properties. Gold as a sign of
wealth and prestige was ridiculed by Thomas More in
his treatise Utopia. On that imaginary island, gold is so
abundant that it is used to make chains for slaves, table-
ware, and lavatory seats. When ambassadors from other
countries arrive, dressed in ostentatious gold jewels and
badges, the Utopians mistake them for menial servants,
paying homage instead to the most modestly dressed of
their party.

1.3.5 Cultural history

The Turin Papyrus Map

Gold artifacts found at the Nahal Kana cave cemetery
dated during the 1980s, showed these to be from within
the Chalcolithic, and considered the earliest find from the
Levant (Gopher et al. 1990).[52] Gold artifacts in the
Balkans also appear from the 4th millennium BC, such
as those found in the Varna Necropolis near Lake Varna
in Bulgaria, thought by one source (La Niece 2009) to
be the earliest “well-dated” find of gold artifacts.[53] Gold
artifacts such as the golden hats and the Nebra disk ap-
peared in Central Europe from the 2nd millennium BC
Bronze Age.
Egyptian hieroglyphs from as early as 2600 BC describe
gold, which king Tushratta of the Mitanni claimed was
“more plentiful than dirt” in Egypt.[54] Egypt and espe-
cially Nubia had the resources to make them major gold-
producing areas for much of history. The earliest known
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Funerary mask of Tutankhamun

Jason returns with the golden fleece on an Apulian red-figure
calyx krater, ca. 340–330 BC.

Ancient Greek golden decorated crown, funerary or marriage
material, 370–360 BC. From a grave in Armento, Campania

map is known as the Turin Papyrus Map and shows the
plan of a gold mine in Nubia together with indications
of the local geology. The primitive working methods are
described by both Strabo and Diodorus Siculus, and in-
cluded fire-setting. Large mines were also present across
the Red Sea in what is now Saudi Arabia.
The legend of the golden fleece may refer to the use of
fleeces to trap gold dust from placer deposits in the an-
cient world. Gold is mentioned frequently in the Old Tes-
tament, starting with Genesis 2:11 (at Havilah), the story
of The Golden Calf and many parts of the temple includ-
ing the Menorah and the golden altar. In the New Testa-
ment, it is included with the gifts of the magi in the first
chapters of Matthew. The Book of Revelation 21:21 de-
scribes the city of New Jerusalem as having streets “made
of pure gold, clear as crystal”. Exploitation of gold in the
south-east corner of the Black Sea is said to date from the
time of Midas, and this gold was important in the estab-
lishment of what is probably the world’s earliest coinage
in Lydia around 610 BC.[55] From the 6th or 5th century
BC, the Chu (state) circulated the Ying Yuan, one kind
of square gold coin.
In Roman metallurgy, new methods for extracting gold
on a large scale were developed by introducing hydraulic
mining methods, especially in Hispania from 25 BC on-
wards and in Dacia from 106 AD onwards. One of their
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largest mines was at Las Medulas in León (Spain), where
seven long aqueducts enabled them to sluice most of a
large alluvial deposit. The mines at Roşia Montană in
Transylvania were also very large, and until very recently,
still mined by opencast methods. They also exploited
smaller deposits in Britain, such as placer and hard-rock
deposits at Dolaucothi. The various methods they used
are well described by Pliny the Elder in his encyclopedia
Naturalis Historia written towards the end of the first cen-
tury AD.
During Mansa Musa's (ruler of the Mali Empire from
1312 to 1337) hajj to Mecca in 1324, he passed through
Cairo in July 1324, and was reportedly accompanied by a
camel train that included thousands of people and nearly
a hundred camels where he gave away so much gold that
it depressed the price in Egypt for over a decade.[56] A
contemporary Arab historian remarked:

Gold was at a high price in Egypt until
they came in that year. The mithqal did not go
below 25 dirhams and was generally above, but
from that time its value fell and it cheapened
in price and has remained cheap till now. The
mithqal does not exceed 22 dirhams or less.
This has been the state of affairs for about
twelve years until this day by reason of the
large amount of gold which they brought into
Egypt and spent there [...].
—Chihab Al-Umari, Kingdom of Mali[57]

The Portuguese overseas expansion started in 1415 with
the taking of Ceuta, to control the gold trade coming
across the desert. Although the caravan trade routes were
then diverted, the Portuguese continued expansing south-
wards along the coast and eventually buying the gold di-
rectly (or less indirectly) from the Africans in the Gulf of
Guinea.
The European exploration of the Americas was fueled
in no small part by reports of the gold ornaments dis-
played in great profusion by Native American peoples,
especially in Mesoamerica, Peru, Ecuador and Colombia.
The Aztecs regarded gold as literally the product of the
gods, calling it “god excrement” (teocuitlatl in Nahuatl),
and after Moctezuma II was killed, most of this gold was
shipped to Spain.[58] However, for the indigenous peoples
of North America gold was considered useless and they
saw much greater value in other minerals which were di-
rectly related to their utility, such as obsidian, flint, and
slate.[59] Rumors of cities filled with gold fueled legends
of El Dorado.
Gold played a role in western culture, as a cause for de-
sire and of corruption, as told in children’s fables like
Rumplestiltskin, where the peasant’s daughter turns hay
into gold, in return for giving up her child when she be-
comes a princess, and stealing the hen that lays golden
eggs in Jack and the beanstalk.

The top prize at the Olympic games is the gold medal.
There is an age-old tradition of biting gold to test its au-
thenticity. Although this is certainly not a professional
way of examining gold, the bite test was not to check if
the coin was gold (90% gold coins are fairly strong) but to
see if the coin was gold plated lead. A lead coin would be
very soft and thus teeth marks would result. Fake gold
coins were a common problem before 1932 so weigh-
ing a coin and also sliding a coin through a “counterfeit
detector” slot was common (making a lead coin thicker
would add weight thus why slide it through a measured
slot). Most establishments (especially US Western sa-
loons) would never accept a gold (or silver) coin of high
value before weighing such an item.
75% of all gold ever produced has been extracted since
1910.[60] It has been estimated that all gold ever refined
would form a single cube 20m (66 ft) on a side (equivalent
to 8,000 m3).[60]

Circled dot, the alchemical symbol for gold

Onemain goal of the alchemists was to produce gold from
other substances, such as lead— presumably by the inter-
action with a mythical substance called the philosopher’s
stone. Although they never succeeded in this attempt,
the alchemists promoted an interest in what can be done
with substances, and this laid a foundation for today’s
chemistry. Their symbol for gold was the circle with a
point at its center (☉), which was also the astrological
symbol and the ancient Chinese character for the Sun.
Golden treasures have been rumored to be found at vari-
ous locations, following tragedies such as the Jewish tem-
ple treasures in the Vatican, following the temple’s de-
struction in 70 AD, a gold stash on the Titanic, the Nazi
gold train – following World War II.
The Dome of the Rock on the Jerusalem temple site
is covered with an ultra-thin golden glasure. The Sikh
Golden temple, the Harmandir Sahib, is a building cov-
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ered with gold. Similarly the Wat Phra Kaew emerald
Budha temple in Thailand has ornamental gold statues
walls and roofs. Some European king and queen’s crowns
were made of gold, and gold was used for the bridal
crown since antiquity. An ancient Talmudic text circa
100 AD describes Rachel, Rabbi Akiba's wife asking for
a “Jerusalem of Gold” (crown). A Greek burial crown
made of gold was found in a grave circa 370 BC.

1.3.6 Occurrence

This 156-troy-ounce (4.9 kg) nugget, known as the Mojave
Nugget, was found by an individual prospector in the Southern
California Desert using a metal detector.

Gold’s atomic number of 79 makes it one of the higher
atomic number elements that occur naturally. Although
traditionally, gold is thought to have formed by supernova
nucleosynthesis.,[61] a new theory suggests that gold and
other elements heavier than iron are made by the colli-
sion of neutron stars instead.[62][63] Either way, satellite
spectrometers in theory detect the resulting gold, “but we
have no spectroscopic evidence that [such] elements have
truly been produced.”[64]

These gold nucleogenesis theories hold that the result-
ing explosions scattered metal-containing dusts (includ-
ing heavy elements like gold) into the region of space in
which they later condensed into our solar system and the
Earth.[65] Because the Earth was molten when it was just
formed, almost all of the gold present on Earth sank into
the core. Most of the gold that is present today in the
Earth’s crust and mantle is thought to have been deliv-
ered to Earth later, by asteroid impacts during the late
heavy bombardment.[66][66][67][68][69][70]

The asteroid that formed Vredefort crater 2.020 bil-
lion years ago is often credited with seeding the
Witwatersrand basin in South Africa with the richest gold
deposits on earth.[71][72][73][74] However, the gold bear-
ing Witwatersrand rocks were laid down between 700
and 950 million years before the Vredefort impact.[75][76]
These gold bearing rocks had furthermore been covered

A schematic diagram of a NE (left) to SW (right) cross-section
through the 2.020 billion year old Vredefort impact crater in
South Africa and how it distorted the contemporary geological
structures. The present erosion level is shown. Johannesburg is
located where the Witwatersrand Basin (the yellow layer) is ex-
posed at the “present surface” line, just inside the crater rim, on
the left. Not to scale.

by a thick layer of Ventersdorp lavas, and the Transvaal
Supergroup of rocks before the meteor struck. What the
Vredefort impact achieved, however, was to distort the
Witwatersrand basin in such a way that the gold bear-
ing rocks were brought to the present erosion surface in
Johannesburg, on the Witwatersrand, just inside the rim
of the original 300 km diameter crater caused by the me-
teor strike. The discovery of the deposit in 1886 launched
theWitwatersrand Gold Rush. Nearly 50% of all the gold
ever mined on earth has been extracted from these Wit-
watersrand rocks.[76]

On Earth, gold is found in ores in rock formed from the
Precambrian time onward.[53] It most often occurs as a
native metal, typically in a metal solid solution with silver
(i.e. as a gold silver alloy). Such alloys usually have a
silver content of 8–10%. Electrum is elemental gold with
more than 20% silver. Electrum’s color runs from golden-
silvery to silvery, dependent upon the silver content. The
more silver, the lower the specific gravity.
Native gold occurs as very small to microscopic particles
embedded in rock, often together with quartz or sulfide
minerals such as “Fool’s Gold”, which is a pyrite.[77]
These are called lode deposits. The metal in a native state
is also found in the form of free flakes, grains or larger
nuggets[53] that have been eroded from rocks and end up
in alluvial deposits called placer deposits. Such free gold
is always richer at the surface of gold-bearing veins ow-
ing to the oxidation of accompanying minerals followed
by weathering, and washing of the dust into streams and
rivers, where it collects and can be welded by water action
to form nuggets.
Gold sometimes occurs combined with tellurium as the
minerals calaverite, krennerite, nagyagite, petzite and
sylvanite (see telluride minerals), and as the rare bis-
muthide maldonite (Au2Bi) and antimonide aurostibite
(AuSb2). Gold also occurs in rare alloys with copper,
lead, and mercury: the minerals auricupride (Cu3Au),
novodneprite (AuPb3) and weishanite ((Au, Ag)3Hg2).
Recent research suggests that microbes can sometimes
play an important role in forming gold deposits, trans-
porting and precipitating gold to form grains and nuggets
that collect in alluvial deposits.[78]
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Relative sizes of an 860 kg block of gold ore, and the 30 g of gold
that can be extracted from it. Toi gold mine, Japan.

Gold left behind after a pyrite cube was oxidized to hematite. Note
cubic shape of cavity.

Another recent study has claimed water in faults vapor-
izes during an earthquake, depositing gold. When an
earthquake strikes, it moves along a fault. Water often
lubricates faults, filling in fractures and jogs. About 6
miles (10 kilometers) below the surface, under incredible
temperatures and pressures, the water carries high con-
centrations of carbon dioxide, silica, and gold. During an
earthquake, the fault jog suddenly opens wider. The wa-
ter inside the void instantly vaporizes, flashing to steam
and forcing silica, which forms the mineral quartz, and
gold out of the fluids and onto nearby surfaces.[79]

Seawater

The world’s oceans contain gold. Measured concentra-
tions of gold in the Atlantic and Northeast Pacific are 50–
150 fmol/L or 10–30 parts per 1,000,000,000,000,000
quadrillion (about 10–30 g/km3). In general, gold con-
centrations for south Atlantic and central Pacific sam-
ples are the same (~50 fmol/L) but less certain. Mediter-
ranean deep waters contain slightly higher concentrations
of gold (100–150 fmol/L) attributed to wind-blown dust

and/or rivers. At 10 parts per quadrillion the Earth’s
oceans would hold 15,000 tonnes of gold.[80] These fig-
ures are three orders of magnitude less than reported
in the literature prior to 1988, indicating contamination
problems with the earlier data.
A number of people have claimed to be able to econom-
ically recover gold from sea water, but so far they have
all been either mistaken or acted in an intentional decep-
tion. Prescott Jernegan ran a gold-from-seawater swindle
in the United States in the 1890s. A British fraudster ran
the same scam in England in the early 1900s.[81] Fritz
Haber (the German inventor of the Haber process) did
research on the extraction of gold from sea water in an
effort to help pay Germany's reparations following World
War I.[82] Based on the published values of 2 to 64 ppb
of gold in seawater a commercially successful extraction
seemed possible. After analysis of 4,000 water samples
yielding an average of 0.004 ppb it became clear that
the extraction would not be possible and he stopped the
project.[83] No commercially viable mechanism for per-
forming gold extraction from sea water has yet been iden-
tified. Gold synthesis is not economically viable and is
unlikely to become so in the foreseeable future.

Specimens of crystalline native gold

• Native gold nuggets

• “Rope gold” fromLena River, Sakha Republic, Rus-
sia. Size: 2.5×1.2×0.7 cm.

• Crystalline gold from Mina Zapata, Santa Elena de
Uairen, Venezuela. Size: 3.7×1.1×0.4 cm.

• Gold leaf from Harvard Mine, Jamestown, Califor-
nia, USA. Size 9.3×3.2× >0.1 cm.

1.3.7 Production

Main article: List of countries by gold production
At the end of 2009, it was estimated that all the gold

The entrance to an underground gold mine in Victoria, Australia
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Pure gold precipitate produced by the aqua regia refining process
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ever mined totaled 165,000 tonnes.[3] This can be rep-
resented by a cube with an edge length of about 20.28
meters. At $1,600 per troy ounce, 165,000 metric tonnes
of gold would have a value of $8.5 trillion.
World production for 2011 was at 2,700 tonnes, com-
pared to 2,260 tonnes for 2008.
Since the 1880s, South Africa has been the source for a
large proportion of the world’s gold supply, with about
50% of all gold ever produced having come from South
Africa. Production in 1970 accounted for 79% of the
world supply, producing about 1,480 tonnes. In 2007
China (with 276 tonnes) overtook South Africa as the
world’s largest gold producer, the first time since 1905
that South Africa has not been the largest.[84]

1.3.8 Mining

Main article: Gold mining

As of 2013, China was the world’s leading gold-mining
country, followed in order by Australia, the United States,
Russia, and Peru. South Africa, which had dominated

world gold production for most of the 20th Century, had
declined to sixth place.[85] Other major producers are the
Ghana, Burkina Faso, Mali, Indonesia and Uzbekistan.
In South America, the controversial project Pascua Lama
aims at exploitation of rich fields in the high mountains
of Atacama Desert, at the border between Chile and
Argentina.
Today about one-quarter of the world gold output is
estimated to originate from artisanal or small scale
mining.[86]

The city of Johannesburg located in South Africa was
founded as a result of the Witwatersrand Gold Rush
which resulted in the discovery of some of the largest
gold deposits the world has ever seen. The gold fields
are confined to the northern and north-western edges of
the Witwatersrand basin, which is a 5–7 km thick layer
of archean rocks located, in most places, deep under the
Free State, Gauteng and surrounding provinces.[87] These
Witwatersrand rocks are exposed at the surface on the
Witwatersrand, in and around Johannesburg, but also in
isolated patches to the south-east and south-west of Jo-
hannesburg, as well as in an arc around the Vredefort
Dome which lies close to the center of the Witwater-
srand basin.[75][87] From these surface exposures the basin
dips extensively, requiring some of the mining to occur
at depths of nearly 4000 m, making them, especially the
Savuka and TauTona mines to the south-west of Johan-
nesburg, the deepest mines on earth. The gold is found
only in six areas where archean rivers from the north and
north-west formed extensive pebbly braided river deltas
before draining into the “Witwatersrand sea” where the
rest of the Witwatersrand sediments were deposited.[87]

The Second Boer War of 1899–1901 between the British
Empire and the Afrikaner Boers was at least partly over
the rights of miners and possession of the gold wealth in
South Africa.

Prospecting

Main article: Gold prospecting

During the 19th century, gold rushes occurred when-
ever large gold deposits were discovered. The first doc-
umented discovery of gold in the United States was
at the Reed Gold Mine near Georgeville, North Car-
olina in 1803.[88] The first major gold strike in the
United States occurred in a small north Georgia town
called Dahlonega.[89] Further gold rushes occurred in
California, Colorado, the Black Hills, Otago in New
Zealand, Australia, Witwatersrand in South Africa, and
the Klondike in Canada.
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1.3.9 Bioremediation

A sample of the fungus Aspergillus nigerwas found grow-
ing from gold mining solution; and was found to contain
cyano metal complexes; such as gold, silver, copper iron
and zinc. The fungus also plays a role in the solubilization
of heavy metal sulfides.[90]

1.3.10 Extraction

Main article: Gold extraction

Gold extraction is most economical in large, easily mined
deposits. Ore grades as little as 0.5 mg/kg (0.5 parts per
million, ppm) can be economical. Typical ore grades in
open-pit mines are 1–5 mg/kg (1–5 ppm); ore grades in
underground or hard rock mines are usually at least 3
mg/kg (3 ppm). Because ore grades of 30 mg/kg (30
ppm) are usually needed before gold is visible to the
naked eye, in most gold mines the gold is invisible.
The average gold mining and extraction costs were about
US$317/oz in 2007, but these can vary widely depending
on mining type and ore quality; global mine production
amounted to 2,471.1 tonnes.[91]

Refining

After initial production, gold is often subsequently re-
fined industrially by the Wohlwill process which is based
on electrolysis or by the Miller process, that is chlorina-
tion in the melt. The Wohlwill process results in higher
purity, but is more complex and is only applied in small-
scale installations.[92][93] Other methods of assaying and
purifying smaller amounts of gold include parting and
inquartation as well as cupellation, or refining methods
based on the dissolution of gold in aqua regia.[94]

1.3.11 Synthesis from other elements

Gold was synthesized frommercury by neutron bombard-
ment in 1941, but the isotopes of gold produced were
all radioactive.[95] In 1924, a Japanese physicist, Hantaro
Nagaoka, accomplished the same feat.[96]

Gold can currently be manufactured in a nuclear reactor
by irradiation either of platinum or mercury.
Only the mercury isotope 196Hg, which occurs with a fre-
quency of 0.15% in natural mercury, can be converted to
gold by neutron capture, and following electron capture-
decay into 197Au with slow neutrons. Other mercury iso-
topes are converted when irradiated with slow neutrons
into one another, or formed mercury isotopes which beta
decay into thallium.
Using fast neutrons, the mercury isotope 198Hg, which
composes 9.97% of natural mercury, can be converted by

splitting off a neutron and becoming 197Hg, which then
disintegrates to stable gold. This reaction, however, pos-
sesses a smaller activation cross-section and is feasible
only with un-moderated reactors.
It is also possible to eject several neutrons with very high
energy into the other mercury isotopes in order to form
197Hg. However such high-energy neutrons can be pro-
duced only by particle accelerators.

1.3.12 Consumption

The consumption of gold produced in the world is
about 50% in jewelry, 40% in investments, and 10% in
industry.[4]

According to World Gold Council, China is the world’s
largest single consumer of gold in 2013 and toppled In-
dia for the first time with Chinese consumption increasing
by 32 percent in a year, while that of India only rose by
13 percent and world consumption rose by 21 percent.
Unlike India where gold is used for mainly for jewellery,
China uses gold for manufacturing and retail.[97]

1.3.13 Pollution

Further information: Mercury cycle

Gold production is associated with contribution to haz-
ardous pollution.[101][102] The ore, generally containing
less than one ppm gold metal, is ground and mixed with
sodium cyanide or mercury to react with gold in the
ore for gold separation. Cyanide is a highly poisonous
chemical, which can kill living creatures when exposed
in minute quantities. Many cyanide spills[103] from gold
mines have occurred in both developed and developing
countries which killed marine life in long stretches of
affected rivers. Environmentalists consider these events
major environmental disasters.[104][105] When mercury
is used in gold production, minute quantity of mercury
compounds reach water bodies, causing heavy metal con-
tamination. Mercury can then enter into the human food
chain in the form of methylmercury. Mercury poisoning
in humans causes incurable brain function damage and
severe retardation.
Thirty tons of used ore is dumped as waste for producing
one troy ounce of gold.[106] Gold ore dumps are the source
of many heavy elements such as cadmium, lead, zinc,
copper, arsenic, selenium and mercury. When sulfide
bearing minerals in these ore dumps are exposed to air
and water, the sulfide transforms into sulfuric acid which
in turn dissolves these heavy metals facilitating their pas-
sage into surface water and ground water. This process
is called acid mine drainage. These gold ore dumps are
long term, highly hazardous wastes second only to nuclear
waste dumps.[106]

Gold extraction is also a highly energy intensive industry,
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extracting ore from deep mines and grinding the large
quantity of ore for further chemical extraction requires
with 25 kW·h of electricity required per gram of gold
produced.[107]

1.3.14 Chemistry

Gold (III) chloride solution in water

Although gold is the most noble of the noble met-
als,[108][109] it still forms many diverse compounds. The
oxidation state of gold in its compounds ranges from−1 to
+5, but Au(I) and Au(III) dominate its chemistry. Au(I),
referred to as the aurous ion, is the most common oxida-
tion state with soft ligands such as thioethers, thiolates,
and tertiary phosphines. Au(I) compounds are typically
linear. A good example is Au(CN)2−, which is the soluble
form of gold encountered in mining. Curiously, aurous
complexes of water are rare. The binary gold halides,
such as AuCl, form zigzag polymeric chains, again fea-
turing linear coordination at Au. Most drugs based on
gold are Au(I) derivatives.[110]

Au(III) (auric) is a common oxidation state, and is il-
lustrated by gold(III) chloride, Au2Cl6. The gold atom
centers in Au(III) complexes, like other d8 compounds,
are typically square planar, with chemical bonds that have
both covalent and ionic character.
Aqua regia, a 1:3 mixture of nitric acid and hydrochloric
acid, dissolves gold. Nitric acid oxidizes the metal to +3
ions, but only in minute amounts, typically undetectable
in the pure acid because of the chemical equilibrium of
the reaction. However, the ions are removed from the
equilibrium by hydrochloric acid, forming AuCl4− ions,
or chloroauric acid, thereby enabling further oxidation.
Some free halogens react with gold.[111] Gold also reacts
in alkaline solutions of potassium cyanide. Withmercury,
it forms an amalgam.

Less common oxidation states

Less common oxidation states of gold include −1, +2, and
+5.
The −1 oxidation state occurs in compounds contain-
ing the Au− anion, called aurides. Caesium auride
(CsAu), for example, crystallizes in the caesium chlo-
ride motif.[112] Other aurides include those of Rb+, K+,
and tetramethylammonium (CH3)4N+.[113] Gold has the
highest Pauling electronegativity of any metal, with a
value of 2.54, making the auride anion relatively stable.
Gold(II) compounds are usually diamagnetic with Au–Au
bonds such as [Au(CH2)2P(C6H5)2]2Cl2. The evapora-
tion of a solution of Au(OH)
3 in concentrated H
2SO
4 produces red crystals of gold(II) sulfate, Au2(SO4)2.
Originally thought to be a mixed-valence compound, it
has been shown to contain Au4+
2 cations.[114][115] A noteworthy, legitimate gold(II) com-
plex is the tetraxenonogold(II) cation, which contains
xenon as a ligand, found in [AuXe4](Sb2F11)2.[116]

Gold pentafluoride, along with its derivative anion, AuF−
6, and its difluorine complex, gold heptafluoride, is the
sole example of gold(V), the highest verified oxidation
state.[117]

Some gold compounds exhibit aurophilic bonding, which
describes the tendency of gold ions to interact at distances
that are too long to be a conventional Au–Au bond but
shorter than van derWaals bonding. The interaction is es-
timated to be comparable in strength to that of a hydrogen
bond.

Mixed valence compounds

Well-defined cluster compounds are numerous.[113] In
such cases, gold has a fractional oxidation state.
A representative example is the octahedral species
{Au(P(C6H5)3)}62+. Gold chalcogenides, such as gold
sulfide, feature equal amounts of Au(I) and Au(III).

1.3.15 Toxicity

Pure metallic (elemental) gold is non-toxic and non-
irritating when ingested[118] and is sometimes used as a
food decoration in the form of gold leaf. Metallic gold
is also a component of the alcoholic drinks Goldschläger,
Gold Strike, and Goldwasser. Metallic gold is approved
as a food additive in the EU (E175 in the Codex Alimen-
tarius). Although the gold ion is toxic, the acceptance
of metallic gold as a food additive is due to its relative
chemical inertness, and resistance to being corroded or
transformed into soluble salts (gold compounds) by any
known chemical process which would be encountered in
the human body.
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Soluble compounds (gold salts) such as gold chloride are
toxic to the liver and kidneys. Common cyanide salts
of gold such as potassium gold cyanide, used in gold
electroplating, are toxic by virtue of both their cyanide
and gold content. There are rare cases of lethal gold poi-
soning from potassium gold cyanide.[119][120] Gold tox-
icity can be ameliorated with chelation therapy with an
agent such as dimercaprol.
Gold metal was voted Allergen of the Year in 2001 by
the American Contact Dermatitis Society. Gold contact
allergies affect mostly women.[121] Despite this, gold is a
relatively non-potent contact allergen, in comparison with
metals like nickel.[122]

1.3.16 Price

Further information: Gold as an investment
Gold is currently valued at around US$62,000 per kilo-

Gold price history in 1960–2011

gram.
Like other precious metals, gold is measured by troy
weight and by grams. When it is alloyed with other met-
als the term carat or karat is used to indicate the purity of
gold present, with 24 carats being pure gold and lower rat-
ings proportionally less. The purity of a gold bar or coin
can also be expressed as a decimal figure ranging from
0 to 1, known as the millesimal fineness, such as 0.995
being very pure.

History

The price of gold is determined through trading in the
gold and derivatives markets, but a procedure known as
the Gold Fixing in London, originating in September
1919, provides a daily benchmark price to the industry.
The afternoon fixing was introduced in 1968 to provide a
price when US markets are open.[123]

Historically gold coinage was widely used as currency;
when paper money was introduced, it typically was a
receipt redeemable for gold coin or bullion. In amonetary
system known as the gold standard, a certain weight of

gold was given the name of a unit of currency. For a
long period, the United States government set the value
of the US dollar so that one troy ounce was equal to
$20.67 ($664.56/kg), but in 1934 the dollar was deval-
ued to $35.00 per troy ounce ($1125.27/kg). By 1961, it
was becoming hard to maintain this price, and a pool of
US and European banks agreed to manipulate the market
to prevent further currency devaluation against increased
gold demand.[124]

On 17 March 1968, economic circumstances caused the
collapse of the gold pool, and a two-tiered pricing scheme
was established whereby gold was still used to settle in-
ternational accounts at the old $35.00 per troy ounce
($1.13/g) but the price of gold on the private market was
allowed to fluctuate; this two-tiered pricing system was
abandoned in 1975 when the price of gold was left to find
its free-market level. Central banks still hold historical
gold reserves as a store of value although the level has
generally been declining. The largest gold depository in
the world is that of the U.S. Federal Reserve Bank in New
York, which holds about 3%[125] of the gold ever mined,
as does the similarly laden U.S. Bullion Depository at
Fort Knox. In 2005 the World Gold Council estimated
total global gold supply to be 3,859 tonnes and demand
to be 3,754 tonnes, giving a surplus of 105 tonnes.[126]

Sometime around 1970 the price began in trend to greatly
increase,[127] and since 1968 the price of gold has ranged
widely, from a high of $850/oz ($27,300/kg) on 21 Jan-
uary 1980, to a low of $252.90/oz ($8,131/kg) on 21
June 1999 (London Gold Fixing).[128] The period from
1999 to 2001 marked the "Brown Bottom" after a 20-
year bear market.[129] Prices increased rapidly from 2001,
but the 1980 high was not exceeded until 3 January 2008
when a new maximum of $865.35 per troy ounce was
set.[130] Another record price was set on 17 March 2008
at $1023.50/oz ($32,900/kg).[130]

In late 2009, gold markets experienced renewed momen-
tum upwards due to increased demand and a weakening
US dollar. On 2 December 2009, Gold reached a new
high closing at $1,217.23.[131] Gold further rallied hit-
ting new highs in May 2010 after the European Union
debt crisis prompted further purchase of gold as a safe
asset.[132][133] On 1 March 2011, gold hit a new all-time
high of $1432.57, based on investor concerns regarding
ongoing unrest in North Africa as well as in the Middle
East.[134]

Since April 2001 the gold price has more than quintupled
in value against the US dollar, hitting a new all-time high
of $1,913.50 on 23 August 2011,[135] prompting specu-
lation that this long secular bear market has ended and a
bull market has returned.[136]

1.3.17 Symbolism

Great human achievements are frequently rewarded with
gold, in the form of gold medals, golden trophies and
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Gold bars at the Emperor Casino in Macau

other decorations. Winners of athletic events and other
graded competitions are usually awarded a gold medal.
Many awards such as the Nobel Prize are made from gold
as well. Other award statues and prizes are depicted in
gold or are gold plated (such as the Academy Awards,
the Golden Globe Awards, the Emmy Awards, the Palme
d'Or, and the British Academy Film Awards).
Aristotle in his ethics used gold symbolism when refer-
ring to what is now commonly known as the golden mean.
Similarly, gold is associated with perfect or divine princi-
ples, such as in the case of the golden ratio and the golden
rule.
Gold is further associated with the wisdom of aging and
fruition. The fiftieth wedding anniversary is golden. Our
most valued or most successful latter years are sometimes
considered “golden years”. The height of a civilization is
referred to as a "golden age".
In some forms of Christianity and Judaism, gold has been
associated both with holiness and evil. In the Book of
Exodus, the Golden Calf is a symbol of idolatry, while
in the Book of Genesis, Abraham was said to be rich in
gold and silver, and Moses was instructed to cover the
Mercy Seat of the Ark of the Covenant with pure gold.
In Byzantine iconography the halos of Christ, Mary and
the Christian saints are often golden.
Medieval kings were inaugurated under the signs of
sacred oil and a golden crown, the latter symbolizing the
eternal shining light of heaven and thus a Christian king’s
divinely inspired authority.
According to Christopher Columbus, those who had
something of gold were in possession of something of
great value on Earth and a substance to even help souls
to paradise.[137]

Wedding rings have long been made of gold. It is long
lasting and unaffected by the passage of time and may aid
in the ring symbolism of eternal vows before God and/or
the sun and moon and the perfection the marriage sig-
nifies. In Orthodox Christian wedding ceremonies, the
wedded couple is adorned with a golden crown (though

some opt for wreaths, instead) during the ceremony, an
amalgamation of symbolic rites.
In popular culture gold has many connotations but is
most generally connected to terms such as good or great,
such as in the phrases: “has a heart of gold”, “that’s
golden!", “golden moment”, “then you're golden!" and
“golden boy”. It remains a cultural symbol of wealth and
through that, in many societies, success.

1.3.18 State emblem

In 1965, the California Legislature designated gold “the
State Mineral and mineralogical emblem”.[138]

In 1968, the Alaska Legislature named gold “the official
state mineral”.[139]

1.3.19 See also

• Bulk leach extractable gold

• Chrysiasis (dermatological condition)

• Commodity fetishism (Marxist economic theory)

• Digital gold currency

• Gold Anti-Trust Action Committee

• Gold fingerprinting

• Gold phosphine complex

• Gold Prospectors Association of America

• Mining in Roman Britain

• Prospecting

• Tumbaga
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• Technical Document on Extraction and Mining of
Gold at the Wayback Machine (archived March 7,
2008), www.epa.gov

• Picture in the Element collection from Heinrich
Pniok, www.pniok.de

• The Art of Precolumbian Gold: The Jan Mitchell
Collection, an exhibition catalog from The
Metropolitan Museum of Art (fully available online
as PDF)

1.4 Graphite

For other uses, see Graphite (disambiguation).

Graphite /ˈɡræfaɪt/ is made almost entirely of carbon
atoms, and as with diamond, is a semimetal native ele-
ment mineral, and an allotrope of carbon. Graphite is
the most stable form of carbon under standard conditions.
Therefore, it is used in thermochemistry as the standard
state for defining the heat of formation of carbon com-
pounds. Graphite may be considered the highest grade of
coal, just above anthracite and alternatively called meta-
anthracite, although it is not normally used as fuel because
it is difficult to ignite.

1.4.1 Types or varieties

There are three principal types of natural graphite, each
occurring in different types of ore deposit:

• Crystalline flake graphite (or flake graphite for short)
occurs as isolated, flat, plate-like particles with
hexagonal edges if unbroken and when broken the
edges can be irregular or angular;

• Amorphous graphite: very fine flake graphite is
sometimes called amorphous in the trade;[4]

• Lump graphite (also called vein graphite) occurs
in fissure veins or fractures and appears as mas-
sive platy intergrowths of fibrous or acicular crys-
talline aggregates, and is probably hydrothermal in
origin.[5]

• Highly ordered pyrolytic graphite or highly oriented
pyrolytic graphite (HOPG) refers to graphite with an
angular spread between the graphite sheets of less
than 1°.[6]

• The name “graphite fiber” is also sometimes used to
refer to carbon fiber or carbon fiber-reinforced poly-
mer.

Graphite output in 2005

1.4.2 Occurrence

Graphite occurs in metamorphic rocks as a result of
the reduction of sedimentary carbon compounds during
metamorphism. It also occurs in igneous rocks and in
meteorites.[3] Minerals associated with graphite include
quartz, calcite, micas and tourmaline. In meteorites it oc-
curs with troilite and silicate minerals.[3] Small graphitic
crystals in meteoritic iron are called cliftonite.[5]

According to the United States Geological Survey
(USGS), world production of natural graphite in 2012
was 1,100,000 tonnes, of which the following major ex-
porters are: China (750 kt), India (150 kt), Brazil (75
kt), North Korea (30 kt) and Canada (26 kt). Graphite
is not mined in the United States, but U.S. production
of synthetic graphite in 2010 was 134 kt valued at $1.07
billion.[7]

1.4.3 Properties

Structure

Graphite has a layered, planar structure. In each layer,
the carbon atoms are arranged in a honeycomb lattice
with separation of 0.142 nm, and the distance between
planes is 0.335 nm.[8] The two known forms of graphite,
alpha (hexagonal) and beta (rhombohedral), have very
similar physical properties, except the graphene layers
stack slightly differently.[9] The hexagonal graphite may
be either flat or buckled.[10] The alpha form can be con-
verted to the beta form through mechanical treatment and
the beta form reverts to the alpha form when it is heated
above 1300 °C.[11]

• Scanning tunneling microscope image of graphite
surface atoms

• Graphite’s unit cell

• Animated view of the unit cell in three layers of
graphene (note that this is a slightly different unit

cell from the one to the left)

• Ball-and-stick model of graphite (two graphene
layers)

• Side view of layer stacking
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• Plane view of layer stacking

• Rotating graphite stereogram

Other properties

Graphite plates and sheets, 10-15 cm high, Mineral specimen
from Kimmirut, Baffin Island.

The acoustic and thermal properties of graphite are highly
anisotropic, since phonons propagate quickly along the
tightly-bound planes, but are slower to travel from one
plane to another.

Molar volume vs. pressure at room temperature.

Graphite is an electric conductor, consequently, useful in
such applications as arc lamp electrodes. It can conduct
electricity due to the vast electron delocalization within
the carbon layers (a phenomenon called aromaticity).
These valence electrons are free to move, so are able to
conduct electricity. However, the electricity is primarily
conducted within the plane of the layers. The conduc-
tive properties of powdered graphite[12] allows its use as
pressure sensor in carbon microphones.
Graphite and graphite powder are valued in industrial
applications for their self-lubricating and dry lubricating
properties. There is a common belief that graphite’s lu-
bricating properties are solely due to the loose interlamel-

lar coupling between sheets in the structure.[13] However,
it has been shown that in a vacuum environment (such
as in technologies for use in space), graphite is a very
poor lubricant. This observation led to the hypothesis
that the lubrication is due to the presence of fluids be-
tween the layers, such as air and water, which are nat-
urally adsorbed from the environment. This hypothesis
has been refuted by studies showing that air and water
are not absorbed.[14] Recent studies suggest that an effect
called superlubricity can also account for graphite’s lu-
bricating properties. The use of graphite is limited by its
tendency to facilitate pitting corrosion in some stainless
steel,[15][16] and to promote galvanic corrosion between
dissimilar metals (due to its electrical conductivity). It
is also corrosive to aluminium in the presence of mois-
ture. For this reason, the US Air Force banned its use
as a lubricant in aluminium aircraft,[17] and discouraged
its use in aluminium-containing automatic weapons.[18]
Even graphite pencil marks on aluminium partsmay facil-
itate corrosion.[19] Another high-temperature lubricant,
hexagonal boron nitride, has the same molecular struc-
ture as graphite. It is sometimes called white graphite,
due to its similar properties.
When a large number of crystallographic defects bind
these planes together, graphite loses its lubrication prop-
erties and becomes what is known as pyrolytic graphite.
It is also highly anisotropic, and diamagnetic, thus it will
float in mid-air above a strong magnet. If it is made in
a fluidized bed at 1000–1300 °C then it is isotropic tur-
bostratic, and is used in blood contacting devices like me-
chanical heart valves and is called (pyrolytic carbon), and
is not diamagnetic. Pyrolytic graphite, and pyrolytic car-
bon are often confused but are very different materials.
Natural and crystalline graphites are not often used in
pure form as structural materials, due to their shear-
planes, brittleness and inconsistent mechanical proper-
ties.

1.4.4 History of natural graphite use

In the 4th millennium B.C., during the Neolithic Age in
southeastern Europe, the Mariţa culture used graphite in
a ceramic paint for decorating pottery.[20]

Some time before 1565 (some sources say as early as
1500), an enormous deposit of graphite was discov-
ered on the approach to Grey Knotts from the ham-
let of Seathwaite in Borrowdale parish, Cumbria, Eng-
land, which the locals found very useful for marking
sheep.[21][22] During the reign of Elizabeth 1 (1533–
1603), Borrowdale graphite was used as a refractory ma-
terial to line moulds for cannonballs, resulting in rounder,
smoother balls that could be fired farther, contributing to
the strength of the English navy. This particular deposit
of graphite was extremely pure and soft, and could eas-
ily be broken into sticks. Because of its military impor-
tance, this unique mine and its production were strictly
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controlled by the Crown.[23]

Other names

Historically, graphite was called black lead or
plumbago.[5][24]

Plumbago was commonly used in its massive mineral
form. Both of these names arise from confusion with
the similar-appearing lead ores, particularly galena. The
Latin word for lead is plumbum, which gave its name to
both the English term for this grey metallic-sheened min-
eral and even the leadworts or plumbagos, plants with
flowers that resemble this colour.
The term black lead usually refers to a powdered or pro-
cessed graphite, which is matte black in color.
The name graphite (“writing stone”) was coined by
Abraham Gottlob Werner in 1789. He attempted to
clear the confusion of what molybdena, plumbago and
blacklead actually are after Carl Wilhelm Scheele in
1778 proved that there are at least three different min-
erals. Scheele’s analysis showed that the chemical com-
pounds molybdenum sulfide (molybdenite), lead(II) sul-
fide (galena) and graphite were three different soft black
minerals.[25][26][27]

1.4.5 Uses of natural graphite

Natural graphite is mostly consumed for refractories, bat-
teries, steelmaking, expanded graphite, brake linings,
foundry facings and lubricants.[7] Graphene, which oc-
curs naturally in graphite, has unique physical properties
andmight be one of the strongest substances known; how-
ever, the process of separating it from graphite will re-
quire some technological development before it is eco-
nomically feasible to use it in industrial processes.

Refractories

This end-use begins before 1900 with the graphite
crucible used to hold molten metal; this is now a mi-
nor part of refractories. In the mid-1980s, the carbon-
magnesite brick became important, and a bit later the
alumina-graphite shape. Currently the order of im-
portance is alumina-graphite shapes, carbon-magnesite
brick, monolithics (gunning and ramming mixes), and
then crucibles.
Crucibles began using very large flake graphite, and
carbon-magnesite brick requiring not quite so large flake
graphite; for these and others there is now much more
flexibility in size of flake required, and amorphous
graphite is no longer restricted to low-end refractories.
Alumina-graphite shapes are used as continuous casting
ware, such as nozzles and troughs, to convey the molten
steel from ladle to mold, and carbon magnesite bricks
line steel converters and electric arc furnaces to withstand

extreme temperatures. Graphite Blocks are also used in
parts of blast furnace linings where the high thermal con-
ductivity of the graphite is critical. High-purity mono-
lithics are often used as a continuous furnace lining in-
stead of the carbon-magnesite bricks.
The US and European refractories industry had a cri-
sis in 2000–2003, with an indifferent market for steel
and a declining refractory consumption per tonne of
steel underlying firm buyouts and many plant closings.
Many of the plant closings resulted from the acquisi-
tion of Harbison-Walker Refractories by RHI AG and
some plants had their equipment auctioned off. Since
much of the lost capacity was for carbon-magnesite brick,
graphite consumption within refractories area moved to-
wards alumina-graphite shapes andmonolithics, and away
from the brick.The major source of carbon-magnesite
brick is now imports from China. Almost all of the above
refractories are used to make steel and account for 75%
of refractory consumption; the rest is used by a variety of
industries, such as cement.
According to the USGS, US natural graphite consump-
tion in refractories was 12,500 tonnes in 2010.[7]

Batteries

The use of graphite in batteries has been increasing in the
last 30 years. Natural and synthetic graphite are used to
construct the anode of all major battery technologies.[7]
The lithium-ion battery utilizes roughly twice the amount
of graphite than lithium carbonate.[28]

The demand for batteries, primarily nickel-metal-hydride
and lithium-ion batteries, has caused a growth in graphite
demand in the late 1980s and early 1990s. This growth
was driven by portable electronics, such as portable CD
players and power tools. Laptops, mobile phones, tablet,
and smartphone products have increased the demand for
batteries. Electric vehicle batteries are anticipated to in-
crease graphite demand. As an example, a lithium-ion
battery in a fully electric Nissan Leaf contains nearly 40
kg of graphite.

Steelmaking

Natural graphite in this end use mostly goes into carbon
raising in molten steel, although it can be used to lubri-
cate the dies used to extrude hot steel. Supplying carbon
raisers is very competitive, therefore subject to cut-throat
pricing from alternatives such as synthetic graphite pow-
der, petroleum coke, and other forms of carbon. A car-
bon raiser is added to increase the carbon content of the
steel to the specified level. An estimate based on USGS
US graphite consumption statistics indicates that 10,500
tonnes were used in this fashion in 2005.[7]
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Brake linings

Natural amorphous and fine flake graphite are used in
brake linings or brake shoes for heavier (nonautomotive)
vehicles, and became important with the need to substi-
tute for asbestos. This use has been important for quite
some time, but nonasbestos organic (NAO) compositions
are beginning to cost graphite market share. A brake-
lining industry shake-out with some plant closings has not
helped either, nor has an indifferent automotive market.
According to the USGS, US natural graphite consump-
tion in brake linings was 6,510 tonnes in 2005.[7]

Foundry facings and lubricants

A foundry facing mold wash is a water-based paint of
amorphous or fine flake graphite. Painting the inside of a
mold with it and letting it dry leaves a fine graphite coat
that will ease separation of the object cast after the hot
metal has cooled. Graphite lubricants are specialty items
for use at very high or very low temperatures, as forging
die lubricant, an antiseize agent, a gear lubricant for min-
ing machinery, and to lubricate locks. Having low-grit
graphite, or even better no-grit graphite (ultra high pu-
rity), is highly desirable. It can be used as a dry powder,
in water or oil, or as colloidal graphite (a permanent sus-
pension in a liquid). An estimate based onUSGS graphite
consumption statistics indicates that 2,200 tonnes was
used in this fashion in 2005.[7]

Pencils

Graphite pencils

The ability to leave marks on paper and other objects gave
graphite its name, given in 1789 by German mineralogist
AbrahamGottlobWerner. It stems from graphein, mean-
ing to write/draw in Ancient Greek.[5][29]

Pencil lead is most commonly amix of powdered graphite
and clay; it was invented by Nicolas-Jacques Conté in
1795.[30][31] It is chemically unrelated to the metal lead,
whose ores had a similar appearance, hence the continu-
ation of the name. Plumbago is another older term for
natural graphite used for drawing, typically as a lump of

the mineral without a wood casing. The term plumbago
drawing is normally restricted to 17th and 18th century
works, mostly portraits.
Today, pencils are still a small but significant market for
natural graphite. Around 7% of the 1.1 million tonnes
produced in 2011 was used to make pencils.[28] Low-
quality amorphous graphite is used and sourced mainly
from China.[7]

Other uses

Natural graphite has found uses in zinc-carbon batter-
ies, in electric motor brushes, and various specialized
applications. Graphite is also commonly used in the
form of powders, and sticks for the purpose of writing
or drawing. Graphite of various hardness or softness
results in different qualities and tones when used as an
artistic medium.[32] Railroads would often mix powdered
graphite with waste oil or linseed oil to create a heat re-
sistant protective coating for the exposed portions of a
steam locomotive’s boiler, such as the smokebox or lower
part of the firebox.[33]

Expanded graphite

Expanded graphite is made by immersing natural flake
graphite in a bath of chromic acid, then concentrated
sulfuric acid, which forces the crystal lattice planes apart,
thus expanding the graphite. The expanded graphite can
be used to make graphite foil or used directly as “hot top”
compound to insulate molten metal in a ladle or red-hot
steel ingots and decrease heat loss, or as firestops fitted
around a fire door or in sheet metal collars surrounding
plastic pipe (during a fire, the graphite expands and chars
to resist fire penetration and spread), or to make high-
performance gasket material for high-temperature use.
After being made into graphite foil, the foil is machined
and assembled into the bipolar plates in fuel cells. The
foil is made into heat sinks for laptop computers which
keeps them cool while saving weight, and is made into a
foil laminate that can be used in valve packings or made
into gaskets. Old-style packings are now a minor mem-
ber of this grouping: fine flake graphite in oils or greases
for uses requiring heat resistance. A GAN estimate of
current US natural graphite consumption in this end use
is 7,500 tonnes.[7]

Intercalated graphite

Main article: Graphite intercalation compound
Graphite forms intercalation compounds with some met-
als and small molecules. In these compounds, the host
molecule or atom gets “sandwiched” between the graphite
layers, resulting in a type of compounds with variable
stoichiometry. A prominent example of an intercala-
tion compound is potassium graphite, denoted by the
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Structure of CaC6

formula KC8. Graphite intercalation compounds are
superconductors. The highest transition temperature (by
June 2009) T⛳ = 11.5 K is achieved in CaC6, and it further
increases under applied pressure (15.1 K at 8 GPa).[34]

1.4.6 Uses of synthetic graphite

Invention of a process to produce synthetic graphite

A process to make synthetic graphite was invented
by Edward Goodrich Acheson (1856–1931). In
the mid-1890s, Acheson discovered that overheating
carborundum, which he is also credited with discovering,
produced almost pure graphite. While studying the ef-
fects of high temperature on carborundum, he had found
that silicon vaporizes at about 4,150 °C (7,500 °F), leav-
ing behind graphitic carbon. This graphite was another
major discovery for him, and it became extremely valu-
able and helpful as a lubricant.[5]

In 1896 Acheson received a patent for his method of
synthesizing graphite,[35] and in 1897 started commercial
production.[5] The Acheson Graphite Co. was formed in
1899. In 1928 this company was merged with National
Carbon Company (now GrafTech International). Ache-
son also developed a variety of colloidal graphite products
including Oildag and Aquadag. These were later manu-
factured by the Acheson Colloids Co. (now Acheson In-
dustries, a unit of Henkel AG).

Scientific research

Highly oriented pyrolytic graphite (HOPG) is the highest-
quality synthetic form of graphite. It is used in scientific
research, in particular, as a length standard for scanner
calibration of scanning probe microscope.[36]

Electrodes

Graphite electrodes carry the electricity that melts scrap
iron and steel (and sometimes direct-reduced iron: DRI)
in electric arc furnaces, which are the vast majority of

steel furnaces. They are made from petroleum coke af-
ter it is mixed with coal tar pitch. They are then ex-
truded and shaped, baked to carbonize the binder (pitch),
and finally graphitized by heating it to temperatures ap-
proaching 3000 °C, at which the carbon atoms arrange
into graphite. They can vary in size up to 11 ft. long and
30 in. in diameter. An increasing proportion of global
steel is made using electric arc furnaces, and the electric
arc furnace itself is getting more efficient, making more
steel per tonne of electrode. An estimate based on USGS
data indicates that graphite electrode consumption was
197,000 tonnes in 2005.[7]

On a much smaller scale, graphite is also used for mak-
ing electrodes for electrical discharge machining (EDM),
commonly used to make plastic injection molds.

Powder and scrap

The powder is made by heating powdered petroleum coke
above the temperature of graphitization, sometimes with
minor modifications. The graphite scrap comes from
pieces of unusable electrode material (in the manufac-
turing stage or after use) and lathe turnings, usually af-
ter crushing and sizing. Most synthetic graphite powder
goes to carbon raising in steel (competing with natural
graphite), with some used in batteries and brake linings.
According to the USGS, US synthetic graphite powder
and scrap production was 95,000 tonnes in 2001 (latest
data).[7]

Neutron moderator

Main article: Nuclear graphite

Special grades of synthetic graphite also find use as a
matrix and neutron moderator within nuclear reactors.
Its low neutron cross-section also recommends it for use
in proposed fusion reactors. Care must be taken that
reactor-grade graphite is free of neutron absorbing ma-
terials such as boron, widely used as the seed electrode in
commercial graphite deposition systems—this caused the
failure of the Germans’ World War II graphite-based nu-
clear reactors. Since they could not isolate the difficulty
they were forced to use far more expensive heavy water
moderators. Graphite used for nuclear reactors is often
referred to as nuclear graphite.

Other uses

Graphite (carbon) fiber and carbon nanotubes are also
used in carbon fiber reinforced plastics, and in heat-
resistant composites such as reinforced carbon-carbon
(RCC). Commercial structures made from carbon fiber
graphite composites include fishing rods, golf club shafts,
bicycle frames, sports car body panels, the fuselage of
the Boeing 787 Dreamliner and pool cue sticks and have
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been successfully employed in reinforced concrete, The
mechanical properties of carbon fiber graphite-reinforced
plastic composites and grey cast iron are strongly influ-
enced by the role of graphite in these materials. In this
context, the term "(100%) graphite” is often loosely used
to refer to a pure mixture of carbon reinforcement and
resin, while the term “composite” is used for composite
materials with additional ingredients.[37]

Modern smokeless powder is coated in graphite to prevent
the buildup of static charge.
Graphite has been used in at least three radar absorbent
materials. It was mixed with rubber in Sumpf and
Schornsteinfeger, which were used on U-boat snorkels to
reduce their radar cross section. It was also used in tiles
on early F-117 Nighthawk (1983)s.

1.4.7 Graphite mining, beneficiation, and
milling

Graphite is mined by both open pit and underground
methods. Graphite usually needs beneficiation. This
may be carried out by hand-picking the pieces of gangue
(rock) and hand-screening the product or by crushing the
rock and floating out the graphite. Beneficiation by flota-
tion encounters the difficulty that graphite is very soft
and “marks” (coats) the particles of gangue. This makes
the “marked” gangue particles float off with the graphite,
yielding impure concentrate. There are two ways of ob-
taining a commercial concentrate or product: repeated re-
grinding and floating (up to seven times) to purify the con-
centrate, or by acid leaching (dissolving) the gangue with
hydrofluoric acid (for a silicate gangue) or hydrochloric
acid (for a carbonate gangue).
In milling, the incoming graphite products and concen-
trates can be ground before being classified (sized or
screened), with the coarser flake size fractions (below 8
mesh, 8–20 mesh, 20–50 mesh) carefully preserved, and
then the carbon contents are determined. Some standard
blends can be prepared from the different fractions, each
with a certain flake size distribution and carbon content.
Custom blends can also be made for individual customers
who want a certain flake size distribution and carbon con-
tent. If flake size is unimportant, the concentrate can be
ground more freely. Typical end products include a fine
powder for use as a slurry in oil drilling and coatings for
foundry molds, carbon raiser in the steel industry (Syn-
thetic graphite powder and powdered petroleum coke can
also be used as carbon raiser). Environmental impacts
from graphite mills consist of air pollution including fine
particulate exposure of workers and also soil contamina-
tion from powder spillages leading to heavy metals con-
taminations of soil.

1.4.8 Graphite recycling

The most common way of recycling graphite occurs
when synthetic graphite electrodes are either manufac-
tured and pieces are cut off or lathe turnings are dis-
carded, or the electrode (or other) are used all the way
down to the electrode holder. A new electrode replaces
the old one, but a sizeable piece of the old electrode
remains. This is crushed and sized, and the resulting
graphite powder is mostly used to raise the carbon con-
tent of molten steel. Graphite-containing refractories
are sometimes also recycled, but often not because of
their graphite: the largest-volume items, such as carbon-
magnesite bricks that contain only 15–25% graphite, usu-
ally contain too little graphite. However, some recycled
carbon-magnesite brick is used as the basis for furnace-
repair materials, and also crushed carbon-magnesite brick
is used in slag conditioners. While crucibles have a high
graphite content, the volume of crucibles used and then
recycled is very small.
A high-quality flake graphite product that closely resem-
bles natural flake graphite can be made from steelmaking
kish. Kish is a large-volume near-molten waste skimmed
from the molten iron feed to a basic oxygen furnace, and
consists of a mix of graphite (precipitated out of the su-
persaturated iron), lime-rich slag, and some iron. The
iron is recycled on site, leaving a mixture of graphite and
slag. The best recovery process uses hydraulic classifica-
tion (which utilizes a flow of water to separate minerals
by specific gravity: graphite is light and settles nearly last)
to get a 70% graphite rough concentrate. Leaching this
concentrate with hydrochloric acid gives a 95% graphite
product with a flake size ranging from 10 mesh down.

1.4.9 See also

• Acheson process

• Carbon fiber

• Carbon nanotube

• Diamond

• Exfoliated graphite nano-platelets

• Fullerene

• Graphene

• Graphite intercalation compound

• Intumescent

• Lonsdaleite

• Passive fire protection

• Plumbago drawing

• Pyrolytic carbon
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1.4.12 External links

• Battery Grade Graphite

• Graphite at Minerals.net

• Mineral galleries

• Mineral & Exploration – Map of World Graphite
Mines and Producers 2012

• Mindat w/ locations

• giant covalent structures

• The Graphite Page

• Video lecture on the properties of graphite by Prof.
M. Heggie, University of Sussex

• CDC – NIOSH Pocket Guide to Chemical Hazards

1.5 Kamacite

Kamacite is an alloy of iron and nickel, which is found
on earth only in meteorites. The proportion iron:nickel is
between 90:10 to 95:5; small quantities of other elements,
such as cobalt or carbonmay also be present. Themineral
has a metallic luster, is gray and has no clear cleavage al-
though the structure is isometric-hexoctahedral. Its den-
sity is around 8 g/cm³ and its hardness is 4 on the Mohs
scale. It is also sometimes called balkeneisen.

The name was coined in 1861 and is derived from the
Greek kamask (lath or beam). It is a major constituent
of iron meteorites (octahedrite and hexahedrite types).
In the octahedrites it is found in bands interleaving with
taenite formingWidmanstätten patterns. In hexahedrites,
fine parallel lines called Neumann lines are often seen,
which are evidence for structural deformation of adjacent
kamacite plates due to shock from impacts.
At times kamacite can be found so closely intermixed
with taenite that it is difficult to distinguish them visu-
ally, forming plessite. The largest documented kamacite
crystal measured 92×54×23 centimetres (36.2×21.3×9.1
in).[2]

See also: list of minerals

1.5.1 See also

• Glossary of meteoritics

1.5.2 References

[1] Kamacite Mineral Data

[2] P. C. Rickwood (1981). “The largest crystals”. American
Mineralogist 66: 885–907.

• Mason B., 1962: Meteorites. J. Wiley & Sons, New
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1.6 Silver

This article is about the chemical element. For the
color, see Silver (color). For other uses, see Silver
(disambiguation).

Silver is a chemical element with symbolAg (Greek: άρ-
γυρος árguros, Latin: argentum, both from the Indo-
European root *arg- for “grey” or “shining”) and atomic
number 47. A soft, white, lustrous transition metal, it
possesses the highest electrical conductivity of any ele-
ment, the highest thermal conductivity of any metal and
is the most reflective metal on the planet. The metal oc-
curs naturally in its pure, free form (native silver), as an
alloy with gold and other metals, and in minerals such as
argentite and chlorargyrite. Most silver is produced as a
byproduct of copper, gold, lead, and zinc refining.
While silver has long been valued as a precious metal it is
also used in currency coins, solar panels, water filtration,
jewelry and ornaments, high-value tableware and uten-
sils (hence the term silverware) and as an investment in
the forms of coins and bullion. Silver is used industri-
ally in electrical contacts and conductors, in specialized
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Kamacite and taenite after taenite, exhibiting the octahedral
structure of taenite, Nantan (Nandan) iron meteorite, Nandan
County, Guangxi Zhuang Autonomous Region, China. Size:
4.8×3.0×2.8 cm. The Nantan irons, a witnessed fall in 1516,
have a composition of 92.35% iron and 6.96% nickel.

mirrors, window coatings and in catalysis of chemical re-
actions. Its compounds are used in photographic film and
X-rays. Dilute silver nitrate solutions and other silver
compounds are used as disinfectants and microbiocides
(oligodynamic effect), added to bandages and wound-
dressings, catheters and other medical instruments.

1.6.1 Characteristics

Silver 1000 oz t (~31 kg) bullion bar

Silver is produced during certain types of supernova ex-
plosions by nucleosynthesis from lighter elements through
the r-process, a form of nuclear fusion that produces

many elements heavier than iron, of which silver is one.[2]

Silver is a very ductile, malleable (slightly harder than
gold), univalent coinage metal, with a brilliant white
metallic luster that can take a high degree of polish. It
is the most reflective metal on Earth.[3] It has the high-
est electrical conductivity of all metals, even higher than
copper, but its greater cost has prevented it from being
widely used in place of copper for electrical purposes. An
exception to this is in radio-frequency engineering, par-
ticularly at VHF and higher frequencies, where silver plat-
ing to improve electrical conductivity of parts, including
wires, is widely employed. During World War II in the
US, 13,540 tons were used in the electromagnets used for
enriching uranium, mainly because of the wartime short-
age of copper.[4][5][6]

Among metals, pure silver has the highest thermal con-
ductivity (the nonmetal carbon in the form of diamond
and superfluid helium II are higher) and the highest op-
tical reflectivity[7] (protected silver has higher reflectance
than aluminium at all wavelengths longer than ~450 nm;
below 450 nm, silver is inferior to aluminium and its re-
flectance drops to zero near 310 nm).[8] Silver is the best
conductor of heat and electricity of any metal in the pe-
riodic table. Silver also has the lowest contact resistance
of any metal. Silver halides are photosensitive and are re-
markable for their ability to record a latent image that can
later be developed chemically. Silver is stable in pure air
and water, but tarnishes when it is exposed to air or water
containing ozone or hydrogen sulfide, the latter forming a
black layer of silver sulfide which can be cleaned off with
dilute hydrochloric acid.[9] The most common oxidation
state of silver is +1 (for example, silver nitrate, AgNO3);
the less common +2 compounds (for example, silver(II)
fluoride, AgF2), and the even less common +3 (for ex-
ample, potassium tetrafluoroargentate(III), KAgF4) and
even +4 compounds (for example, potassium hexafluo-
roargentate(IV), K2AgF6)[10] are also known.

1.6.2 Isotopes

Main article: Isotopes of silver

Naturally occurring silver is composed of two stable
isotopes, 107Ag and 109Ag, with 107Ag being slightly
more abundant (51.839% natural abundance). Silver’s
isotopes are almost equal in abundance, something which
is rare in the periodic table. Silver’s atomic weight is
107.8682(2) g/mol.[11][12]

Twenty-eight radioisotopes have been characterized, the
most stable being 105Ag with a half-life of 41.29 days,
111Ag with a half-life of 7.45 days, and 112Ag with a
half-life of 3.13 hours. This element has numerous meta
states, the most stable being 108mAg (t₁/₂ = 418 years),
110mAg (t₁/₂ = 249.79 days) and 106mAg (t₁/₂ = 8.28 days).
All of the remaining radioactive isotopes have half-lives
of less than an hour, and the majority of these have half-
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lives of less than three minutes.
Isotopes of silver range in relative atomic mass from
93.943 (94Ag) to 126.936 (127Ag);[13] the primary decay
mode before the most abundant stable isotope, 107Ag,
is electron capture and the primary mode after is beta
decay. The primary decay products before 107Ag are
palladium (element 46) isotopes, and the primary prod-
ucts after are cadmium (element 48) isotopes.
The palladium isotope 107Pd decays by beta emission
to 107Ag with a half-life of 6.5 million years. Iron
meteorites are the only objects with a high-enough
palladium-to-silver ratio to yield measurable variations in
107Ag abundance. Radiogenic 107Ag was first discovered
in the Santa Clara meteorite in 1978.[14] The discoverers
suggest the coalescence and differentiation of iron-cored
small planets may have occurred 10 million years after
a nucleosynthetic event. 107Pd–107Ag correlations ob-
served in bodies that have clearly been melted since the
accretion of the solar system must reflect the presence of
unstable nuclides in the early solar system.[15]

1.6.3 Compounds

Silver metal dissolves readily in nitric acid (HNO
3) to produce silver nitrate (AgNO
3), a transparent crystalline solid that is photosensitive
and readily soluble in water. Silver nitrate is used as the
starting point for the synthesis of many other silver com-
pounds, as an antiseptic, and as a yellow stain for glass
in stained glass. Silver metal does not react with sulfu-
ric acid, which is used in jewelry-making to clean and
remove copper oxide firescale from silver articles after
silver soldering or annealing. Silver reacts readily with
sulfur or hydrogen sulfide H
2S to produce silver sulfide, a dark-colored compound fa-
miliar as the tarnish on silver coins and other objects. Sil-
ver sulfide Ag
2S also forms silver whiskers when silver electrical con-
tacts are used in an atmosphere rich in hydrogen sulfide.

4 Ag + O2 + 2 H2S → 2 Ag2S + 2 H2O

Silver chloride (AgCl) is precipitated from solutions
of silver nitrate in the presence of chloride ions, and
the other silver halides used in the manufacture of
photographic emulsions are made in the same way, us-
ing bromide or iodide salts. Silver chloride is used in
glass electrodes for pH testing and potentiometric mea-
surement, and as a transparent cement for glass. Silver
iodide has been used in attempts to seed clouds to pro-
duce rain.[9] Silver halides are highly insoluble in aqueous
solutions and are used in gravimetric analytical methods.
Silver oxide (Ag
2O), produced when silver nitrate solutions are treated
with a base, is used as a positive electrode (anode) in
watch batteries. Silver carbonate (Ag

Cessna 210 equipped with a silver iodide generator for cloud
seeding

2CO
3) is precipitated when silver nitrate is treated with
sodium carbonate (Na
2CO
3).[16]

2 AgNO3 + 2 OH− →Ag2O + H2O + 2 NO3
−

2 AgNO3 + Na2CO3 → Ag2CO3 + 2 NaNO3

Silver fulminate (AgONC), a powerful, touch-sensitive
explosive used in percussion caps, is made by reaction
of silver metal with nitric acid in the presence of ethanol
(C
2H
5OH). Other dangerously explosive silver compounds are
silver azide (AgN
3), formed by reaction of silver nitrate with sodium azide
(NaN
3),[17] and silver acetylide, formed when silver reacts with
acetylene gas.
Latent images formed in silver halide crystals are
developed by treatment with alkaline solutions of
reducing agents such as hydroquinone, metol (4-
(methylamino)phenol sulfate) or ascorbate, which reduce
the exposed halide to silver metal. Alkaline solutions of
silver nitrate can be reduced to silver metal by reducing
sugars such as glucose, and this reaction is used to silver
glass mirrors and the interior of glass Christmas orna-
ments. Silver halides are soluble in solutions of sodium
thiosulfate (Na
2S
2O
3) which is used as a photographic fixer, to remove ex-
cess silver halide from photographic emulsions after im-
age development.[16]

Silver metal is attacked by strong oxidizers such as
potassium permanganate (KMnO
4) and potassium dichromate (K
2Cr
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2O
7), and in the presence of potassium bromide (KBr); these
compounds are used in photography to bleach silver im-
ages, converting them to silver halides that can either
be fixed with thiosulfate or redeveloped to intensify the
original image. Silver forms cyanide complexes (silver
cyanide) that are soluble in water in the presence of an
excess of cyanide ions. Silver cyanide solutions are used
in electroplating of silver.[16]

Although silver normally has oxidation state +1 in com-
pounds, other oxidation states are known, such as +3 in
AgF
3, produced by the reaction of elemental silver or silver
fluoride with krypton difluoride.[18]

Silver artifacts primarily under go three forms of deteri-
oration. Silver sulfide is the most common form of sil-
ver degradation. Fresh silver chloride is pale yellow col-
ored, becoming purplish on exposure to light and projects
slightly from the surface of the artifact or coin. The pre-
cipitation of copper in ancient silver can be used to date
artifacts.[19]

1.6.4 Applications

Many well-known uses of silver involve its precious metal
properties, including currency, decorative items, andmir-
rors. The contrast between its bright white color and other
media makes it very useful to the visual arts. By contrast,
fine silver particles form the dense black in photographs
and in silverpoint drawings. It has also long been used
to confer high monetary value as objects (such as silver
coins and investment bars) or make objects symbolic of
high social or political rank. Silver salts have been used
since the Middle Ages to produce a yellow or orange col-
ors to stained glass, and more complex decorative color
reactions can be produced by incorporating silver metal
in blown, kilnformed or torchworked glass.[20]

Currency

Main articles: Silver coin and Silver standard

Silver, in the form of electrum (a gold–silver alloy), was
coined to produce money around 700 BC by the Lydians.
Later, silver was refined and coined in its pure form.
Many nations used silver as the basic unit of monetary
value. In the modern world, silver bullion has the ISO
currency code XAG. The name of the pound sterling (£)
reflects the fact it originally represented the value of one
pound Tower weight of sterling silver; other historical
currencies, such as the French livre, have similar ety-
mologies. During the 19th century, the bimetallism that
prevailed in most countries was undermined by the dis-
covery of large deposits of silver in the Americas; fearing
a sharp decrease in the value of silver and thus the cur-
rency, most states switched to a gold standard by 1900. In

some languages, such as Sanskrit, Spanish, French, and
Hebrew, the same word means both silver and money.
The 20th century saw a gradual movement to fiat cur-
rency, with most of the world monetary system losing
its link to precious metals after Richard Nixon took the
United States dollar off the gold standard in 1971; the last
currency backed by gold was the Swiss franc, which be-
came a pure fiat currency on 1 May 2000. During this
same period, silver gradually ceased to be used in circu-
lating coins. In 1964, the United States stopped minting
their silver dime and quarter. They minted their last cir-
culating silver coin in 1970 in its 40% half-dollar.[21]

In 1968, Canada minted their last circulating silver coins
which were the 50% dime and the 50% quarter. The
Royal Canadian Mint still makes many collectible silver
coins with various dollar denominations. In addition to
Canada, the United States and many other countries con-
tinue to mint silver coins that are collected for their bul-
lion and numismatic value. The U.S. coin is known as the
“Silver Eagle”.
Silver is used as a currency by many individuals, and is
legal tender in the US state of Utah.[22] Silver coins and
bullion are also used as an investment to guard against
inflation and devaluation.

Jewelry and silverware

Shallow silver bowl, Persian, 6th century BC (Achaemenid).
The deeper depressions reperesent lotus buds, an Egyptian mo-
tif. Walters Art Museum collections.

Main articles: jewelry and silversmith

Jewelry and silverware are traditionally made from
sterling silver (standard silver), an alloy of 92.5% silver
with 7.5% copper. In the US, only an alloy consisting
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of at least 90.0% fine silver can be marketed as “silver”
(thus frequently stamped 900). Sterling silver (stamped
925) is harder than pure silver, and has a lower melting
point (893 °C) than either pure silver or pure copper.[9]
Britannia silver is an alternative, hallmark-quality stan-
dard containing 95.8% silver, often used to make sil-
ver tableware and wrought plate. With the addition of
germanium, the patented modified alloy Argentium Ster-
ling silver is formed, with improved properties, including
resistance to firescale.
Sterling silver jewelry is often plated with a thin coat of
.999 fine silver to give the item a shiny finish. This pro-
cess is called “flashing”. Silver jewelry can also be plated
with rhodium (for a bright, shiny look) or gold (to pro-
duce silver gilt).
Silver is a constituent of almost all colored carat gold al-
loys and carat gold solders, giving the alloys paler color
and greater hardness.[23] White 9 carat gold contains
62.5% silver and 37.5% gold, while 22 carat gold contains
a minimum of 91.7% gold and 8.3% silver or copper or
other metals.[23]

Historically, the training and guild organization of
goldsmiths included silversmiths, as well, and the two
crafts remain largely overlapping. Unlike blacksmiths,
silversmiths do not shape the metal while it is red-hot,
but instead, work it at room temperature with gentle and
carefully placed hammer blows. The essence of silver-
smithing is to take a flat piece of metal and to transform
it into a useful object using different hammers, stakes and
other simple tools.[24]

While silversmiths specialize in, and principally work
silver, they also work with other metals, such as gold,
copper, steel, and brass. They make jewelry, silverware,
armor, vases, and other artistic items. Because silver is
such a malleable metal, silversmiths have a large range of
choices with how they prefer to work the metal. Histor-
ically, silversmiths are mostly referred to as goldsmiths,
which was usually the same guild. In the western Cana-
dian silversmith tradition, guilds do not exist; however,
mentoring through colleagues becomes a method of pro-
fessional learning within a community of craftspeople.[25]

Traditionally, silversmiths mostly made "silverware"
(cutlery, tableware, bowls, candlesticks and such). Only
in more recent times has silversmithing become mainly
work in jewelry, as much less solid silver tableware is now
handmade.

Solar energy

About 20g of silver is used in every crystalline so-
lar photovoltaic panel made.[26] Silver is also used in
plasmonic solar cells. 100 million ounces of silver are
projected for use by solar energy in 2015.[27]

Silver is the reflective coating of choice for concentrated
solar power reflectors.[28] In 2009, scientists at the

Solar modules mounted on solar trackers

National Renewable Energy Laboratory (NREL) and
SkyFuel teamed to develop large curved sheets of metal
that have the potential to be 30% less expensive than to-
day’s best collectors of concentrated solar power by re-
placing glass-based models with a silver polymer sheet
that has the same performance as the heavy glass mir-
rors, but at much lower cost and weight. It also is much
easier to deploy and install. The glossy film uses several
layers of polymers, with an inner layer of pure silver.

Water purification

Silver is used in water purifiers. It prevents bacteria and
algae from building up in filters. The catalytic action of
silver, in concert with oxygen, sanitizes water and elimi-
nates the need for chlorine. Silver ions are also added to
water purification systems in hospitals, community water
systems, pools and spas, displacing chlorine.[27]

Dentistry

Silver can be alloyed with mercury at room temperature
to make amalgams that are widely used for dental fillings.
To make dental amalgam, a mixture of powdered silver
and other metals such as tin and gold is mixed with mer-
cury to make a stiff paste that can be adapted to the shape
of a cavity. The dental amalgam achieves initial hardness
within minutes, and sets hard in a few hours.

Photography and electronics

The use of silver in photography, in the form of silver
nitrate and silver halides, has rapidly declined due to the
lower demand for consumer color film from the advent
of digital technology. From the peak global demand for
photographic silver in 1999 (267,000,000 troy ounces or
8304.6 metric tonnes) the market had contracted almost
70% by 2013.[29]

Some electrical and electronic products use silver for its
superior conductivity, even when tarnished. The primary
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example of this is in high quality RF connectors. The in-
crease in conductivity is also taken advantage of in RF
engineering at VHF and higher frequencies, where con-
ductors often cannot be scaled by 6%, due to tuning re-
quirements, e.g. cavity filters. As an additional exam-
ple, printed circuits and RFID antennas can be made us-
ing silver paints,[9][30] and computer keyboards use silver
electrical contacts. Silver cadmium oxide is used in high-
voltage contacts because it can withstand arcing.
Some manufacturers produce audio connector cables,
speaker wires, and power cables using silver conductors,
which have a 6% higher conductivity than ordinary cop-
per ones of identical dimensions, but cost much more.
Though debatable, many hi-fi enthusiasts believe silver
wires improve sound quality.
Small devices, such as hearing aids and watches, com-
monly use silver oxide batteries due to their long life
and high energy-to-weight ratio. Another usage is high-
capacity silver-zinc and silver-cadmium batteries.
In World War II, there was a shortage of copper and sil-
ver borrowed from the United States Treasury for elec-
trical windings for several production facilities including
those of the Manhattan Project; see below under History,
WWII.

Glass coatings

Telescopic mirrors

Mirrors in almost all reflective telescopes use vacuum
aluminum coatings.[31] However thermal or infrared tele-
scopes use silver coated mirrors because of silver’s ability
to reflect some types of infrared radiation more effec-
tively than aluminum, as well as silver’s ability to reduce
the amount of radiation actually emitted from the mirror
(its thermal emissivity).[32]

Silver, in protected or enhanced coatings, is seen as
the next generation metal coating for reflective telescope
mirrors.[33]

Windows

Using a process called sputtering, silver, along with other
optically transparent layers, is applied to glass, creat-
ing low emissivity coatings used in high-performance
insulated glazing. The amount of silver used per window
is small because the silver layer is only 10–15 nanome-
ters thick.[34] However, the amount of silver-coated glass
worldwide is hundreds of millions of square meters per
year, leading to silver consumption on the order of 10 cu-
bic meters or 100 metric tons/year. Silver color seen in
architectural glass and tinted windows on vehicles is pro-
duced by sputtered chrome, stainless steel or other alloys.
Silver-coated polyester sheets, used to retrofit win-
dows, are another popular method for reducing light
transmission.[27]

Other industrial and commercial applications

This Yanagisawa A9932J alto saxophone has a solid silver bell
and neck with a solid phosphor bronze body. The bell, neck, and
key-cups are extensively engraved. It was manufactured in 2008.

Silver and silver alloys are used in the construction of
high-quality musical wind instruments of many types.[35]
Flutes, in particular, are commonly constructed of silver
alloy or silver plated, both for appearance and for the fric-
tional surface properties of silver.[36]

Silver’s catalytic properties make it ideal for use as a
catalyst in oxidation reactions, for example, the produc-
tion of formaldehyde from methanol and air by means
of silver screens or crystallites containing a minimum
99.95 weight-percent silver. Silver (upon some suitable
support) is probably the only catalyst available today to
convert ethylene to ethylene oxide (later hydrolyzed to
ethylene glycol, used for making polyesters)— an impor-
tant industrial reaction. It is also used in the Oddy test to
detect reduced sulfur compounds and carbonyl sulfides.
Because silver readily absorbs free neutrons, it is com-
monly used to make control rods to regulate the fission
chain reaction in pressurized water nuclear reactors, gen-
erally in the form of an alloy containing 80% silver, 15%
indium, and 5% cadmium.
Silver is used to make solder and brazing alloys, and as a
thin layer on bearing surfaces can provide a significant in-
crease in galling resistance and reduce wear under heavy
load, particularly against steel.

Biology

Silver stains are used in biology to increase the con-
trast and visibility of cells and organelles in microscopy.
Camillo Golgi used silver stains to study cells of the
nervous system and the Golgi apparatus.[37] Silver stains
are used to stain proteins in gel electrophoresis and poly-
acrylamide gels, either as primary stains or to enhance
the visibility and contrast of colloidal gold stain.[38] Dif-
ferent yeasts from Brazilian gold mines, bioaccumulate
free and complexed silver ions.[39] A sample of the fun-
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gus Aspergillus niger was found growing from gold min-
ing solution; and was found to contain cyano metal com-
plexes; such as gold, silver, copper iron and zinc. The fun-
gus also plays a role in the solubilization of heavy metal
sulfides.[40]

Medicine

Main article: Medical uses of silver

The medical uses of silver include its incorporation
into wound dressings, and its use as an antibiotic coat-
ing in medical devices. Wound dressings contain-
ing silver sulfadiazine or silver nanomaterials may be
used to treat external infections. Silver is also used
in some medical applications, such as urinary catheters
and endotracheal breathing tubes, where there is tenta-
tive evidence that it is effective in reducing catheter-
related urinary tract infections and ventilator-associated
pneumonia respectively.[41][42] The silver ion (Ag+
) is bioactive and in sufficient concentration readily kills
bacteria in vitro. Silver and silver nanoparticles are used
as an antimicrobial in a variety of industrial, healthcare
and domestic applications.[43]

Investing

Silver coins and bullion are used for investing. Mints sell
a wide variety of silver products for investors and collec-
tors. Various institutions provide safe storage for large
physical silver investments, and various types of silver
investments can be made on the stock markets, includ-
ing mining stocks. Silver bullion bars are sold in a wide
range of ounces, provided by various mints and mines
around the world. Silver coins and bullion bars are gen-
erally 99.9% pure, and labeled with ".999”.

Clothing

Silver inhibits the growth of bacteria and fungi on cloth-
ing, such as socks, so is sometimes added to reduce odors
and the risk of bacterial and fungal infections. It is in-
corporated into clothing or shoes either by integrating
silver nanoparticles into the polymer from which yarns
are made or by coating yarns with silver.[44][45] The loss
of silver during washing varies between textile technolo-
gies, and the resultant effect on the environment is not yet
fully known.[46][47]

1.6.5 History

Silver has been used for thousands of years for ornaments
and utensils, trade, and as the basis for many monetary
systems. Its value as a precious metal was long consid-
ered second only to gold. The word “silver” appears in

The crescent moon has been used since ancient times to represent
silver.

Anglo-Saxon in various spellings, such as seolfor and siol-
for. A similar form is seen throughout the Germanic lan-
guages (compare Old High German silabar and silbir).
The chemical symbol Ag is from the Latin word for “sil-
ver”, argentum (compare Greek άργυρος, árgyros), from
the Indo-European root *arg-, meaning “white” or “shin-
ing”. Silver has been known since ancient times. Men-
tioned in the Book of Genesis, slag heaps found in Asia
Minor and on the islands of the Aegean Sea indicate silver
was being separated from lead as early as the 4th millen-
nium BC using surface mining.[9]

The stability of the Roman currency relied to a high de-
gree on the supply of silver bullion, which Roman miners
produced on a scale unparalleled before the discovery of
the NewWorld. Reaching a peak production of 200 t per
year, an estimated silver stock of 10,000 t circulated in
the Roman economy in the middle of the second century
AD, five to ten times larger than the combined amount
of silver available to medieval Europe and the Caliphate
around 800 AD.[48][49] Financial officials of the Roman
Empire worried about the loss of silver to pay for highly
demanded silk from Sinica (China).
Mines were made in Laureion during 483 BC.[50]

In the Gospels, Jesus’ disciple Judas Iscariot is infamous
for having taken a bribe of 30 coins of silver from reli-
gious leaders in Jerusalem to turn Jesus of Nazareth over
to soldiers of the High Priest Caiaphas.[51]

The Chinese Empire during most of its history primar-
ily used silver as a means of exchange. In the 19th cen-
tury, the threat to the balance of payments of the United
Kingdom from Chinese merchants demanding payment
in silver in exchange for tea, silk, and porcelain led to the
Opium War because Britain had to find a way to address
the imbalance in payments, and they decided to do so by
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selling opium produced in their colony of British India to
China.[52]

Silver mining and processing in Kutná Hora, Central Europe,
1490s

Islam permits Muslim men to wear silver rings on the lit-
tle finger of either hand.[53] Muhammad himself wore a
silver signet ring.[54]

In the Americas, high temperature silver-lead cupella-
tion technology was developed by pre-Inca civilizations
as early as AD 60–120.[55]

World War II

During World War II, the shortage of copper led to the
substitution of silver in many industrial applications. The
United States government loaned out silver from its mas-
sive reserve located in the West Point vaults to a wide
range of industrial users. One very important use was for
bus bars for new aluminum plants needed to make air-
craft. During the war, many electrical connectors and
switches were silver plated. Another use was aircraft
master rod bearings and other types of bearings. Since
silver can replace tin in solder at a lower volume, a large
amount of tin was freed up for other uses by substituting
government silver. Silver was also used as the reflector in
searchlights and other types of lights. Silver was used in
nickels during the war to save that metal for use in steel
alloys.[56]

The Manhattan Project to develop the atomic bomb used

about 14,700 tons of silver borrowed from the United
States Treasury for calutron windings for the electromag-
netic separation process in the Y-12 National Security
Complex at the Oak Ridge National Laboratory. After
the war ended, the silver was returned to the vaults.)[57]

1.6.6 Occurrence and extraction
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Native silver

Main article: Silver mining

Silver is found in native form, as an alloy with gold
(electrum), and in ores containing sulfur, arsenic,
antimony or chlorine. Ores include argentite (Ag2S),
chlorargyrite (AgCl) which includes horn silver, and
pyrargyrite (Ag3SbS3). The principal sources of silver
are the ores of copper, copper-nickel, lead, and lead-zinc
obtained from Peru, Bolivia, Mexico, China, Australia,
Chile, Poland and Serbia.[9] Peru, Bolivia and Mexico
have been mining silver since 1546, and are still ma-
jor world producers. Top silver-producing mines are
Cannington (Australia), Fresnillo (Mexico), San Cristo-
bal (Bolivia), Antamina (Peru), Rudna (Poland), and
Penasquito (Mexico).[58] Top near-term mine develop-
ment projects through 2015 are Pascua Lama (Chile),
Navidad (Argentina), Jaunicipio (Mexico), Malku Khota
(Bolivia),[59] and Hackett River (Canada).[58] In Central
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Asia, Tajikistan is known to have some of the largest sil-
ver deposits in the world.[60]

The metal is primarily produced as a byproduct of
electrolytic copper refining, gold, nickel, and zinc refin-
ing, and by application of the Parkes process on lead
metal obtained from lead ores that contain small amounts
of silver. Commercial-grade fine silver is at least 99.9%
pure, and purities greater than 99.999% are available.
In 2011, Mexico was the top producer of silver (4,500
tonnes or 19% of the world’s total), closely followed by
Peru (4,000 t) and China (4,000 t).[61]

1.6.7 Price

Main articles: Silver as an investment and Silver standard
As of 5 August 2014, the price of silver is US$649.28 per

Silver price history in 1960–2011

kilogram (US$20.1950 per troy ounce[62]). This equates
to approximately 1/64 the price of gold. The ratio has
varied from 1/15 to 1/100 in the past 100 years. Physi-
cal silver bullion prices are higher than the paper prices,
with premiums increasing when demand is high and local
shortages occur.[63]

In 1980, the silver price rose to a peak for modern times
of US$49.45 per troy ounce (ozt) due to market ma-
nipulation of Nelson Bunker Hunt and Herbert Hunt.
Inflation-adjusted to 2012, this is approximately US$138
per troy ounce. Some time after Silver Thursday, the
price was back to $10/ozt.[64] From 2001 to 2010, the
price moved from $4.37 to $20.19 (average London
US$/oz).[65] According to the Silver Institute, silver’s re-
cent gains have greatly stemmed from a rise in investor
interest and an increase in fabrication demand.[65] In late
April 2011, silver reached an all-time high of $49.76/ozt.
In earlier times, silver has commanded much higher
prices. In the early 15th century, the price of silver is
estimated to have surpassed $1,200 per ounce, based on
2011 dollars.[66] The discovery of massive silver deposits
in the New World during the succeeding centuries has
been stated as a cause for its price to have diminished
greatly.
The price of silver is important in Judaic law. The lowest

fiscal amount a Jewish court, or Beth Din, can convene to
adjudicate a case over is a shova pruta (value of a Baby-
lonian pruta coin). This is fixed at .025 grams (0.00088
oz) of pure, unrefined silver, at market price. In a Jewish
tradition, still continuing today, on the first birthday of a
first-born son, the parents pay the price of five pure-silver
coins to a Kohen (priest). Today, the Israel mint fixes the
coins at 117 grams (4.1 oz) of silver. The Kohen will of-
ten give those silver coins back as a gift for the child to
inherit.[67]

1.6.8 Human exposure and consumption

Silver plays no known natural biological role in humans,
and possible health effects of silver are a disputed sub-
ject. Silver itself is not toxic to humans, but most silver
salts are. In large doses, silver and compounds con-
taining it can be absorbed into the circulatory system
and become deposited in various body tissues, leading
to argyria, which results in a blue-grayish pigmentation
of the skin, eyes, and mucous membranes. Argyria is
rare, and although, so far as known, this condition does
not otherwise harm a person’s health, it is disfiguring and
usually permanent. Mild forms of argyria are sometimes
mistaken for cyanosis.[9]

Monitoring exposure

Overexposure to silver can occur in workers in the met-
allurgical industry, persons taking silver-containing di-
etary supplements, patients who have received silver sul-
fadiazine treatment, and individuals who accidentally or
intentionally ingest silver salts. Silver concentrations in
whole blood, plasma, serum, or urine may be measured
to monitor for safety in exposed workers, to confirm the
diagnosis in potential poisoning victims, or to assist in the
forensic investigation in a case of fatal overdosage.[68]

Use in food

Silver is used in food coloring; it has the E174 designation
and is approved in the European Union.
The safety of silver for use in food is disputed.[69] Tra-
ditional Indian dishes sometimes include the use of dec-
orative silver foil known as vark,[70] and in various cul-
tures, silver dragée are used to decorate cakes, cookies,
and other dessert items.[69] The use of silver as a food
additive is not approved in the United States.

1.6.9 See also

• List of silver compounds

• Silverpoint drawing

• Free silver
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• List of elements

• Hardnesses of the elements (data page)
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1.6.11 External links

• Chemistry in its element podcast (MP3) from the
Royal Society of Chemistry's Chemistry World:
Silver

• Silver at The Periodic Table of Videos (University of
Nottingham)

• Society of American Silversmiths

• The Silver Institute A silver industry website

• A collection of silver items Samples of silver

• Transport, Fate and Effects of Silver in the Environ-
ment

• CDC – NIOSH Pocket Guide to Chemical Hazards
– Silver

• Picture in the Element collection from Heinrich
Pniok

1.7 Sulfur

This article is about the chemical element. For other
uses, see Sulfur (disambiguation).

Sulfur or sulphur (see spelling differences) is a chemical
element with symbol S and atomic number 16. It is an
abundant, multivalent non-metal. Under normal condi-
tions, sulfur atoms form cyclic octatomic molecules with
chemical formula S8. Elemental sulfur is a bright yel-
low crystalline solid when at room temperature. Chemi-
cally, sulfur can react as either an oxidant or a reducing
agent. It oxidizes most metals and several nonmetals, in-
cluding carbon, which leads to its negative charge in most
organosulfur compounds, but it reduces several strong
oxidants, such as oxygen and fluorine.
Sulfur occurs naturally as the pure element (native sul-
fur) and as sulfide and sulfate minerals. Elemental sulfur
crystals are commonly sought after by mineral collectors
for their distinct, brightly colored polyhedron shapes. Be-
ing abundant in native form, sulfur was known in ancient
times, mentioned for its uses in ancient India, ancient
Greece, China and Egypt. Fumes from burning sulfur
were used as fumigants, and sulfur-containing medicinal
mixtures were used as balms and antiparasitics. Sulfur
is referred to in the Bible as brimstone (burn stone) in
English, with this name still used in several nonscientific
tomes.[3] It was needed to make the best quality of black

gunpowder. In 1777, Antoine Lavoisier helped convince
the scientific community that sulfur was a basic element
rather than a compound.
Elemental sulfur was once extracted from salt domes
where it sometimes occurs in nearly pure form, but
this method has been obsolete since the late 20th cen-
tury. Today, almost all elemental sulfur is produced as
a byproduct of removing sulfur-containing contaminants
from natural gas and petroleum. The element’s largest
commercial use (after mostly being converted to sulfuric
acid) is to produce sulfate and phosphate fertilizers, be-
cause of the relatively high requirement of plants for sul-
fur and phosphorus. Sulfuric acid is also a primary indus-
trial chemical outside fertilizer manufacture. Other well-
known uses for the element are in matches, insecticides
and fungicides. Many sulfur compounds are odoriferous,
and the smell of odorized natural gas, skunk scent, grape-
fruit, and garlic is due to sulfur compounds. Hydrogen
sulfide produced by living organisms imparts the char-
acteristic odor to rotting eggs and other biological pro-
cesses.
Sulfur is an essential element for all life, and is widely
used in biochemical processes. In metabolic reactions,
sulfur compounds serve as both fuels (electron donors)
and respiratory (oxygen-alternative) materials (electron
acceptors). Sulfur in organic form is present in the
vitamins biotin and thiamine, the latter being named
for the Greek word for sulfur. Sulfur is an important
part of many enzymes and in antioxidant molecules like
glutathione and thioredoxin. Organically bonded sulfur is
a component of all proteins, as the amino acids cysteine
and methionine. Disulfide bonds are largely responsible
for the mechanical strength and insolubility of the protein
keratin, found in outer skin, hair, and feathers, and the el-
ement contributes to their pungent odor when burned.

1.7.1 Spelling and etymology

Sulfur is historically a Latin word. The original Latin
spelling was sulpur, but this was Hellenized to sulphur;
the form sulfur appears toward the end of the Classical
period. (The true Greek word for sulfur, θεῖον, is the
source of the international chemical prefix thio-.) In 12th-
century Anglo-French, it was sulfre; in the 14th century
the Latin ph was restored, for sulphre; and by the 15th
century the full Latin spelling was restored, for sulfur,
sulphur. The parallel f~ph spellings continued in Britain
until the 19th century, when the word was standardized
as sulphur.[4] Sulfur was the form chosen in the United
States, while Canada uses both. However, the IUPAC
adopted the spelling sulfur in 1990, as did the Nomen-
clature Committee of the Royal Society of Chemistry
in 1992, restoring the spelling sulfur to Britain.[5] The
Oxford Dictionaries note that “in chemistry ... the -f-
spelling is now the standard form in all related words in
the field in both British and US contexts.”[6]
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The Latin word also continues in the Romance languages:
French soufre, Italian zolfo (from solfo), Spanish azufre
(from açufre, from earlier çufre), Portuguese enxofre
(from xofre). The Spanish and Portuguese forms are pre-
fixed with the Arabic article, despite not being Arabic
words.[4] The root has been traced back to reconstructed
proto-Indo-European *swépl ̥ (genitive *sulplós), a nomi-
nal derivative of *swelp 'to burn', a lineage also preserved
in the Germanic languages, where it is found for example
as modern German Schwefel, Dutch zwavel, and Swedish
svavel, and as Old English swefl.[7]

1.7.2 Characteristics

When burned, sulfur melts to a blood-red liquid and emits a blue
flame that is best observed in the dark.

Physical properties

Sulfur forms polyatomic molecules with different chem-
ical formulas, with the best-known allotrope being
octasulfur, cyclo-S8. Octasulfur is a soft, bright-yellow
solid with only a faint odor, similar to that of matches.[8]
It melts at 115.21 °C, boils at 444.6 °C and sublimes
easily.[3] At 95.2 °C, below its melting temperature,
cyclo-octasulfur changes from α-octasulfur to the β-
polymorph.[9] The structure of the S8 ring is virtually un-
changed by this phase change, which affects the inter-
molecular interactions. Between its melting and boiling
temperatures, octasulfur changes its allotrope again, turn-
ing from β-octasulfur to γ-sulfur, again accompanied by a
lower density but increased viscosity due to the formation
of polymers.[9] At even higher temperatures, however, the
viscosity decreases as depolymerization occurs. Molten

sulfur assumes a dark red color above 200 °C. The density
of sulfur is about 2 g·cm−3, depending on the allotrope; all
of its stable allotropes are excellent electrical insulators.

Chemical properties

Sulfur burns with a blue flame concomitant with forma-
tion of sulfur dioxide, notable for its peculiar suffocating
odor. Sulfur is insoluble in water but soluble in carbon
disulfide and, to a lesser extent, in other nonpolar or-
ganic solvents, such as benzene and toluene. The first
and the second ionization energies of sulfur are 999.6
and 2252 kJ·mol−1, respectively. Despite such figures,
the +2 oxidation state is rare, with +4 and +6 being more
common. The fourth and sixth ionization energies are
4556 and 8495.8 kJ·mol−1, the magnitude of the figures
caused by electron transfer between orbitals; these states
are only stable with strong oxidants as fluorine, oxygen,
and chlorine.

Allotropes

The structure of the cyclooctasulfur molecule, S8.

Main article: Allotropes of sulfur

Sulfur forms over 30 solid allotropes, more than any other
element.[10] Besides S8, several other rings are known.[11]
Removing one atom from the crown gives S7, which is
more deeply yellow than S8. HPLC analysis of “elemental
sulfur” reveals an equilibrium mixture of mainly S8, but
with S7 and small amounts of S6.[12] Larger rings have
been prepared, including S12 and S18.[13][14]

Amorphous or “plastic” sulfur is produced by rapid cool-
ing of molten sulfur—for example, by pouring it into cold
water. X-ray crystallography studies show that the amor-
phous form may have a helical structure with eight atoms
per turn. The long coiled polymeric molecules make the
brownish substance elastic, and in bulk this form has the
feel of crude rubber. This form is metastable at room
temperature and gradually reverts to crystalline molecu-
lar allotrope, which is no longer elastic. This process hap-
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pens within a matter of hours to days, but can be rapidly
catalyzed.

Isotopes

Main article: Isotopes of sulfur

Sulfur has 25 known isotopes, four of which are sta-
ble: 32S (95.02%), 33S (0.75%), 34S (4.21%), and 36S
(0.02%). Other than 35S, with a half-life of 87 days and
formed in cosmic ray spallation of 40Ar, the radioactive
isotopes of sulfur have half-lives less than 3 hours.
When sulfide minerals are precipitated, isotopic equili-
bration among solids and liquid may cause small differ-
ences in the δS-34 values of co-genetic minerals. The
differences between minerals can be used to estimate the
temperature of equilibration. The δC−13 and δS-34 of
coexisting carbonate minerals and sulfides can be used to
determine the pH and oxygen fugacity of the ore-bearing
fluid during ore formation.
In most forest ecosystems, sulfate is derived mostly from
the atmosphere; weathering of ore minerals and evap-
orites contribute some sulfur. Sulfur with a distinctive
isotopic composition has been used to identify pollution
sources, and enriched sulfur has been added as a tracer
in hydrologic studies. Differences in the natural abun-
dances can be used in systems where there is sufficient
variation in the 34S of ecosystem components. Rocky
Mountain lakes thought to be dominated by atmospheric
sources of sulfate have been found to have different δ34S
values from lakes believed to be dominated by watershed
sources of sulfate.

Natural occurrence

Most of the yellow and orange hues of Io are due to elemental
sulfur and sulfur compounds, produced by active volcanoes.

Native sulfur crystals

A man carrying sulfur blocks from Kawah Ijen, a volcano in East
Java, Indonesia, 2009

32S is created inside massive stars, at a depth where the
temperature exceeds 2.5×109 K, by the fusion of one nu-
cleus of silicon plus one nucleus of helium.[15] As this is
part of the alpha process that produces elements in abun-
dance, sulfur is the 10th most common element in the
universe.
Sulfur, usually as sulfide, is present in many types of
meteorites. Ordinary chondrites contain on average 2.1%
sulfur, and carbonaceous chondrites may contain as much
as 6.6%. It is normally present as troilite (FeS), but there
are exceptions, with carbonaceous chondrites containing
free sulfur, sulfates and other sulfur compounds.[16] The
distinctive colors of Jupiter's volcanic moon Io are at-
tributed to various forms of molten, solid and gaseous
sulfur.[17]

On Earth, elemental sulfur can be found near hot springs
and volcanic regions in many parts of the world, es-
pecially along the Pacific Ring of Fire; such volcanic
deposits are currently mined in Indonesia, Chile, and
Japan. Such deposits are polycrystalline, with the largest
documented single crystal measuring 22×16×11 cm.[18]
Historically, Sicily was a large source of sulfur in the
Industrial Revolution.[19]

Native sulfur is synthesised by anaerobic bacteria acting
on sulfate minerals such as gypsum in salt domes.[20][21]
Significant deposits in salt domes occur along the coast
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Sulfur could be found in fumaroles such as this one in Vulcano,
Italy

of the Gulf of Mexico, and in evaporites in eastern Eu-
rope and western Asia. Native sulfur may be produced
by geological processes alone. Fossil-based sulfur de-
posits from salt domes have until recently been the basis
for commercial production in the United States, Russia,
Turkmenistan, and Ukraine.[22] Currently, commercial
production is still carried out in the Osiek mine in Poland.
Such sources are now of secondary commercial impor-
tance, and most are no longer worked.
Common naturally occurring sulfur compounds include
the sulfide minerals, such as pyrite (iron sulfide), cinnabar
(mercury sulfide), galena (lead sulfide), sphalerite (zinc
sulfide) and stibnite (antimony sulfide); and the sulfates,
such as gypsum (calcium sulfate), alunite (potassium alu-
minium sulfate), and barite (barium sulfate). On Earth,
just as upon Jupiter’s moon Io, elemental sulfur occurs
naturally in volcanic emissions, including emissions from
hydrothermal vents.

1.7.3 Production

Sulfur may be found by itself and historically was usually
obtained in this way, while pyrite has been a source of
sulfur via sulfuric acid.[23] In volcanic regions in Sicily,
in ancient times, it was found on the surface of the Earth,
and the “Sicilian process” was used: sulfur deposits were
piled and stacked in brick kilns built on sloping hillsides,
with airspaces between them. Then, some sulfur was pul-
verized, spread over the stacked ore and ignited, caus-
ing the free sulfur to melt down the hills. Eventually
the surface-borne deposits played out, and miners exca-
vated veins that ultimately dotted the Sicilian landscape
with labyrinthine mines. Mining was unmechanized and
labor-intensive, with pickmen freeing the ore from the
rock, and mine-boys or carusi carrying baskets of ore
to the surface, often through a mile or more of tunnels.
Once the ore was at the surface, it was reduced and ex-
tracted in smelting ovens. The conditions in Sicilian sul-
furmines were horrific, prompting Booker T.Washington

to write “I am not prepared just now to say to what extent
I believe in a physical hell in the next world, but a sulphur
mine in Sicily is about the nearest thing to hell that I expect
to see in this life.”.[24]

Today’s sulfur production is as a side product of other
industrial processes such as oil refining; in these pro-
cesses, sulfur often occurs as undesired or detrimental
compounds that are extracted and converted to elemen-
tal sulfur. As a mineral, native sulfur under salt domes
is thought to be a fossil mineral resource, produced by
the action of ancient bacteria on sulfate deposits. It
was removed from such salt-dome mines mainly by the
Frasch process.[22] In this method, superheated water was
pumped into a native sulfur deposit to melt the sulfur,
and then compressed air returned the 99.5% pure melted
product to the surface. Throughout the 20th century this
procedure produced elemental sulfur that required no fur-
ther purification. However, due to a limited number of
such sulfur deposits and the high cost of working them,
this process for mining sulfur has not been employed in a
major way anywhere in the world since 2002.[25][26]

Sulfur recovered from hydrocarbons in Alberta, stockpiled for
shipment in North Vancouver, B.C.

Today, sulfur is produced from petroleum, natural gas,
and related fossil resources, from which it is obtained
mainly as hydrogen sulfide. Organosulfur compounds,
undesirable impurities in petroleum, may be upgraded by
subjecting them to hydrodesulfurization, which cleaves
the C–S bonds:[25][26]

R-S-R + 2 H2 → 2 RH + H2S

The resulting hydrogen sulfide from this process, and also
as it occurs in natural gas, is converted into elemental sul-
fur by the Claus process. This process entails oxidation
of some hydrogen sulfide to sulfur dioxide and then the
comproportionation of the two:[25][26]

3 O2 + 2 H2S → 2 SO2 + 2 H2O
SO2 + 2 H2S → 3 S + 2 H2O

Owing to the high sulfur content of the Athabasca Oil
Sands, stockpiles of elemental sulfur from this process
now exist throughout Alberta, Canada.[27] Another way
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Production and price (US market) of elemental sulfur

of storing sulfur is as a binder for concrete, the result-
ing product having many desirable properties (see sulfur
concrete).[28]

The world production of sulfur in 2011 amounted to 69
million tonnes (Mt), with more than 15 countries con-
tributingmore than 1Mt each. Countries producingmore
than 5 Mt are China (9.6), US (8.8), Canada (7.1) and
Russia (7.1).[29] While the production has been slowly
increasing from 1900 to 2010, the price was much less
stable, especially in the 1980s and around 2010.[30]

1.7.4 Compounds

Common oxidation states of sulfur range from −2 to +6.
Sulfur forms stable compounds with all elements except
the noble gases.

Sulfur polycations

Sulfur polycations, S82+, S42+ and S192+ are produced
when sulfur is reacted with mild oxidising agents in a
strongly acidic solution.[31] The colored solutions pro-
duced by dissolving sulfur in oleum were first reported
as early as 1804 by C.F Bucholz, but the cause of the
color and the structure of the polycations involved was
only determined in the late 1960s. S82+ is deep blue, S42+
is yellow and S192+ is red.[9]

Sulfides

Treatment of sulfur with hydrogen gives hydrogen sul-
fide. When dissolved in water, hydrogen sulfide is mildly
acidic:[3]

H2S −→← HS– + H+

Hydrogen sulfide gas and the hydrosulfide anion are ex-
tremely toxic to mammals, due to their inhibition of
the oxygen-carrying capacity of hemoglobin and certain

cytochromes in a manner analogous to cyanide and azide
(see below, under precautions).
Reduction of elemental sulfur gives polysulfides, which
consist of chains of sulfur atoms terminated with S– cen-
ters:

2 Na + S8 → Na2S8

This reaction highlights arguably the single most distinc-
tive property of sulfur: its ability to catenate (bind to itself
by formation of chains). Protonation of these polysulfide
anions gives the polysulfanes, H2Sₓ where x = 2, 3, and
4.[32] Ultimately reduction of sulfur gives sulfide salts:

16 Na + S8 → 8 Na2S

The interconversion of these species is exploited in the
sodium-sulfur battery. The radical anion S3– gives the
blue color of the mineral lapis lazuli.

Lapis lazuli owes its blue color to a sulfur radical.
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Oxides, oxoacids and oxoanions

The principal sulfur oxides are obtained by burning sul-
fur:

S + O2 → SO2

2 SO2 + O2 → 2 SO3

Other oxides are known, sulfur rich oxides e.g. sulfur
monoxide and disulfur mono- and dioxides and higher ox-
ides containing peroxo groups.
Sulfur forms a number of sulfur oxoacids, some of which
cannot be isolated and are only known through their salts.
Sulfur dioxide and sulfites (SO2−
3) are related to the unstable sulfurous acid (H2SO3).
Sulfur trioxide and sulfates (SO2−
4) are related to sulfuric acid. Sulfuric acid and SO3

combine to give oleum, a solution of pyrosulfuric acid
(H2S2O7) in sulfuric acid.

Peroxydisulfuric acid

The sulfate anion, SO2−
4

Thiosulfate salts (S
2O2−
3), sometimes referred as “hyposulfites”, used in photo-
graphic fixing (HYPO) and as reducing agents, feature

sulfur in two oxidation states. Sodium dithionite (Na
2S
2O
4), contains the more highly reducing dithionite anion (S
2O2−
4).

Halides and oxyhalides

The two main sulfur fluorides are sulfur hexafluoride, a
dense gas used as nonreactive and nontoxic propellant,
and sulfur tetrafluoride, a rarely used organic reagent that
is highly toxic.[33] Sulfur dichloride and disulfur dichlo-
ride are important industrial chemicals. Sulfuryl chloride
and chlorosulfuric acid are derivatives of sulfuric acid;
thionyl chloride (SOCl2) is a common reagent in organic
synthesis.[34]

Pnictides

An important S–N compound is the cage tetrasulfur
tetranitride (S4N4). Heating this compound gives
polymeric sulfur nitride ((SN)ₓ), which has metallic prop-
erties even though it does not contain any metal atoms.
Thiocyanates contain the SCN− group. Oxidation of thio-
cyanate gives thiocyanogen, (SCN)2 with the connectiv-
ity NCS-SCN. Phosphorus sulfides are numerous, the
most important commercially being the cages P4S10 and
P4S3.[35][36]

Metal sulfides

Main article: Sulfide mineral

The principal ores of copper, zinc, nickel, cobalt, molyb-
denum, and other metals are sulfides. These materi-
als tend to be dark-colored semiconductors that are not
readily attacked by water or even many acids. They are
formed, both geochemically and in the laboratory, by the
reaction of hydrogen sulfide with metal salts. The mineral
galena (PbS) was the first demonstrated semiconductor
and found a use as a signal rectifier in the cat’s whiskers
of early crystal radios. The iron sulfide called pyrite, the
so-called “fool’s gold,” has the formula FeS2.[37] The up-
grading of these ores, usually by roasting, is costly and
environmentally hazardous. Sulfur corrodes many met-
als via the process called tarnishing.

Organic compounds

Main article: Organosulfur compounds

• Illustrative organosulfur compounds

• Allicin, the active ingredient in garlic
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• R-cysteine, an amino acid containing a thiol group

• Methionine, an amino acid containing a thioether

• Diphenyl disulfide, a representative disulfide

• Perfluorooctanesulfonic acid, a controversial surfac-
tant

• Dibenzothiophene, a component of crude oil

• Penicillin

Some of the main classes of sulfur-containing organic
compounds include the following:[38]

• Thiols ormercaptans (as they aremercury capturers
as chelators) are the sulfur analogs of alcohols; treat-
ment of thiols with base gives thiolate ions.

• Thioethers are the sulfur analogs of ethers.

• Sulfonium ions have three groups attached to a
cationic sulfur center. Dimethylsulfoniopropionate
(DMSP) is one such compound, important in the
marine organic sulfur cycle.

• Sulfoxides and sulfones are thioethers with one and
two oxygen atoms attached to the sulfur atom, re-
spectively. The simplest sulfoxide, dimethyl sul-
foxide, is a common solvent; a common sulfone is
sulfolane.

• Sulfonic acids are used in many detergents.

Compounds with carbon–sulfur bonds are uncommon
with the notable exception of carbon disulfide, a volatile
colorless liquid that is structurally similar to carbon diox-
ide. It is used as a reagent to make the polymer rayon and
many organosulfur compounds. Unlike carbon monox-
ide, carbon monosulfide is only stable as a dilute gas, as
in the interstellar medium.[39]

Organosulfur compounds are responsible for some of the
unpleasant odors of decaying organic matter. They are
used in the odoration of natural gas and cause the odor
of garlic and skunk spray. Not all organic sulfur com-
pounds smell unpleasant at all concentrations: the sulfur-
containing monoterpenoid grapefruit mercaptan in small
concentrations is responsible for the characteristic scent
of grapefruit, but has a generic thiol odor at larger con-
centrations. Sulfur mustard, a potent vesicant, was used
in World War I as a disabling agent.[40]

Sulfur-sulfur bonds are a structural component to stiffen
rubber, in a way similar to the biological role of disul-
fide bridges to rigidify proteins (see biological below). In
the most common type of industrial “curing” or harden-
ing and strengthening of natural rubber, elemental sulfur
is heated with the rubber to the point that chemical reac-
tions form disulfide bridges between isoprene units of the
polymer. This process, patented in 1843, allowed rubber

to become a major industrial product, especially automo-
bile tires. Because of the heat and sulfur, the process was
named vulcanization, after the Roman god of the forge
and volcanism.

1.7.5 History

Antiquity

Pharmaceutical container for sulfur from the first half of the
20th century. From the Museo del Objeto del Objeto collection

Being abundantly available in native form, sulfur (Latin
sulphur) was known in ancient times and is referred to
in the Torah (Genesis). English translations of the Bible
commonly referred to burning sulfur as “brimstone”, giv-
ing rise to the name of 'fire-and-brimstone' sermons, in
which listeners are reminded of the fate of eternal damna-
tion that await the unbelieving and unrepentant. It is from
this part of the Bible that Hell is implied to “smell of sul-
fur” (likely due to its association with volcanic activity).
According to the Ebers Papyrus, a sulfur ointment was
used in ancient Egypt to treat granular eyelids. Sulfur
was used for fumigation in preclassical Greece;[41] this is
mentioned in the Odyssey.[42] Pliny the Elder discusses
sulfur in book 35 of his Natural History, saying that its
best-known source is the island of Melos. He mentions
its use for fumigation, medicine, and bleaching cloth.[43]

A natural form of sulfur known as shiliuhuang was
known in China since the 6th century BC and found in
Hanzhong.[44] By the 3rd century, the Chinese discov-
ered that sulfur could be extracted from pyrite.[44] Chi-
nese Daoists were interested in sulfur’s flammability and
its reactivity with certain metals, yet its earliest practi-
cal uses were found in traditional Chinese medicine.[44]
A Song Dynasty military treatise of 1044 AD described
different formulas for Chinese black powder, which is a
mixture of potassium nitrate (KNO
3), charcoal, and sulfur.
Indian alchemists, practitioners of “the science of mer-
cury” (sanskrit rasaśāstra, रसशास्त्र), wrote extensively
about the use of sulfur in alchemical operations with mer-
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cury, from the eighth century AD onwards.[45] In the
rasaśāstra tradition, sulfur is called “the smelly” (sanskrit
gandhaka, गन्धक).
Early European alchemists gave sulfur its own alchemical
symbol, a triangle at the top of a cross. In traditional skin
treatment before the modern era of scientific medicine,
elemental sulfur was used, mainly in creams, to alleviate
conditions such as scabies, ringworm, psoriasis, eczema,
and acne. The mechanism of action is unknown—though
elemental sulfur does oxidize slowly to sulfurous acid,
which in turn (through the action of sulfite) acts as a mild
reducing and antibacterial agent.[46][47][48]

Modern times

Sicilian kiln used to obtain sulfur from volcanic rock.

In 1777, Antoine Lavoisier helped convince the scientific
community that sulfur was an element, not a compound.
Sulfur deposits in Sicily were the dominant supply source
for over half a century. Approximately 2000 tons per
year of sulfur were imported into Marseilles, France for
the production of sulfuric acid via the Leblanc process
by the late 18th century. In industrializing Britain, with
the repeal of tariffs on salt in 1824, demand for sulfur
from Sicily surged upward. The increasing British con-
trol and exploitation of the mining, refining and trans-
portation of the sulfur, coupled with the failure of this
lucrative export to transform Sicily’s backward and im-
poverished economy led to the 'Sulfur Crisis’ of 1840,
when King Ferdinand II gave a monopoly of the sulfur
industry to a French firm, violating an earlier 1816 trade
agreement with Britain. A peaceful negotiated solution
was eventually mediated by France.[49][50]

In 1867, sulfur was discovered in underground deposits in
Louisiana and Texas. The highly successful Frasch pro-
cess was developed to extract this resource.[51]

In the late 18th century, furniture makers used molten
sulfur to produce decorative inlays in their craft. Because

of the sulfur dioxide produced during the process of melt-
ing sulfur, the craft of sulfur inlays was soon abandoned.
Molten sulfur is sometimes still used for setting steel bolts
into drilled concrete holes where high shock resistance is
desired for floor-mounted equipment attachment points.
Pure powdered sulfur was used as a medicinal tonic and
laxative.[22] With the advent of the contact process, the
majority of sulfur today is used to make sulfuric acid for
a wide range of uses, particularly fertilizer.[52]

1.7.6 Applications

See also: Sulfur (pharmacy)

Sulfuric acid

Elemental sulfur is mainly used as a precursor to other
chemicals. Approximately 85% (1989) is converted to
sulfuric acid (H2SO4):

2 S + 3 O2 + 2 H2O → 2 H2SO4

Sulfuric acid production in 2000

Because of its importance, sulfuric acid was consid-
ered an excellent indicator of a country’s industrial well-
being.[53] For example with 32.5 million tonnes in 2010,
the United States produces more sulfuric acid every year
than any other inorganic industrial chemical.[30] The prin-
cipal use for the acid is the extraction of phosphate ores
for the production of fertilizer manufacturing. Other ap-
plications of sulfuric acid include oil refining, wastewater
processing, and mineral extraction.[22]

Other large-scale sulfur chemicals

Sulfur reacts directly with methane to give carbon
disulfide, which is used to manufacture cellophane
and rayon.[22] One of the direct uses of sulfur is
in vulcanization of rubber, where polysulfide chains
crosslink organic polymers. Sulfites are heavily used to
bleach paper and as preservatives in dried fruit. Many
surfactants and detergents, e.g. sodium lauryl sulfate, are
produced are sulfate derivatives. Calcium sulfate, gyp-
sum, (CaSO4

·2H2O) is mined on the scale of 100 million
tons each year for use in Portland cement and fertilizers.
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When silver-based photography was widespread, sodium
and ammonium thiosulfate were widely used as “fixing
agents.” Sulfur is a component of gunpowder.

Fertilizer

Sulfur is increasingly used as a component of fertilizers.
The most important form of sulfur for fertilizer is the
mineral calcium sulfate. Elemental sulfur is hydrophobic
(that is, it is not soluble in water) and, therefore, cannot
be directly utilized by plants. Over time, soil bacteria
can convert it to soluble derivatives, which can then be
utilized by plants. Sulfur improves the use efficiency of
other essential plant nutrients, particularly nitrogen and
phosphorus.[54] Biologically produced sulfur particles are
naturally hydrophilic due to a biopolymer coating. This
sulfur is, therefore, easier to disperse over the land (via
spraying as a diluted slurry), and results in a faster release.
Plant requirements for sulfur are equal to or exceed those
for phosphorus. It is one of the major nutrients essential
for plant growth, root nodule formation of legumes and
plants protection mechanisms. Sulfur deficiency has be-
come widespread in many countries in Europe.[55][56][57]
Because atmospheric inputs of sulfur continue to de-
crease, the deficit in the sulfur input/output is likely to
increase, unless sulfur fertilizers are used.

Fine chemicals

A molecular model of the pesticide malathion.

Organosulfur compounds are used in pharmaceuticals,
dyestuffs, and agrochemicals. Many drugs contain sulfur,
early examples being antibacterial sulfonamides, known
as sulfa drugs. Sulfur is a part of many bacterial de-
fense molecules. Most β-lactam antibiotics, including
the penicillins, cephalosporins and monolactams contain
sulfur.[38]

Magnesium sulfate, known as Epsom salts when in hy-
drated crystal form, can be used as a laxative, a bath ad-
ditive, an exfoliant, magnesium supplement for plants, or
(when in dehydrated form) as a desiccant.

Fungicide and pesticide

Sulfur candle originally sold for home fumigation

Elemental sulfur is one of the oldest fungicides and pes-
ticides. “Dusting sulfur,” elemental sulfur in powdered
form, is a common fungicide for grapes, strawberry,
many vegetables and several other crops. It has a good
efficacy against a wide range of powdery mildew diseases
as well as black spot. In organic production, sulfur is the
most important fungicide. It is the only fungicide used
in organically farmed apple production against the main
disease apple scab under colder conditions. Biosulfur
(biologically produced elemental sulfur with hydrophilic
characteristics) can be used well for these applications.
Standard-formulation dusting sulfur is applied to crops
with a sulfur duster or from a dusting plane. Wet-
table sulfur is the commercial name for dusting sulfur
formulated with additional ingredients to make it water
miscible.[58][59] It has similar applications and is used as
a fungicide against mildew and other mold-related prob-
lems with plants and soil.
Elemental sulfur powder is used as an "organic" (i.e.
“green”) insecticide (actually an acaricide) against ticks
and mites. A common method of use is to dust clothing
or limbs with sulfur powder.
Diluted solutions of lime sulfur (made by combinding
calcium hydroxide with elemental sulfur in water), are
used as a dip for pets to destroy ringworm (fungus),
mange and other dermatoses and parasites. Sulfur can-
dles consist of almost pure sulfur in blocks or pellets that
are burned to fumigate structures. It is no longer used in
the home due to the toxicity of the products of combus-
tion.
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Bactericide in winemaking and food preservation

Small amounts of sulfur dioxide gas addition (or equiva-
lent potassium metabisulfite addition) to fermented wine
to produce traces of sulfurous acid (produced when SO2

reacts with water) and its sulfite salts in the mixture, has
been called “the most powerful tool in winemaking.”[60]
After the yeast-fermentation stage in winemaking, sul-
fites absorb oxygen and inhibit aerobic bacterial growth
that otherwise would turn ethanol into acetic acid, sour-
ing the wine. Without this preservative step, indefinite
refrigeration of the product before consumption is usu-
ally required. Similar methods go back into antiquity but
modern historical mentions of the practice go to the fif-
teenth century. The practice is used by large industrial
wine producers and small organic wine producers alike.
Sulfur dioxide and various sulfites have been used for
their antioxidant antibacterial preservative properties in
many other parts of the food industry also. The practice
has declined since reports of an allergy-like reaction of
some persons to sulfites in foods.

1.7.7 Biological role

Protein and organic cofactors

Sulfur is an essential component of all living cells. It is
the seventh or eighthmost abundant element in the human
body by weight, being about as common as potassium,
and a little more common than sodium or chlorine. A 70
kg human body contains about 140 grams of sulfur.
In plants and animals, the amino acids cysteine and
methionine contain most of the sulfur. The element is
thus present in all polypeptides, proteins, and enzymes
that contain these amino acids. In humans, methionine
is an essential amino acid that must be ingested. How-
ever, save for the vitamins biotin and thiamine, cysteine
and all sulfur-containing compounds in the human body
can be synthesized from methionine. The enzyme sulfite
oxidase is needed for the metabolism of methionine and
cysteine in humans and animals.
Disulfide bonds (S-S bonds) formed between cysteine
residues in peptide chains are very important in protein
assembly and structure. These covalent bonds between
peptide chains confer extra toughness and rigidity.[61] For
example, the high strength of feathers and hair is in part
due to their high content of S-S bonds and their high con-
tent of cysteine and sulfur. Eggs are high in sulfur because
large amounts of the element are necessary for feather
formation, and the characteristic odor of rotting eggs is
due to hydrogen sulfide. The high disulfide bond content
of hair and feathers contributes to their indigestibility and
to their characteristic disagreeable odor when burned.
Homocysteine and taurine are other sulfur-containing
acids that are similar in structure, but not coded by DNA,
and are not part of the primary structure of proteins.

Many important cellular enzymes use prosthetic groups
ending with -SH moieties to handle reactions involv-
ing acyl-containing biochemicals: two common examples
from basic metabolism are coenzyme A and alpha-lipoic
acid.[61] Two of the 13 classical vitamins, biotin and
thiamine contain sulfur, with the latter being named for its
sulfur content. Sulfur plays an important part, as a carrier
of reducing hydrogen and its electrons, for cellular repair
of oxidation. Reduced glutathione, a sulfur-containing
tripeptide, is a reducing agent through its sulfhydryl (-
SH) moiety derived from cysteine. The thioredoxins, a
class of small protein essential to all known life, using
neighboring pairs of reduced cysteines to act as general
protein reducing agents, to similar effect.
Methanogenesis, the route to most of the world’s
methane, is a multistep biochemical transformation
of carbon dioxide. This conversion requires sev-
eral organosulfur cofactors. These include coenzyme
M, CH3SCH2CH2SO3

–, the immediate precursor to
methane.[62]

Metalloproteins and inorganic cofactors

Inorganic sulfur forms a part of iron-sulfur clusters as well
as many copper, nickel, and iron proteins. Most perva-
sive are the ferrodoxins, which serve as electron shuttles
in cells. In bacteria, the important nitrogenase enzymes
contains an Fe-Mo-S cluster, is a catalyst that performs
the important function of nitrogen fixation, converting at-
mospheric nitrogen to ammonia that can be used by mi-
croorganisms and plants to make proteins, DNA, RNA,
alkaloids, and the other organic nitrogen compounds nec-
essary for life.[63]

Sulfur metabolism and the sulfur cycle

Main articles: Sulfur metabolism and Sulfur cycle

The sulfur cycle was the first of the biogeochemical
cycles to be discovered. In the 1880s, while study-
ing Beggiatoa (a bacterium living in a sulfur rich en-
vironment), Sergei Winogradsky found that it oxidized
hydrogen sulfide (H2S) as an energy source, forming in-
tracellular sulfur droplets. Winogradsky referred to this
form of metabolism as inorgoxidation (oxidation of in-
organic compounds). He continued to study it together
with Selman Waksman until the 1950s.
Sulfur oxidizers can use as energy sources reduced sulfur
compounds, including hydrogen sulfide, elemental sul-
fur, sulfite, thiosulfate, and various polythionates (e.g.,
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tetrathionate).[64] They depend on enzymes such as sulfur
oxygenase and sulfite oxidase to oxidize sulfur to sulfate.
Some lithotrophs can even use the energy contained in
sulfur compounds to produce sugars, a process known
as chemosynthesis. Some bacteria and archaea use hy-
drogen sulfide in place of water as the electron donor in
chemosynthesis, a process similar to photosynthesis that
produces sugars and utilizes oxygen as the electron accep-
tor. The photosynthetic green sulfur bacteria and purple
sulfur bacteria and some lithotrophs use elemental oxy-
gen to carry out such oxidization of hydrogen sulfide to
produce elemental sulfur (S0), oxidation state = 0. Prim-
itive bacteria that live around deep ocean volcanic vents
oxidize hydrogen sulfide in this way with oxygen; see
giant tube worm for an example of large organisms that
use hydrogen sulfide (via bacteria) as food to be oxidized.
The so-called sulfate-reducing bacteria, by contrast,
“breathe sulfate” instead of oxygen. They use organic
compounds or molecular hydrogen as the energy source.
They use sulfur as the electron acceptor, and reduce var-
ious oxidized sulfur compounds back into sulfide, often
into hydrogen sulfide. They can grow on a number of
other partially oxidized sulfur compounds (e.g. thiosul-
fates, thionates, polysulfides, sulfites). The hydrogen sul-
fide produced by these bacteria is responsible for some
of the smell of intestinal gases (flatus) and decomposition
products.
Sulfur is absorbed by plants via the roots from soil as the
sulfate and transported as a phosphate ester. Sulfate is
reduced to sulfide via sulfite before it is incorporated into
cysteine and other organosulfur compounds.[65]

SO4
2– → SO3

2– →H2S → cysteine → methio-
nine

1.7.8 Precautions

Effect of acid rain on a forest, Jizera Mountains, Czech Republic

Elemental sulfur is non-toxic, as generally are the sol-
uble sulfate salts, such as Epsom salts. Soluble sulfate
salts are poorly absorbed and laxative. However, when

injected parenterally, they are freely filtered by the kid-
neys and eliminated with very little toxicity in multi-gram
amounts.
When sulfur burns in air, it produces sulfur dioxide. In
water, this gas produces sulfurous acid and sulfites, which
are antioxidants that inhibit growth of aerobic bacteria
and allow its use as a food additive in small amounts.
However, at high concentrations these acids harm the
lungs, eyes or other tissues. In organisms without lungs
such as insects or plants, it otherwise prevents respiration
in high concentrations. Sulfur trioxide (made by catalysis
from sulfur dioxide) and sulfuric acid are similarly highly
corrosive, due to the strong acids that form on contact
with water.
The burning of coal and/or petroleum by industry and
power plants generates sulfur dioxide (SO2), which re-
acts with atmospheric water and oxygen to produce sul-
furic acid (H2SO4) and sulfurous acid (H2SO3). These
acids are components of acid rain, which lower the pH of
soil and freshwater bodies, sometimes resulting in sub-
stantial damage to the environment and chemical weath-
ering of statues and structures. Fuel standards increas-
ingly require that fuel producers extract sulfur from fossil
fuels to prevent acid rain formation. This extracted and
refined sulfur represents a large portion of sulfur produc-
tion. In coal-fired power plants, flue gases are sometimes
purified. More modern power plants that use synthesis
gas extract the sulfur before they burn the gas.
Hydrogen sulfide is as toxic as hydrogen cyanide, and
kills by the same mechanism, though hydrogen sulfide
is less likely to cause surprise poisonings from small
inhaled amounts, because of its disagreeable warning
odor. Though pungent at first, however, hydrogen sul-
fide quickly deadens the sense of smell—so a victim may
breathe increasing quantities and be unaware of its pres-
ence until severe symptoms occur, which can quickly lead
to death. Dissolved sulfide and hydrosulfide salts are also
toxic by the same mechanism.

1.7.9 See also

• Cysteine

• Disulfide bond

• Methionine

• Stratospheric sulfur aerosols

• Sulfur assimilation

• Sulfur cycle

• Sulfur metabolism
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• Crystalline, liquid and polymerization of sulfur on
Vulcano Island, Italy

• Sulfur and its use as a pesticide

• The Sulphur Institute

• Nutrient Stewardship and The Sulphur Institute

1.8 Taenite

Widmanstätten pattern showing the two forms of Nickel-Iron,
Kamacite and Taenite, in an octahedrite meteorite

Taenite (Fe,Ni) is a mineral found naturally on Earth
mostly in iron meteorites. It is an alloy of iron and nickel,
with nickel proportions of 20% up to 65%.
The name is derived from the Greek ταινία for “band,
ribbon”. Taenite is a major constituent of iron mete-
orites. In octahedrites it is found in bands interleaving
with kamacite forming Widmanstätten patterns, whereas
in ataxites it is the dominant constituent. In octahedrites a
fine intermixture with kamacite can occur, which is called
plessite.
Taenite is one of four known Fe-Ni meteorite minerals:
The others are kamacite, tetrataenite, and antitaenite.

1.8.1 Properties

It is opaque with a metallic grayish to white color. The
structure is isometric-hexoctahedral. Its density is around
8 g/cm³ and hardness is 5 to 5.5 on the Mohs scale.
Taenite is magnetic. The crystal lattice has the c≈a=
3.582Å±0.002Å.[3] The Strunz classification is I/A.08-
20, while the Dana classification is 1.1.11.2 . It is a Hex-
octahedral (cubic) in structure.

1.8.2 Meteorite Localities with this Min-
eral

• Campo del Cielo crater in Argentina.

• Henbury Meteorites Conservation Reserve in
Australia.

• Canyon Diablo in Arizona.

1.8.3 See also

• Glossary of meteoritics

• list of minerals

1.8.4 References
[1] http://rruff.geo.arizona.edu/doclib/hom/taenite.pdf

Handbook of Mineralogy

[2] http://webmineral.com/data/Taenite.shtml Webmineral
data

[3] Albertsen, F.; Knudsen, J. M.; Jensen, G. B. (Jun 1978).
“Structure of taenite in two iron meteorites J.”. Nature
273 (5662): 453–454. Bibcode:1978Natur.273..453A.
doi:10.1038/273453a0.

• Mason B., 1962: Meteorites. J. Wiley & Sons, New
York
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Chapter 2

Sulfides

2.1 Acanthite

Acanthite, Ag2S, crystallizes in the monoclinic system
and is the stable form of silver sulfide below 173 °C.
Argentite is the stable form above that temperature. As
argentite cools below that temperature its cubic form is
distorted to the monoclinic form of acanthite. Below 173
°C acanthite forms directly.[1][4] Acanthite is the only sta-
ble form in normal air temperature.

2.1.1 Occurrence

Acanthite is a common silver mineral in moderately
low-temperature hydrothermal veins and in zones of
supergene enrichment. It occurs in association with na-
tive silver, pyrargyrite, proustite, polybasite, stephanite,
aguilarite, galena, chalcopyrite, sphalerite, calcite and
quartz.[1]

Acanthite was first described in 1855 for an occurrence
in the Jáchymov (St Joachimsthal) District, Krušné Hory
Mts (Erzgebirge), Karlovy Vary Region, Bohemia, Czech
Republic. The name is from the Greek “akantha” mean-
ing thorn or arrow, in reference to its crystal shape.[2][3][4]

2.1.2 Gallery

• Acanthite - Locality: ChispasMine, Arizpe, Sonora,
Mexico. Scale is one inch with a ruled line at one
cm.

• Classic acanthite specimen from the Rayas Mine at
Guanajuato, Mexico.Size: 2.4 x 1.1 x 1.1 cm.

2.1.3 References

[1] Anthony, John W.; Bideaux, Richard A.; Bladh, Kenneth
W.; Nichols, Monte C. (eds.). “Acanthite”. Handbook
of Mineralogy. Chantilly, VA: Mineralogical Society of
America.

[2] Mindat.org

[3] Webmineral data

[4] Klein, Cornelis and Cornelius S. Hurlbut,Manual of Min-
eralogy, Wiley, 20th ed., 1985, pp. 271-2 ISBN 0-471-
80580-7

2.2 Arsenopyrite

Arsenopyrite is an iron arsenic sulfide (FeAsS). It is a
hard (Mohs 5.5-6) metallic, opaque, steel grey to silver
white mineral with a relatively high specific gravity of
6.1.[1] When dissolved in nitric acid, it releases elemental
sulfur. When arsenopyrite is heated, it becomes magnetic
and gives off toxic fumes. With 46% arsenic content, ar-
senopyrite, along with orpiment, is a principal ore of ar-
senic. When deposits of arsenopyrite become exposed to
the atmosphere, usually due to mining, the mineral will
slowly oxidize, converting the arsenic into oxides that are
more soluble in water, leading to acid mine drainage.
The crystal habit, hardness, density, and garlic odor when
struck are diagnostic. Arsenopyrite in older literature
may be referred to as mispickel, a name of German
origin.[4]

Arsenopyrite also can be associated with significant
amounts of gold. Consequently it serves as an indicator
of gold bearing reefs. Many arsenopyrite gold ores are
refractory, i.e. the gold is not easily liberated from the
mineral matrix.
Arsenopyrite is found in high temperature hydrothermal
veins, in pegmatites, and in areas of contact
metamorphism or metasomatism.

2.2.1 Crystallography

Arsenopyrite crystallizes in the monoclinic crystal sys-
tem and often shows prismatic crystal or columnar forms
with striations and twinning common. Arsenopyrite may
be referred to in older references as orthorhombic, but it
has been shown to be monoclinic. In terms of its atomic
structure, each Fe center is linked to three As atoms and
three S atoms. The material can be described as Fe3+
with the diatomic trianion AsS3-. The connectivity of
the atoms is more similar to that in marcasite than pyrite.
The ion description is imperfect because the material is
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Arsenopyrite crystal from the Yaogangxian Mine, Hunan, China
(size: 2.7 x 2.0 x 1.7 cm)

semiconducting and the Fe-As and Fe-S bonds are highly
covalent.[5]

2.2.2 Related minerals

Various transition group metals can substitute for iron in
arsenopyrite. The arsenopyrite group includes the follow-
ing rare minerals:

• Clinosafflorite: (Co,Fe,Ni)AsS

• Gudmundite: FeSbS

• Glaucodot or alloclasite: (Fe,Co)AsS or
(Co,Fe)AsS

• Iridarsenite: (Ir,Ru)AsS

• Osarsite or ruarsite: (Os,Ru)AsS or (Ru,Os)AsS

2.2.3 See also

• Classification of minerals

• List of minerals

2.2.4 References
[1] Hurlbut, C. S.; Klein, C., 1985, Manual of Mineralogy,

20th ed., ISBN 0-471-80580-7

[2] http://rruff.geo.arizona.edu/doclib/hom/arsenopyrite.
pdf Handbook of Mineralogy

[3] Mindat.org

[4] Mindat Mispickel

[5] Vaugn, D. J.; Craig, J. R. Mineral Chemistry of Metal
Sulfides” Cambridge University Press, Cambridge: 1978.
ISBN 0-521-21489-0.

2.3 Bornite

Bornite, also known as peacock ore, is a sulfide mineral
with chemical composition Cu5FeS4 that crystallizes in
the orthorhombic system (pseudo-cubic).

2.3.1 Appearance

Tarnish of bornite

Bornite has a brown to copper-red color on fresh surfaces
that tarnishes to various iridescent shades of blue to pur-
ple in places. Its striking iridescence gives it the nickname
peacock copper or peacock ore.

2.3.2 Mineralogy

Bornite is an important copper ore mineral and occurs
widely in porphyry copper deposits along with the more
common chalcopyrite. Chalcopyrite and bornite are
both typically replaced by chalcocite and covellite in the
supergene enrichment zone of copper deposits. Bornite
is also found as disseminations in mafic igneous rocks, in
contact metamorphic skarn deposits, in pegmatites and
in sedimentary cupriferous shales.[2] It is important as an
ore for its copper content of about 63 percent by mass.[1]

Structure

At temperatures above 228 °C, the structure is isometric
with a unit cell that is about 5.50 Å on an edge. This
structure is based on cubic close-packed sulfur atoms,
with copper and iron atoms randomly distributed into
six of the eight tetrahedral sites located in the octants
of the cube. With cooling, the Fe and Cu become or-
dered, so that 5.5 Å subcells in which all eight tetrahedral
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sites are filled alternate with subcells in which only four
of the tetrahedral sites are filled; symmetry is reduced to
orthorhombic.[4]

Composition

Substantial variation in the relative amounts of copper
and iron is possible and solid solution extends towards
chalcopyrite (CuFeS2) and digenite (Cu9S5). Exsolution
of blebs and lamellae of chalcopyrite, digenite, and
chalcocite is common.[4]

Form and twinning

Rare crystals are approximately cubic, dodecahedral, or
octahedral. Usually massive. Penetration twinning on the
crystallographic direction, {111}.[4]

2.3.3 Occurrence

Bornite with silver from Zacatecas, Mexico (size: 7.5 x 4.3 x 3.4
cm)

It occurs globally in copper ores with notable crystal lo-
calities in Butte, Montana and at Bristol, Connecticut
in the U. S. It is also collected from the Carn Brea
mine, Illogan, and elsewhere in Cornwall, England.
Large crystals are found from the Frossnitz Alps, east-
ern Tirol, Austria; the Mangula mine, Lomagundi dis-
trict, Zimbabwe; from the N’ouvamine, Talate, Morocco,

the West Coast of Tasmania and in Dzhezkazgan,
Kazakhstan.[2] There are also traces of it found amongst
the hematite in the Pilbara region of Western Australia.

2.3.4 History and etymology

It was first described in 1725 for an occurrence in the
Krušné Hory Mountains (Erzgebirge), Karlovy Vary Re-
gion, Bohemia in what is now the Czech Republic. It was
named in 1845 for Austrian mineralogist Ignaz von Born
(1742–1791).[3]

2.3.5 See also

• Cuprite

• Tennantite

• Tetrahedrite

• List of minerals named after people

2.3.6 References

[1] Webmineral

[2] Handbook of Mineralogy

[3] Mindat.org

[4] Nesse, William D., “Sulfides and Related Minerals” in In-
troduction to Mineralogy, New York: Oxford University
Press, 2000, p 429

• Palache, C., H. Berman, and C. Frondel (1944)
Dana’s system of mineralogy, (7th edition), v. I,
195–197.

• Manning, P.G. (1966) A study of the bonding Prop-
erties of Sulphur in Bornite, The Canadian Mineral-
ogist, 9, 85-94

2.4 Carrollite

Carrollite, CuCo2S4, is a sulfide of copper and cobalt,
often with substantial substitution of nickel for the metal
ions, and a member of the linnaeite group. It is named
after the type locality in Carroll County, Maryland, USA,
at the Patapsco mine, Finksburg, Sykesville.[4]

2.4.1 Unit cell

Space group: Fd3m. Unit cell parameters = a = 9.48 Å,
Z = 8. Unit cell volume: V = 851.97 Å³ (calculated from
unit cell parameters).[6]

https://en.wikipedia.org/wiki/Orthorhombic
https://en.wikipedia.org/wiki/Solid_solution
https://en.wikipedia.org/wiki/Chalcopyrite
https://en.wikipedia.org/wiki/Digenite
https://en.wikipedia.org/wiki/Exsolution
https://en.wikipedia.org/wiki/Lamellae
https://en.wikipedia.org/wiki/Chalcocite
https://en.wikipedia.org/wiki/Dodecahedral
https://en.wikipedia.org/wiki/Octahedral
https://en.wikipedia.org/wiki/Miller_index
https://en.wikipedia.org/wiki/Zacatecas
https://en.wikipedia.org/wiki/Mexico
https://en.wikipedia.org/wiki/Butte,_Montana
https://en.wikipedia.org/wiki/Montana
https://en.wikipedia.org/wiki/Bristol,_Connecticut
https://en.wikipedia.org/wiki/Connecticut
https://en.wikipedia.org/wiki/Illogan
https://en.wikipedia.org/wiki/Cornwall
https://en.wikipedia.org/wiki/England
https://en.wikipedia.org/wiki/Frossnitz_Alps
https://en.wikipedia.org/wiki/Tyrol_(state)
https://en.wikipedia.org/wiki/Austria
https://en.wikipedia.org/wiki/Lomagundi_district
https://en.wikipedia.org/wiki/Lomagundi_district
https://en.wikipedia.org/wiki/Zimbabwe
https://en.wikipedia.org/wiki/Talate
https://en.wikipedia.org/wiki/Morocco
https://en.wikipedia.org/wiki/Dzhezkazgan
https://en.wikipedia.org/wiki/Kazakhstan
https://en.wikipedia.org/wiki/Hematite
https://en.wikipedia.org/wiki/Pilbara
https://en.wikipedia.org/wiki/Western_Australia
https://en.wikipedia.org/wiki/Erzgebirge
https://en.wikipedia.org/wiki/Karlovy_Vary_Region
https://en.wikipedia.org/wiki/Karlovy_Vary_Region
https://en.wikipedia.org/wiki/Bohemia
https://en.wikipedia.org/wiki/Czech_Republic
https://en.wikipedia.org/wiki/Austria
https://en.wikipedia.org/wiki/Mineralogist
https://en.wikipedia.org/wiki/Ignaz_von_Born
https://en.wikipedia.org/wiki/Cuprite
https://en.wikipedia.org/wiki/Tennantite
https://en.wikipedia.org/wiki/Tetrahedrite
https://en.wikipedia.org/wiki/List_of_minerals_named_after_people
http://webmineral.com/data/Bornite.shtml
http://rruff.geo.arizona.edu/doclib/hom/bornite.pdf
http://www.mindat.org/min-727.html
http://rruff.info/uploads/CM9_85.pdf
http://rruff.info/uploads/CM9_85.pdf
http://rruff.info/uploads/CM9_85.pdf
https://en.wikipedia.org/wiki/Sulfide
https://en.wikipedia.org/wiki/Copper
https://en.wikipedia.org/wiki/Cobalt
https://en.wikipedia.org/wiki/Nickel
https://en.wikipedia.org/wiki/Linnaeite
https://en.wikipedia.org/wiki/Type_locality_(geology)
https://en.wikipedia.org/wiki/Carroll_County,_Maryland
https://en.wikipedia.org/wiki/%C3%85ngstrom


92 CHAPTER 2. SULFIDES

Carrollite from Katanga, specimen 11 × 6 cm

2.4.2 Linnaeite group

The linnaeite group is a group of sulfides and selenides
with the general formula AB2X4 in which X is sulfur
or selenium, A is divalent Fe, Ni, Co or Cu and B is
trivalent Co, Ni or, for daubréelite, Cr. The minerals are
isometric, space group Fd3m and isostructural with each
other and with minerals of the spinel group.
The structure of the linnaeite group consists of a cubic
close packed array of X (X is oxygen in the spinels and
sulfur or selenium in the linnaeite group). Within the
array of Xs there are two types of interstices, one type
tetrahedrally co-ordinated and one type octahedrally co-
ordinated. One eighth of the tetrahedal sites A are typ-
ically occupied by 2+ cations, and half of the octahe-
dral sites B by 3+ cations.[7] Charnock et al. confirmed
that carrollite contains Cu wholly within the tetrahedral
sites.[8] Thus, the ideal formula one would expect for a
spinel like carrollite is Cu2+Co3+2S2-4, but as in the case
of copper sulfides in general the oxidation state of the
copper atom is 1+, not 2+. An assignment of valences as
Cu+Co3+2S1.75-4 is more appropriate; this was confirmed
in a study of 2009.[9] The one missing electron per four
sulfur atoms is delocalized, leading to metallic conductiv-
ity and even superconductivity at very low temperatures,
combined with a complicated magnetic behavior.[10]

2.4.3 Solid solutions

A solid solution results when one cation can substitute
for another across an appreciable composition range. In
carrollite Co2+ can substitute for Cu+ at the A sites, and
when the substitution is complete the mineral formed is
called linnaeite, Co2+Co3+2S4. This means that there is
a solid solution series between carrollite and linnaeite.
Also, Ni substitutes for both Co and Cu in the car-
rollite structure,[11] giving a solid solution from carrol-
lite to cuprian siegenite. Siegenite, Co2+Ni3+2S4, is it-
self a member of the solid solution series between lin-
naeite and polydymite, Ni2+Ni3+2S4. (Wagner and Cook
found no evidence for solid solution between carrollite
and fletcherite, CuNi2S4).

2.4.4 Environment

Carrollite occurs in hydrothermal vein deposits[12] asso-
ciated with tetrahedrite, chalcopyrite, bornite, digenite,
djurleite, chalcocite, pyrrhotite, pyrite, sphalerite,
millerite, gersdorffite, ullmannite, cobaltoan calcite, and
with linnaeite group members linnaeite, siegenite and
polydymite.
Phase relations in the Cu-Co-S system have been
investigated.[13] At temperatures around 900 °C a
chalcocite-digenite solid solution coexists with cobalt
sulfides. With decreasing temperature, at 880 °C a
carrollite-linnaeite solid solution develops, becoming
more copper-rich on coling, with the carrollite composi-
tion at about 500 °C. Below 507 °C covellite is stable and
coexists with copper-bearing cattierite. Low chalcocite
appears at 103 °C, djurleite appears at 93 °C, and digen-
ite disappears and anilite appears around 70 °C. There
is some evidence for supergene replacement of an in-
termediate member of the linnaeite-carrollite series by
djurleite.[13]

2.4.5 Distribution

Carollite and native copper on calcite

Carrollite is found world-wide; reported in Australia,
Austria, Azerbaijan, Brazil, Bulgaria, Canada, Chile,
China, the Czech Republic, the Democratic Republic of
Congo,[14] France, Germany, Japan, Morocco, Namibia,
North Korea, Norway, Oman, Poland, Romania, Russia,
Slovakia, Sweden, Switzerland, USA and Zambia.[4]
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2.5 Chalcocite

Chalcocite, copper(I) sulfide (Cu2S), is an important
copper ore mineral. It is opaque, being colored dark-gray
to black with a metallic luster. It has a hardness of 2½ -
3 on the Mohs scale. It is a sulfide with an orthorhombic
crystal system.
The term chalcocite comes from the alteration of the ob-
solete name chalcosine, from the Greek khalkos, meaning
copper. It is also known as redruthite, vitreous copper
and copper-glance.

2.5.1 Occurrence

Chalcocite is sometimes found as a primary vein mineral
in hydrothermal veins. However, most chalcocite occurs
in the supergene enriched environment below the oxida-
tion zone of copper deposits as a result of the leaching of
copper from the oxidized minerals. It is also often found
in sedimentary rocks.
It has been mined for centuries and is one of the most
profitable copper ores. The reasons for this is its high
copper content (66.6% atomic ratio and nearly 80% by
weight) and the ease at which copper can be separated
from sulfur.

Chalcocite crystals from the Mammoth Mine, Mount Isa - Clon-
curry area, Queensland, Australia (size: 3.0 x 2.9 x 2.4 cm)

Since chalcocite is a secondary mineral that forms from
the alteration of other minerals, it has been known to
form pseudomorphs of many different minerals. A pseu-
domorph is a mineral that has replaced another mineral
atom by atom, but it leaves the original mineral’s crystal
shape intact. Chalcocite has been known to form pseu-
domorphs of the minerals bornite, covellite, chalcopyrite,
pyrite, enargite, millerite, galena and sphalerite.

2.5.2 See also

• Copper(I) sulfide

• Copper monosulfide

2.5.3 References
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• Dana’s Manual ofMineralogy ISBN 0-471-03288-3

• Mineral Galleries

2.6 Chalcopyrite

Chalcopyrite (/ˌkælkɵˈpaɪraɪt/ KAL-ko-PY-ryt) is a
copper iron sulfide mineral that crystallizes in the
tetragonal system. It has the chemical formula CuFeS2.
It has a brassy to golden yellow color and a hardness of 3.5
to 4 on the Mohs scale. Its streak is diagnostic as green
tinged black.
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On exposure to air, chalcopyrite oxidises to a variety of
oxides, hydroxides and sulfates. Associated copper min-
erals include the sulfides bornite (Cu5FeS4), chalcocite
(Cu2S), covellite (CuS), digenite (Cu9S5); carbonates
such as malachite and azurite, and rarely oxides such as
cuprite (Cu2O). Chalcopyrite is rarely found in associa-
tion with native copper.

2.6.1 Chemistry

The unit cell of chalcopyrite. Copper is shown in pink, iron in
blue and sulfur in yellow.

Natural chalcopyrite has no solid solution series with any
other sulfide minerals. There is limited substitution of
Zn with Cu despite chalcopyrite having the same crystal
structure as sphalerite.
Minor amounts of elements such as Ag, Au, Cd, Co, Ni,
Pb, Sn, and Zn can be measured (at part per million lev-
els), likely substituting for Cu and Fe. Selenium, Bi, Te,
and As may substitute for sulfur in minor amounts.[6]

2.6.2 Paragenesis

Chalcopyrite is present with many ore-bearing environ-
ments via a variety of ore forming processes.
Chalcopyrite is present in volcanogenic massive sulfide
ore deposits and sedimentary exhalative deposits, formed
by deposition of copper during hydrothermal circulation.
Chalcopyrite is concentrated in this environment via fluid
transport.
Porphyry copper ore deposits are formed by concentra-
tion of copper within a granite stock during the ascent
and crystallisation of a magma. Chalcopyrite in this envi-
ronment is produced by concentration within a magmatic
system.
Chalcopyrite is an accessory mineral in Kambalda
type komatiitic nickel ore deposits, formed from an
immiscible sulfide liquid in sulfide-saturated ultramafic
lavas. In this environment chalcopyrite is formed by a
sulfide liquid stripping copper from an immiscible silicate
liquid.

2.6.3 Occurrence

Chalcopyrite is the most important copper ore. Chal-
copyrite ore occurs in a variety of ore types, from
huge masses as at Timmins, Ontario, to irregular veins
and disseminations associated with granitic to dioritic
intrusives as in the porphyry copper deposits of Broken
Hill, the American cordillera and the Andes. The largest
deposit of nearly pure chalcopyrite ever discovered in
Canada was at the southern end of the Temagami green-
stone belt where Copperfields Mine extracted the high-
grade copper.[7]

Chalcopyrite is present in the supergiant Olympic Dam
Cu-Au-U deposit in South Australia.
Chalcopyrite may also be found in coal seams associated
with pyrite nodules, and as disseminations in carbonate
sedimentary rocks.

2.6.4 Structure

Crystallographically the structure of chalcopyrite is
closely related to that of zinc blende ZnS (sphalerite). The
unit cell is twice as large, reflecting an alternation of Cu+
and Fe3+ ions replacing Zn2+ ions in adjacent cells. In
contrast to the pyrite structure chalcopyrite has single S2-
sulfide anions rather than disulfide pairs. Another differ-
ence is that the iron cation is not diamagnetic low spin
Fe(II) as in pyrite.

• Brass-yellow Chalcopyrite crystals below large stri-
ated pyrite cubes

• Botryoidal chalcopyrtite, locally called “Blister
Copper”, Redruth Cornwall England

2.6.5 See also

• Classification of minerals

• List of minerals

• Kesterite
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2.7 Cinnabar

This article is about the mineral. For the plant resin, see
Dragon’s blood. For the moth, see Cinnabar moth.

Cinnabar (pronounced /ˈsɪnəbɑr/) or cinnabarite
/sɪnəˈbɑraɪt/ (red mercury(II) sulfide (HgS), native
vermilion), is the common ore of mercury.

2.7.1 Etymology

The name comes from κινναβαρι (kinnabari),[5] a Greek
word most likely applied by Theophrastus to several dis-
tinct substances. Other sources say the word comes from
the Persian شنگرف shangarf (Arabicized as زنجفرة
zinjifrah), a word of uncertain origin (also compare, San-
skrit सुगर sugara). In Latin it was sometimes known as
minium, meaning also “red cinnamon”, though both of
these terms now refer specifically to lead tetroxide.[6]

2.7.2 Structure

Crystal structure of cinnabar

HgS adopts two structures, i.e. it is dimorphous.[7] The
more stable form is cinnabar, which has a structure akin
to that for HgO: each Hg center has two short Hg-S bonds
(2.36 Å), and four longer Hg---S contacts (3.10, 3.10,
3.30, 3.30 Å). The black form of HgS has the zincblende
structure.

2.7.3 Properties

Cinnabar is generally found in a massive, granular or
earthy form and is bright scarlet to brick-red in color.[8]
It occasionally occurs in crystals with a non-metallic
adamantine luster. Cinnabar has a rhombohedral bravais

Cinnabar

lattice, and belongs to the hexagonal crystal system, trig-
onal division. Its crystals grow usually in a massive habit,
though they are sometimes twinned. The twinning in
cinnabar is distinctive, and it forms a penetration twin
that is ridged with six ridges surrounding the point of a
pyramid. It could be thought of as two scalahedral crys-
tals grown together, with one crystal going the opposite
way of the other crystal. The hardness of cinnabar is 2–
2.5, and its specific gravity 8.1.
Cinnabar resembles quartz in its symmetry and certain
of its optical characteristics. Like quartz, it exhibits
birefringence. It has the highest refractive power of
any mineral. Its mean index for sodium light is 3.08,[9]
whereas the index for diamond is 2.42 and that for
gallium(III) arsenide (GaAs) is 3.93.

2.7.4 Occurrence

Cinnabar mercury ore from Nevada, USA
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Generally cinnabar occurs as a vein-fillingmineral associ-
ated with recent volcanic activity and alkaline hot springs.
Cinnabar is deposited by epithermal ascending aqueous
solutions (those near surface and not too hot) far removed
from their igneous source.
It is associated with native mercury, stibnite, realgar,
pyrite, marcasite, opal, quartz, chalcedony, dolomite,
calcite and barite.[2]

Cinnabar is found in all localities that yield mercury, no-
tably Puerto Princesa (Philippines); Almadén (Spain);
New Almaden (California); Hastings Mine and St. John’s
Mine, Vallejo, California;[10] Idrija (Slovenia); New Idria
(California); Giza, Egypt; Landsberg, near Obermoschel
in the Palatinate; Ripa, at the foot of the Apuan Alps
and in the Mount Amiata (Tuscany); the mountain Avala
(Serbia); Huancavelica (Peru); Murfreesboro, Arkansas;
Terlingua (Texas); and the province of Guizhou in China,
where fine crystals have been obtained. It was also mined
near Red Devil, Alaska on the middle Kuskokwim River.
Red Devil was named after the Red Devil cinnabar mine,
a primary source of mercury.
Cinnabar is still being deposited at the present day from
the hot waters of Sulphur Bank Mine in California and
Steamboat Springs, Nevada.

2.7.5 Mining and extraction of mercury

Apparatus for the distillation of cinnabar, Alchimia, 1570

Cinnabar has been mined since the Neolithic Age.[11]
During the Roman Empire it was mined both as a pig-
ment (Vitruvius, DA VII; IV-V) (Pliny, HN; XXXIII,
XXXVI-XLII) and for its mercury content (Pliny HN;
XXXIII, XLI), and it has been the main source of mer-
cury throughout the centuries.
To produce liquid mercury (quicksilver), crushed
cinnabar ore is roasted in rotary furnaces. Pure mercury
separates from sulfur in this process and easily evapo-
rates. A condensing column is used to collect the liquid
metal, which is most often shipped in iron flasks.

2.7.6 Toxicity

See also: Mercury poisoning

Because of its mercury content, cinnabar can be toxic to
human beings. Though peoples in ancient South America
often used cinnabar for art, or processed it into refined
mercury (as a means to gild silver and gold to objects)
“the toxic properties of mercury were well known. It was
dangerous to those who mined and processed cinnabar, it
caused shaking, loss of sense, and death. Data suggests
that mercury was retorted from cinnabar and the workers
were exposed to the toxic mercury fumes.”[12] Overex-
posure to mercury, mercurialism, was seen as an occu-
pational disease to the ancient Romans, “Mining in the
Spanish cinnabar mines of Almadén, 225 km southwest
ofMadrid, was regarded as being akin to a death sentence
due to the shortened life expectancy of the miners, who
were slaves or convicts.”[13]

2.7.7 Decorative use

Cinnabar has been used for its color in the New World
since the Olmec culture.[14] Cinnabar was used in royal
burial chambers during the peak of Maya civilization,
most dramatically in the Tomb of the Red Queen in
Palenque (600–700 AD), where the remains of a noble
woman and objects belonging to her in her sarcophagus
were completely covered with bright red powder made
from cinnabar.[15]

The most popularly known use of cinnabar is in Chi-
nese carved lacquerware, a technique that apparently
originated in the Song Dynasty. The danger of mer-
cury poisoning may be reduced in ancient lacquerware by
entraining the powdered pigment in lacquer,[16] but could
still pose an environmental hazard if the pieces were ac-
cidentally destroyed. In the modern jewelry industry, the
toxic pigment is replaced by a resin-based polymer that
approximates the appearance of pigmented lacquer.

2.7.8 Other forms

• Hepatic cinnabar is an impure variety from the
mines of Idrija in the Carniola region of Slovenia,
in which the cinnabar is mixed with bituminous and
earthy matter.

• Metacinnabarite is a black-colored form of HgS,
which crystallizes in the cubic form.

• Synthetic cinnabar is produced by treatment of
Hg(II) salts with hydrogen sulfide to precipitate
black, synthetic metacinnabarite, which is then
heated in water. This conversion is promoted by the
presence of sodium sulfide.[17]

• Hypercinnabar, crystallised in the hexagonal form.
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2.7.11 External links

• MSDS for cinnabar

• Dartmouth Toxic Metals Research Program – Mer-
cury

• Cinnabar visual reference

2.8 Cobaltite

Cobaltite is a sulfidemineral composed of cobalt, arsenic
and sulfur, CoAsS. It contains up to 10 percent iron and
variable amounts of nickel.[3] Structurally it resembles
pyrite (FeS2) with one of the sulfur atoms replaced by
an arsenic atom.
Although rare it is mined as a significant source of
the strategically important metal cobalt. Secondary
weathering incrustations of erythrite, hydrated cobalt ar-
senate, are common.
The name is from the German, Kobold, “underground
spirit” in allusion to the “refusal” of cobaltiferous ores
to smelt as they are expected to.[4]

It occurs in high temperature hydrothermal deposits and
contact metamorphic rocks. It occurs in association with
magnetite, sphalerite, chalcopyrite, skutterudite, allanite,
zoisite, scapolite, titanite, calcite along with numerous
other Co–Ni sulfides and arsenides.[1] It was described
as early as 1832.[2]

It is found chiefly in Sweden, Norway, Germany,
Cornwall, England, Canada, Australia, Democratic Re-
public of the Congo and Morocco.[1][3]
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Cubic Cobaltite, 1.6 x 1.4 x 1.1 cm, Brazil Lake Occurrence (Eliz-
abeth Lake Mine), Sudbury District, Ontario, Canada

2.9 Dimorphite

Dimorphite (chemical name tetraarsenic trisulfide) is a
very rare orange-yellow chalcogenide mineral. In na-
ture, dimorphite forms primarily by deposition in vol-
canic fumaroles at temperatures of 70–80 °C (158–176
°F). Dimorphite was first discovered in a such a fuma-
role near Naples, Italy in 1849 by the mineralologist
Arcangelo Scacchi (1810–1893). Since its discovery, di-
morphite has been found in the Alacrán silver mine near
Copiapó, Chile.[2] It has also been reported from Cerro
de Pasco, Peru, and the Lavrion District Mines in Attica,
Greece.[1]

2.9.1 Properties and applications

Dimorphite has two crystal forms, Α- and Β−. This prop-
erty gives rise to its name, which comes from the Greek
for “two” and “form.” Dimorphite transitions between its
α- and β- forms at around 130 °C (266 °F).[4]

Dimorphite can be synthesized by melting arsenic and
sulfur together in the proper molar ratios in vacuum.[4]

Initial research indicates the possibility of using synthetic
dimorphite in the development of gas sensors,[5][6] due to
the semiconductive properties of dimorphite.
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2.10 Enargite

Enargite is a copper arsenic sulfosalt mineral with for-
mula: Cu3AsS4. It takes its name from the Greek word
enarge, “distinct.” Enargite is a steel gray, blackish gray,
to violet black mineral with metallic luster. It forms slen-
der orthorhombic prisms as well as massive aggregates. It
has a hardness of 3 and a specific gravity of 4.45.
Enargite is dimorph of the tetragonal luzonite.[1]

2.10.1 Occurrence

It is a medium to low temperature hydrothermal min-
eral occurring with quartz, pyrite, sphalerite, galena,
bornite, tetrahedrite–tennantite, chalcocite, covellite and
baryte.[3] It occurs in the mineral deposits at Butte, Mon-
tana, San JuanMountains, Colorado and at both Bingham
Canyon and Tintic, Utah. It is also found in the copper
mines of Canada, Mexico, Argentina, Chile, Peru, and
the Philippines.
Enargite was originally described as a new species from
the copper mines of the San Francisco vein, Junin De-
partment, Peru. The name is from Greek έναργής for
distinct, in reference to its distinct cleavage.[1][3]

Enargite is related to lazarevicite (named afterM. Lazare-
vic), which has the same chemical formula, but cubic
crystalline structure.[4]

2.10.2 References
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2.10.3 External links

Media related to Enargite at Wikimedia Commons

• Crystal structure of enargite

2.11 Galena

For other uses, see Galena (disambiguation).

Galena, also called lead glance, is the natural mineral
form of lead(II) sulfide. It is the most important ore of
lead and an important source of silver.[4]

Galena is one of themost abundant and widely distributed
sulfide minerals. It crystallizes in the cubic crystal system
often showing octahedral forms. It is often associated
with the minerals sphalerite, calcite and fluorite.

2.11.1 Lead ore deposits

Galena with druzy calcite

Galena is the main ore of lead, used since ancient times.
Because of its somewhat low melting point, it was easy to
liberate by smelting.
In some areas galena contains about 1-2 percent silver. In
these areas the silver byproduct far outweighs the main
lead ore in revenue. Galena deposits often also con-
tain significant amounts of silver as included silver sul-
fide mineral phases or as limited solid solution within the
galena structure. These argentiferous galenas have long
been the most important ore of silver.
Galena deposits are found worldwide in various
environments.[3] Noted deposits include those at
Freiberg, Saxony;[1] Cornwall, The Mendips, Somerset,
Derbyshire, and Cumberland, England; the Madan,
Smolyan Province, Rhodope Mountains, Bulgaria;
the Sullivan Mine of British Columbia; Broken Hill,

Australia and the ancient mines of Sardinia. Galena also
occurs in North African countries and at Mount Hermon
in Northern Israel. In the United States, it occurs most
notably in the Mississippi Valley type deposits of the
Lead Belt in southeastern Missouri,[1] and in the Driftless
Area of Illinois, Iowa and Wisconsin. The economic
importance of galena to the early history of the Driftless
Area was so great that one of the towns in the region was
named Galena, Illinois.

Cubic galena with calcite from Jasper County, Missouri, USA
(size: 5.1×3.2×2.8 cm)

Galena also was a major mineral of the zinc-lead mines
of the tri-state district around Joplin in southwesternMis-
souri and the adjoining areas of Kansas and Oklahoma.[1]
Galena is also an important ore mineral in the silver min-
ing regions of Colorado, Idaho, Utah and Montana. Of
the latter, the Coeur d'Alene district of northern Idaho
was most prominent.[1]

Galena is the official state mineral of the U.S. states
of Missouri and Wisconsin; the former mining town of
Galena, Kansas takes its name from deposits of this min-
eral.
Derbyshire in the UK was one of the main areas where
galena was mined.
The largest documented crystal of galena is composite
cubo-octahedra from Great Laxey Mine, Isle of Man,
U.K. measuring 25×25×25 cm.[5]
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2.11.2 Crystal structure

Galena belongs to the octahedral sulfide group of min-
erals with metal ions in octahedral positions, like mem-
bers pyrrhotite and niccolite. The galena group is named
after its most common member, with other isometric
members that include manganese bearing alabandite and
niningerite.[3]

Divalent lead (Pb) cations and sulfur (S) anions form a
close packed cubic unit cell much like the mineral halite
of the halide mineral group. Zinc, cadmium, iron, cop-
per, antimony, arsenic, bismuth, and selenium also oc-
cur in variable amounts in galena. Selenium substitutes
for sulfur in the structure constituting a solid solution se-
ries. The lead telluride mineral altaite has the same crys-
tal structure as galena.

2.11.3 Geochemistry

Within the weathering or oxidation zone galena alters
to anglesite (lead sulfate) or cerussite (lead carbonate).
Galena exposed to acid mine drainage can be oxidized to
anglesite by naturally occurring bacteria and archaea, in
a process similar to bioleaching.[6]

2.11.4 Galena uses

One of the oldest uses of galena was as kohl, which, in
Ancient Egypt, was applied around the eyes to reduce the
glare of the desert sun and to repel flies, which were a
potential source of disease.[7]

Galena is the primary ore of lead which is mainly used in
making lead-acid batteries; however, significant amounts
are also used to make lead sheets and shot. Galena is
often mined for its silver content (e.g. the Galena Mine
in northern Idaho).
Also known as “potters ore”, galena is used in a green
glaze applied to pottery.
Galena is a semiconductor with a small bandgap of about
0.4 eV which found use in early wireless communication
systems. It was used as the crystal in crystal radio sets, in
which it was used as a point-contact diode to detect the ra-
dio signals. The galena crystal was used with a sharp wire,
known as a “cat’s whisker”. The operation of the radio re-
quired that the point of contact on the galena be shifted
about to find a part of the crystal that acted as a diode.
Making such wireless sets was a popular home hobby in
Britain and other European countries during the 1930s.
Scientists associated with the investigation of the diode
effect are Karl Ferdinand Braun and Sir Jagdish Bose. In
modern wireless communication systems, galena detec-
tors have been replaced by more reliable semiconductor
devices.

2.11.5 Health issues

Galena contains lead, a toxic element. While bound to
crystal structure, the lead content of galena is of minor
concern and the mineral is safe to handle. However, pro-
longed exposure to the pulverized dust in the form of
inhalation or ingestion is hazardous to one’s health.

2.11.6 See also

• List of minerals

• Lead smelter

2.11.7 Notes

[1] Anthony, John W.; Bideaux, Richard A.; Bladh, Kenneth
W. and Nichols, Monte C., ed. (1990). “Galena” (PDF).
Handbook of Mineralogy. I (Elements, Sulfides, Sulfos-
alts). Chantilly, VA, US: Mineralogical Society of Amer-
ica. ISBN 0962209708.

[2] Galena. Webmineral

[3] Galena. Mindat.org

[4] Young, Courtney A.; Patrick R. Taylor; Corby G. An-
derson (2008). Hydrometallurgy 2008: Proceedings
of the Sixth International Symposium. SME. ISBN
9780873352666.

[5] Rickwood P.C. (1981). “The largest crystals”. American
Mineralogist 66: 885–907.

[6] Da Silva, Gabriel (2004). “Kinetics and mech-
anism of the bacterial and ferric sulphate ox-
idation of galena”. Hydrometallurgy 75: 99.
doi:10.1016/j.hydromet.2004.07.001.

[7] Metropolitan Museum of Art. The Art of Medicine in An-
cient Egypt. (New York: The Museum, 2005), p. 10,
ISBN 1-58839-170-1.

2.11.8 References

• Klein, Cornelis and Cornelius S. Hurlbut, Jr. (1985)
Manual of Mineralogy, Wiley, 2nd ed., pp. 274–
276, ISBN 0-471-80580-7.

• Franklin and Sterling Hill mineral deposits.

2.11.9 External links

• Case Studies in Environmental Medicine (CSEM):
Lead Toxicity.

• ToxFAQs: Lead.

• Mineral information institute entry for lead.
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2.12 Marcasite

This article is about the mineral. For the jewellery, see
Marcasite jewellery.

The mineral marcasite, sometimes called white iron
pyrite, is iron sulfide (FeS2) with orthorhombic crystal
structure. It is physically and crystallographically dis-
tinct from pyrite, which is iron sulfide with cubic crystal
structure. Both structures do have in common that they
contain the disulfide S22- ion having a short bonding dis-
tance between the sulfur atoms. The structures differ in
how these di-anions are arranged around the Fe2+ cations.
Marcasite is lighter and more brittle than pyrite. Speci-
mens of marcasite often crumble and break up due to the
unstable crystal structure.
On fresh surfaces it is pale yellow to almost white and
has a bright metallic luster. It tarnishes to a yellowish
or brownish color and gives a black streak. It is a brittle
material that cannot be scratched with a knife. The thin,
flat, tabular crystals, when joined in groups, are called
“cockscombs.”
In marcasite jewellery, pyrite used as a gemstone is
termed “marcasite”. That is, marcasite jewellery is made
from pyrite not from marcasite. In the late medieval
and early modern eras the word “marcasite” meant both
pyrite and marcasite (and iron sulfides in general).[4] The
narrower, modern scientific definition for marcasite as
orthorhombic iron sulfide dates from 1845.[2] The jew-
ellery sense for the word pre-dates this 1845 scientific re-
definition. Marcasite in the scientific sense is not used as
a gem due to its brittleness.

2.12.1 Occurrence

Marcasite can be formed as both a primary or a secondary
mineral. It typically forms under low-temperature highly
acidic conditions. It occurs in sedimentary rocks (shales,
limestones and low grade coals) as well as in low temper-
ature hydrothermal veins. Commonly associated miner-
als include pyrite, pyrrhotite, galena, sphalerite, fluorite,
dolomite and calcite.[1]

As a primary mineral it forms nodules, concretions and
crystals in a variety of sedimentary rock, such as at Dover,
Kent, England, where it forms as sharp individual crystals
and crystal groups, and nodules (similar to those shown
here) in chalk.
As a secondary mineral it forms by chemical alteration of
a primary mineral such as pyrrhotite or chalcopyrite.

2.12.2 Alteration

Marcasite reacts more readily than pyrite under condi-
tions of high humidity. The product of this disintegra-

Iridescent cluster of marcasite crystals (3.3 x 2.1 x 1.4 cm)

Two halves of a ball of radiating marcasite from France.

tion is iron(II) sulfate and sulfuric acid. The hydrous iron
sulfate forms a white powder consisting of the mineral
melanterite, FeSO4·7H2O.[5]

This disintegration of marcasite in mineral collections is
known as “pyrite decay”. When a specimen goes through
pyrite decay, the marcasite reacts with moisture and oxy-
gen in the air, the sulfur oxidizing and combining with
water to produce sulfuric acid that attacks other sulfide
minerals and mineral labels. Low humidity (less than
60%) storage conditions prevents or slows the reaction.[6]

2.12.3 References
[1] Handbook of Mineralogy

[2] Mindat.org

[3] Webmineral data
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[4] CNRTL (in French)

[5] Klein, Cornelis and Cornelius S. Hurlbut,Manual of Min-
eralogy,Wiley, 20th ed. 1985, p.286 ISBN 0-471-80580-
7

[6] http://www.nps.gov/history/museum/publications/
conserveogram/11-02.pdf NPS Storage Concerns For
Geological Collections, Conserv-O-Gram, April 1998

2.12.4 External links

• How Minerals Form and Change “Pyrite oxidation
under room conditions”.

2.13 Millerite

For the religious movement, see Millerism.
For the neighborhood in Gary, see Miller Beach.

Millerite is a nickel sulfide mineral, NiS. It is brassy in
colour and has an acicular habit, often forming radiating
masses and furry aggregates. It can be distinguished from
pentlandite by crystal habit, its duller colour, and general
lack of association with pyrite or pyrrhotite.

2.13.1 Paragenesis

Millerite is a common metamorphic mineral replacing
pentlandite within serpentinite ultramafics. It is formed
in this way by removal of sulfur from pentlandite or other
nickeliferous sulfide minerals during metamorphism or
metasomatism.
Millerite is also formed from sulfur poor olivine
cumulates by nucleation. Millerite is thought to form
from sulfur and nickel which exist in pristine olivine in
trace amounts, and which are driven out of the olivine
during metamorphic processes. Magmatic olivine gener-
ally has up to ~4000 ppmNi and up to 2500 ppm S within
the crystal lattice, as contaminants and substituting for
other transition metals with similar ionic radii (Fe2+ and
Mn2+).
During metamorphism, sulfur and nickel within the
olivine lattice are reconsitituted into metamorphic sulfide
minerals, chiefly millerite, during serpentinization and
talc carbonate alteration. When metamorphic olivine is
produced, the propensity for this mineral to resorb sul-
fur, and for the sulfur to be removed via the concomittant
loss of volatiles from the serpentinite, tends to lower sul-
fur fugacity.
This forms disseminated needle like millerite crystals dis-
persed throughout the rock mass.
Millerite may be associated with heazlewoodite and is
considered a transitional stage in the metamorphic pro-
duction of heazlewoodite via the above process.

Millerite structure

2.13.2 Economic importance

Millerite, when found in enough concentration, is a very
important ore of nickel because, for its mass as a sulfide
mineral, it contains a higher percentage of nickel than
pentlandite. This means that, for every percent of mil-
lerite, an ore contains more nickel than an equivalent per-
centage of pentlandite sulfide.
Millerite forms an important ore constituent of the Silver
Swan, Wannaway, Cliffs, Honeymoon Well, Yakabindie
and Mt Keith (MKD5) orebodies. It is an accessory min-
eral associated with nickel laterite deposits in New Cale-
donia.

2.13.3 Occurrence

Lustrous mass of intergrown millerite needles from Kalgoorlie,
Western Australia. (size: 3.9 x 3.5 x 2.2 cm)

Millerite is found as a metamorphic replacement of
pentlandite within the Silver Swan nickel deposit, West-
ern Australia, and throughout the many ultramafic ser-
pentinite bodies of the Yilgarn Craton, Western Aus-
tralia, generally as a replacement of metamorphosed
pentlandite.
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It is commonly found as radiating clusters of acicular
needle-like crystals in cavities in sulfide rich limestone
and dolomite or in geodes. It is also found in nickel-iron
meteorites, such as CK carbonaceous chondrites.[5]

Millerite was discovered by Wilhelm Haidinger in 1845
in the coal mines of Wales. It was named for British min-
eralogist William Hallowes Miller. The mineral is quite
rare in specimen form, and the most common source of
the mineral is the in Halls Gap area of Lincoln County,
Kentucky in the United States.

2.13.4 See also

• List of minerals

• List of minerals named after people

2.13.5 References

[1] http://rruff.geo.arizona.edu/doclib/hom/millerite.pdf
Handbook of Mineralogy

[2] http://www.mindat.org/min-2711.html Mindat

[3] http://webmineral.com/data/Millerite.shtml Webmineral

[4] Hurlbut, Cornelius S.; Klein, Cornelis, 1985, Manual of
Mineralogy, 20th ed., pp. 279-280, ISBN 0-471-80580-7

[5] Geiger, T.; Bischoff, A. (1995). “Formation of opaque
minerals in CK chondrites”. Planetary and Space Science
43 (3–4): 485–498. Bibcode:1995P&SS...43..485G.
doi:10.1016/0032-0633(94)00173-O.

2.13.6 External links

• Mineral galleries

• Wisconsin minerals

• University of Kentucky, Kentucky Geological Sur-
vey, Sulfide Minerals

2.14 Molybdenite

Molybdenite is a mineral of molybdenum disulfide,
MoS2. Similar in appearance and feel to graphite, molyb-
denite has a lubricating effect that is a consequence of
its layered structure. The atomic structure consists of a
sheet of molybdenum atoms sandwiched between sheets
of sulfur atoms. The Mo-S bonds are strong, but the in-
teraction between the sulfur atoms at the top and bottom
of separate sandwich-like tri-layers is weak, resulting in
easy slippage as well as cleavage planes. Molybdenite
crystallizes in the hexagonal crystal system as the com-
mon polytype 2H and also in the trigonal system as the
3R polytype.[1][2][5]

2.14.1 Description

Occurrence

A sample of molybdenite mineral less pure than the single-crystal
specimen at right.

Molybdenite occurs in high temperature hydrothermal
ore deposits. Its associated minerals include pyrite,
chalcopyrite, quartz, anhydrite, fluorite, and scheelite.
Important deposits include the disseminated porphyry
molybdenum deposits at Questa, New Mexico and the
Henderson and Climax mines in Colorado. Molybden-
ite also occurs in porphyry copper deposits of Arizona,
Utah, and Mexico.
The element rhenium is always present in molybdenite
as a substitute for molybdenum, usually in the parts per
million (ppm) range, but often up to 1–2%. High rhe-
nium content results in a structural variety detectable by
X-ray diffraction techniques. Molybdenite ores are es-
sentially the only source for rhenium. The presence of
the radioactive isotope rhenium-187 and its daughter iso-
tope osmium−187 provides a useful geochronologic dat-
ing technique.

Features

Crystal structure of molybdenite

Molybdenite is extremely soft with a metallic luster, and
is superficially almost identical to graphite. It marks pa-
per in much the same way as graphite. Its distinguishing
feature from graphite is its higher specific gravity, as well
as its tendency to occur in a matrix.
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2.14.2 Uses

Molybdenite is an important ore of molybdenum, and is
the most common source of the metal.[2] While molyb-
denum is rare in the Earth’s crust, molybdenite is rel-
atively common and easy to process, and accounts for
much of the metal’s economic viability. Molybdenite is
purified by froth floatation, and then oxidized to form
soluble molybdate. Reduction of ammonium molybdate
yields pure molybdenum metal, which is used for fertil-
izer, as a catalyst, and in battery electrodes. By far the
most common use of molybdenum is as an alloy with
iron. Ferromolybdenum is an important component of
high strength and corrosion-resistant steel.

Semiconductor

Multilayermolybdenite flakes are semiconductors with an
indirect bandgap. In contrast, monolayer flakes have a di-
rect gap.[6] In the early years of the 20th century, molyb-
denite was used in some of the first crude semiconductor
diodes, called cat’s whisker detectors, which served as a
demodulator in early crystal radios. Monolayer molyb-
denite shows good charge carrier mobility and can be
used to create small or low-voltage transistors.[7] The
transistors can detect and emit light and may have future
use in optoelectronics.[8]

2.14.3 See also

• Powellite (calcium molybdate : CaMoO4)

• Rheniite

• Wulfenite (lead molybdate : PbMoO4)

2.14.4 References

[1] Handbook of Mineralogy

[2] Mindat.org

[3] Webmineral data for Molybdenite
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[5] Molybdenite 3R on Mindat

[6] “Atomically Thin MoS2: A New Direct-Gap Semicon-
ductor”. 24 Sep 2010.

[7] “Molybdenite transistor is a first”. 8 Feb 2011.

[8] First light from molybdenite transistors. 19 Apr 2013

2.15 Nickeline

Nickeline or niccolite is a mineral consisting of nickel
arsenide, NiAs, containing 43.9% nickel and 56.1% ar-
senic.
Small quantities of sulfur, iron and cobalt are usually
present, and sometimes the arsenic is largely replaced by
antimony. This last forms an isomorphous series with
breithauptite (nickel antimonide).

2.15.1 Etymology and history

When, in themedieval GermanErzgebirge, or OreMoun-
tains, a red mineral resembling copper-ore was found, the
miners looking for copper could extract none from it, as
it contains none; worse yet, the ore also sickened them.
They blamed a mischievous sprite of German mythol-
ogy, Nickel (similar to Old Nick) for besetting the copper
(German: Kupfer): the mischievous Kupfernickel.[4] This
German equivalent of “copper-nickel” was used as early
as 1694 (other old German synonyms are Rotnickelkies
and Arsennickel).
In 1751, Baron Axel Fredrik Cronstedt was attempting
to extract copper from kupfernickel mineral, and ob-
tained instead a white metal that he called after the spirit,
nickel.[5] In modern German, Kupfernickel and Kupfer-
Nickel designates the alloy Cupronickel.
The names subsequently given to the ore, nickeline from
F. S. Beudant, 1832, and niccolite, from J. D. Dana, 1868,
refer to the presence of nickel; in Latin, niccolum.

2.15.2 Preparation of NiAs

The main compound within nickeline, nickel arsenide
(NiAs), can be prepared by direct combination of the el-
ements:
Ni(s) + As(s) → NiAs(s)[6]

2.15.3 Occurrence

Nickeline is formed by hydrothermal modification of ul-
tramafic rocks and associated ore deposits, and may be
formed by replacement of nickel-copper bearing sulfides
(replacing pentlandite, and in association with copper ar-
senic sulfides), or via metasomatism of sulfide-free ul-
tramafic rocks, where metasomatic fluids introduce sul-
fur, carbonate, and arsenic. This typically results in min-
eral assemblaged including millerite, heazelwoodite and
metamorphic pentlandite-pyrite via sulfidation and asso-
ciated arsenopyrite-nickeline-breithauptite.
Associated minerals include: arsenopyrite, barite,
silver, cobaltite, pyrrhotite, pentlandite, chalcopyrite,
breithauptite and maucherite. Nickeline alters to
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annabergite (a coating of green nickel arsenate) on ex-
posure to moist air.
Most of these minerals can be found in the areas sur-
rounding Sudbury and Cobalt, Ontario. Other local-
ities include the eastern flank of the Widgiemooltha
Dome, Western Australia, from altered pentlndite-pyrite-
pyrrhotite assemblages within the Mariners, Redross and
Miitel nickel mines where nickeline is produced by re-
gional Au-As-Ag-bearing alteration and carbonate meta-
somatism. Other occurrences include within similarly
modified nickel mines of the Kambalda area.

2.15.4 Crystal structure

The unit cell of nickeline is used the prototype of a
class of solids with similar crystal structures. Com-
pounds adopting the NiAs structure are generally the
chalcogenides, arsenides, antimonides and bismuthides
of transition metals. Members of this group include
cobalt(II) sulfide and iron(II) sulfide.

The unit cell of nickel arsenide

The following are the members of the nickeline group:[7]

• Achavalite: iron selenide, FeSe

• Breithauptite: nickel antimonide, NiSb

• Freboldite: cobalt selenide, CoSe

• Imgreite: nickel telluride, NiTe

• Langistite: cobalt nickel arsenide, (Co,Ni)As

• Nickeline: nickel arsenide, NiAs

• Pyrrhotite: iron sulfide Fe₁-ₓS

• Sederholmite: nickel selenide, NiSe

• Stumpflite: platinum antimonide bismuthide,
Pt(Sb,Bi)

• Sudburyite: palladium nickel antimonide,
(Pd,Ni)Sb

• Troilite: iron sulfide, FeS

2.15.5 Economic Importance

Nickeline is rarely used as a source of nickel due to the
presence of arsenic, which is deleterious to most smelting
and milling techniques. When nickel sulfide ore deposits
have been altered to produce nickeline, often the pres-
ence of arsenic renders the ore uneconomic when con-
centrations of As reach several hundred parts per mil-
lion. However, arsenic bearing nickel ore may be treated
by blending with 'clean' ore sources, to produce a blended
feedstock which the mill and smelter can handle with ac-
ceptable recovery.
The primary problem for treating nickeline in conven-
tionally constructed nickel mills is the specific gravity of
nickeline versus that of pentlandite. This renders the ore
difficult to treat via the froth flotation technique. Within
the smelter itself, the nickeline contributes to high arsenic
contents which require additional reagents and fluxes to
strip from the nickel metal.

2.15.6 References
[1] http://rruff.geo.arizona.edu/doclib/hom/nickeline.pdf

Handbook of Mineralogy

[2] http://www.mindat.org/min-2901.html Mindat.org

[3] http://webmineral.com/data/Nickeline.shtml Webmin-
eral data

[4] Chambers Twentieth Century Dictionary, p888, W&R
Chambers Ltd, 1977.

[5] Weeks, Mary Elvira (1932). “The discovery
of the elements: III. Some eighteenth-century
metals”. Journal of Chemical Education 9: 22.
Bibcode:1932JChEd...9...22W. doi:10.1021/ed009p22.

[6] Shriver and Atkins. Inorganic Chemistry (Fifth Edition).
W. H. Freeman and Company, New York, 2010, pp 383.

[7] http://mineral.galleries.com/minerals/sulfides/nickelin/
nickelin.htm Mineral Galleries

• Dana’s Manual ofMineralogy ISBN 0-471-03288-3

2.16 Orpiment

Orpiment is a deep orange-yellow colored arsenic sulfide
mineral with formula As2S3. It is found in volcanic
fumaroles, low temperature hydrothermal veins, and
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hot springs and is formed both by sublimation and as
a byproduct of the decay of another arsenic mineral,
realgar. It takes its name from the Latin auripigmentum
(aurum − gold + pigmentum − pigment) because of its
deep-yellow color.

2.16.1 Historical uses

Orpiment was traded in the Roman Empire and was used
as a medicine in China even though it is very toxic. It
has been used as a fly poison and to tip arrows with poi-
son. Because of its striking color, it was of interest to
alchemists, both in China and the West, searching for a
way to make gold.
For centuries, orpiment was ground down and used as a
pigment in painting and for sealing wax. It was one of
the few clear, bright-yellow pigments available to artists
until the 19th Century. However, its extreme toxicity
and incompatibility with other common pigments, includ-
ing lead and copper-based substances such as verdigris
and azurite, meant that its use as a pigment ended when
cadmium yellows and dye-based colors were introduced
during the 19th Century.
Orpiment, as the Latin Auripigmentum, is mentioned by
Robert Hooke in Micrographia for the manufacture of
small shot in the 17th century.[4]

2.16.2 Contemporary uses

Orpiment is used in the production of infrared-
transmitting glass, oil cloth, linoleum, semiconductors,
photoconductors, pigments, and fireworks. Mixed with
two parts of slaked lime, orpiment is still commonly used
in rural India as a depilatory. It is used in the tanning
industry to remove hair from hides.

2.16.3 Physical and optical properties

Orpiment is a common monoclinic arsenic sulfide min-
eral. It has a Mohs hardness of 1.5 to 2 and a specific
gravity of 3.49. It melts at 300 °C to 325 °C. Optically
it is biaxial (−) with refractive indices of a=2.4, b=2.81,
g=3.02.

2.16.4 Crystal structure

• Orpiment’s unit cell

• Orpiment’s crystal structure consists of sheets

• The sheets are stacked into layers

2.16.5 Gallery of orpiment specimens

• Orpiment and realgar on a vuggy, quartz matrix,
Nishinomaki Mine, Gunma Prefecture, Japan. Size:
5.5 x 4.0 x 3.8 cm.

• El'brusskiy arsenic mine, Kabardino-Balkarian Re-
public, Northern Caucasus Region, Russia. Size 5.8
x 3.5 x 1.7 cm.

2.16.6 References
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• The Merck Index: An Encyclopedia of Chemicals,
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• WilliamMesny. Mesny’s Chinese Miscellany. A Text
Book of Notes on China and the Chinese. Shanghai.
Vol. III, (1899), p. 251; Vol. IV, (1905), pp. 26.

2.16.7 External links

• Webexhibits “Pigments Through the Ages: Orpi-
ment”

• Babylonian Talmud Tractate Chullin see Rashi 'haZ-
arnich' (Hebrew)

2.17 Proustite

Proustite is a sulfosalt mineral consisting of; silver sul-
farsenide, Ag3AsS3, known also as light red silver or
ruby silver ore, and an important source of the metal.
It is closely allied to the corresponding sulfantimonide,
pyrargyrite, fromwhich it was distinguished by the chem-
ical analyses of Joseph L. Proust (1754-1826) in 1804,
after whom the mineral received its name.
The prismatic crystals are often terminated by the
scalenohedron and the obtuse rhombohedron, thus re-
sembling calcite (dog-tooth-spar) in habit. The color is
scarlet-vermilion and the lustre adamantine; crystals are
transparent and very brilliant, but on exposure to light
they soon become dull black and opaque. The streak is
scarlet, the hardness 2.5, and the specific gravity 5.57.
Proustite occurs in hydrothermal deposits as a phase in
the oxidized and supergene zone. I is associated with
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other silver minerals and sulfides such as native silver,
native arsenic, xanthoconite, stephanite, acanthite, tetra-
hedrite and chlorargyrite.[1]

Magnificent groups of large crystals have been found at
Chañarcillo in Chile; other localities which have yielded
fine specimens are Freiberg and Marienberg in Saxony,
Joachimsthal in Bohemia and Markirch in Alsace.

• Proustite (long prismatic crystal) - Chañarcillo,
Copiapo Province, Chile. Specimen height is 4 cm.

2.17.1 See also

• List of minerals

• List of minerals named after people

2.17.2 References
[1] http://rruff.geo.arizona.edu/doclib/hom/proustite.pdf

Handbook of Mineralogy

[2] http://www.mindat.org/min-3294.html Mindat.org

[3] http://www.webmineral.com/data/Proustite.shtml Web-
mineral

This article incorporates text from a publication now
in the public domain: Chisholm, Hugh, ed. (1911).
Encyclopædia Britannica (11th ed.). Cambridge Univer-
sity Press.

2.18 Pyrargyrite

Pyrargyrite is a sulfosalt mineral consisting of silver sul-
fantimonide, Ag3SbS3. Known also as dark red silver
ore or ruby silver, it is an important source of the metal.
It is closely allied to, and isomorphous with, the corre-
sponding sulfarsenide known as proustite or light red sil-
ver ore. Ruby silver or red silver ore (German Rotgi-
iltigerz) was mentioned by Georg Agricola in 1546, but
the two species so closely resemble one another that they
were not completely distinguished until chemical analy-
ses of both were made.
Both crystallize in the ditrigonal pyramidal
(hemimorphic-hemihedral) class of the rhombohedral
system, possessing the same degree of symmetry as
tourmaline. Crystals are perfectly developed and are
usually prismatic in habit; they are frequently attached
at one end, the hemimorphic character being then
evident by the fact that the oblique striations on the
prism faces are directed towards one end only of the
crystal. Twinning according to several laws is not
uncommon. The hexagonal prisms of pyrargyrite are
usually terminated by a low hexagonal pyramid or by a
drusy basal plane.

The color of pyrargyrite is usually greyish-black and the
lustre metallic-adamantine; large crystals are opaque, but
small ones and thin splinters are deep ruby-red by trans-
mitted light, hence the name, from the Greek pyr and ar-
gyros, “fire-silver” in allusion to color and silver content,
given by E. F. Glocker in 1831. The streak is purplish-
red, thus differing markedly from the scarlet streak of
proustite and affording a ready means of distinguishing
the two minerals. The Mohs hardness is 2.75, and the
specific gravity 5.85. The refractive indices (nω=3.084
nε=2.881) and birefringence (δ=0.203) are very high.
There is no very distinct cleavage and the fracture is
conchoidal. The mineral occurs in metalliferous veins
with calcite, argentiferous galena, native silver, native
arsenic, &c. The best crystallized specimens are from
Sankt Andreasberg in the Harz, Freiberg in Saxony, and
Guanajuato inMexico. It is not uncommon inmany silver
mines in the United States, but rarely as distinct crystals;
and it has been found in some Cornish mines.

Pyrargyrite silver ore from the Comstock Lode, Storey Co.,
Nevada, USA

Although the red silver ores afford a good example of iso-
morphism, they rarely form mixtures; pyrargyrite rarely
contains as much as 3% of arsenic replacing antimony,
and the same is true of antimony in proustite. Di-
morphous with pyrargyrite and proustite respectively are
the rare monoclinic species pyrostilpnite or fireblende
(Ag3SbS3) and xanthoconite (Ag3AsS3): these four min-
erals thus form an isodimorphous group.

2.18.1 External links

2.18.2 References

• Mindat

• Webmineral data

• Amethyst Galleries’ Mineral Gallery

This article incorporates text from a publication now
in the public domain: Chisholm, Hugh, ed. (1911).
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Encyclopædia Britannica (11th ed.). Cambridge Univer-
sity Press.

2.19 Pyrite

“Fool’s Gold” redirects here. For other uses, see Fool’s
Gold (disambiguation).
This article is about iron pyrite. For other pyrite miner-
als, see Pyrite group.

The mineral pyrite, or iron pyrite, also known as fool’s
gold, is an iron sulfide with the chemical formula FeS2.
This mineral’s metallic luster and pale brass-yellow hue
give it a superficial resemblance to gold, hence the well-
known nickname of fool’s gold. The color has also led to
the nicknames brass, brazzle, and Brazil, primarily used
to refer to pyrite found in coal.[5][6]

Pyrite is the most common of the sulfide minerals. The
name pyrite is derived from the Greek πυρίτης (pyritēs),
“of fire” or “in fire”,[7] in turn from πύρ (pyr), “fire”.[8]
In ancient Roman times, this name was applied to sev-
eral types of stone that would create sparks when struck
against steel; Pliny the Elder described one of them as be-
ing brassy, almost certainly a reference to what we now
call pyrite.[9] By Georgius Agricola's time, the term had
become a generic term for all of the sulfide minerals.[10]

Pyrite is usually found associated with other sulfides
or oxides in quartz veins, sedimentary rock, and
metamorphic rock, as well as in coal beds and as a re-
placement mineral in fossils. Despite being nicknamed
fool’s gold, pyrite is sometimes found in association with
small quantities of gold. Gold and arsenic occur as a cou-
pled substitution in the pyrite structure. In the Carlin–
type gold deposits, arsenian pyrite contains up to 0.37
wt% gold.[11]

2.19.1 Uses

Pyrite enjoyed brief popularity in the 16th and 17th cen-
turies as a source of ignition in early firearms, most no-
tably the wheellock, where the cock held a lump of pyrite
against a circular file to strike the sparks needed to fire
the gun.
Pyrite has been used since classical times to manufacture
copperas, that is, iron(II) sulfate. Iron pyrite was heaped
up and allowed to weather (an example of an early form
of heap leaching). The acidic runoff from the heap was
then boiled with iron to produce iron sulfate. In the 15th
century, such leaching began to replace the burning of
sulfur as a source of sulfuric acid. By the 19th century, it
had become the dominant method.[12]

Pyrite remains in commercial use for the production of
sulfur dioxide, for use in such applications as the paper in-
dustry, and in the manufacture of sulfuric acid. Thermal

Pyrite from Ampliación a Victoria Mine, Navajún, La Rioja,
Spain.

decomposition of pyrite into FeS (iron(II) sulfide) and el-
emental sulfur starts at 550 °C; at around 700 °C pS2 is
about 1 atm.[13]

A newer commercial use for pyrite is as the cathode ma-
terial in Energizer brand non-rechargeable lithium batter-
ies.[14]

Pyrite is a semiconductormaterial with a band gap of 0.95
eV.[15]

During the early years of the 20th century, pyrite was
used as a mineral detector in radio receivers, and is still
used by 'crystal radio' hobbyists. Until the vacuum tube
matured, the crystal detector was the most sensitive and
dependable detector available – with considerable varia-
tion between mineral types and even individual samples
within a particular type of mineral. Pyrite detectors oc-
cupied a midway point between galena detectors and the
more mechanically complicated perikon mineral pairs.
Pyrite detectors can be as sensitive as a modern 1N34A
germanium diode detector.[16][17]

Pyrite has been proposed as an abundant, inexpensive
material in low cost photovoltaic solar panels.[18] Syn-
thetic iron sulfide was used with copper sulfide to create
the photovoltaic material.[19]

Pyrite is used to make marcasite jewelry. Marcasite jew-
elry, made from small faceted pieces of pyrite, often set in
silver, was known since ancient times and was popular in
the Victorian era.[20] At the time when the term became
common in jewelry making, “marcasite” referred to all
iron sulfides including pyrite, and not to the orthorhombic
FeS2 mineral marcasite which is lighter in color, brittle
and chemically unstable, and thus not suitable for jewelry
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making. Marcasite jewelry does not actually contain the
mineral marcasite.

2.19.2 Formal oxidation states for pyrite,
marcasite, and arsenopyrite

From the perspective of classical inorganic chemistry,
which assigns formal oxidation states to each atom, pyrite
is probably best described as Fe2+S22−. This formalism
recognizes that the sulfur atoms in pyrite occur in pairs
with clear S–S bonds. These persulfide units can be
viewed as derived from hydrogen disulfide, H2S2. Thus
pyrite would be more descriptively called iron persul-
fide, not iron disulfide. In contrast, molybdenite, MoS2,
features isolated sulfide (S2–) centers and the oxidation
state of molybdenum is Mo4+. The mineral arsenopy-
rite has the formula FeAsS. Whereas pyrite has S2 sub-
units, arsenopyrite has [AsS] units, formally derived from
deprotonation of H2AsSH. Analysis of classical oxidation
states would recommend the description of arsenopyrite
as Fe3+[AsS]3–.[21]

2.19.3 Crystallography

Crystal structure of pyrite. In the center of the cell a S22− pair is
seen in yellow.

Iron-pyrite FeS2 represents the prototype compound of
the crystallographic pyrite structure. The structure is sim-
ple cubic and was among the first crystal structures solved
by X-ray diffraction.[22] It belongs to the crystallographic
space group Pa3 and is denoted by the Strukturbericht
notation C2. Under thermodynamic standard conditions
the lattice constant a of stoichiometric iron pyrite FeS2
amounts to 541.87 pm.[23] The unit cell is composed of
a Fe face-centered cubic sublattice into which the S ions
are embedded. The pyrite structure is also used by other
compoundsMX2 of transitionmetalsM and chalcogensX
= O, S, Se and Te. Also certain dipnictides with X stand-
ing for P, As and Sb etc. are known to adopt the pyrite
structure.[24]

In the first bonding sphere, the Fe atoms are surrounded
by six S nearest neighbours, in a distorted octahedral ar-
rangement. The material is a diamagnetic semiconductor
and the Fe ions should be considered to be in a low spin
divalent state (as shown by Mössbauer spectroscopy as
well as XPS), rather than a tetravalent state as the stoi-
chiometry would suggest.
The positions of X ions in the pyrite structure may be
derived from the fluorite structure, starting from a hypo-
thetical Fe2+(S−)2 structure. Whereas F− ions in CaF2
occupy the centre positions of the eight subcubes of the
cubic unit cell (¼ ¼ ¼) etc., the S− ions in FeS2 are
shifted from these high symmetry positions along <111>
axes to reside on (uuu) and symmetry-equivalent posi-
tions. Here, the parameter u should be regarded as a
free atomic parameter that takes different values in dif-
ferent pyrite-structure compounds (iron pyrite FeS2: u(S)
= 0.385 [25]). The shift from fluorite u = 0.25 to pyrite u
= 0.385 is rather large and creates a S-S distance that is
clearly a binding one. This is not surprising as in contrast
to F− an ion S− is not a closed shell species. It is isoelec-
tronic with a chlorine atom, also undergoing pairing to
form Cl2 molecules. Both low spin Fe2+ and the disul-
fide S22− moeties are closed shell entities, explaining the
diamagnetic and semiconducting properties.
The S atoms have bonds with three Fe and one other S
atom. The site symmetry at Fe and S positions is ac-
counted for by point symmetry groupsC₃i andC3, respec-
tively. The missing center of inversion at S lattice sites
has important consequences for the crystallographic and
physical properties of iron pyrite. These consequences
derive from the crystal electric field active at the sulfur
lattice site, which causes a polarisation of S ions in the
pyrite lattice.[26] The polarisation can be calculated on
the basis of higher-order Madelung constants and has to
be included in the calculation of the lattice energy by us-
ing a generalised Born–Haber cycle. This reflects the fact
that the covalent bond in the sulfur pair is inadequately
accounted for by a strictly ionic treatment.
Arsenopyrite has a related structure with heteroatomic
As-S pairs rather than homoatomic ones. Marcasite also
possesses homoatomic anion pairs, but the arrangement
of the metal and diatomic anions is different from that of
pyrite. Despite its name a chalcopyrite does not contain
dianion pairs, but single S2− sulfide anions.

2.19.4 Crystal habit

Pyrite usually forms cuboid crystals, sometimes form-
ing in close association to form raspberry-like framboids.
However, under certain circumstances, it can form
anastamozing filaments or T-shaped crystals.[27] Pyrite
can also form dodecahedral crystals and this suggests an
explanation for the artificial geometrical models found in
Europe as early as the 5th century BC.[28]
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Dodecahedron- shaped crystals from Italy.

2.19.5 Varieties

Cattierite (CoS2) and vaesite (NiS2) are similar in their
structure and belong also to the pyrite group.
Bravoite is a nickel-cobalt bearing variety of pyrite,
with > 50% substitution of Ni2+ for Fe2+ within pyrite.
Bravoite is not a formally recognised mineral, and is
named after Peruvian scientist Jose J. Bravo (1874–
1928).[29]

2.19.6 Distinguishing similar minerals

It is distinguishable from native gold by its hardness,
brittleness and crystal form. Natural gold tends to be
anhedral (irregularly shaped), whereas pyrite comes as
either cubes or multifaceted crystals. Chalcopyrite is
brighter yellow with a greenish hue when wet and is softer
(3.5–4 on Mohs’ scale).[30] Arsenopyrite is silver white
and does not become more yellow when wet.

2.19.7 Hazards

A pyrite cube (center) has dissolved away from a host rock, leav-
ing behind trace gold.

Iron pyrite is unstable in the natural environment: in na-

ture it is always being created or being destroyed. Iron
pyrite exposed to air and water decomposes into iron ox-
ides and sulfate. This process is hastened by the action
of Acidithiobacillus bacteria which oxidize the pyrite to
produce ferrous iron and sulfate. These reactions occur
more rapidly when the pyrite is in fine crystals and dust,
which is the form it takes in most mining operations.

Acid drainage

Sulfate released from decomposing pyrite combines with
water, producing sulfuric acid, leading to acid rock
drainage and potentially acid rain.

Dust explosions

Pyrite oxidation is sufficiently exothermic that under-
ground coal mines in high-sulfur coal seams have occa-
sionally had serious problems with spontaneous combus-
tion in the mined-out areas of the mine. The solution
is to hermetically seal the mined-out areas to exclude
oxygen.[31]

In modern coal mines, limestone dust is sprayed onto the
exposed coal surfaces to reduce the hazard of dust ex-
plosions. This has the secondary benefit of neutralizing
the acid released by pyrite oxidation and therefore slow-
ing the oxidation cycle described above, thus reducing the
likelihood of spontaneous combustion. In the long term,
however, oxidation continues, and the hydrated sulfates
formed may exert crystallization pressure that can expand
cracks in the rock and lead eventually to roof fall.[32]

Weakened building materials

Building stone containing pyrite tends to stain brown as
the pyrite oxidizes. This problem appears to be signif-
icantly worse if any marcasite is present.[33] The pres-
ence of pyrite in the aggregate used to make concrete
can lead to severe deterioration as the pyrite oxidizes.[34]
In early 2009, problems with Chinese drywall imported
into the United States after Hurricane Katrina were at-
tributed to oxidation of pyrite.[35] In the United States,
in Canada,[36] and more recently in Ireland,[37][38] where
it was used as underfloor infill, pyrite contamination has
caused major structural damage. Modern tests for aggre-
gate materials[39] certify such materials as free of pyrite.

2.19.8 Pyritised fossils

Pyrite and marcasite commonly occur as replacement
pseudomorphs after fossils in black shale and other
sedimentary rocks formed under reducing environmen-
tal conditions.
However, pyrite dollars or pyrite suns which have an ap-
pearance similar to sand dollars are pseudofossils and
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As a replacement mineral in an ammonite from France.

Disc or “pyrite dollar” from south of Tucson, United States; di-
ameter 10 cm

lack the pentagonal symmetry of the animal.
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2.19.10 Further reading

• American Geological Institute, 2003, Dictionary
of Mining, Mineral, and Related Terms, 2nd ed.,
Springer, New York, ISBN 978-3-540-01271-9

• Mineral galleries

2.19.11 External links

• Educational article about the famous pyrite crystals
from the Navajun Mine

• How Minerals Form and Change “Pyrite oxidation
under room conditions”.

• Poliakoff, Martyn (2009). “Fool’s Gold”. The Peri-
odic Table of Videos. University of Nottingham.

2.20 Pyrrhotite

Pyrrhotite is an unusual iron sulfide mineral with a vari-
able iron content: Fe₍₁-ₓ₎S (x = 0 to 0.2). The FeS
endmember is known as troilite. Pyrrhotite is also called
magnetic pyrite because the color is similar to pyrite and
it is weakly magnetic. The magnetism decreases as the
iron content decreases, and troilite is non-magnetic.

2.20.1 Etymology and history

The name pyrrhotite is derived from Greek pyrrhos,
flame-colored.[1]

2.20.2 Crystal structure

Pyrrhotite has a number of polytypes of hexagonal or
monoclinic crystal symmetry; several polytypes often oc-
cur within the same specimen. Their crystalline structure
is based on the NiAs unit cell, where metal occurs in oc-
tahedral coordination and anions in trigonal prismatic ar-
rangement. An important feature of this structure is an
ability to omit metal atoms with the total fraction up to
1/8, thereby creating iron vacancies. One of such struc-
tures is pyrrhotite-4C (Fe7S8). Here “4” indicates that
iron vacancies form a superlattice which is 4 times larger
than the unit cell in the “C” direction. The C direc-
tion is conventionally chosen parallel to the main symme-
try axis of the crystal; this direction usually corresponds
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NiAs structure of basic pyrrhotite-1C

to the largest lattice spacing. Other polytypes include:
pyrrhotite-5C (Fe9S10), 6C (Fec11S12), 7C (Fe9S10) and
11C (Fe10S11). Every polytype can have monoclinic (M)
or hexagonal (H) symmetry, and therefore some sources
label them, for example, not as 6C, but 6H or 6M depend-
ing on the symmetry.[1][4] The monoclinic forms are sta-
ble at temperatures below 254 °C, whereas the hexagonal
forms are stable above that temperature. The exception is
for those with high iron content, close to the troilite com-
position (47 to 50% atomic percent iron) which exhibit
hexagonal symmetry.[5]

2.20.3 Magnetic properties

The ideal FeS lattice, such as that of troilite, is
non-magnetic. Magnetic properties vary with Fe
content. More Fe-rich, hexagonal pyrrhotites are
antiferromagnetic. However, the Fe-deficient, mon-
oclinic Fe7S8 is ferrimagnetic[6] The ferromagnetism
which is widely observed in pyrrhotite is therefore at-
tributed to the presence of relatively large concentra-
tions of iron vacancies (up to 20%) in the crystal struc-
ture. Vacancies lower the crystal symmetry. There-
fore, monoclinic forms of pyrrhotite are in general more
defect-rich than the more symmetrical hexagonal forms,
and thus are more magnetic.[7] Upon heating to 320 °C,
pyrrhotite loses its magnetism, but also starts decom-
posing to magnetite. The saturation magnetization of
pyrrhotite is 0.12 tesla.[8]

2.20.4 Occurrence

Pyrrhotite is a rather common trace constituent of mafic
igneous rocks especially norites. It occurs as seg-
regation deposits in layered intrusions associated with

pentlandite, chalcopyrite and other sulfides. It is an
important constituent of the Sudbury intrusion where
it occurs in masses associated with copper and nickel
mineralisation.[5] It also occurs in pegmatites and in con-
tact metamorphic zones. Pyrrhotite is often accompanied
by pyrite, marcasite and magnetite. Pyrrhotite does not
have specific applications. It is mined primarily because
it is associated with pentlandite, sulfide mineral that can
contain significant amounts of nickel and cobalt.[1]
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2.20.6 External links

• Leonard James Spencer (1911). "Pyrrhotite".
Encyclopædia Britannica (11th ed.).

2.21 Realgar

Realgar, α-As4S4, is an arsenic sulfide mineral, also
known as “ruby sulphur” or “ruby of arsenic”. It is a
soft, sectile mineral occurring in monoclinic crystals, or
in granular, compact, or powdery form, often in associ-
ation with the related mineral, orpiment (As2S3). It is
orange-red in colour, melts at 320 °C, and burns with a
bluish flame releasing fumes of arsenic and sulfur. Re-
algar is soft with a Mohs hardness of 1.5 to 2 and has a
specific gravity of 3.5. Its streak is orange colored. It is
trimorphous with alacranite and pararealgar.[1] Its name
comes from the Arabic rahj al-ġār الغار) ,رهج “powder of
the mine”), via Catalan and Medieval Latin, and its earli-
est record in English is in the 1390s.[5]
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2.21.1 Occurrence

Realgar most commonly occurs as a low-temperature
hydrothermal vein mineral associated with other arsenic
and antimony minerals. It also occurs as volcanic subli-
mations and in hot spring deposits. It occurs in associa-
tion with orpiment, arsenolite, calcite and barite.[1]

It is found with lead, silver and gold ores in Hungary,
Bohemia and Saxony. In the US it occurs notably in
Mercur, Utah; Manhattan, Nevada and in the geyser de-
posits of Yellowstone National Park.[4]

It is commonly held that after a long period of exposure
to light realgar changes form to a yellow powder known as
pararealgar (β-As4S4). It was once thought that this pow-
der was the yellow sulfide orpiment, but has been recently
shown to be a distinct chemical compound.

2.21.2 Uses

Realgar, orpiment, and arsenopyrite provide nearly all the
world’s supply of arsenic as a byproduct of smelting con-
centrates derived from these ores.
Realgar was used by firework manufacturers to create the
color white in fireworks prior to the availability of pow-
dered metals such as aluminium, magnesium and tita-
nium. It is still used in combination with potassium chlo-
rate to make a contact explosive known as “red explosive”
for some types of torpedoes and other novelty exploding
fireworks branded as 'cracker balls’, as well in the cores
of some types of crackling stars.
Realgar is toxic. The ancient Greeks, who called it
“sandaracha”, understood it is poisonous. It was used
to poison rats in medieval Spain and in 16th century
England.[6] It is still sometimes used to kill weeds, insects,
and rodents,[7] even though more effective arsenic-based
agents are available.
The Chinese name for realgar is xionghuang ��, liter-
ally 'masculine yellow', as opposed to orpiment which
was 'feminine yellow'. Its toxicity was also well known
to them, and it was frequently sprinkled around houses to
repel snakes and insects, as well as being used in Chinese
medicine.[8] Realgar is mixed with rice liquor to make
realgar wine, which is consumed during the Dragon Boat
Festival in order to ward off evil, alluding to its repellent
properties. (This practice has become rarer in modern
times, with the awareness that realgar is a toxic arsenic
compound.)
Realgar was commonly applied in leather manufacturing
to remove the hair from animal pelts. Because realgar is
a known carcinogen, and an arsenic poison, and because
competitive substitutes are available, it is rarely used to-
day for this purpose.
Realgar was, along with orpiment, a significant item of
trade in the ancient Roman Empire and was used as a

red paint pigment. Early occurrences of realgar as a red
painting pigment are known for works of art from China,
India, Central Asia, and Egypt. It was used in Euro-
pean fine-art painting during the Renaissance era, a use
which died out by the 18th century.[9] It was also used as
medicine.
Other traditional uses include manufacturing lead shot,
printing and dyeing calico cloth.

2.21.3 Realgar gallery

• Realgar, gemmy crystals on calcite, 8.9 x 6.9 x 3.6
cm. From Shimen County, Hunan Province, China

• Realgar with tetrahedrite, Palomo Mine,
Huancavelica Department, Perù

• Realgar from Nagyag, Hungary (now Romania).
Hand-colored copper-plate engraving by James
Sowerby (1813)

• On long exposure to light, realgar disintegrates into
a reddish-yellow powder. Specimens should be pro-
tected from bright light.

• The unit cell of realgar, showing clearly the As4S4
molecules it contains

2.21.4 See also

• Classification of minerals

• List of minerals
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2.21.6 Further reading

• The Merck Index: An Encyclopedia of Chemicals,
Drugs, and Biologicals. 11th Edition. Ed. Susan
Budavari. Merck & Co., Inc., N.J., U.S.A. 1989.

• WilliamMesny. Mesny’s Chinese Miscellany. A Text
Book of Notes on China and the Chinese. Shanghai.
Vol. III, (1899), p. 251; Vol. IV, (1905), pp. 425–
426.

• American Mineralogist Vol 80, pp 400–403, 1995

• American Mineralogist Vol 20, pp 1266–1274,
1992

2.21.7 External links

• Mindat.org: Pararealgar

2.22 Sphalerite

“Zincblende” redirects here. For crystal structure, see
Zincblende (crystal structure).

Sphalerite ((Zn,Fe)S) is a mineral that is the chief ore
of zinc. It consists largely of zinc sulfide in crystalline
form but almost always contains variable iron. When iron
content is high it is an opaque black variety,marmatite.
It is usually found in association with galena, pyrite, and
other sulfides along with calcite, dolomite, and fluorite.
Miners have also been known to refer to sphalerite as zinc
blende, black-jack, and ruby jack.

2.22.1 Chemistry

The mineral crystallizes in the cubic crystal system. In
the crystal structure, zinc and sulfur atoms are tetrahe-
drally coordinated. The structure is closely related to the
structure of diamond. The hexagonal analog is known as
the wurtzite structure. The lattice constant for zinc sulfide
in the zinc blende crystal structure is 0.541 nm,[4] calcu-
lated from geometry and ionic radii of 0.074 nm (zinc)
and 0.184 nm (sulfide). It forms ABCABC layers.

2.22.2 Varieties

Its color is usually yellow, brown, or gray to gray-black,
and it may be shiny or dull. Its luster is adamantine,
resinous to submetallic for high iron varieties. It has a
yellow or light brown streak, a Mohs hardness of 3.5–4,
and a specific gravity of 3.9–4.1. Some specimens have
a red iridescence within the gray-black crystals; these are
called “ruby sphalerite.” The pale yellow and red varieties
have very little iron and are translucent. The darker, more

Sharp, tetrahedral sphalerite crystals with minor associated chal-
copyrite from the Idarado Mine, Telluride, Ouray District, Col-
orado, USA (size: 2.3×2.3×1.2 cm)

opaque varieties contain more iron. Some specimens are
also fluorescent in ultraviolet light. The refractive in-
dex of sphalerite (as measured via sodium light, 589.3
nm) is 2.37. Sphalerite crystallizes in the isometric crys-
tal system and possesses perfect dodecahedral cleavage.
Gemmy, pale specimens from Franklin, New Jersey (see
Franklin Furnace), are highly fluorescent orange and/or
blue under longwave ultraviolet light and are known as
cleiophane, an almost pure ZnS variety.

2.22.3 Occurrence

Sphalerite is the major ore of zinc and is found in thou-
sands of locations worldwide.[2]

Sources of high quality crystals include:[3]

• Freiberg, Saxony, and Neudorf, Harz Mountains of
Germany

• The Lengenbach Quarry, Binntal, Valais,
Switzerland, has produced colorless crystals.

• Horni Slavkov (Schlaggenwald) and Pribram, Czech
Republic

• From Rodna, Romania

• Transparent green to opaque blackMadan, Smolyan
Province, Rhodope Mountains, Bulgaria;

• Transparent crystals in the Aliva mine, Picos de
EuropaMountains, Cantabria [Santander] Province,
Spain

• In England, from Alston Moor, Cumbria

• At Dalnegorsk, Primorskiy Kray, Russia
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• In Canada

• Watson Lake, Yukon Territory
• Gord Cowie at Hudson Bay Mining and
Smelting processes Sphalerite in Flin Flon,
Manitoba

• In the USA

• the Tri-State district including deposits near
Baxter Springs, Cherokee County, Kansas;
Joplin, Jasper County, Missouri and Picher,
Ottawa County, Oklahoma
• From the Elmwood mine, near Carthage,
Smith County, Tennessee
• the Eagle mine, Gilman district, Eagle County,
Colorado

• In Mexico, from Santa Eulalia and Naica,
Chihuahua, and Cananea, Sonora

• Huaron, Casapalca, and Huancavelica, Peru

• In Zinkgruvan, Sweden.

2.22.4 Gemstone use

Gem quality twinned cherry-red sphalerite crystal (1.8 cm) from
Hunan Province, China

Crystals of suitable size and transparency have been fash-
ioned into gemstones, usually featuring the brilliant cut
to best display sphalerite’s high dispersion of 0.156 (B-
G interval)—over three times that of diamond. Freshly
cut gems have an adamantine luster. Owing to the soft-
ness and fragility the gems are often left unset as collec-
tor’s or museum pieces (although some have been set into
pendants). Gem-quality material is usually a yellowish to
honey brown, red to orange, or green.

2.22.5 See also

• List of minerals

2.22.6 References
[1] Sphalerite. Webmineral. Retrieved on 2011-06-20.

[2] Sphalerite. Mindat.org. Retrieved on 2011-06-20.

[3] Handbook of Mineralogy

[4] International Centre for Diffraction Data reference 04-
004-3804 , ICCD reference 04-004-3804.

• Dana’s Manual ofMineralogy ISBN 0-471-03288-3

• Webster, R., Read, P. G. (Ed.) (2000). Gems: Their
sources, descriptions and identification (5th ed.), p.
386. Butterworth-Heinemann, Great Britain. ISBN
0-7506-1674-1

• Minerals.net

• Minerals of Franklin, NJ

2.22.7 External links

• The sphalerite structure

• Possible relation of Sphalerite to origins of life and
precursor chemicals in 'Primordial Soup'

2.23 Stibnite

Stibnite, sometimes called antimonite, is a sulfide min-
eral with the formula Sb2S3. This soft grey material crys-
tallizes in an orthorhombic space group. It is the most im-
portant source for the metalloid antimony.[4] The name is
from the Greek stibi through the Latin stibium as the old
name for the mineral and the element antimony.[1][2] As
an antimony sulfide, it is potentially toxic and should be
handled with care.

2.23.1 Structure

Stibnite has a structure similar to that of arsenic trisul-
fide, As2S3. The Sb(III) centers, which are pyramidal
and three-coordinate, are linked via bent two-coordinate
sulfide ions. It is grey when fresh, but can turn superfi-
cially black due to oxidation in air.

• Crystal from Henan Province, China (size:
16.8×5.4×5.4 cm)

• Needles of stibnite within a transparent crystal of
calcite (size: 4.5×3.5×1.8 cm)

https://en.wikipedia.org/wiki/Watson_Lake,_Yukon
https://en.wikipedia.org/wiki/Yukon_Territory
https://en.wikipedia.org/wiki/Hudson_Bay_Mining_and_Smelting
https://en.wikipedia.org/wiki/Hudson_Bay_Mining_and_Smelting
https://en.wikipedia.org/wiki/Flin_Flon
https://en.wikipedia.org/wiki/Manitoba
https://en.wikipedia.org/wiki/Tri-State_district
https://en.wikipedia.org/wiki/Baxter_Springs
https://en.wikipedia.org/wiki/Cherokee_County,_Kansas
https://en.wikipedia.org/wiki/Joplin,_Missouri
https://en.wikipedia.org/wiki/Jasper_County,_Missouri
https://en.wikipedia.org/wiki/Picher,_Oklahoma
https://en.wikipedia.org/wiki/Ottawa_County,_Oklahoma
https://en.wikipedia.org/wiki/Elmwood_mine
https://en.wikipedia.org/wiki/Carthage
https://en.wikipedia.org/wiki/Smith_County,_Tennessee
https://en.wikipedia.org/wiki/Gilman_district
https://en.wikipedia.org/wiki/Eagle_County,_Colorado
https://en.wikipedia.org/wiki/Eagle_County,_Colorado
https://en.wikipedia.org/wiki/Mexico
https://en.wikipedia.org/wiki/Santa_Eulalia,_Chihuahua
https://en.wikipedia.org/wiki/Naica
https://en.wikipedia.org/wiki/Chihuahua_(state)
https://en.wikipedia.org/wiki/Cananea
https://en.wikipedia.org/wiki/Sonora
https://en.wikipedia.org/wiki/Huaron
https://en.wikipedia.org/wiki/Casapalca
https://en.wikipedia.org/wiki/Huancavelica
https://en.wikipedia.org/wiki/Peru
https://en.wikipedia.org/wiki/Zinkgruvan
https://en.wikipedia.org/wiki/Gemstone
https://en.wikipedia.org/wiki/Brilliant_(diamond_cut)
https://en.wikipedia.org/wiki/Dispersion_(optics)
https://en.wikipedia.org/wiki/Diamond
https://en.wikipedia.org/wiki/Adamantine_luster
https://en.wikipedia.org/wiki/List_of_minerals
http://webmineral.com/data/Sphalerite.shtml
http://www.mindat.org/min-3727.html
http://rruff.geo.arizona.edu/doclib/hom/sphalerite.pdf
http://www.icdd.com/
http://www.icdd.com/
https://en.wikipedia.org/wiki/Special:BookSources/0471032883
https://en.wikipedia.org/wiki/Special:BookSources/0750616741
https://en.wikipedia.org/wiki/Special:BookSources/0750616741
http://www.minerals.net/mineral/sulfides/sphaleri/sphaleri.htm
http://simplethinking.com/palache/sphalerite.stm
http://cst-www.nrl.navy.mil/lattice/struk/b3.html
http://www.physorg.com/news85048433.html
http://www.physorg.com/news85048433.html
https://en.wikipedia.org/wiki/Sulfide_mineral
https://en.wikipedia.org/wiki/Sulfide_mineral
https://en.wikipedia.org/wiki/Chemical_formula
https://en.wikipedia.org/wiki/Antimony
https://en.wikipedia.org/wiki/Sulfur
https://en.wikipedia.org/wiki/Orthorhombic
https://en.wikipedia.org/wiki/Metalloid
https://en.wikipedia.org/wiki/Antimony
https://en.wikipedia.org/wiki/Arsenic


2.24. TETRAHEDRITE 117

2.23.2 Uses

Pastes of Sb2S3 powder in fat[5] or in other materials have
been used since ca. 3000 BC as eye cosmetics in theMid-
dle East and farther afield; in this use, Sb2S3 is called
kohl. It was used to darken the brows and lashes, or to
draw a line around the perimeter of the eye.
Antimony trisulfide finds use in pyrotechnic compo-
sitions, namely in the glitter and fountain mixtures.
Needle-like crystals, “Chinese Needle”, are used in glit-
ter compositions and white pyrotechnic stars. The “Dark
Pyro” version is used in flash powders to increase their
sensitivity and sharpen their report. It is also a compo-
nent of modern safety matches. It was formerly used in
flash compositions, but its use was abandoned due to tox-
icity and sensitivity to static electricity.[6]

The natural sulfide of antimony, stibnite, was known and
used ever since protodynastic Ancient Egypt as a medi-
cation and a cosmetic. The Sunan Abi Dawood reports,
“prophet Muhammad said: 'Among the best types of
collyrium is antimony (ithmid) for it clears the vision and
makes the hair sprout.'”[7]

The 17th century alchemist Eirenaeus Philalethes, also
known as George Starkey, describes stibnite in his al-
chemical commentaryAn Exposition upon Sir George Rip-
ley’s Epistle. Starkey used stibnite as a precursor to philo-
sophical mercury, which was itself a hypothetical precur-
sor to the Philosopher’s stone.[8]

2.23.3 Occurrence

Stibnite occurs in hydrothermal deposits and is asso-
ciated with realgar, orpiment, cinnabar, galena, pyrite,
marcasite, arsenopyrite, cervantite, stibiconite, calcite,
ankerite, barite and chalcedony.[1]

Small deposits of stibnite are common, but large deposits
are rare. It occurs in Canada, Mexico, Peru, Japan,
China, Germany, Romania, Italy, France, England,
Algeria, and Kalimantan, Borneo. In the United States
it is found in Arkansas, Idaho, Nevada, California, and
Alaska.
As of May 2007, the largest specimen on public display
(1000 pounds) is at the American Museum of Natural
History.[9][10] The largest documented single crystals of
stibnite measured ~60×5×5 cm and originated from dif-
ferent locations including Japan, France andGermany.[11]

2.23.4 See also

• List of minerals

2.23.5 References
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Weinheim. doi:10.1002/14356007.a03 055.pub2

[5] Priesner, Claus and Figala, Karin, ed. (1998). Alchemie.
Lexikon einer hermetischen Wissenschaft (in German).
München: C.H. Beck. ISBN 3-406-44106-8.

[6] Pyrotechnic Chemical Guide. PyroUniverse.com. Re-
trieved on 2011-10-14.

[7] Sunan Abu-Dawud (Ahmad Hasan translation). Book 32,
Number 4050.

[8] Eirenaeus Philalethes and Carl Jung http:
//www.persee.fr/web/revues/home/prescript/article/
rhs_0151-4105_1996_num_49_2_1254

[9] “American Museum of Natural History, Spectacular Stib-
nite”. American Museum of Natural History. Retrieved
2007-05-27.

[10] “Chinese stibnite crystal on display in US”. Retrieved
2009-06-06.
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Mineralogist 66: 885–907.

2.23.6 External links

• Chisholm, Hugh, ed. (1911). "Stibnite".
Encyclopædia Britannica (11th ed.). Cambridge
University Press.

2.24 Tetrahedrite

Tetrahedrite is a copper antimony sulfosalt mineral with
formula: (Cu,Fe)
12Sb
4S
13. It is the antimony endmember of the continuous solid
solution series with arsenic-bearing tennantite. Pure end-
members of the series are seldom if ever seen in nature.
Of the two, the antimony rich phase is more common.
Other elements also substitute in the structure, most no-
tably iron and zinc, along with less common silver, mer-
cury and lead. Bismuth also substitutes for the antimony
site and bismuthian tetrahedrite or annivite is a recognized
variety. The related, silver dominant, mineral species
freibergite, although rare, is notable in that it can contain
up to 18% silver.
Tetrahedrite gets its name from the distinctive
tetrahedron shaped cubic crystals. The mineral usually
occurs in massive form, it is a steel grey to black metallic
mineral with Mohs hardness of 3.5 to 4 and specific
gravity of 4.6 to 5.2.
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Tetrahedrite crystals with chalcopyrite and sphalerite from the
Casapalca Mine, Peru (size: 8.2 x 6.4 x 4.7 cm)

It occurs in low to moderate temperature hydrothermal
veins and in some contact metamorphic deposits. It is a
minor ore of copper and associated metals. It was first
described in 1845 for occurrences in Freiberg, Saxony,
Germany.

2.24.1 Applications

California-basedAlphabet Energy announced plans to of-
fer a thermoelectric device based on tetrahedrite to turn
heat into electricity. The company claimed that other
thermoelectrics typically produce about 2.5 percent effi-
ciency, while tetrahedrite could achieve 5 to 10 percent.[3]

Other thermoelectrics are either scarce, expensive ($24-
146/kg vs $4 for tetrahedrite) and/or toxic. Working
with a natural material also reduces manufacturing costs,
which otherwise chemically process pure materials.[3]

2.24.2 See also

• Bornite

• Cuprite

• List of Minerals

2.24.3 References
[1] Handbook of Mineralogy

[2] “Tetrahedrite: Tetrahedrite mineral information and
data”. Mindat.org. 2014-07-12. Retrieved 2014-07-17.

[3] Jacobs, Suzanne (2014-07-12). “Cheaper Thermoelec-
tric Materials | MIT Technology Review”. Technologyre-
view.com. Retrieved 2014-07-17.

2.24.4 External links

Media related to Tetrahedrite at Wikimedia Commons

• Hurlbut, Cornelius S.; Klein, Cornelis, 1985, Man-
ual of Mineralogy, 20th ed., Wiley, ISBN 0-471-
80580-7

• Mineral galleries

• Webmineral data

2.25 Skutterudite

Skutterudite is a cobalt arsenide mineral that has vari-
able amounts of nickel and iron substituting for cobalt
with a general formula: (Co,Ni,Fe)As3. Some references
give the arsenic a variable formula subscript of 2-3. High
nickel varieties are referred to as nickel-skutterudite, pre-
viously chloanthite. It is a hydrothermal ore mineral
found in moderate to high temperature veins with other
Ni-Co minerals. Associated minerals are arsenopyrite,
native silver, erythrite, annabergite, nickeline, cobaltite,
silver sulfosalts, native bismuth, calcite, siderite, barite
and quartz.[1] It is mined as an ore of cobalt and nickel
with a by-product of arsenic.
The crystal structure of this mineral has been found to
have important technological uses for several compounds
isostructural with the mineral.
Themineral has a bright metallic luster, and is tin white or
light steel gray in color with a black streak. The specific
gravity is 6.5 and the hardness is 5.5-6. Its crystal struc-
ture is isometric with cube and octahedron forms similar
to that of pyrite. The arsenic content gives a garlic odor
when heated or crushed.
It was discovered in Skuterud Mines, Modum, Buskerud,
Norway, in 1845.[2] Smaltite is a synonym for themineral.
Notable occurrences include Cobalt, Ontario, Skuterud,
Norway, and Franklin, New Jersey in the United States.
The rare arsenide minerals are classified in Dana’s sulfide
mineral group, even though it contains no sulfur.

2.25.1 The skutterudite crystal structure

The crystal structure of the skutterudite mineral was de-
termined in 1928 by Oftedahl to be cubic, belonging to
space group Im-3 (number 204). The unit cell can be
considered to consist of eight smaller cubes made up of
the Co atoms. Six of these cubes are filled with (almost)
square planar rings of As, each of which is oriented par-
allel to one of the unit cell edges, see image on the right.
The As atoms then form octahedra with Co in the centre.
In crystallographic terms, the Co atoms occupy the 8c
sites, while the As atoms occupy the 24g sites. The posi-
tion of the Co atoms within the unit cell is fixed, while the
positions of the As atoms are determined by the parame-
ters x and y. It has been shown that for the As-rings to be
fully square, these parameters must satisfy the Oftedahl
relation x+y=1/2. Any deviation from this relation yields
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The skutterudite unit cell.

a rectangular configuration of the As atoms. Indeed, this
is the case for all known compounds with this structure,
and the As atoms then do not form perfect octahedra.
Together with the unit cell size and the assigned space
group, these two parameters fully describe the crystal
structure of the material which is often referred to as the
skutterudite structure.

2.25.2 Applications

Skutterite has found use as a low cost thermoelectric ma-
terial [5] with low thermal conductivity.[6]

2.25.3 References
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• A. Kjekshus and T. Rakke. Compounds with skut-
terudite type crystal-structure .3. Structural data for
arsenides and antimonides. Acta Chemica Scandi-
navica Series A 28 (1): 99-103 1974.

2.26 Sylvanite

This article is about the mineral. For the place, see
Sylvanite, Montana.

Sylvanite or silver gold telluride, (Ag,Au)Te2, is the
most common telluride of gold.

2.26.1 Properties

The gold:silver ratio varies from 3:1 to 1:1. It is a metallic
mineral with a color that ranges from a steely gray to al-
most white. It is closely related to calaverite, which is
more purely gold telluride with 3% silver. Sylvanite crys-
tallizes in the monoclinic 2/m system. Crystals are rare
and it is usually bladed or granular. It is very soft with
a hardness of 1.5 - 2. It has a high relative density of 8
- 8.2. Sylvanite is photosensitive and can accumulate a
dark tarnish if it is exposed to bright light for too long.

2.26.2 Occurrence

Sylvanite is found in Transylvania, from which its name is
partially derived.[4] It is also found andmined in Australia
in the East Kalgoorlie district. In Canada it is found in the
Kirkland Lake Gold District, Ontario and the Rouyn Dis-
trict, Quebec. In the United States it occurs in California
and in Colorado where it was mined as part of the Cripple
Creek ore deposit. Sylvanite is associated with native
gold, quartz, fluorite, rhodochrosite, pyrite, acanthite,
nagyagite, calaverite, krennerite, and other rare telluride
minerals. It is found most commonly in low temperature
hydrothermal vein deposits.

2.26.3 Use

Sylvanite represents a minor ore of gold and tellurium.

2.26.4 References

[1] Sylvanite: Sylvanite mineral information and data

[2] Sylvanite Mineral Data
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[3] SYLVANITE (Silver Gold Telluride)

[4] Jolyon, Ralph. “Sylvanite”. mindat.org. Retrieved 18 Jan-
uary 2013.
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Chapter 3

Oxides

3.1 Cassiterite

Cassiterite is a tin oxide mineral, SnO2. It is generally
opaque, but it is translucent in thin crystals. Its luster and
multiple crystal faces produce a desirable gem. Cassi-
terite has been the chief tin ore throughout ancient history
and remains the most important source of tin today.[1]

3.1.1 Occurrence

Cassiterite bipyramids, edge length ca. 30 mm, Sichuan, China

Most sources of cassiterite today are found in alluvial or
placer deposits containing the resistant weathered grains.
The best sources of primary cassiterite are found in the tin
mines of Bolivia, where it is found in hydrothermal veins.
Rwanda has a nascent cassiterite mining industry. Fight-
ing over cassiterite deposits (particularly in Walikale) is a
major cause of the conflict waged in eastern parts of the
Democratic Republic of the Congo.[5][6] This has led to
cassiterite being considered a conflict mineral.
Cassiterite is a widespread minor constituent of igneous
rocks. The Bolivian veins and the old exhausted workings
of Cornwall, England, are concentrated in high tempera-
ture quartz veins and pegmatites associated with granitic
intrusives. The veins commonly contain tourmaline,
topaz, fluorite, apatite, wolframite, molybdenite, and
arsenopyrite. The mineral occurs extensively in Cornwall
as surface deposits on Bodmin Moor, for example, where
there are extensive traces of an hydraulic mining method
known as streaming. The current major tin produc-

tion comes from placer or alluvial deposits in Malaysia,
Thailand, Indonesia, the Maakhir region of Somalia, and
Russia. Hydraulic mining methods are used to concen-
trate mined ore, a process which relies on the high specific
gravity of the SnO2 ore, of about 7.0.

3.1.2 Crystallography

Crystal structure of cassiterite

Crystal twinning is common in cassiterite and most ag-
gregate specimens show crystal twins. The typical twin is
bent at a near-60-degree angle, forming an “elbow twin”.
Botryoidal or reniform cassiterite is called wood tin.
Cassiterite is also used as a gemstone and collector spec-
imens when quality crystals are found.

3.1.3 Etymology

The name derives from the Greek kassiteros for “tin”—or
from the Phoenician word Cassiterid referring to the is-
lands of Ireland and Britain, the ancient sources of tin—
or, as Roman Ghirshman (1954) suggests, from the re-
gion of the Kassites, an ancient people in west and central
Iran.

3.1.4 References
[1] Handbook of Mineralogy
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Stalactitic-botryoidal, banded, “wood tin” cassiterite, 5.0 x 4.9 x
3.3 cm, Durango, Mexico

3.2 Chromite

This article is about the mineral. For the chromium(III)
anion and its salts, see Chromite (compound).
Chromite is an iron chromium oxide: FeCr2O4. It is an
oxide mineral belonging to the spinel group. Magnesium
can substitute for iron in variable amounts as it forms
a solid solution with magnesiochromite (MgCr2O4);[5]
substitution of aluminium occurs leading to hercynite
(FeAl2O4).[6]

Close up of cassiterite crystals, Blue Tier tinfield, Tasmania, Aus-
tralia
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It is an industrially important mineral for the production
of metallic chromium, used as an alloying ingredient in
stainless and tool steels.

3.2.1 Occurrence

A chromite prospect in Yukon. The black bands are chromite,
which also carries platinum group metals. Gray rock is bleached
ultramafics.

Chromite is found as orthocumulate lenses of chromitite
in peridotite from the Earth’s mantle. It also occurs
in layered ultramafic intrusive rocks.[7] In addition, it is
found in metamorphic rocks such as some serpentinites.
Ore deposits of chromite form as early magmatic dif-
ferentiates. It is commonly associated with olivine,
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magnetite, serpentine, and corundum. The vast Bushveld
igneous complex of South Africa is a large layered mafic
to ultramafic igneous body with some layers consisting of
90% chromite making the rare rock type, chromitite.[8]
The Stillwater igneous complex in Montana also contains
significant chromite.[2]

3.2.2 Usage

The only ores of chromium are the minerals chromite and
magnesiochromite. Most of the time, economic geology
names chromite the whole chromite-magnesiochromite
series: FeCr2O4, (Fe,Mg)Cr2O4, (Mg,Fe)Cr2O4 and
MgCr2O4.[4] The two main products of chromite refin-
ing are ferrochromium and metallic chromium; for those
products the ore smelter process differs considerably.
For the production of ferrochromium the chromite ore
(FeCr2O4) is reduced with either aluminium or silicon
in an aluminothermic reaction and for the production of
pure chromium the iron has to be separated from the
chromium in a two step roasting and leaching process.[9]
Chromite is also used as a refractory material, because it
has a high heat stability.[10]

As a major source of the metal chromium, the extracted
chromium from chromite is used in chrome plating and
alloying for production of corrosion resistant superalloys,
nichrome, and stainless steel. Chromium is used as a pig-
ment for glass, glazes, and paint, and as an oxidizing agent
for tanning leather.[11]

3.2.3 Mining

In 2002 14,600,000 metric tons of chromite were mined.
The largest producers were South Africa (44%) India
(18%),[12] Kazakhstan (16%) Zimbabwe (5%), Finland
(4%) Iran (4%) and Brazil (2%) with several other coun-
tries producing the rest of less than 10% of the world
production.[13][14]

Minor production

Afghanistan has significant deposits of high grade
chromite ore, which is mined illegally in Khost Province
and then smuggled out of the country.[15]

In Pakistan, chromite is mined from the ultramafic
rocks in mainly the khanozai area of Pishine District of
Balochistan. Most of the chromite is of metallurgical
grade with Cr2O3 averaging 54% and a chrome to iron
ratio of 2.6:1.
Recently, the biggest user of chromite ore has been
China, importing large quantities from South Africa,
Pakistan and other countries. The concentrate is used
to make ferrochromium, which is in turn used to make
stainless steel and some other alloys.[16]

In April 2010 the Government of Ontario announced[17]
that they would be opening up a large chromite deposit
to development in the northern part of Ontario known as
the Ring of Fire. This plan has since been suspended.[18]

Australia has a single working chromite mine in the
Pilbara region of Western Australia, near the Indigenous
community of Jigalong. The mine produces high grade
lump chromite in the region of 300,000 tonnes per year.
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3.2.5 External links

• Minerals.net

• USGS info.

3.3 Chrysoberyl

The mineral or gemstone chrysoberyl is an aluminate
of beryllium with the formula BeAl2O4.[3] The name
chrysoberyl is derived from the Greek words χρυσός
chrysos and βήρυλλος beryllos, meaning “a gold-white
spar”. Despite the similarity of their names, chrysoberyl
and beryl are two completely different gemstones, al-
though they both contain beryllium. Chrysoberyl is the
third-hardest frequently encountered natural gemstone
and lies at 8.5 on the hardness scale, between corundum
(9) and topaz (8).[4]

An interesting feature of its crystals are the cyclic twins
called trillings. These twinned crystals have a hexagonal
appearance, but are the result of a triplet of twins with
each “twin” oriented at 120° to its neighbors and taking
up 120° of the cyclic trilling. If only two of the three
possible twin orientations are present, a “V"-shaped twin
results.
Ordinary chrysoberyl is yellowish-green and transparent
to translucent. When themineral exhibits good pale green
to yellow color and is transparent, then it is used as a
gemstone. The three main varieties of chrysoberyl are:
ordinary yellow-to-green chrysoberyl, cat’s eye or cymo-
phane, and alexandrite. Yellow-green chrysoberyl was
referred to as “chrysolite” during the Victorian and Ed-
wardian eras, which caused confusion since that name has
also been used for themineral olivine ("peridot" as a gem-
stone); that name is no longer used in the gemological
nomenclature.
Alexandrite, a strongly pleochroic (trichroic) gem, will
exhibit emerald green, red and orange-yellow colors de-
pending on viewing direction in partially polarised light.
However, its most distinctive property is that it also
changes color in artificial (tungsten/halogen) light com-
pared to daylight. The color change from red to green is
due to strong absorption of light in a narrow yellow por-
tion of the spectrum, while allowing large bands of blue-
greener and red wavelengths to be transmitted. Which
of these prevails to give the perceived hue depends on
the spectral balance of the illumination. Fine-quality
alexandrite has a green to bluish-green color in daylight
(relatively blue illumination of high color temperature),
changing to a red to purplish-red color in incandescent
light (relatively yellow illumination).[5] However, fine-
color material is extremely rare. Less-desirable stones
may have daylight colors of yellowish-green and incan-
descent colors of brownish red.[6]

Cymophane is popularly known as “cat’s eye”. This va-
riety exhibits pleasing chatoyancy or opalescence that re-

minds one of an eye of a cat. When cut to produce a
cabochon, the mineral forms a light-green specimen with
a silky band of light extending across the surface of the
stone.

3.3.1 Occurrence

Chrysoberyl forms as a result of pegmatitic processes.
Melting in the Earth’s crust produces relatively low-
density molten magma which can rise upwards towards
the surface. As the main magma body cools, water orig-
inally present in low concentrations became more con-
centrated in the molten rock because it could not be in-
corporated into the crystallization of solid minerals. The
remnant magma thus becomes richer in water, and also in
rare elements that similarly do not fit in the crystal struc-
tures of major rock-forming minerals. The water extends
the temperature range downwards before the magma be-
comes completely solid, allowing concentration of rare el-
ements to proceed so far that they produce their own dis-
tinctive minerals. The resulting rock, igneous in appear-
ance but formed at a low temperature from a water-rich
melt, with large crystals of the common minerals such as
quartz and feldspar, but also with elevated concentrations
of rare elements such as beryllium, lithium, or niobium,
often forming their own minerals, is called a pegmatite.
The high water content of the magma made it possible
for the crystals to grow quickly, so pegmatite crystals are
often quite large, which increases the likelihood of gem
specimens forming.
Chrysoberyl can also grow in the country rocks near to
pegmatites, when Be- and Al-rich fluids from the peg-
matite react with surrounding minerals. Hence, it can
be found in mica schists and in contact with metamor-
phic deposits of dolomitic marble. Because it is a hard,
dense mineral that is resistant to chemical alteration, it
can be weathered out of rocks and deposited in river sands
and gravels in alluvial deposits with other gem miner-
als such as diamond, corundum, topaz, spinel, garnet,
and tourmaline. When found in such placers, it will
have rounded edges instead of sharp, wedge-shape forms.
Much of the chrysoberyl mined in Brazil and Sri Lanka
is recovered from placers, as the host rocks have been in-
tensely weathered and eroded.
If the pegmatite fluid is rich in beryllium, crystals of
beryl or chrysoberyl could form. Beryl has a high ratio
of beryllium to aluminium, while the opposite is true for
chrysoberyl. Both are stable with the common mineral
quartz. For alexandrite to form, some chromium would
also have had to be present. However, beryllium and
chromium do not tend to occur in the same types of rock.
Chromium is commonest in mafic and ultramafic rocks
in which beryllium is extremely rare. Beryllium becomes
concentrated in felsic pegmatites in which chromium is
almost absent. Therefore, the only situation where an
alexandrite can grow is when Be-rich pegmatitic fluids re-
act with Cr-rich country rock. This unusual requirement
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explains the rarity of this chrysoberyl variety.

3.3.2 Alexandrite

The alexandrite variety displays a color change (alexan-
drite effect) dependent upon the nature of ambient light-
ing. Alexandrite effect is the phenomenon of an observed
color change from greenish to reddish with a change
in source illumination.[7] Alexandrite results from small
scale replacement of aluminium by chromium ions in the
crystal structure, which causes intense absorption of light
over a narrow range of wavelengths in the yellow region
(580 nm) of the visible light spectrum.[7] Because human
vision is more sensitive to light in the green spectrum and
the red spectrum, alexandrite appears greenish in day-
light where a full spectrum of visible light is present and
reddish in incandescent light which emits less green and
blue spectrum.[7] This color change is independent of any
change of hue with viewing direction through the crystal
that would arise from pleochroism.[7]

Alexandrite from the Ural Mountains in Russia can be
green by daylight and red by incandescent light. Other
varieties of alexandrite may be yellowish or pink in day-
light and a columbine or raspberry red by incandescent
light.

Alexandrite step cut cushion, 26.75 cts.

Stones that show a dramatic color change and strong col-
ors (e.g. red-to-green) are rare and sought-after,[8] but
stones that show less distinct colors (e.g. yellowish green
changing to brownish yellow) may also be considered
alexandrite by gem labs.[9]

According to a popular but controversial story, alexan-
drite was discovered by the Finnish mineralogist Nils
Gustaf Nordenskiöld (1792–1866), and named alexan-
drite in honor of the future Tsar Alexander II of Russia.
Nordenskiöld’s initial discovery occurred as a result of
an examination of a newly found mineral sample he had
received from Perovskii, which he identified as emerald
at first. [10] The first emerald mine had been opened in
1831.
Alexandrite 5 carats (1,000 mg) and larger were tra-
ditionally thought to be found only in the Ural Moun-
tains, but have since been found in larger sizes in Brazil.
Other deposits are located in India (Andhra Pradesh),
Madagascar, Tanzania and Sri Lanka. Alexandrite in

sizes over three carats are very rare.
Today, several labs can produce synthetic lab-grown
stones with the same chemical and physical properties as
natural alexandrite. One of these methods produces what
is called flux-grown alexandrite, which produces gems
that are fairly difficult to distinguish from natural alexan-
drite as they contain inclusions that can look natural. An-
other method produces the Czochralski or pulled alexan-
drite, which is easier to identify because it is very clean
and contains curved striations visible under magnifica-
tion. Although the color change in pulled stones can be
from blue to red, the colour change does not truly resem-
ble that of natural alexandrite from any deposit. However,
some gemstones falsely described as lab-grown synthetic
alexandrite are actually corundum laced with trace ele-
ments (e.g., vanadium) or color-change spinel and are not
actually chrysoberyl. As a result, they would be more ac-
curately described as simulated alexandrite rather than
synthetic. This alexandrite-like sapphire material has
been around for almost 100 years and shows a character-
istic purple-mauve colour change, which does not really
look like alexandrite because there is never any green. [11]

3.3.3 Cymophane

Fine-color cymophane with a sharp and centered eye

Translucent yellowish chatoyant chrysoberyl is called cy-
mophane or cat’s eye. Cymophane has its derivation also
from the Greek words meaning 'wave' and 'appearance',
in reference to the haziness that visually distorts what
would normally be viewed as a well defined surface of
a cabochon. This effect may be combined with a cat eye
effect. In this variety, microscopic tubelike cavities or
needle-like inclusions [12] of rutile occur in an orientation
parallel to the c-axis, producing a chatoyant effect visi-
ble as a single ray of light passing across the crystal. This
effect is best seen in gemstones cut in cabochon form per-
pendicular to the c-axis. The color in yellow chrysoberyl
is due to Fe3+ impurities.
Although other minerals such as tourmaline, scapolite,
corundum, spinel and quartz can form “cat’s eye” stones
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similar in appearance to cymophane, the jewelry indus-
try designates these stones as “quartz cat’s eyes”, or “ruby
cat’s eyes” and only chrysoberyl can be referred to as
“cat’s eye” with no other designation.
Gems lacking the silky inclusions required to produce the
cat’s eye effect are usually faceted. An alexandrite cat’s
eye is a chrysoberyl cat’s eye that changes color. “Milk
and honey” is a term commonly used to describe the
color of the best cat’s eyes. The effect refers to the sharp
milky ray of white light normally crossing the cabochon
as a center line along its length and overlying the honey-
colored background. The honey color is considered to
be top-grade by many gemologists but the lemon yellow
colors are also popular and attractive. Cat’s eye material
is found as a small percentage of the overall chrysoberyl
production wherever chrysoberyl is found.
Cat’s eye really became popular by the end of the 19th
century when the Duke of Connaught gave a ring with
a cat’s eye as an engagement token; this was sufficient
to make the stone more popular and increase its value
greatly. Until that time, cat’s eye had predominantly been
present in gem and mineral collections. The increased
demand in turn created an intensified search for it in Sri
Lanka.[13]

3.3.4 See also

• List of minerals
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3.4 Corundum

Not to be confused with Carborundum.

Corundum is a crystalline form of aluminium oxide (Al
2O
3) with traces of iron, titanium and chromium.[2] It
is a rock-forming mineral. It is one of the naturally
transparent materials, but can have different colors when
impurities are present. Transparent specimens are used as
gems, called ruby if red and padparadscha if pink-orange.
All other colors are called sapphire, e.g., “green sapphire”
for a green specimen.
The name “corundum” is derived from Tamil word Ku-
ruvindam or Sanskrit word Kuruvinda meaning ruby.[6]

Because of corundum’s hardness (pure corundum is de-
fined to have 9.0 Mohs), it can scratch almost every other
mineral. It is commonly used as an abrasive on every-
thing from sandpaper to large machines used in machin-
ing metals, plastics, and wood. Some emery is a mix of
corundum and other substances, and the mix is less abra-
sive, with an average Mohs hardness of 8.0.
In addition to its hardness, corundum is unusual for its
density of 4.02 g/cm3, which is very high for a transpar-
ent mineral composed of the low atomic mass elements
aluminium and oxygen.[7]

3.4.1 Geology and occurrence

Corundum from Brazil, size about 2 cm × 3 cm (0.8 in × 1 in).

Corundum occurs as a mineral in mica schist, gneiss,
and some marbles in metamorphic terranes. It also oc-
curs in low silica igneous syenite and nepheline syenite
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intrusives. Other occurrences are as masses adjacent to
ultramafic intrusives, associated with lamprophyre dikes
and as large crystals in pegmatites.[5] It commonly occurs
as a detrital mineral in stream and beach sands because of
its hardness and resistance to weathering.[5] The largest
documented single crystal of corundum measured about
65×40×40 cm (26×16×16 in), and weighed 152 kg (335
lb).[8] The record has since been surpassed by certain syn-
thetic boules.[9]

Corundum for abrasives is mined in Zimbabwe, Russia,
Sri Lanka and India. Historically it was mined from de-
posits associated with dunites in North Carolina, USA
and from a nepheline syenite in Craigmont, Ontario.[5]
Emery grade corundum is found on the Greek island of
Naxos and near Peekskill, New York, USA. Abrasive
corundum is synthetically manufactured from bauxite.[5]
Four corundum axes dating back to 2500 BCE from the
Liangzhou culture have been discovered in China. The
surfaces of the axes are remarkably smoothly polished.[10]

3.4.2 Synthetic corundum

In 1837, Marc Antoine Gaudin made the first syn-
thetic rubies by fusing alumina at a high temperature
with a small amount of chromium as a pigment.[11] In
1847, Ebelmen made white synthetic sapphires by fus-
ing alumina in boric acid. In 1877 Frenic and Freil made
crystal corundum from which small stones could be cut.
Frimy and Auguste Verneuil manufactured artificial ruby
by fusing BaF
2 and Al
2O
3 with a little chromium at temperatures above 2,000 °C
(3,632 °F). In 1903, Verneuil announced he could pro-
duce synthetic rubies on a commercial scale using this
flame fusion process.[12]

The Verneuil process allows the production of flawless
single-crystal sapphires, rubies and other corundum gems
of much larger size than normally found in nature. It
is also possible to grow gem-quality synthetic corundum
by flux-growth and hydrothermal synthesis. Because of
the simplicity of the methods involved in corundum syn-
thesis, large quantities of these crystals have become
available on the market causing a significant reduction
of price in recent years. Apart from ornamental uses,
synthetic corundum is also used to produce mechanical
parts (tubes, rods, bearings, and other machined parts),
scratch-resistant optics, scratch-resistant watch crystals,
instrument windows for satellites and spacecraft (because
of its transparency in the ultraviolet to infrared range),
and laser components.

3.4.3 Structure and physical properties

Corundum crystallizes with trigonal symmetry in the
space group R3c and has the lattice parameters a = 4.75

Crystal structure of corundum

Molar volume vs. pressure at room temperature.

Å and c = 12.982 Å at standard conditions. The unit cell
contains six formula units.
In the lattice of corundum, the oxygen atoms form a
slightly distorted hexagonal close packing in which two
thirds of the gaps between the octahedra are occupied by
aluminum ions.
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3.5 Cuprite

Cuprite is an oxide mineral composed of copper(I) oxide
Cu2O, and is a minor ore of copper.

Cuprite from Tsumeb Mine (size:2.3 x 2.1 x 1.2 cm

Its dark crystals with red internal reflections are in the
isometric system hexoctahedral class, appearing as cubic,
octahedral, or dodecahedral forms, or in combinations.
Penetration twins frequently occur. In spite of its nice
color it is rarely used for jewelry because of its low Mohs
hardness of 3.5 to 4. It has a relatively high specific grav-
ity of 6.1, imperfect cleavage and a brittle to conchoidal
fracture. The luster is sub-metallic to brilliant adaman-
tine. The “chalcotrichite” variety typically shows greatly
elongated (parallel to [001]) capillary or needle like crys-
tals forms.

Chalcotrichite from Ray, Arizona

It is a secondarymineral which forms in the oxidized zone
of copper sulfide deposits. It frequently occurs in associ-
ation with native copper, azurite, chrysocolla, malachite,
tenorite and a variety of iron oxideminerals.[4] It is known
as ruby copper due to its distinctive red color.
Cuprite was first described in 1845 and the name derives
from the Latin cuprum for its copper content.[2]

Cuprite is found in the Ural Mountains, Altai Mountains,
and Sardinia, and in more isolated locations in Cornwall,
France, Arizona, Chile, Bolivia, and Namibia.
[5] Cuprite as a gemstone
Though almost all crystals of cuprite are far too small to
yield faceted gemstones, one unique deposit from On-
ganja, Southwest Africa, which was discovered in the
1970s, has produced crystals which were both large and
gem quality. Virtually every faceted stone over one carat
(0.2 gm) in weight is from this single deposit, which has
long been mined out. The number of faceted gems over
two carats (0.4 gm) is difficult to estimate, but accord-
ing to Joel Arem, one-time curator for the Smithsonian
National Gem andMineral Collection inWashington DC,
faceted cuprite of any size is considered one of the most
collectible and spectacular gems in existence, with its
deep garnet coloring and higher brilliance than a dia-
mond. Only the gem’s soft nature prevents it from being
among the most valuable jewelry stones.

3.5.1 See also

• Bornite

• Tennantite

• Tetrahedrite
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3.6 Franklinite

Franklinite is an oxide mineral belonging to the nor-
mal spinel subgroup’s iron (Fe) series, with the formula
ZnFe3+2O4.
As with another spinel member magnetite, both ferrous
(2+) and ferric (3+) iron may be present in Franklinite
samples. Divalent iron and/ormanganese (Mn)may com-
monly accompany zinc (Zn) and trivalent manganese may
substitute for some ferric iron.
At its type locality, Franklinite can be found with a
wide array of minerals, many of which are fluorescent.
More commonly, it occurs with willemite, calcite, and
red zincite. In these rocks, it forms as disseminated small
black crystals with their octahedral faces visible at times.
It may rarely be found as a single large euhedral crystal.
Franklinite was a minor ore of zinc, manganese, and iron.
It is named after its local discovery at the Franklin Mine
and Sterling Hill Mines in New Jersey.

3.6.1 See also

• Spinel

• Classification of minerals

• List of minerals

3.6.2 References

• Mindat page for franklinite

3.6.3 External links

Media related to Franklinite at Wikimedia Commons

3.7 Hematite

For other uses, see Hematite (disambiguation).

Hematite, also spelled as haematite, is the mineral form
of iron(III) oxide (Fe2O3), one of several iron oxides.
Hematite crystallizes in the rhombohedral lattice system,
and it has the same crystal structure as ilmenite and
corundum. Hematite and ilmenite form a complete solid
solution at temperatures above 950 °C (1,740 °F).
Hematite is a mineral, colored black to steel or silver-
gray, brown to reddish brown, or red. It is mined as
the main ore of iron. Varieties include kidney ore, mar-
tite (pseudomorphs after magnetite), iron rose and spec-
ularite (specular hematite). While the forms of hematite
vary, they all have a rust-red streak. Hematite is harder
than pure iron, but much more brittle. Maghemite is a
hematite- and magnetite-related oxide mineral.
Huge deposits of hematite are found in banded iron for-
mations. Gray hematite is typically found in places where
there has been standing water or mineral hot springs, such
as those in Yellowstone National Park in North America.
The mineral can precipitate out of water and collect in
layers at the bottom of a lake, spring, or other standing
water. Hematite can also occur without water, however,
usually as the result of volcanic activity.
Clay-sized hematite crystals can also occur as a secondary
mineral formed by weathering processes in soil, and along
with other iron oxides or oxyhydroxides such as goethite,
is responsible for the red color of many tropical, ancient,
or otherwise highly weathered soils.

3.7.1 Etymology and history

Main article: Ochre
The name hematite is derived from the Greek word

Hematite in a scanning electron microscope, magnification 100x

for blood αἷμα haima because hematite can be red,
as in rouge, a powdered form of hematite. The color
of hematite lends itself to use as a pigment. The
English name of the stone is derived from Middle
French: Hématite Pierre, which was imported from
Latin: Lapis Hæmatites, which originated from Ancient
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Hematite (blood ore) from Michigan

Close-up of hematitic banded iron formation specimen from Up-
per Michigan. Scale bar is 5.0 mm.

Cypro-Minoan cylinder seal (left) made from hematite with cor-
responding impression (right), approximately 14th century BC

Greek: αἱματίτης λίθος (haimatitēs lithos, “blood-red
stone”).
Ochre is a clay that is colored by varying amounts of
hematite, varying between 20% and 70%.[4] Red ochre
contains unhydrated hematite, whereas yellow ochre con-
tains hydrated hematite (Fe2O3 • H2O). The principal use
of ochre is for tinting with a permanent color.[4]

The red chalk writing of this mineral was one of the ear-
liest in the history of humans. The powdery mineral was
first used 164,000 years ago by the Pinnacle-Point man
possibly for social purposes.[5] Hematite residues are also
found in old graveyards from 80,000 years ago. Near
Rydno in Poland and Lovas in Hungary, palaeolitic red
chalk mines have been found that are from 5000 BC, be-
longing to the Linear Pottery culture at the Upper Rhine.
Rich deposits of hematite have been found on the is-
land of Elba that have been mined since the time of the
Etruscans.

Jewelry

Hematite carving, 5 cm (2 in) long.

Hematite’s popularity in jewelry was at its highest in Eu-
rope during the Victorian era. Certain types of hematite
or iron oxide-rich clay, especially Armenian bole, have
been used in gilding. Hematite is also used in art such as
in the creation of intaglio engraved gems. Hematine is a
synthetic material sold as magnetic hematite.[6]

3.7.2 Magnetism

Crystal structure of hematite

Hematite is an antiferromagnetic material below the
Morin transition at 250 kelvin (K) or −9.7 degrees
Fahrenheit (°F), and a canted antiferromagnet or weakly
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ferromagnetic above the Morin transition and below
its Néel temperature at 948 K, above which it is
paramagnetic.
The magnetic structure of a-hematite was the subject of
considerable discussion and debate in the 1950s because
it appeared to be ferromagnetic with a Curie temperature
of around 1000 K, but with an extremely tiny moment
(0.002 µB). Adding to the surprise was a transition with a
decrease in temperature at around 260 K to a phase with
no net magnetic moment. It was shown that the system
is essentially antiferromagnetic, but that the low symme-
try of the cation sites allows spin–orbit coupling to cause
canting of the moments when they are in the plane per-
pendicular to the c axis. The disappearance of the mo-
ment with a decrease in temperature at 260 K is caused
by a change in the anisotropy which causes the moments
to align along the c axis. In this configuration, spin cant-
ing does not reduce the energy.[7][8] The magnetic prop-
erties of bulk hematite differ from their nanoscale coun-
terparts. For example, the Morin transition temperature
of hematite decreases with a decrease in the particle size.
The suppression of this transition has also been observed
in some of the hematite nanoparticles, and the presence
of impurities, water molecules and defects in the crys-
tals were attributed to the absence of a Morin transition.
Hematite is part of a complex solid solution oxyhydroxide
system having various contents of water, hydroxyl groups
and vacancy substitutions that affect the mineral’s mag-
netic and crystal chemical properties.[9] Two other end-
members are referred to as protohematite and hydrohe-
matite.

Iron from mine tailings

Hematite is present in the waste tailings of iron mines.
A recently developed process, magnetation, uses mag-
nets to glean waste hematite from old mine tailings in
Minnesota's vast Mesabi Range iron district.[10]

Falu red is a pigment used in traditional Swedish house
paints. Originally, it was made from tailings of the Falu
mine.[11]

3.7.3 Discovery on Mars

The spectral signature of hematite was seen on the planet
Mars by the infrared spectrometer on the NASA Mars
Global Surveyor (“MGS”) and 2001Mars Odyssey space-
craft in orbit around Mars.[12] The mineral was seen in
abundance at two sites[13] on the planet, the Terra Merid-
iani site, near the Martian equator at 0° longitude, and
the AramChaos site near the VallesMarineris.[14] Several
other sites also showed hematite, e.g., Aureum Chaos.[15]
Because terrestrial hematite is typically a mineral formed
in aqueous environments or by aqueous alteration, this
detection was scientifically interesting enough that the
second of the two Mars Exploration Rovers was sent to

Image mosaic from the Mars Exploration Rover Microscopic Im-
ager shows Hematite spherules partly embedded in rock at the
Opportunity landing site. Image is ca. 5 cm (2 in) across.

a site in the Terra Meridiani region designated Meridiani
Planum. In-situ investigations by the Opportunity rover
showed a significant amount of hematite, much of it in
the form of small spherules that were informally named
“blueberries” by the science team. Analysis indicates that
these spherules are apparently concretions formed from a
water solution. “Knowing just how the hematite on Mars
was formedwill help us characterize the past environment
and determine whether that environment was favorable
for life”. [16]

3.7.4 See also

• Mill scale

• Mineral redox buffer

• Wüstite
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3.7.6 External links

• Martite – Mindat w/ location data

• Iron rose – Mindat w/ locations

• Abandoned Mine Research.

• Mars spheres image.

• Mars trench image showing a shiny texture of half-
buried spheres (dark line is equipment shadow)

• Florence Mine, Cumbria, UK.

• MineralData.org

Crystal structure of ilmenite

3.8 Ilmenite

Ilmenite is the titanium-iron oxide mineral with the ide-
alized formula FeTiO
3. It is a weakly magnetic black or steel-gray solid. From
the commercial perspective, ilmenite is the most impor-
tant ore of titanium.[4]

3.8.1 Structure and properties

Ilmenite crystallizes in the trigonal system. The ilmenite
crystal structure consists of an ordered derivative of the
corundum structure; in corundum all cations are identical
but in ilmenite Fe2+ and Ti4+ ions occupy alternating lay-
ers perpendicular to the trigonal c axis. Containing high
spin ferrous centers, ilmenite is paramagnetic.
Ilmenite is commonly recognized in altered igneous rocks
by the presence of a white alteration product, the pseudo-
mineral leucoxene. Often ilmenites are rimmed with leu-
coxene, which allows ilmenite to be distinguished from
magnetite and other iron-titanium oxides. The exam-
ple shown in the image at right is typical of leucoxene-
rimmed ilmenite.
In reflected light it may be distinguished from magnetite
by more pronounced reflection pleochroism and a brown-
pink tinge.
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Samples of ilmenite exhibit a weak response to a hand
magnet.

3.8.2 Mineral chemistry

Ilmenite from Froland, Aust-Agder, Norway; 4.1 x 4.1 x 3.8 cm

Ilmenite most often contains appreciable quantities of
magnesium and manganese and the full chemical formula
can be expressed as (Fe,Mg,Mn,Ti)O3. Ilmenite forms a
solid solution with geikielite (MgTiO
3) and pyrophanite (MnTiO
3) which are magnesian andmanganiferous end-members
of the solid solution series.
Although there appears evidence of the complete range
of mineral chemistries in the (Fe,Mg,Mn,Ti)O3 system
naturally occurring on Earth, the vast bulk of ilmenites
are restricted to close to the ideal FeTiO
3 composition, with minor mole percentages of Mn and
Mg. A key exception is in the ilmenites of kimberlites
where the mineral usually contains major amounts of
geikielite molecules, and in some highly differentiated
felsic rocks ilmenites may contain significant amounts of
pyrophanite molecules.
At higher temperatures it has been demonstrated there is
a complete solid solution between ilmenite and hematite.
There is a miscibility gap at lower temperatures, resulting
in a coexistence of these two minerals in rocks but no
solid solution. This coexistence may result in exsolution
lamellae in cooled ilmenites with more iron in the system
than can be homogeneously accommodated in the crystal
lattice.
Altered ilmenite forms the mineral leucoxene, an im-
portant source of titanium in heavy mineral sands ore
deposits. Leucoxene is a typical component of altered

gabbro and diorite and is generally indicative of ilmenite
in the unaltered rock.

3.8.3 Paragenesis

Tellnes opencast ilmenite mine, Sokndal, Norway

Ilmenite is a common accessory mineral found in
metamorphic and igneous rocks. It is found in large con-
centrations in layered intrusions where it forms as part of
a cumulate layer within the silicate stratigraphy of the in-
trusion. Ilmenite generally occurs within the pyroxenitic
portion of such intrusions (the 'pyroxene-in' level).
Magnesian ilmenite is indicative of kimberlitic paragen-
esis and forms part of the MARID association of min-
erals (mica-amphibole-rutile-ilmenite-diopside) assem-
blage of glimmerite xenoliths. Manganiferous ilmenite is
found in granitic rocks and also in carbonatite intrusions
where it may also contain anomalous niobium.
Many mafic igneous rocks contain grains of intergrown
magnetite and ilmenite, formed by the oxidation of
ulvospinel. Ilmenite also occurs as discrete grains, typ-
ically with some hematite in solid solution, and complete
solid solution exists between the two minerals at temper-
atures above about 950 °C.
Titanium was identified for the first time byWilliam Gre-
gor in 1791 in ilmenite from the Manaccan valley in
Cornwall, southwest England.
Ilmenite is named after the locality of its discovery in the
Il'menski Mountains, near Miass, Russia.

3.8.4 Processing and consumption

Most ilmenite is mined for titanium dioxide production.
In 2011, about 47% of the titanium dioxide produced
worldwide were based on this material.[5] Finely ground
titanium dioxide is a bright white powder widely used as
a base pigment in paint, paper and plastics.
North America and Europe together consume about 50%
of the world’s titanium dioxide production. Demand by
India and China is growing rapidly and may eventually
surpass Western consumption.
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Ilmenite is ultimately converted into pigment grade tita-
nium dioxide via either the sulfate process or the chloride
process. Sulfate process plants must utilise low-vanadium
ilmenite, as vanadium is a penalty element. Titanium
dioxide pigment can also be produced from higher ti-
tanium content feedstocks such as upgraded slag, rutile
and leucoxene via a chloride acid process. Sulfate and
chloride process pigment tends to be used for lower and
higher quality applications respectively, users more and
more preferring the chloride process. The five largest TiO
2 pigment processors are Dupont, Cristal Global, Hunts-
man, Kronos and Tronox, Dupont having pioneered the
chloride process in the 1960s and having converted to
the use of the chloride process for all its applications.[7]
Major paint and coating company end users for pigment
grade titanium dioxide include Akzo Nobel, PPG In-
dustries, Sherwin Williams, BASF, Kansai Paints and
Valspar.[8] Global TiO
2 pigment demand for 2010 was 5.3 Mt with annual
growth expected to be about 3-4%.[9]

Most ilmenite ore production from Canada, South
Africa and Norway is destined for titaniferous slag
application.[10] Carbon (anthracite) and energy are added
in large electric arc smelting furnaces to convert the il-
menite into molten iron bath and slag rich in titanium
dioxide. The iron can be further processed as pig iron,
as continuous cast steel billets, or as iron or steel pow-
ders. A related chemically process technology is termed
the Becher process.
Ilmenite ore is used as a flux by steelmakers to line blast
furnace hearth refractory.[11]

Ilmenite sand is also used as a sandblasting agent in the
cleaning of diecasting dies.

3.8.5 Feedstock Production

Australia was the world’s largest ilmenite ore producer
in 2011, with about 1.3 million tonnes of production,
followed by South Africa, Canada, Mozambique, In-
dia, China, Vietnam, Ukraine, Norway, Madagascar and
United States.
Although most ilmenite is recovered from heavy min-
eral sands ore deposits, ilmenite can also be recovered
from layered intrusive sources or “hard rock” titanium ore
sources.
The top four ilmenite and rutile feedstock producers in
2010 were Rio Tinto Group, Iluka Resources, Exxaro
and Kenmare Resources, which collectively accounted
for more than 60% of world’s supplies.[8]

The world’s two largest open cast ilmenite mines are:

• The Tellnes mine located in Sokndal, Norway, and
run by Titania AS (owned by Kronos Worldwide
Inc.) with 0.55 Mtpa capacity and 57 Mt contained
TiO

2 reserves.

• The Rio Tinto Group’s Lac Tio mine located near
Havre Saint-Pierre, Quebec in Canada with a 3
Mtpa capacity and 52 Mt reserves.[13]

Major mineral sands based ilmenite mining operations in-
clude:

• Richards Bay Minerals in South Africa, majority-
owned by the Rio Tinto Group.

• Kenmare Resources' Moma mine in Mozambique.

• Iluka Resources’ mining operations in Australia in-
cluding Murray Basin, Eneabba and Capel.

• The KeralaMinerals &Metals Ltd (KMML), Indian
Rare Earths (IRE), VV Mineral mines in India.

• TiZir Ltd.'s Grande Cote mine in Senegal[14]

• QITMadagascarMinerals mine, majority-owned by
the Rio Tinto Group, which began production in
2009 and is expected to produce 0.75 Mtpa of il-
menite, potentially expanding to 2 Mtpa in future
phases.

Attractive major potential ilmenite deposits include:

• The Karhujupukka magnetite-ilmenite deposit in
Kolari, northern Finland with around 5 Mt reserves
and ore containing about 6.2% titanium.

• The Balla Balla magnetite-iron-titanium-vanadium
ore deposit in the Pilbara of Western Australia,
which contains 456 million tonnes of cumulate ore
horizon grading 45% Fe, 13.7% TiO
2 and 0.64% V
2O
5, one of the richest magnetite-ilmenite ore bodies
in Australia[15]

• The Coburn, WIM 50, Douglas, Pooncarrie mineral
sands deposits in Australia.

3.8.6 Lunar ilmenite

Ilmenite has been found in Moon rocks, and is typically
highly enriched in magnesium similar to the kimberlitic
association. In 2005[16] NASA used the Hubble Space
Telescope to locate potentially ilmenite-rich locations.
This mineral could be essential to an eventual Moon base,
as ilmenite would provide a source of iron and titanium
for the building of structures and essential oxygen extrac-
tion.

https://en.wikipedia.org/wiki/Sulfate
https://en.wikipedia.org/wiki/Vanadium
https://en.wikipedia.org/wiki/Slag
https://en.wikipedia.org/wiki/Rutile
https://en.wikipedia.org/wiki/Leucoxene
https://en.wikipedia.org/wiki/Slag
https://en.wikipedia.org/wiki/Anthracite
https://en.wikipedia.org/wiki/Pig_iron
https://en.wikipedia.org/wiki/Continuous_casting
https://en.wikipedia.org/wiki/Becher_process
https://en.wikipedia.org/wiki/Heavy_mineral_sands_ore_deposits
https://en.wikipedia.org/wiki/Heavy_mineral_sands_ore_deposits
https://en.wikipedia.org/wiki/Ultramafic_to_mafic_layered_intrusions
https://en.wikipedia.org/wiki/Rio_Tinto_Group
https://en.wikipedia.org/wiki/Iluka_Resources
https://en.wikipedia.org/wiki/Kenmare_Resources
https://en.wikipedia.org/wiki/Open_cast_mining
https://en.wikipedia.org/wiki/Tellnes_mine
https://en.wikipedia.org/wiki/Sokndal
https://en.wikipedia.org/wiki/Norway
https://en.wikipedia.org/wiki/Havre_Saint-Pierre
https://en.wikipedia.org/wiki/Canada
https://en.wikipedia.org/wiki/Richards_Bay_Minerals
https://en.wikipedia.org/wiki/South_Africa
https://en.wikipedia.org/wiki/Kenmare_Resources
https://en.wikipedia.org/wiki/Mozambique
https://en.wikipedia.org/wiki/Eneabba,_Western_Australia
https://en.wikipedia.org/wiki/Capel,_Western_Australia
https://en.wikipedia.org/wiki/Indian_Rare_Earths_Limited
https://en.wikipedia.org/wiki/Indian_Rare_Earths_Limited
https://en.wikipedia.org/wiki/Senegal
https://en.wikipedia.org/wiki/QIT_Madagascar_Minerals
https://en.wikipedia.org/wiki/Finland
https://en.wikipedia.org/wiki/Pilbara
https://en.wikipedia.org/wiki/Western_Australia
https://en.wikipedia.org/wiki/Cumulate_rocks
https://en.wikipedia.org/wiki/Australia
https://en.wikipedia.org/wiki/Moon_rock
https://en.wikipedia.org/wiki/Kimberlite
https://en.wikipedia.org/wiki/NASA
https://en.wikipedia.org/wiki/Hubble_Space_Telescope
https://en.wikipedia.org/wiki/Hubble_Space_Telescope
https://en.wikipedia.org/wiki/Moon_base


3.9. MAGNETITE 135

3.8.7 References
[1] Webmineral data

[2] Mineral Handbook

[3] Ilmenite on Mindat.org

[4] Heinz Sibum, Volker Günther, Oskar Roidl, Fathi
Habashi, Hans Uwe Wolf, “Titanium, Titanium Alloys,
and Titanium Compounds” in Ullmann’s Encyclopedia
of Industrial Chemistry 2005, Wiley-VCH, Weinheim.
doi:10.1002/14356007.a27 095

[5] Market Study Titanium Dioxide, published by Ceresana,
February 2013

[6] Hayes (2011), p. 5

[7] Hayes, Tony (2011). “Titanium Dioxide: A Shining Fu-
ture Ahead”. Euro Pacific Canada. p. 5. Retrieved 16
Aug 2012.

[8] Hayes (2011), p. 3

[9] Hayes (2011), p. 4

[10] “Mineral Commodity Summary: Titanium Mineral Con-
centrates”. USGS. 2012 Survey. p. 175. Check date
values in: |date= (help)

[11] “Rio Tinto, Fer et Titane - Products”. Rio Tinto Group.
Retrieved 19 Aug 2012.

[12] USGS 2012 Survey, p. 174

[13] “Lac Tio Mine”. InfoMine. Retrieved 16 Aug 2012.

[14] “TiZir Limited”. Mineral Deposits Limited. Retrieved 16
Aug 2012.

[15] http://www.australianminesatlas.gov.au/aimr/
commodity/vanadium.html

[16] http://news.bbc.co.uk/1/hi/magazine/4177064.stm How
to set up a moonbase. NASA

3.9 Magnetite

Not to be confused with Magnesite, Maghemite, or
Magnemite.

Magnetite is a mineral, one of the three common nat-
urally occurring iron oxides (chemical formula Fe3O4)
and a member of the spinel group. Magnetite is the
most magnetic of all the naturally occurring minerals
on Earth.[5] Naturally magnetized pieces of magnetite,
called lodestone, will attract small pieces of iron, and
this was how ancient people first noticed the property of
magnetism.
Small grains of magnetite occur in almost all igneous
and metamorphic rocks. Magnetite is black or brownish-
black with a metallic luster, has a Mohs hardness of 5–6
and a black streak.

The chemical IUPAC name is iron(II,III) oxide and the
common chemical name is ferrous-ferric oxide.

3.9.1 Properties

Lodestones were used as an early form of magnetic com-
pass. Magnetite typically carries the dominant mag-
netic signature in rocks, and so it has been a crit-
ical tool in paleomagnetism, a science important in
understanding plate tectonics and as historic data for
magnetohydrodynamics and other scientific fields. The
relationships betweenmagnetite and other iron-rich oxide
minerals such as ilmenite, hematite, and ulvospinel have
been much studied; the reactions between these minerals
and oxygen influence how and when magnetite preserves
a record of the Earth’s magnetic field.
Magnetite has been very important in understanding the
conditions under which rocks form. Magnetite reacts
with oxygen to produce hematite, and the mineral pair
forms a buffer that can control oxygen fugacity. Com-
monly, igneous rocks contain grains of two solid solu-
tions, one of magnetite and ulvospinel and the other of
ilmenite and hematite. Compositions of the mineral pairs
are used to calculate how oxidizing was the magma (i.e.,
the oxygen fugacity of the magma): a range of oxidizing
conditions are found in magmas and the oxidation state
helps to determine how the magmas might evolve by
fractional crystallization.
Magnetite also occurs in many sedimentary rocks, in-
cluding banded iron formations. In many igneous rocks,
magnetite-rich and ilmenite-rich grains occur that precip-
itated together in magma. Magnetite also is produced
from peridotites and dunites by serpentinization.
The Curie temperature of magnetite is 858 K (585 °C;
1,085 °F).

3.9.2 Distribution of deposits

A fine textured sample, ~5cm across
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Magnetite and other heavy minerals (dark) in a quartz beach
sand (Chennai, India).

Magnetite is sometimes found in large quantities in beach
sand. Such black sands (mineral sands or iron sands) are
found in various places, such as California and the west
coast of the North Island of New Zealand.[6] The mag-
netite is carried to the beach via rivers from erosion and
is concentrated via wave action and currents.
Huge deposits have been found in banded iron formations.
These sedimentary rocks have been used to infer changes
in the oxygen content of the atmosphere of the Earth.
Large deposits ofmagnetite are also found in theAtacama
region of Chile, Valentines region of Uruguay, Kiruna,
Sweden, the Pilbara, Midwest and Northern Gold-
fields regions in Western Australia, New South Wales
in the Tallawang Region, and in the Adirondack re-
gion of New York in the United States. Kediet ej
Jill, the highest mountain of Mauritania, is made en-
tirely of the mineral.[7] Deposits are also found in
Norway, Germany, Italy, Switzerland, South Africa,
India, Indonesia, Mexico, and in Oregon, New Jersey,
Pennsylvania, North Carolina, Virginia, New Mexico,
Utah, and Colorado in the United States. In 2005, an ex-
ploration company, Cardero Resources, discovered a vast
deposit of magnetite-bearing sand dunes in Peru. The
dune field covers 250 square kilometers (100 sq mi), with
the highest dune at over 2,000 meters (6,560 ft) above the
desert floor. The sand contains 10% magnetite.[8]

Transformation of ferrous hydroxide into magnetite

Under anaerobic conditions, the ferrous hydroxide
(Fe(OH)2) can be oxidized by the protons of water to
form magnetite and molecular hydrogen. This process
is described by the Schikorr reaction:

3 Fe(OH)2 → Fe3O4 + H2 + 2 H2O

ferrous hydroxide → magnetite + hydrogen +
water

The well-crystallized magnetite (Fe3O4) is thermo-
dynamically more stable than the ferrous hydroxide

(Fe(OH)2 ).[9]

3.9.3 Biological occurrences

Biomagnetism is usually related to the presence of
biogenic[10] crystals of magnetite, which occur widely in
organisms.[11] These organisms range from bacteria (e.g.,
Magnetospirillum magnetotacticum) to animals, where
these crystals are found in the brain.[12] These crystals
are involved in magnetoreception, the ability to sense the
polarity or the inclination of the Earth’s magnetic field,
and aid in navigation. [10]

Chitons have teeth made of magnetite on their radula.[10]

3.9.4 Synthetic magnetite

Crystal structure of magnetite. Red atoms are oxygens.

Magnetite can be prepared in the laboratory as a ferrofluid
in the Massart method by mixing iron(II) chloride and
iron(III) chloride in the presence of sodium hydrox-
ide.[13] Magnetite can also be prepared by the chemical
co-precipitation in presence of ammonia, which consist
in a mixture of a solution 0.1 M of FeCl3·6H2O and
FeCl2·4H2Owith mechanic agitation of about 2000 rpm.
The molar ratio of FeCl3:FeCl2 can be 2:1; heating this
solution at 70 °C, and immediately the speed is elevated
to 7500 rpm and adding quickly a solution of NH4OH
(10 volume %), immediately a dark precipitate will be
formed, which consists of nanoparticles of magnetite.[14]
In both cases, the precipitation reaction rely on a quick
transformation of acidic hydrolyzed iron ions into the
spinel iron oxide structure, by hydrolysis at elevated pH
values (above ca. 10).
Considerable efforts has been devoted towards control-
ling the particle formation process of magnetite nanopar-
ticles due to the challenging and complex chemistry re-
actions involved in the phase transformations prior to the
formation of the magnetite spinel structure.[15] Magnetite
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particles are of interests in bioscience applications such
as in magnetic resonance imaging (MRI) since iron oxide
magnetite nanoparticles represent a non-toxic alternative
to currently employed gadolinium-based contrast agents.
However, due to lack of control over the specific transfor-
mations involved in the formation of the particles, truly
superparamagnetic particles have not yet been prepared
from magnetite, i.e. magnetite nanoparticles that com-
pletely lose their permanent magnetic characteristic in the
absence of an external magnetic field (which by definition
show a coercivity of 0 A/m). The smallest values cur-
rently reported for nanosized magnetite particles is Hc =
8.5 Am−1,[16] whereas the largest reported magnetization
value is 87 Am2 kg−1 for synthetic magnetite.[17][18]

3.9.5 Applications

Magnetic recording

Magnetic iron oxides are often used in magnetic stor-
age,[19] for example in the magnetic layer of hard disks,
floppy disks and cassette tapes. These consist of a thin
sheet of plastic material, with embedded magnetic par-
ticles. The particles can be magnetized to represent
binary or analog data. Magnetic ink character recogni-
tion (MICR) also uses magnetic particles suspended in
an ink which can be read by special scanning hardware.
Most newly generated information, such as text,
photographs, and audiovisual recordings, is now stored
in magnetic media, and much of the world’s legacy
of information in other media has been transcribed
to magnetic form, because it is cheap, compact, and
computer-accessible.

Catalysis

Magnetite is the catalyst for the industrial synthesis of
ammonia.[20]

As a sorbent

Magnetite powder efficiently removes arsenic(III) and ar-
senic(V) from water, the efficiency of which increases
~200 times when the magnetite particle size decreases
from 300 to 12 nm.[21] Arsenic-contaminated drinking
water is a major problem around the world, which can be
solved using magnetite as a sorbent.

Other

Because of its stability at high temperatures, it is used for
coating industrial watertube steam boilers. Themagnetite
layer is formed after a chemical treatment (e.g. by using
hydrazine).

3.9.6 Gallery of magnetite mineral speci-
mens

• Octahedral crystals of magnetite up to 1.8 cm
across, on cream colored Feldspar crystals. Local-
ity: Cerro Huañaquino, Potosí Department, Bolivia.
Size: 8.4 x 5.2 x 3.2 cm.

• Unusual octahedral magnetite & chalcopyrite asso-
ciation, Aggeneys, Northern Cape Province, South
Africa. Size 7 x 6 x 4 cm.

• Red gem-like crystals of Chondrodite with mag-
netite, Tilly Foster mine, Brewster, New York USA.
Size 2.8 x 2.6 x 2.1 cm.

• Unusual specular hematite pseudomorph after mag-
netite, from Payun Matru volcano, Reserva Provin-
cial La Payunia, Argentina. Size: 11.8 x 5.6 x 4.4
cm.

• Metallic, jet black, complex cubes of magnetite,
fromZCAMine No. 4, Balmat-Edwards district, St.
Lawrence County, New York USA. Field of view,
about 4 cm.

3.9.7 See also

• Bluing (steel), a process in which steel is partially
protected against rust by a layer of magnetite

• Buena Vista Iron Ore District

• Corrosion product

• Ferrite

• Greigite

• Maghemite

• Magnesia (in natural mixtures with magnetite)

• Magnetotactic bacteria

• Mill scale

• Mineral redox buffer
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3.10 Pyrolusite

Pyrolusite is a mineral consisting essentially of
manganese dioxide (MnO2) and is important as an ore of
manganese. It is a black, amorphous appearing mineral,
often with a granular, fibrous or columnar structure,
sometimes forming reniform crusts. It has a metallic
luster, a black or bluish-black streak, and readily soils
the fingers. The specific gravity is about 4.8. Its name is
from the Greek for fire and to wash, in reference to its
use as a way to remove tints from glass.[3]
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3.10.1 Occurrence

Pyrolusite and romanechite are among the most com-
mon manganese minerals. Pyrolusite occurs associ-
ated with manganite, hollandite, hausmannite, braunite,
chalcophanite, goethite and hematite under oxidizing
conditions in hydrothermal deposits. It also occurs in
bogs and often results from alteration of manganite.[3]

3.10.2 Use

The metal is obtained by reduction of the oxide with
sodium, magnesium, aluminium, or by electrolysis. Py-
rolusite is extensively used for the manufacture of
spiegeleisen and ferromanganese and of various alloys
such as manganese-bronze. As an oxidizing agent it is
used in the preparation of chlorine; indeed, chlorine gas
itself was first described by Karl Scheele in 1774 from
the reaction products of pyrolusite and hydrochloric acid.
Natural pyrolusite has been used in batteries, but high-
quality batteries require synthetic products. Pyrolusite is
also used to prepare disinfectants (permanganates) and
for decolorizing glass. When mixed with molten glass it
oxidizes the ferrous iron to ferric iron, and so discharges
the green and brown tints (making it classically useful to
glassmakers as a decolorizer). As a coloring material, it
is used in calico printing and dyeing; for imparting violet,
amber, and black colors to glass, pottery, and bricks; and
in the manufacture of green and violet paints.

3.10.3 Variations in crystal habit

• Botryoidal

• Dendritic

• Acicular radiating

• crystal structure of pyrolusite

3.10.4 See also

Other manganese oxides:

• Birnessite

• Psilomelane

3.10.5 References
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This article incorporates text from a publication now
in the public domain: Chisholm, Hugh, ed. (1911).
Encyclopædia Britannica (11th ed.). Cambridge Univer-
sity Press.

3.11 Rutile

Rutile is a mineral composed primarily of titanium diox-
ide, TiO2.
Rutile is the most common natural form of TiO2. Two
rarer polymorphs of TiO2 are known:

• Anatase (sometimes known by the obsolete name
“octahedrite”), a tetragonal mineral of pseudo-
octahedral habit

• Brookite, an orthorhombic mineral

Rutile has among the highest refractive indices at visible
wavelengths of any known crystal, and also exhibits a par-
ticularly large birefringence and high dispersion. Owing
to these properties, it is useful for the manufacture of
certain optical elements, especially polarization optics,
for longer visible and infrared wavelengths up to about
4.5μm.
Natural rutile may contain up to 10% iron and signifi-
cant amounts of niobium and tantalum. Rutile derives its
name from the Latin rutilus, red, in reference to the deep
red color observed in some specimens when viewed by
transmitted light.

3.11.1 Occurrence

Rutile output in 2005

Rutile is a common accessory mineral in high-
temperature and high-pressure metamorphic rocks
and in igneous rocks.
Thermodynamically, rutile is the most stable polymorph
of TiO2 at all temperatures, exhibiting lower total free
energy than metastable phases of anatase or brookite.[5]
Consequently, the transformation of the metastable TiO2

polymorphs to rutile is irreversible. As it has the low-
est molecular volume of the three main polymorphs; it

https://en.wikipedia.org/wiki/Romanechite
https://en.wikipedia.org/wiki/Manganite
https://en.wikipedia.org/wiki/Hollandite
https://en.wikipedia.org/wiki/Hausmannite
https://en.wikipedia.org/wiki/Braunite
https://en.wikipedia.org/wiki/Chalcophanite
https://en.wikipedia.org/wiki/Goethite
https://en.wikipedia.org/wiki/Hematite
https://en.wikipedia.org/wiki/Redox
https://en.wikipedia.org/wiki/Hydrothermal
https://en.wikipedia.org/wiki/Bog
https://en.wikipedia.org/wiki/Sodium
https://en.wikipedia.org/wiki/Magnesium
https://en.wikipedia.org/wiki/Aluminium
https://en.wikipedia.org/wiki/Electrolysis
https://en.wikipedia.org/wiki/Spiegeleisen
https://en.wikipedia.org/wiki/Ferromanganese
https://en.wikipedia.org/wiki/Bronze
https://en.wikipedia.org/wiki/Chlorine
https://en.wikipedia.org/wiki/Karl_Scheele
https://en.wikipedia.org/wiki/Hydrochloric_acid
https://en.wikipedia.org/wiki/Manganese_dioxide
https://en.wikipedia.org/wiki/Permanganate
https://en.wikipedia.org/wiki/Iron
https://en.wikipedia.org/wiki/Amber_(color)
https://en.wikipedia.org/wiki/Botryoidal
https://en.wikipedia.org/wiki/Dendrite_(crystal)
https://en.wiktionary.org/wiki/acicular
https://en.wikipedia.org/wiki/Birnessite
https://en.wikipedia.org/wiki/Psilomelane
http://webmineral.com/data/Pyrolusite.shtml
http://www.mindat.org/min-3318.html
http://rruff.geo.arizona.edu/doclib/hom/pyrolusite.pdf
http://www.mindat.org/min-6101.html
https://en.wikipedia.org/wiki/Public_domain
https://en.wikipedia.org/wiki/Encyclop%C3%A6dia_Britannica_Eleventh_Edition
https://en.wikipedia.org/wiki/Mineral
https://en.wikipedia.org/wiki/Titanium_dioxide
https://en.wikipedia.org/wiki/Titanium_dioxide
https://en.wikipedia.org/wiki/Titanium
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Polymorphism_(materials_science)
https://en.wikipedia.org/wiki/Anatase
https://en.wikipedia.org/wiki/Tetragonal_crystal_system
https://en.wikipedia.org/wiki/Crystal_habit
https://en.wikipedia.org/wiki/Brookite
https://en.wikipedia.org/wiki/Orthorhombic_crystal_system
https://en.wikipedia.org/wiki/Refractive_index
https://en.wikipedia.org/wiki/Visible_spectrum
https://en.wikipedia.org/wiki/Visible_spectrum
https://en.wikipedia.org/wiki/Birefringence
https://en.wikipedia.org/wiki/Dispersion_(optics)
https://en.wikipedia.org/wiki/Polarization_(waves)
https://en.wikipedia.org/wiki/Infrared
https://en.wikipedia.org/wiki/Iron
https://en.wikipedia.org/wiki/Niobium
https://en.wikipedia.org/wiki/Tantalum
https://en.wikipedia.org/wiki/Latin
https://en.wikipedia.org/wiki/Metamorphic_rock
https://en.wikipedia.org/wiki/Igneous_rock
https://en.wikipedia.org/wiki/Thermodynamic
https://en.wikipedia.org/wiki/Van_der_Waals_surface


140 CHAPTER 3. OXIDES

is generally the primary titanium bearing phase in most
high-pressure metamorphic rocks, chiefly eclogites.

Rutile in quartz

Within the igneous environment, rutile is a common ac-
cessory mineral in plutonic igneous rocks, though it is
also found occasionally in extrusive igneous rocks, par-
ticularly those that have deep mantle sources such as
kimberlites and lamproites. Anatase and brookite are
found in the igneous environment particularly as prod-
ucts of autogenic alteration during the cooling of plutonic
rocks; anatase is also found in placer deposits sourced
from primary rutile.
The occurrence of large specimen crystals is most com-
mon in pegmatites, skarns, and granite greisens. Rutile
is found as an accessory mineral in some altered igneous
rocks, and in certain gneisses and schists. In groups of
acicular crystals it is frequently seen penetrating quartz
as in the fléches d'amour from Graubünden, Switzerland.
In 2005 the Republic of Sierra Leone in West Africa had
a production capacity of 23% of the world’s annual ru-
tile supply, which rose to approximately 30% in 2008.
The reserves, lasting for about 19 years, are estimated at
259,000,000 metric tons (285,000,000 short tons).[6]

3.11.2 Crystal structure

Rutile has a body-centred tetragonal unit cell, with unit
cell parameters a=b=4.584 Å, and c=2.953 Å.[7] The ti-
tanium cations have a coordination number of 6 mean-
ing they are surrounded by an octahedron of 6 oxygen
atoms. The oxygen anions have a co-ordination number
of 3 resulting in a trigonal planar co-ordination. Rutile
also shows a screw axis when its octahedra are viewed
sequentially.[8]

The unit cell of rutile. Ti atoms are gray; O atoms are red.

Acicular crystals of rutile protruding from a quartz crystal

3.11.3 Uses and economic importance

In large enough quantities in beach sands, rutile forms an
important constituent of heavy minerals and ore deposits.
Miners extract and separate the valuable minerals—e.g.,
rutile, zircon, and ilmenite. The main uses for rutile are
the manufacture of refractory ceramic, as a pigment, and
for the production of titanium metal.
Finely powdered rutile is a brilliant white pigment and
is used in paints, plastics, paper, foods, and other ap-
plications that call for a bright white color. Titanium
dioxide pigment is the single greatest use of titanium
worldwide. Nanoscale particles of rutile are transparent
to visible light but are highly effective in the absorption
of ultraviolet radiation. The UV absorption of nano-
sized rutile particles is blue-shifted compared to bulk ru-
tile, so that higher-energy UV light is absorbed by the
nanoparticles. Hence, they are used in sunscreens to pro-
tect against UV-induced skin damage.
Small rutile needles present in gems are responsible for an
optical phenomenon known as asterism. Asteriated gems
are known as “star” gems. Star sapphires, star rubies, and
other “star” gems are highly sought after and are generally
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more valuable than their normal counterparts.
Rutile is widely used as a welding electrode covering. It
is also used as a part of the ZTR index, which classifies
highly weathered sediments.

3.11.4 Synthetic rutile

Synthetic rutile was first produced in 1948 and is sold
under a variety of names. Very pure synthetic rutile is
transparent and almost colorless (slightly yellow) in large
pieces. Synthetic rutile can be made in a variety of colors
by doping. The high refractive index gives an adamantine
luster and strong refraction that leads to a diamond-like
appearance. The near-colorless diamond substitute is sold
as “Titania”, which is the old-fashioned chemical name
for this oxide. However, rutile is seldom used in jewellery
because it is not very hard (scratch-resistant), measuring
only about 6 on the Mohs hardness scale.

3.11.5 See also

• List of minerals
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3.12 Spinel

See also: Spinel group

Spinel /ˈspɪnɛl/ is the magnesium aluminium member of
the larger spinel group of minerals. It has the formula
MgAl2O4.[1] Balas ruby is an old name for a rose-tinted
variety.

3.12.1 Properties of true spinel

Cut spinel

Spinel crystallizes in the isometric system; common crys-
tal forms are octahedra, usually twinned. It has an imper-
fect octahedral cleavage and a conchoidal fracture. Its
hardness is 8, its specific gravity is 3.5–4.1 and it is trans-
parent to opaque with a vitreous to dull luster. It may be
colorless, but is usually various shades of red, blue, green,
yellow, brown, or black. There is a unique natural white
spinel, now lost, that surfaced briefly in what is now Sri
Lanka. Some spinels are among the most famous gem-
stones: Among them are the Black Prince’s Ruby and the
"Timur ruby" in the British Crown Jewels, and the “Côte
de Bretagne”, formerly from the French Crown jewels.
The Samarian Spinel is the largest known spinel in the
world, weighing 500 carats (100 g).
The transparent red spinels were called spinel-rubies or
balas rubies. In the past, before the arrival of modern
science, spinels and rubies were equally known as rubies.
After the 18th century the word ruby was only used for
the red gem variety of the mineral corundum and the
word spinel became used. “Balas” is derived from Bal-
ascia, the ancient name for Badakhshan, a region in cen-
tral Asia situated in the upper valley of the Kokcha River,
one of the principal tributaries of the Oxus River. The
Badakshan Province was for centuries the main source
for red and pink spinels.
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3.12.2 Occurrence

Spinel has long been found in the gemstone-bearing
gravel of Sri Lanka and in limestones of the Badakshan
Province in modern day Afghanistan and of Mogok in
Burma. Recently gem quality spinels were also found
in the marbles of Luc Yen (Vietnam), Mahenge and
Matombo (Tanzania), Tsavo (Kenya) and in the gravels
of Tunduru (Tanzania) and Ilakaka (Madagascar). Spinel
is found as a metamorphic mineral, and also as a pri-
marymineral in raremafic igneous rocks; in these igneous
rocks, the magmas are relatively deficient in alkalis rel-
ative to aluminium, and aluminium oxide may form as
the mineral corundum or may combine with magnesia to
form spinel. This is why spinel and ruby are often found
together.
Spinel, (Mg,Fe)(Al,Cr)2O4, is common in peridotite in
the uppermost Earth’s mantle, between approximately 20
km to approximately 120 km, possibly to lower depths
depending on the chromium content.[3] At significantly
shallower depths, above the Moho, calcic plagioclase is
the more stable aluminous mineral in peridotite, while
garnet is the stable phase deeper in the mantle below the
spinel stability region.
Spinel, (Mg,Fe)Al2O4, is a common mineral in the Ca-
Al-rich inclusions (CAIs) in some chondritic meteorites.

3.12.3 Synthetic spinel

Synthetic spinel was accidentally produced in the middle
of the 18th century, and has beenmore recently described
in scientific publications in 2000 and 2004.[4]

3.12.4 See also

• Ceylonite

• The Samarian Spinel: the largest known spinel in the
world, part of the Iranian Crown Jewels

• Black Prince’s Ruby

3.12.5 References
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[2] Spinel at webminerals

[3] http://www.eeo.ed.ac.uk/homes/sklemme/publications/
Klemme_Lithos_2004.pdf

[4] SSEF: Swiss Gemological Organization. Click Newslet-
ter, Click Flux Grown Synthetic Spinels
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3.12.7 External links

• Spinel structure at the University of Wisconsin -
Green Bay

• Spinel structure at the Institut for materials science
of the University of Kiel

3.13 Uraninite

“Pitchblende” redirects here. For other uses, see
Pitchblende (disambiguation).

Uraninite is a radioactive, uranium-rich mineral and ore
with a chemical composition that is largely UO2, but due
to oxidation the mineral typically contains variable pro-
portions of U3O8. Additionally, due to radioactive decay,
the ore also contains oxides of lead and trace amounts of
helium. It may also contain thorium, and rare earth el-
ements.[1][3] It used to be known as pitchblende (from
pitch, because of its black color, and blende, a term used
by German miners to denote minerals whose density sug-
gested metal content, but whose exploitation, at the time
they were named, was either unknown, impossible or not
economically feasible). The mineral has been known at
least since the 15th century from silver mines in the Ore
Mountains, on the German/Czech border. The type lo-
cality is the town of Jáchymov, on the Czech side of the
mountains, where F.E. Brückmann described the mineral
in 1772.[3][5] Pitchblende from the Johanngeorgenstadt
deposit in Germany was used by M. Klaproth in 1789 to
discover the element uranium.[6]

All uraninite minerals contain a small amount of radium
as a radioactive decay product of uranium. Uraninite
also always contains small amounts of the lead isotopes
206Pb and 207Pb, the end products of the decay series of
the uranium isotopes 238U and 235U respectively. Small
amounts of helium are also present in uraninite as a re-
sult of alpha decay. Helium was first found on Earth in
uraninite after having been discovered spectroscopically
in the Sun’s atmosphere. The extremely rare elements
technetium and promethium can be found in uraninite in
very small quantities (about 200 pg/kg and 4 fg/kg respec-
tively), produced by the spontaneous fission of uranium-
238.
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3.13.1 Occurrence

Uraninite crystals from Topsham, Maine (size: 2.7×2.4×1.4 cm)

Uraninite is a major ore of uranium. Some of the
highest grade uranium ores in the world were found in
the Shinkolobwe mine in the Democratic Republic of
the Congo (the initial source for the Manhattan Project)
and in the Athabasca Basin in northern Saskatchewan,
Canada. Another important source of pitchblende is at
Great Bear Lake in the Northwest Territories of Canada,
where it is found in large quantities associated with silver.
It also occurs in Australia, the Czech Republic, Germany,
England, and South Africa. In the United States it can be
found in the states of Arizona, Colorado, Connecticut,
Maine, New Hampshire, New Mexico, North Carolina
and Wyoming. The geologist Charles Steen made a for-
tune on the production of Uraninite in his Mi Vida mine
in Moab, Utah.
Uranium ore is generally processed close to the mine into
yellowcake, which is an intermediate step in the process-
ing of uranium.

3.13.2 See also

• Thorianite

• Uranium ore deposits

• List of minerals

• List of uranium mines
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3.13.4 External links

Media related to Uraninite at Wikimedia Commons

3.14 Zincite

Not to be confused with Zincate.

Zincite is the mineral form of zinc oxide (ZnO). Its
crystal form is rare in nature; a notable exception to this
is at the Franklin and Sterling Hill Mines in New Jer-
sey, an area also famed for its many fluorescent min-
erals. It has a hexagonal crystal structure and a color
that depends on the presence of impurities. The zincite
found at Franklin Furnace is red-colored (mostly due to
iron and manganese) and associated with willemite and
franklinite.
Zincite crystals can be grown artificially, and synthetic
zincite crystals are available as a by-product of zinc smelt-
ing. Synthetic crystals can be colorless or can range in
color from dark red, orange, or yellow to light green.

Synthetic zincite crystals

Both natural and synthetic zincite crystals are significant
for their early use as semiconductor crystal detectors in
the early development of crystal radios before the advent
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of vacuum tubes. As an early radio detector it was used in
conjunction with another mineral, galena, and this com-
bination was known as the cat’s-whisker detector.

3.14.1 See also

• List of minerals

• Oleg Losev

3.14.2 References
[1] Zincite. Handbook of Mineralogy

[2] Zincite. Mindat

3.14.3 External links

• Mineral galleries
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Hydroxides

4.1 Bauxite

This article is about the ore. For the town in Arkansas,
see Bauxite, Arkansas.

Bauxite, an aluminium ore, is the world’s main

Bauxite with US penny for comparison

QEMSCAN mineral maps of bauxite ore-forming pisoliths

source of aluminium. It consists mostly of the minerals
gibbsite Al(OH)3, boehmite γ-AlO(OH) and diaspore α-
AlO(OH), mixed with the two iron oxides goethite and
haematite, the clay mineral kaolinite and small amounts
of anatase TiO2. Bauxite was named by the French
geologist Pierre Berthier in 1821 after the village of Les
Baux in Provence, southern France, where he discovered

Bauxite in Les Baux-de-Provence, France

Bauxite with core of unweathered rock

One of the world’s largest bauxite mines in Weipa, Australia
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it and was the first to recognize that it contained alu-
minium.

4.1.1 Formation

Lateritic bauxites (silicate bauxites) are distinguished
from karst bauxite ores (carbonate bauxites). The car-
bonate bauxites occur predominantly in Europe and
Jamaica above carbonate rocks (limestone and dolomite),
where they were formed by lateritic weathering and resid-
ual accumulation of intercalated clay layers – dispersed
clays which were concentrated as the enclosing lime-
stones gradually dissolved during chemical weathering.
The lateritic bauxites are found mostly in the countries of
the tropics. They were formed by lateritization of various
silicate rocks such as granite, gneiss, basalt, syenite, and
shale. In comparison with the iron-rich laterites, the for-
mation of bauxites depends even more on intense weath-
ering conditions in a location with very good drainage.
This enables the dissolution of the kaolinite and the pre-
cipitation of the gibbsite. Zones with highest aluminium
content are frequently located below a ferruginous surface
layer. The aluminium hydroxide in the lateritic bauxite
deposits is almost exclusively gibbsite.
India’s bauxite deposits aremainly found in the Amarkan-
tak plateau, Maikal hills and the plateau region of Bi-
laspur - Katni. Orrissa is the largest bauxite producing
state in India with 45% of the country’s total production
in 2000- 01. Panchpatmali deposits in Koraput district
are themost important bauxite deposits in the state. In the
case of Jamaica, recent analysis of the soils showed ele-
vated levels of cadmium, suggesting that the bauxite orig-
inates from recent Miocene ash deposits from episodes of
significant volcanism in Central America.

4.1.2 Production trends

In 2009, Australia was the top producer of bauxite with
almost one-third of the world’s production, followed by
China, Brazil, India, and Guinea. Although aluminium
demand is rapidly increasing, known reserves of its baux-
ite ore are sufficient to meet the worldwide demands for
aluminium for many centuries.[1] Increased aluminium
recycling, which has the advantage of lowering the cost
in electric power in producing aluminium, will consider-
ably extend the world’s bauxite reserves.
In November 2010, Nguyen Tan Dung, the prime min-
ister of Vietnam, announced that Vietnam’s bauxite re-
serves might total 11000 Mt; this would be the largest in
the world.[4]

4.1.3 Processing

Bauxite is usually strip mined because it is almost always
found near the surface of the terrain, with little or no

Bauxite being loaded at Cabo Rojo, Dominican Republic, to be
shipped elsewhere for processing; 2007

overburden. Approximately 70% to 80% of the world’s
dry bauxite production is processed first into alumina, and
then into aluminium by electrolysis as of 2010. Bauxite
rocks are typically classified according to their intended
commercial application: metallurgical, abrasive, cement,
chemical, and refractory.
Usually, bauxite ore is heated in a pressure vessel along
with a sodium hydroxide solution at a temperature of
150 to 200 °C. At these temperatures, the aluminium
is dissolved as an aluminate (the Bayer process). After
separation of ferruginous residue (red mud) by filtering,
pure gibbsite is precipitated when the liquid is cooled,
and then seeded with fine-grained aluminium hydroxide.
The gibbsite is usually converted into aluminium oxide,
Al2O3, by heating. This mineral is dissolved at a tem-
perature of about 960 °C in molten cryolite. Next, this
molten substance can yield metallic aluminium by pass-
ing an electric current through it in the process of elec-
trolysis, which is called the Hall–Héroult process, named
after its American and French discoverers.
Prior to the invention of this process in 1886, elemen-
tal aluminium was made by heating ore along with ele-
mental sodium or potassium in a vacuum. The method
was complicated and consumedmaterials that were them-
selves expensive at that time. This made early elemental
aluminium more expensive than gold.[5]

4.1.4 See also

• Alcoa

• Bauxite, Arkansas

• Rio Tinto Alcan

• United Company RUSAL

4.1.5 References

[1] “Bauxite and Alumina” (PDF). U.S. Geological Survey.
p. 2. Retrieved 9 January 2014.

[2] “Bauxite and Alumina” (PDF). U.S. Geological Survey
(Mineral Commodity Summaries). January 2012. p. 27.
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4.1.7 External links

• USGS Minerals Information: Bauxite

• Mineral Information Institute
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4.2 Brucite

Brucite is the mineral form of magnesium hydroxide,
with the chemical formula Mg(OH)2. It is a com-
mon alteration product of periclase in marble; a low-
temperature hydrothermal vein mineral in metamor-
phosed limestones and chlorite schists; and formed dur-
ing serpentinization of dunites. Brucite is often found in
association with serpentine, calcite, aragonite, dolomite,
magnesite, hydromagnesite, artinite, talc and chrysotile.
Notable locations include Wood’s Chrome Mine, Cedar
Hill Quarry, Lancaster County, Pennsylvania, USA.

4.2.1 Discovery

Brucite was first described in 1824 and named for
the discoverer, American mineralogist, Archibald Bruce
(1777–1818). A fibrous variety of Brucite is called Ne-
malite. It occurs in fibers or laths, usually elongated along
[1010], but sometimes [1120] crystalline directions.

Nemalite

Brucite crystals from the Sverdlovsk Region, Urals, Russia (size:
10.5 x 7.8 x 7.4 cm

4.2.2 Industrial applications

Crystal structure

Brucite is used as a flame retardant because it ther-
mally decomposes to release water in a similar way
to aluminium hydroxide and mixtures of huntite and
hydromagnesite.[4][5] It also constitutes a significant
source of magnesium for industry.
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4.2.3 Magnesian attack of cement and con-
crete

When cement or concrete are exposed to non negligible
concentration of Mg2+, e.g. when these materials are left
in prolonged contact with sea water or brines, Mg(OH)2
precipitates under the high pH conditions prevailing in
the cement porewater. The neoformation of brucite, an
expansive material, induces mechanical stress in the hard-
ened cement paste and is responsible for the formation of
cracks and fissures in concrete.
The use of dolomite as aggregate in concrete can also
cause the magnesian attack and should be avoided.

4.2.4 See also

• List of minerals

• List of minerals named after people

• Portlandite, Ca(OH)2

4.2.5 References

[1] Brucite on Mindat.org

[2] Handbook of Mineralogy

[3] Brucite on Webmineral

[4] Hollingbery, LA; Hull TR (2010). “The Thermal
Decomposition of Huntite and Hydromagnesite - A
Review”. Thermochimica Acta 509 (1-2): 1–11.
doi:10.1016/j.tca.2010.06.012.

[5] Hollingbery, LA; Hull TR (2010). “The Fire Retardant
Behaviour of Huntite and Hydromagnesite - A Review”.
Polymer Degradation and Stability 95 (12): 2213–2225.
doi:10.1016/j.polymdegradstab.2010.08.019.

• Lee, Hyomin; Robert D. Cody; Anita M. Cody;
Paul G. Spry (2000). “Effects of various deic-
ing chemicals on pavement concrete deterioration”.
“Mid-Continent Transportation Symposium 2000
Proceedings”. Retrieved 2009-09-10.

• Lee, Hyomin; Robert D. Cody; Anita M. Cody;
Paul G. Spry (2002). “Observations on brucite
formation and the role of brucite in Iowa high-
way concrete deterioration”. Environmental
and Engineering Geoscience 8 (2): 137–145.
doi:10.2113/gseegeosci.8.2.137. Retrieved 2009-
09-10.

• Wies aw, W; Kurdowski (September 2004). “The
protective layer and decalcification of C-S-H in the
mechanism of chloride corrosion of cement paste”.
Cement and Concrete Research 34 (9): 1555–1559.
doi:10.1016/j.cemconres.2004.03.023.

• Biricik, Hasan; Fevziye Aköz; Fikret Türker; Il-
han Berktay (2000). “Resistance to magnesium sul-
fate and sodium sulfate attack of mortars contain-
ing wheat straw ash”. Cement and Concrete Re-
search 30 (8): 1189–1197. doi:10.1016/S0008-
8846(00)00314-8.

4.3 Boehmite

Boehmite or böhmite is an aluminium oxide hydroxide
(γ-AlO(OH)) mineral, a component of the aluminium ore
bauxite. It is dimorphous with diaspore. It crystallizes
in the orthorhombic dipyramidal system and is typically
massive in habit. It is white with tints of yellow, green,
brown or red due to impurities. It has a vitreous to pearly
luster, a Mohs hardness of 3 to 3.5 and a specific gravity
of 3.00 to 3.07. It is colorless in thin section, optically
biaxial positive with refractive indices of nα = 1.644 -
1.648, nβ = 1.654 - 1.657 and nγ = 1.661 - 1.668.
Boehmite occurs in tropical laterites and bauxites de-
veloped on alumino-silicate bedrock. It also occurs
as a hydrothermal alteration product of corundum and
nepheline. It occurs with kaolinite, gibbsite and diaspore
in bauxite deposits; and with nepheline, gibbsite, dias-
pore, natrolite and analcime in nepheline pegmatites.[3]

It was first described by J. de Lapparent in 1927 for an
occurrence in the bauxites of Mas Rouge, Les Baux-
de-Provence, France, and named[5] for the Bohemian-
German chemist Johann Böhm (1895–1952) who car-
ried out X-ray studies of aluminium oxide hydroxides
in 1925[6] (and not for the German geologist Johannes
Böhm (1857–1938) as often stated).[1][2]
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4.4 Diaspore

Not to be confused with diaspora.
For the plant seed structure, see diaspore (botany).

Diaspore /ˈdaɪəspɔːr/, also known as empholite, kay-
serite, or tanatarite, is an aluminium oxide hydroxide
mineral, α-AlO(OH), crystallizing in the orthorhombic
system and isomorphous with goethite. It occurs some-
times as flattened crystals, but usually as lamellar or scaly
masses, the flattened surface being a direction of per-
fect cleavage on which the lustre is markedly pearly in
character. It is colorless or greyish-white, yellowish,
sometimes violet in color, and varies from translucent to
transparent.[3] It may be readily distinguished from other
colorless transparent minerals with a perfect cleavage and
pearly luster—like mica, talc, brucite, and gypsum— by
its greater hardness of 6.5 - 7. The specific gravity is
3.4. When heated before the blowpipe it decrepitates vi-
olently, breaking up into white pearly scales.

Twinned crystal of Turkish diaspore from Mugla Province,
Aegean Region, Turkey (1.8 x .6 x .4 cm)

The mineral occurs as an alteration product of corundum
or emery and is found in granular limestone and other
crystalline rocks. Well-developed crystals are found
in the emery deposits of the Urals and at Chester,

Massachusetts, and in kaolin at Schemnitz in Hungary.
If obtainable in large quantity, it would be of economic
importance as a source of aluminium.
Diaspore, along with gibbsite and boehmite, is a major
component of the aluminium ore bauxite.[2]

It was first described in 1801 for an occurrence in
Mramorsk Zavod, Sverdlovskaya Oblast, Middle Urals,
Russia. The name is from the Greek for διασπείρειυ, to
scatter, in allusion to its decrepitation on heating.[1]

Csarite, ottomanite, and zultanite are trade names for gem-
quality diaspore (also known as Turkish diaspore) from
the İlbir Mountains of southwest Turkey.[4]

4.4.1 See also

• aluminium oxide

• aluminium hydroxide
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4.5 Gibbsite

Gibbsite, Al(OH)3, is one of the mineral forms of
aluminium hydroxide. It is often designated as γ-
Al(OH)3 (but sometimes as α-Al(OH)3.[1]). It is also
sometimes called hydrargillite (or hydrargyllite).
Gibbsite is an important ore of aluminium in that it is
one of three main phases that make up the rock bauxite.
Bauxite is often thought of as a mineral but it is really
a rock composed of hydroxide and oxyhydroxide miner-
als such as gibbsite, boehmite (γ-AlO(OH)), and diaspore
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Ball-and-stickmodel of the part of the crystal structure of gibbsite

(α-AlO(OH)), as well as clays, silt, and iron oxides and
hydroxides.
Gibbsite has three named structural polymorphs or
polytypes: bayerite (designated often as α-Al(OH)3, but
sometimes as β-Al(OH)3), doyleite, and nordstrandite.
Gibbsite and bayerite are monoclinic, whereas doyleite
and nordstrandite are triclinic forms.

4.5.1 Structure

The structure of gibbsite is interesting and analogous to
the basic structure of the micas. The basic structure
forms stacked sheets of linked octahedrons of aluminium
hydroxide. The octahedrons are composed of aluminium
ions with a +3 charge bonded to six octahedrally coordi-
nated hydroxides with a −1 charge. Each of the hydrox-
ides is bonded to only two aluminium atoms because one
third of the octahedrons are vacant a central aluminium.
The result is a neutral sheet since +3/6 = +1/2 (+3 charge
on the aluminiums divided by six hydroxide bonds times
the number of aluminiums) and−1/2 =−1/2 (−1 charge
on the hydroxides divided between only two aluminiums);
thus the charges cancel. The lack of a charge on the gibb-
site sheets means that there is no charge to retain ions be-
tween the sheets and act as a “glue” to keep the sheets to-
gether. The sheets are only held together by weak residual
bonds and this results in a very soft easily cleavedmineral.
Gibbsite’s structure is closely related to the structure of
brucite, Mg(OH)2. However the lower charge in brucite’s
magnesium (+2) as opposed to gibbsite’s aluminium (+3)
does not require that one third of the octahedrons be va-
cant of a central ion in order to maintain a neutral sheet.
The different symmetry of gibbsite and brucite is due to
the different way that the layers are stacked.
It is the gibbsite layer that in a way forms the “floor plan”
for the mineral corundum, Al2O3. The basic structure of
corundum is identical to gibbsite except the hydroxides

are replaced by oxygen. Since oxygen has a charge of−2
the layers are not neutral and require that they must be
bonded to other aluminiums above and below the initial
layer producing the framework structure that is the struc-
ture of corundum.
Gibbsite is interesting for another reason because it is of-
ten found as a part of the structure of other minerals.
The neutral aluminium hydroxide sheets are found sand-
wiched between silicate sheets in important clay groups:
the illite, kaolinite, and montmorillonite/smectite groups.
The individual aluminium hydroxide layers are identical
to the individual layers of gibbsite and are referred to as
the gibbsite layers.[2]

4.5.2 Etymology

Gibbsite is named after George Gibbs (1776–1833),
an American mineral collector.[3] G. Gibbs’ collection
was acquired by Yale University early in the nineteenth
century.[4]
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4.5.4 Further reading

• Hurlbut, Cornelius S.; Klein, Cornelis, 1985, Man-
ual of Mineralogy, 20th ed., ISBN 0-471-80580-7

4.5.5 External links

• Webmineral Gibbsite

4.6 Goethite

Goethite (FeO(OH)), (/ˈɡɜrtaɪt/ GUR-tite) named after
the German polymath and poet Johann Wolfgang von
Goethe (1749–1832), an iron bearing hydroxide min-
eral of the diaspore group, is found in soil and other
low-temperature environments. Goethite has been well
known since ancient times for its use as a pigment (ochre).
Evidence has been found of its use in paint pigment sam-
ples taken from the caves of Lascaux in France. It was
first described in 1806 for occurrences in the Hollert-
szug Mine, Dermbach, Herdorf, Siegerland, Rhineland-
Palatinate, Germany.[3]
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Unusual specimen of Goethite replacing a gypsum stalactite; the
center is hollow. From Santa Eulalia, Chihuahua, Mexico.

In 2003, nanoparticulate authigenic goethite was shown

to be the most common diagenetic iron oxyhydroxide in
both marine and lake sediments.[5]

4.6.1 Composition

Goethite is an iron oxyhydroxide with ferric iron. It is
the main component of rust and bog iron ore. Goethite’s
hardness ranges from 5.0 to 5.5 on the Mohs Scale, and
its specific gravity varies from 3.3 to 4.3. The mineral
forms prismatic needle-like crystals (“needle iron ore”),
but is more typically massive.
Feroxyhyte and lepidocrocite are both polymorphs of
the iron oxyhydroxide FeO(OH). Although they have the
same chemical formula as goethite they each have differ-
ent crystalline structures making them distinct minerals.

4.6.2 Usage

Its main modern use is as an iron ore, being referred to as
brown iron ore. It does have some use as a clay earth pig-
ment. Iron rich lateritic soils developed over serpentinite
rocks in tropical climates are mined for their iron content
as well as other metals.
Fine goethite specimens are rare and therefore are valued
collectibles. Banded or iridescent varieties are cut and
polished into cabochons for jewelry making.

4.6.3 Formation

Goethite often forms through the weathering of other
iron-rich minerals, and thus is a common component
of soils, concentrated in laterite soils. The formation
of goethite is marked from the oxidation state change
of Fe2+ to Fe3+, which allows for goethite to exist
at surface conditions. Because of this oxidation state
change, goethite is commonly seen as a pseudomorph.
As iron-bearing minerals are brought to the zone of ox-
idation within the soil, the iron turns from iron(II) to
iron(III), however, the original shape of the parent min-
eral is maintained in this process. Examples of com-
mon goethite pseudomorphs are: goethites after pyrite,
goethite, siderite, andmarcasite, though any iron(II) bear-
ing mineral could become a goethite pseudomorph if
proper conditions are met. It may also be precipitated by
groundwater or in other sedimentary conditions, or form
as a primary mineral in hydrothermal deposits. Goethite
has also been found to be produced by the excreation pro-
cesses of certain bacteria types.

4.6.4 Prevalence

Goethite is found all over the planet, usually in the form
of concretions, stalactitic formations, oolites (a form con-
sisting of tiny round grains cemented together), reniform
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(kidney shapes) or botryoidal (globular, like bunches of
grapes) accumulations. It is also a very common pseudo-
morph. It is frequently encountered in the swampy areas
at the head of spring waters ('bog iron'), on cave floors,
and on the bottom of lakes and small creeks. The box-
works or gossan resulting from the oxidation of sulfide
ore deposits is formed of goethite along with other iron
oxides and quartz.
Significant deposits of goethite are found in England,
Australia, Cuba, and Michigan, Minnesota, Missouri,
Colorado, Alabama, Georgia, Virginia, and Tennessee in
the United States.
Deposits significant in location, if not in abundance, have
been found in Gusev by NASA’s Spirit rover, providing
strong evidence for the presence of liquid water on the
planet Mars in an earlier stage of its evolution.

4.6.5 Gallery

• Goethite from Minas Gerais, Brazil.

• Goethite coating/replacing rusted pyrite cubes.

• Goethite--Leadville mining district, Colorado

4.6.6 See also

• Ochre

• List of minerals
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4.6.8 External links

• Leonard James Spencer (1911). "Göthite".
Encyclopædia Britannica (11th ed.).

Bog ore

Limonite deposited from mine runoff

Galena and Limonite

4.7 Limonite

Limonite is an iron ore consisting of a mixture of
hydrated iron(III) oxide-hydroxides in varying compo-
sition. The generic formula is frequently written as
FeO(OH)·nH2O, although this is not entirely accurate as
the ratio of oxide to hydroxide can vary quite widely.
Limonite is one of the two principal iron ores, the other
being hematite, and has been mined for the production of
iron since at least 2500 BCE.[4][5]
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Limonite pseudomorphs after Garnet

4.7.1 Names

Limonite is named from the Greek word for meadow
(λειμών), in allusion to its occurrence as bog iron ore in
meadows and marshes. In its brown form it is sometimes
called brown hematite or brown iron ore. In its bright
yellow form it sometimes called lemon rock or yellow
iron ore.

4.7.2 Characteristics

Limonite is relatively dense with a specific gravity vary-
ing from 2.7 to 4.3.[6] It varies in colour from a bright
lemony yellow to a drab greyish brown. The streak of
limonite on an unglazed porcelain plate is always brown-
ish, a character which distinguishes it from hematite with
a red streak, or from magnetite with a black streak. The
hardness is variable, but generally in the 4 - 5.5 range.[6]

Although originally defined as a single mineral, limonite
is now recognized as a mixture of related hydrated
iron oxide minerals, among them goethite, akaganeite,
lepidocrocite, and jarosite. Individual minerals in
limonite may form crystals, but limonite does not, al-
though specimens may show a fibrous or microcrystalline
structure,[7] and limonite often occurs in concretionary
forms or in compact and earthy masses; sometimes mam-
millary, botryoidal, reniform or stalactitic. Because of
its amorphous nature, and occurrence in hydrated areas
limonite often presents as a clay or mudstone. How-
ever there are limonite pseudomorphs after other miner-
als such as pyrite.[6] This means that chemical weathering
transforms the crystals of pyrite into limonite by hydrat-
ing the molecules, but the external shape of the pyrite
crystal remains. Limonite pseudomorphs have also been
formed from other iron oxides, hematite and magnetite;
from the carbonate siderite and from iron rich silicates
such as almandine garnets.

4.7.3 Formation

Limonite usually forms from the hydration of hematite
and magnetite, from the oxidation and hydration of iron
rich sulfide minerals, and chemical weathering of other
iron rich minerals such as olivine, pyroxene, amphibole,
and biotite. It is often the major iron component in
lateritic soils. It is often deposited in run-off streams from
mining operations.

4.7.4 Uses of limonite

One of the first uses was as a pigment. The yellow form
produced yellow ochre for which Cyprus was famous,[8]
while the darker forms produced more earthy tones.
Roasting the limonite changed it partially to hematite,
producing red ochres, burnt umbers and siennas.[9]

Bog iron ore and limonite mudstones are mined as a
source of iron, although commercial mining of them has
ceased in the United States.
Iron caps or gossans of siliceous iron oxide typically
form as the result of intensive oxidation of sulfide ore
deposits.[10] These gossans were used by prospectors as
guides to buried ore. In addition the oxidation of those
sulfide deposits which contained gold, often resulted in
the concentration of gold in the iron oxide and quartz
of the gossans. Goldbearing limonite gossans were pro-
ductively mined in the Shasta County, California mining
district.[10] Similar deposits were mined near Rio Tinto in
Spain and Mount Morgan in Australia. In the Dahlonega
gold belt in Lumpkin County, Georgia gold was mined
from limonite-rich lateritic or saprolite soil. The gold
of the primary veins was concentrated into the limonites
of the deeply weathered rocks. In another example the
deeply weathered iron formations of Brazil served to con-
centrate gold with the limonite of the resulting soils.

4.7.5 History

Main article: History of ferrous metallurgy

While the first iron ore was likely Meteoric iron, and
hematite was far easier to smelt, in Africa, where the first
evidence of iron metallurgy occurs, limonite is the most
prevalent iron ore. Before smelting, as the ore was heated
and the water driven off, more and more of the limonite
was converted to hematite. The ore was then pounded as
it was heated above 1250°C,[11] at which temperature the
metallic iron begins sticking together and non-metallic
impurities are thrown off as sparks. Complex systems
developed, notably in Tanzania, to process limonite.[12]
Nonetheless, hematite and magnetite remained the ores
of choice when smelting was by bloomeries, and it was
only with the development of blast furnaces in 1st cen-
tury BCE in China[13] and about 1150 CE in Europe,[14]
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that the brown iron ore of limonite could be used to best
advantage.
Main article: Ochre § History

As regards to the use of limonite for pigments, it was one
of the earliest man-used materials and can be seen in Ne-
olithic cave paintings and pictographs.[15]
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4.7.7 See also

• Bog iron

• Iron ore

• Ore genesis

4.7.8 External links

• Mineral galleries
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• Gold and limonite

4.8 Manganite

This article is about the mineral of formula
MnO(OH), for other uses of the term manganite
see Manganite (disambiguation)

Manganite is a mineral. Its composition is manganese
oxide-hydroxide, MnO(OH), crystallizing in the
monoclinic system (pseudo-orthorhombic).[1] Crystals
of manganite are prismatic and deeply striated parallel
to their length; they are often grouped together in
bundles. The color is dark steel-grey to iron-black,
and the luster brilliant and submetallic. The streak is
dark reddish-brown. The hardness is 4, and the specific
gravity is 4.3. There is a perfect cleavage parallel to the
brachypinacoid, and less-perfect cleavage parallel to the
prism faces. Twinned crystals are not infrequent.
The mineral contains 89.7% manganese sesquioxide; it
dissolves in hydrochloric acid with evolution of chlorine.
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4.8.1 Occurrence

Manganite crystal group

Manganite occurs with other manganese oxides in de-
posits formed by circulating meteoric water in the weath-
ering environment in clay deposits and laterites. It forms
by low temperature hydrothermal action in veins in asso-
ciation with calcite, barite, and siderite. Often associated
with pyrolusite, braunite, hausmannite and goethite.[1][4]

Manganite occurs in specimens exhibiting good crys-
tal form at Ilfeld in the Harz Mountains of Germany,[5]
where the mineral occurs with calcite and barite in veins
traversing porphyry. Crystals have also been found at
Ilmenau in Thuringia, Neukirch near Sélestat in Alsace
(newkirkite), Granam near Towie in Aberdeenshire, and
in Upton Pyne near Exeter, UK and Negaunee, Michigan,
United States, and in the Pilbarra of Western Australia.
Good crystals have also been found at Atikokan, Ontario
and Nova Scotia, Canada. As an ore of manganese it is
much less abundant than pyrolusite or psilomelane.
Although described with various other names as early as
1772, the name manganite was first applied in a publica-
tion by W. Haidinger in 1827.[6]

4.8.2 See also

• Manganese oxide

Crystal structure of manganite
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Chapter 6

Carbonates

6.1 Calcite

Crystal structure of calcite

Calcite is a carbonate mineral and the most stable
polymorph of calcium carbonate (CaCO3). The other
polymorphs are the minerals aragonite and vaterite.
Aragonite will change to calcite at 380–470 °C,[5] and
vaterite is even less stable.

6.1.1 Properties

Calcite crystals are trigonal-rhombohedral, though actual
calcite rhombohedra are rare as natural crystals. How-
ever, they show a remarkable variety of habits including
acute to obtuse rhombohedra, tabular forms, prisms, or
various scalenohedra. Calcite exhibits several twinning
types adding to the variety of observed forms. It may oc-
cur as fibrous, granular, lamellar, or compact. Cleavage
is usually in three directions parallel to the rhombohedron
form. Its fracture is conchoidal, but difficult to obtain.

It has a defining Mohs hardness of 3, a specific gravity
of 2.71, and its luster is vitreous in crystallized varieties.
Color is white or none, though shades of gray, red, or-
ange, yellow, green, blue, violet, brown, or even black
can occur when the mineral is charged with impurities.
Calcite is transparent to opaque and may occasionally
show phosphorescence or fluorescence. A transparent
variety called Iceland spar is used for optical purposes.
Acute scalenohedral crystals are sometimes referred to
as “dogtooth spar” while the rhombohedral form is some-
times referred to as “nailhead spar”.
Single calcite crystals display an optical property called
birefringence (double refraction). This strong birefrin-
gence causes objects viewed through a clear piece of cal-
cite to appear doubled. The birefringent effect (using cal-
cite) was first described by the Danish scientist Rasmus
Bartholin in 1669. At a wavelength of ~590 nm calcite
has ordinary and extraordinary refractive indices of 1.658
and 1.486, respectively.[6] Between 190 and 1700 nm, the
ordinary refractive index varies roughly between 1.9 and
1.5, while the extraordinary refractive index varies be-
tween 1.6 and 1.4.[7]

Calcite, like most carbonates, will dissolve with most
forms of acid. Calcite can be either dissolved by ground-
water or precipitated by groundwater, depending on sev-
eral factors including the water temperature, pH, and dis-
solved ion concentrations. Although calcite is fairly insol-
uble in cold water, acidity can cause dissolution of calcite
and release of carbon dioxide gas. Ambient carbon diox-
ide, due to its acidity, has a slight solubilizing effect on
calcite. Calcite exhibits an unusual characteristic called
retrograde solubility in which it becomes less soluble in
water as the temperature increases. When conditions are
right for precipitation, calcite forms mineral coatings that
cement the existing rock grains together or it can fill frac-
tures. When conditions are right for dissolution, the re-
moval of calcite can dramatically increase the porosity
and permeability of the rock, and if it continues for a
long period of time may result in the formation of caves.
On a landscape scale, continued dissolution of calcium
carbonate-rich rocks can lead to the expansion and even-
tual collapse of cave systems, resulting in various forms
of karst topography.
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6.1.2 Use and applications

High-grade optical calcite was used in World War II for
gun sights, specifically in bomb sights and anti-aircraft
weaponry.[8] Also, experiments have been conducted to
use calcite for a cloak of invisibility.[9] Microbiologically
precipitated calcite has a wide range of applications, such
as soil remediation, soil stabilization and concrete repair.

6.1.3 Natural occurrence

The largest documented single crystals of calcite origi-
nated from Iceland, measured 7×7×2 m and 6×6×3 m
and weighed about 250 tons.[10][11]

Calcite is a common constituent of sedimentary rocks,
limestone in particular, much of which is formed from the
shells of dead marine organisms. Approximately 10% of
sedimentary rock is limestone.
Calcite is the primary mineral in metamorphic marble. It
also occurs as a vein mineral in deposits from hot springs,
and it occurs in caverns as stalactites and stalagmites.
Lublinite is a fibrous, efflorescent form of calcite.[12]

Calcite may also be found in volcanic or mantle-derived
rocks such as carbonatites, kimberlites, or rarely in
peridotites.
Calcite is often the primary constituent of the shells of
marine organisms, e.g., plankton (such as coccoliths and
planktic foraminifera), the hard parts of red algae, some
sponges, brachiopods, echinoderms, some serpulids,
most bryozoa, and parts of the shells of some bivalves
(such as oysters and rudists). Calcite is found in spec-
tacular form in the Snowy River Cave of New Mexico
as mentioned above, where microorganisms are credited
with natural formations. Trilobites, which became extinct
a quarter billion years ago, had unique compound eyes
that used clear calcite crystals to form the lenses.[13]

6.1.4 Formation processes

Calcite forms from a poorly ordered precursor (amor-
phous calcium carbonate, ACC).[14] The crystallization
process occurs in two stages; firstly, the ACC nanoparti-
cles rapidly dehydrate and crystallize to form individual
particles of vaterite; secondly, the vaterite transforms to
calcite via a dissolution and reprecipitation mechanism
with the reaction rate controlled by the surface area of
calcite.[15] The second stage of the reaction is approxi-
mately 10 times slower than the first. However, the crys-
tallization of calcite has been observed to be dependent
on the starting pH and presence of Mg in solution.[16]
A neutral starting pH during mixing promotes the di-
rect transformation of ACC into calcite. Conversely,
when ACC forms in a solution that starts with a ba-
sic initial pH, the transformation to calcite occurs via
metastable vaterite, which forms via a spherulitic growth

mechanism.[17] In a second stage this vaterite transforms
to calcite via a surface-controlled dissolution and recrys-
tallization mechanism. Mg has a noteworthy effect on
both the stability of ACC and its transformation to crys-
talline CaCO3, resulting in the formation of calcite di-
rectly from ACC, as this ion unstabilizes the structure of
vaterite.

6.1.5 In Earth history

Calcite seas existed in Earth history when the primary
inorganic precipitate of calcium carbonate in marine wa-
ters was low-magnesium calcite (lmc), as opposed to the
aragonite and high-magnesium calcite (hmc) precipitated
today. Calcite seas alternated with aragonite seas over
the Phanerozoic, being most prominent in the Ordovician
and Jurassic. Lineages evolved to use whichever morph
of calcium carbonate was favourable in the ocean at the
time they became mineralised, and retained this miner-
alogy for the remainder of their evolutionary history.[18]
Petrographic evidence for these calcite sea conditions
consists of calcitic ooids, lmc cements, hardgrounds, and
rapid early seafloor aragonite dissolution.[19] The evolu-
tion of marine organisms with calcium carbonate shells
may have been affected by the calcite and aragonite sea
cycle.[20]

6.1.6 Gallery

• Doubly terminated calcite crystal.

• Trilobite eyes employed calcite.

• Calcite crystals inside a test of the cystoid
Echinosphaerites aurantium (Middle Ordovician,
northeastern Estonia).

• Calcite rhomb from Iceberg claim, Dixon, New
Mexico showing double refraction.

• Mississippian marble (made of calcite) in Big Cot-
tonwood Canyon, Wasatch Mountains, Utah.

• Thin section view of calcite crystals inside a recrys-
tallized bivalve shell in a biopelsparite.

• Calcite containing niobium (giving it distinctive
bluish color), from Medford Quarry, Maryland.

• Nailhead spar calcite.

• Reddish rhombohedral calcite crystals from China.
Its red color is due to the presence of iron.

• Calcite fluoresces pink under long wave ultraviolet
light.

• Calcite fluoresces blue under short wave ultraviolet
light.

https://en.wikipedia.org/wiki/Cloak_of_invisibility
https://en.wikipedia.org/wiki/Microbiologically_induced_calcite_precipitation
https://en.wikipedia.org/wiki/Microbiologically_induced_calcite_precipitation
https://en.wikipedia.org/wiki/Sedimentary_rock
https://en.wikipedia.org/wiki/Limestone
https://en.wikipedia.org/wiki/Metamorphic_rock
https://en.wikipedia.org/wiki/Marble
https://en.wikipedia.org/wiki/Vein_(geology)
https://en.wikipedia.org/wiki/Hot_spring
https://en.wikipedia.org/wiki/Cavern
https://en.wikipedia.org/wiki/Stalactite
https://en.wikipedia.org/wiki/Stalactite
https://en.wikipedia.org/wiki/Volcano
https://en.wikipedia.org/wiki/Mantle_(geology)
https://en.wikipedia.org/wiki/Carbonatite
https://en.wikipedia.org/wiki/Kimberlite
https://en.wikipedia.org/wiki/Peridotite
https://en.wikipedia.org/wiki/Seashell
https://en.wikipedia.org/wiki/Marine_biology
https://en.wikipedia.org/wiki/Plankton
https://en.wikipedia.org/wiki/Coccolith
https://en.wikipedia.org/wiki/Foraminifera
https://en.wikipedia.org/wiki/Algae
https://en.wikipedia.org/wiki/Sea_sponge
https://en.wikipedia.org/wiki/Brachiopod
https://en.wikipedia.org/wiki/Echinoderm
https://en.wikipedia.org/wiki/Serpulidae
https://en.wikipedia.org/wiki/Bryozoa
https://en.wikipedia.org/wiki/Bivalvia
https://en.wikipedia.org/wiki/Oyster
https://en.wikipedia.org/wiki/Rudists
https://en.wikipedia.org/wiki/Snowy_River_Cave
https://en.wikipedia.org/wiki/New_Mexico
https://en.wikipedia.org/wiki/Trilobite
https://en.wikipedia.org/wiki/Permian%E2%80%93Triassic_extinction_event
https://en.wikipedia.org/wiki/Permian%E2%80%93Triassic_extinction_event
https://en.wikipedia.org/wiki/Calcite_sea
https://en.wikipedia.org/wiki/Aragonite
https://en.wikipedia.org/wiki/Ordovician
https://en.wikipedia.org/wiki/Jurassic
https://en.wikipedia.org/wiki/Petrography
https://en.wikipedia.org/wiki/Ooid
https://en.wikipedia.org/wiki/Hardgrounds
https://en.wikipedia.org/wiki/Echinosphaerites
https://en.wikipedia.org/wiki/Ordovician
https://en.wikipedia.org/wiki/Estonia
https://en.wikipedia.org/wiki/New_Mexico
https://en.wikipedia.org/wiki/New_Mexico
https://en.wikipedia.org/wiki/Birefringence
https://en.wikipedia.org/wiki/Mississippian_age
https://en.wikipedia.org/wiki/Wasatch_Mountains
https://en.wikipedia.org/wiki/Utah
https://en.wikipedia.org/wiki/Thin_section
https://en.wikipedia.org/wiki/Bivalve
https://en.wikipedia.org/wiki/Niobium
https://en.wikipedia.org/wiki/Maryland
https://en.wikipedia.org/wiki/Iron
https://en.wikipedia.org/wiki/Ultraviolet_light
https://en.wikipedia.org/wiki/Ultraviolet_light
https://en.wikipedia.org/wiki/Ultraviolet_light
https://en.wikipedia.org/wiki/Ultraviolet_light


6.1. CALCITE 159

6.1.7 See also

• Iceland Spar

• Ikaite, CaCO3·6H2O

• List of minerals

• Lysocline

• Manganoan Calcite, (Ca,Mn)CO3

• Monohydrocalcite, CaCO3·H2O

• Ocean acidification

• Ulexite aka “TV rock”, another mineral with an op-
tical property often illustrated in the same way.

• Yule Marble
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Chapter 7

Phosphates

7.1 Hureaulite

Hureaulite is a manganese phosphate with the for-
mula Mn2+5(PO3OH)2(PO4)2·4H2O. It was discovered
in 1825 and named in 1826 for the type locality,
Les Hureaux, Saint-Sylvestre, Haute-Vienne, Limousin,
France. It is sometimes written as huréaulite, but the
IMA does not recommend this for English language
text.[6]

A complete series exists from lithiophilite, LiMn2+PO4

to triphylite, LiFe2+PO4, including hureaulite, strengite,
FePO4·2H2O, stewartite, Mn2+Fe3+2(OH,PO4)2·8H2O,
and sicklerite, (LiMn2+,Fe3+)PO4.[7]

7.1.1 Environment

Hureaulite is a secondary mineral occurring in granite
pegmatites.[5] At the type locality it occurs in a zone of
altered triphylite, LiMn2+PO4, in pegmatite. Typically
occurs very late in the sequence of formation of sec-
ondary phosphate minerals.[8] Associated at the type lo-
cality with vivianite, Fe2+3(PO4)2·8H2O; rockbridgeite,
Fe2+Fe3+4(PO4)3(OH)5; heterosite, (Fe3+,Mn3+)PO4

and cacoxenite, Fe3+24AlO6(PO4)17(OH)12·17H2O. It
can be synthesised;[9] most natural hureaulites are Mn-
rich compounds but extensive (Mn,Fe) solution is known
for synthetic material.[8]

7.1.2 Localities

The type locality is Les Hureaux, Saint-Sylvestre, Haute-
Vienne, Limousin, France. Hureaulite is also found
in a granite pegmatite known for its phosphates in
the Aimorés pegmatite district, at the Cigana claim in
Galiléia, Doce valley, Minas Gerais, Brazil, formerly
known as the Jocão Mine.[3]
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IMA scheme for Suffixes, Hyphens and Diacritical Marks.
Mineralogical Record, 39, 134

[7] Murdoch, Joseph (1943) Crystallography of Hureaulite.
American Mineralogist 28: 19-24

[8] Moore, P B, and Araki, T (1973) Hureaulite: its atomic
arrangement. American Mineralogist 58: 302-307.

[9] Gerault, Y, Riou, A, and Cudennec, Y (1987) Acta Crys-
tallographica (C) 43:1829

7.2 Pseudomalachite

Pseudomalachite is a phosphate of copper with
hydroxyl, named from the Greek for “false” and “mala-
chite”, because of its similarity in appearance to the
carbonate mineral malachite, Cu2(CO3)(OH)2. Both
are green coloured secondary minerals found in oxidised
zones of copper deposits, often associated with each
other. Pseudomalachite is polymorphous with reichenba-
chite and ludjibaite. It was discovered in 1813. Prior to
1950 it was thought that dihydrite, lunnite, ehlite, tagilite
and prasin were separate mineral species, but Berry anal-
ysed specimens labelled with these names from several
museums, and found that they were in fact pseudoma-
lachite. The old names are no longer recognised by the
IMA.[5]

7.2.1 Type Locality

The type locality is the Virneberg Mine, Rheinbreitbach,
Westerwald, Rhineland-Palatinate, Germany. This is an
area of ancient copper mining dating back to Roman
times, and worked intermittently up until 1872.[1] The
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type material is held at the Mining Academy, Freiberg,
Germany.[3]

7.2.2 Structure

The copper ions are co-ordinated by six oxygen ions to
form distorted octahedra.[6] These octahedra are linked
by sharing edges to form two distinct types of infinite
chains, parallel to b. The chains are linked alternately,
again by sharing octahedral edges, to form sheets parallel
to the bc plane. Distorted phosphate tetrahedra link the
sheets, and there is some doubt about the exact position
of the hydrogen ions in the structure.[7]

7.2.3 Environment

It is a secondary mineral found in the oxidised zones of
copper ore deposits. Associated with libethenite at sev-
eral localities in New South Wales, Australia,[8] and at
the Chino Mine, New Mexico, USA.[9] Other associated
minerals are apatite, azurite, chalcedony, chrysocolla,
cornetite, cuprite, malachite, pyromorphite, tenorite, and
iron oxyhydroxides.

7.2.4 Distribution

Pseudomalachite has been reported fromArgentina, Aus-
tralia, Austria, Belgium, Brazil, Canada, Chile, Czech
Republic, Democratic Republic of Congo, France, Ger-
many, Ireland, Israel, Italy, Japan, Kazakhstan, Mada-
gascar, Mexico, Namibia, Norway, Poland, Portugal,
Republic of Congo, Romania, Russia, Slovakia, South
Africa, Spain, UK, USA and Zambia.

7.2.5 References
[1] http://www.mindat.org/min-3299.html Mindat.org

[2] http://www.webmineral.com/data/Pseudomalachite.
shtml

[3] http://rruff.geo.arizona.edu/doclib/hom/
pseudomalachite.pdf Handbook of Mineralogy

[4] Gaines et al (1997). Dana’s New Mineralogy Eighth Edi-
tion. Wiley

[5] Berry L G (1950). American Mineralogist 35: 365 to 385

[6] Ghose, Subrata (1963) The Crystal Structure of Pseudo-
malachite. Acta Crystallographica 16:124-128

[7] Shoemaker, G L, Anderson, J B and Kostiner, E (1977).
American Mineralogist 62: 1042 to 1048

[8] The Australian Journal of Mineralogy 3:50, 10:55, 10:79,
11:97 and 11:117 to 118

[9] Rocks & Minerals (2009) 84:6 page 498

7.3 Woodhouseite

Woodhouseite belongs to the beudantite group
AB3(XO4)(SO4)(OH)6 where A = Ba, Ca, Pb or Sr, B =
Al or Fe and X = S, As or P. Minerals in this group are
isostructural with each other and also with minerals in
the crandallite and alunite groups. They crystallise in the
rhombohedral system with space group R3m and crystals
are usually either tabular {0001} or pseudo-cubic to
pseudo-cuboctahedral. Woodhouseite was named after
Professor Charles Douglas Woodhouse[4] (1888–1975),
an American mineralogist and mineral collector from
the University of California, Santa Barbara, USA, and
one-time General Manager of Champion Sillimanite,
Inc.

7.3.1 Environment

Woodhouseite is a secondary mineral found where wall
rock alteration occurred in hydrothermal and dissemi-
nated ore deposits; rare in cave deposits, formed from
guano. At the type locality it occurs in vugs in quartz
veins in an andalusite, Al2OSiO4, deposit. This is in
pre-Cambrian meta-quartzite that has been intruded
by late Jurassic granitic rocks. Woodhouseite is found
only near masses of lazulite, MgAl2(PO4)2(OH)2.
Associated Minerals at the type locality include topaz,
Al2SiO4F2, quartz, SiO2, augelite, Al2PO4(OH)3,
lazulite, MgAl2(PO4)2(OH)2, tourmaline, baryte,
BaSO4, muscovite, KAl2(Si3Al)O10(OH)2, and
pyrophyllite, Al2Si4O10(OH)2, all of which formed
before the woodhouseite, which is a late-forming
mineral.[5]

7.3.2 Localities

The type locality is the ChampionMine (WhiteMountain
Mine), White Mountain, Laws, White Mountains, Mono
County, California, USA. This is a former sillimanite
mine located near Laws; mineralisation is a metamorphic
sillimanite deposit hosted in quartzite.

7.3.3 Structure

Space Group: R3 2/m
Unit Cell Parameters: a = 6.993 Å, c = 16.386 Å, Z: 3

7.3.4 References
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pdf Handbook of Mineralogy
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Chapter 9

Silicates

9.1 Ashburtonite

Ashburtonite is a rare lead copper
silicate-bicarbonate mineral with formula:
HPb4Cu2+4Si4O12(HCO3)4(OH)4Cl.[4]

9.1.1 Geological occurrence

Ashburtonite was first described as a secondary min-
eral in a shear zone in a series of shales and
graywackes. It is an alteration product of galena
and chalcopyrite.[3] The secondary minerals within the
shear consist of carbonates, arsenates, and sulfates
of lead and copper, and to a much lesser ex-
tent of zinc and iron.[4] Ashburtonite is associated
with beudantite, brochantite, caledonite, cerussite,
diaboleite, duftite, malachite, plattnerite, adamite,
antlerite, bayldonite, bindheimite, carminite, chenevixite,
chlorargyrite, chrysocolla, cinnabar, hemimorphite,
hydrozincite, jarosite, lavendulan, linarite, mimetite,
olivenite, paratacamite, and rosasite.
Ashburtonite was first described in 1991 for an occur-
rence in the Anticline prospects 11 km southwest of
Ashburton Downs in the Capricorn Range of Western
Australia.[3] It has also been reported from the Tonopah–
Belmont Mine in the Big Horn Mountains of Maricopa
County, Arizona.[2]

9.1.2 References

[1] Webmineral

[2] Mindat

[3] Handbook of Mineralogy

[4] Grice, J. D.; Nickel, E. H.; Gault, R. A. (1991).
“Ahsburtonite, a new bicarbonate-silicate mineral from
Ashburton Downs, Western Australia: Description and
structure determination”. American Mineralogist 76:
1701–1707.

9.2 Bustamite

Bustamite is a calcium manganese inosilicate (chain sil-
icate) and a member of the wollastonite group. Magne-
sium, zinc and iron are common impurities substituting
for manganese. It is a polymorph of johannsenite, with
bustamite as the high-temperature form of CaMnSi2O6

and johannsenite as the low temperature form. The in-
version takes place at 830 °C, but may be very slow.[2]
Bustamite could be confused with light-colored rhodonite
or pyroxmangite, but both these minerals are biaxial (+)
whereas bustamite is biaxial (-).

9.2.1 Cell parameters

There is considerable variety in the literature about the
size and type of the unit cell, the formula to be used, and
the value of Z, the number of formula units per unit cell.
Bustamite is a triclinic mineral, which could be described
by a primitive unit cell, but the larger A-centered cell is
often preferred, in order to facilitate comparison with the
similar mineral wollastonite.[7]

The formula for bustamite is CaMn(SiO3)2[1] but it is
sometimes written (Ca,Mn)SiO3, and changing the for-
mula in this way will change the value of Z. The struc-
ture is chains of SiO4 tetraheda with repeat unit of three
tetrahedra, unlike the pyroxenes where the repeat unit is
two.[8] Ca++ andMn++ are positioned between the chains.
There are 12 tetrahedra in the A-centered unit cell.[7]

The unit cell, the formula and Z cannot be taken sepa-
rately; they are interlinked and form a consistent set of
values. In this article we adopt the A-centred unit cell
(space group A1) with a = 7.736 Å, b = 7.157 Å and c =
13.824 Å, the formula CaMn(SO3)2 and Z = 6. Deer et
al.[2] take the formula as (Mn,Ca,Fe)[SiO3] so their value
of Z is doubled to 12. Mindat[5] apparently gives the lat-
tice parameters for a face-centred cell,[7] although they
give the space group as P1.
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9.2.2 Type locality

The type locality was originally taken as Tetela de Jonotla,
Puebla, Mexico, and the mineral was named for General
Anastasio Bustamante (1780–1853), three times Presi-
dent of Mexico. The material from Puebla, however,
was later found to be a mixture of johannsenite and
rhodonite,[8] so the type locality is now the Franklin
Mine, Franklin, Sussex County, New Jersey, USA.[5]

Both bustamite and johansennite are found at Franklin.[3]
Bustamite is moderately common there and occurs in a
variety of assemblages, associated with rhodonite and
tephroite, calcite and tephroite or glaucochroite and
tephroite. Vesuvianite, wollastonite, garnet, diopside,
willemite, johannsenite, margarosanite and clinohedrite
also may be present.

9.2.3 Environment

Bustamite typically results from metamorphism
of manganese-bearing sediments, with attendant
metasomatism. At the (new) type locality, Franklin, the
oldest rocks are Precambrian gneisses of mixed sedimen-
tary and volcanic origin. Franklin Marble was deposited
within these rocks, along with sediments containing
zinc, manganese and iron minerals. These sediments
were metamorphosed later in the Precambrian, then the
rocks were uplifted from the late Precambrian into the
Cambrian and quartzite was deposited on the eroded
surface. In Cambrian-Ordovician time the quartzite was
in turn overlain by limestone, and the rocks have been
subject to uplift and erosion up to the present time.[9]

9.2.4 References
[1] http://rruff.info/ima

[2] Deer, W A, Howie, R A and Zussman, J (1978) Rock-
Forming Minerals, 2nd edition, Volume 2A, pages 574-
585

[3] http://franklin-sterlinghill.com/dunn/ch17/bustamite.
stm

[4] http://www.webmineral.com/data/Bustamite.shtml

[5] http://www.mindat.org/min-809.html Mindat.org

[6] http://rruff.geo.arizona.edu/doclib/hom/bustamite.pdf
Handbook of Mineralogy

[7] Peacor and Prewitt (1963) The American Mineralogist
volume 48 pages 588 to 596

[8] Dana’s New Mineralogy Eighth Edition, Wiley

[9] Drake, A A (1990) The regional geologic setting of the
Franklin-Sterling Hill district. Symposium on the char-
acter and origin of the Franklin-Sterling Hill orebodies,
Proceedings, pp. 14-31, Lehigh University, Bethlehem,
Pennsylvania

9.2.5 External links

9.3 Hsianghualite

Hsianghualite is a tectosilicate (framework silicate) of
lithium, calcium and beryllium, with fluorine, a member
of the zeolite group. It was discovered in 1958 and named
for the type locality, Hsiang Hua, ��, meaning fragrant
flower.

9.3.1 Structure

Structure is analogous to that of analcime with Be and Si
in tetrahedral co-ordination forming a three-dimensional
framework.[2] Its space group is I213[2] (Previously re-
ported as I4132[1]). Unit cell parameters are a = 12.879
or 12.897,[1][4] and Z = 8.

9.3.2 Environment

It occurs within phlogopite veins in the light-coloured
band of green and white banded metamorphosed
Devonian limestone which has been intruded by
beryllium-bearing granite.[5] Associated mineral include
fluorite, liberite, chrysoberyl, taaffeite and nigerite.[2]

9.3.3 Localities

Hsianghualite has been found only at the type locality, the
Xianghualing Mine in Linwu County, Hunan Province,
China.

9.3.4 References

[1] American Mineralogist (1959) 44:1327 English language
abstract of Huang Yung-hwei, Tu Shaohua, Wang K'ung-
hai, Chao Chun-Lin, and Yu Cheng-Chih (1958)Ti-chih-
yueh-k'an 7: 35 (in Chinese)

[2] Gaines et al (1997) Dana’s New Mineralogy Eighth Edi-
tion

[3] http://rruff.geo.arizona.edu/doclib/hom/hsianghualite.
pdf

[4] American Mineralogist (1961) 46:244. Data from A A
Beus (1960) Akademii Nauk SSSR 1-329 (in Russian).

[5] Roberts, Campbell and Rapp (1990) Encyclopedia of
Minerals, 2nd edition
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9.4 Quartz

This article is about the mineral. For other uses, see
Quartz (disambiguation).

Quartz is the second most abundant mineral in the
Earth's continental crust, after feldspar. It is made
up of a continuous framework of SiO4 silicon–oxygen
tetrahedra, with each oxygen being shared between two
tetrahedra, giving an overall formula SiO2.
There are many different varieties of quartz, several of
which are semi-precious gemstones. Especially in Europe
and the Middle East, varieties of quartz have been since
antiquity themost commonly usedminerals in themaking
of jewelry and hardstone carvings.

9.4.1 Etymology

The word “quartz” is derived from the German word
“Quarz” and its Middle High German ancestor “twarc”,
which probably originated in Slavic (cf. Czech tvrdý
(“hard”), Polish twardy (“hard”)).[6]

9.4.2 Crystal habit and structure

Crystal structure of α-quartz

Quartz belongs to the trigonal crystal system. The ideal
crystal shape is a six-sided prism terminating with six-
sided pyramids at each end. In nature quartz crystals are
often twinned, distorted, or so intergrown with adjacent
crystals of quartz or other minerals as to only show part
of this shape, or to lack obvious crystal faces altogether
and appear massive. Well-formed crystals typically form
in a 'bed' that has unconstrained growth into a void; usu-
ally the crystals are attached at the other end to a matrix
and only one termination pyramid is present. However
doubly-terminated crystals do occur where they develop

β-quartz

freely without attachment, for instance within gypsum. A
quartz geode is such a situation where the void is approx-
imately spherical in shape, lined with a bed of crystals
pointing inward.
α-quartz crystallizes in the trigonal crystal system, space
group P3121 and P3221 respectively. β-quartz belongs
to the hexagonal system, space group P6222 and P6422,
respectively.[7] These spacegroups are truly chiral (they
each belong to the 11 enantiomorphous pairs). Both α-
quartz and β-quartz are examples of chiral crystal struc-
tures composed of achiral building blocks (SiO4 tetra-
hedra in the present case). The transformation between
α- and β-quartz only involves a comparatively minor rota-
tion of the tetrahedra with respect to one another, without
change in the way they are linked.

9.4.3 Varieties (according to color)

Pure quartz, traditionally called rock crystal (sometimes
called clear quartz), is colorless and transparent (clear)
or translucent, and has often been used for hardstone
carvings, such as the Lothair Crystal. Common colored
varieties include citrine, rose quartz, amethyst, smoky
quartz, milky quartz, and others. Quartz goes by an
array of different names. The most important distinc-
tion between types of quartz is that of macrocrystalline
(individual crystals visible to the unaided eye) and the
microcrystalline or cryptocrystalline varieties (aggregates
of crystals visible only under high magnification). The
cryptocrystalline varieties are either translucent or mostly
opaque, while the transparent varieties tend to be macro-
crystalline. Chalcedony is a cryptocrystalline form of sil-
ica consisting of fine intergrowths of both quartz, and its
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Figurine of a child carved in rock crystal, hittite, between 1500
and 1200 BC

monoclinic polymorph moganite.[8] Other opaque gem-
stone varieties of quartz, or mixed rocks including quartz,
often including contrasting bands or patterns of color, are
agate, sard, onyx, carnelian, heliotrope, and jasper.

Citrine

Citrine

“Citrine” redirects here. For other uses, see Citrine
(disambiguation).

Citrine is a variety of quartz whose color ranges from a
pale yellow to brown due to ferric impurities. Natural cit-
rines are rare; most commercial citrines are heat-treated
amethysts or smoky quartzes. However, a heat-treated
amethyst will have small lines in the crystal, as opposed
to a natural citrine’s cloudy or smokey appearance. It is
nearly impossible to tell cut citrine from yellow topaz vi-
sually, but they differ in hardness.Brazil is the leading
producer of citrine, with much of its production com-
ing from the state of Rio Grande do Sul. The name is
derived from Latin citrina which means “yellow” and is
also the origin of the word “citron.” Sometimes citrine
and amethyst can be found together in the same crystal,
which is then referred to as ametrine.[9]

Rose quartz

An elephant carved in rose quartz, 10 cm (4 inches) long

Rose quartz is a type of quartz which exhibits a pale
pink to rose red hue. The color is usually considered as
due to trace amounts of titanium, iron, or manganese, in
the massive material. Some rose quartz contains micro-
scopic rutile needles which produces an asterism in trans-
mitted light. Recent X-ray diffraction studies suggest that
the color is due to thin microscopic fibers of possibly
dumortierite within the massive quartz.[10]

Additionally, there is a rare type of pink quartz (also fre-
quently called crystalline rose quartz) with color that is
thought to be caused by trace amounts of phosphate or
aluminium. The color in crystals is apparently photo-
sensitive and subject to fading. The first crystals were
found in a pegmatite found near Rumford, Maine, USA,
but most crystals on the market come fromMinas Gerais,
Brazil.[11]

Rose quartz is not popular as a gem – it is generally
too clouded by impurities to be suitable for that purpose.
Rose quartz is more often carved into figures such as peo-
ple or hearts. Hearts are commonly found because rose
quartz is pink and an affordable mineral.
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Amethyst

Amethyst Guerrero, Mexico

Main article: Amethyst

Amethyst is a popular form of quartz that ranges from a
bright to dark or dull purple color. The world’s largest
deposits of amethysts can be found in Brazil, Mexico,
Uruguay, Russia, France, Namibia and Morocco. Some-
times amethyst and citrine are found growing in the same
crystal. It is then referred to as ametrine. An amethyst is
formedwhen there is iron in the area where it was formed.

Smoky quartz

Main article: Smoky quartz
Smoky quartz is a gray, translucent version of quartz. It

Smoky quartz.

ranges in clarity from almost complete transparency to a
brownish-gray crystal that is almost opaque. Some can
also be black.

Milky quartz

Milk quartz ormilky quartzmay be the most common
variety of crystalline quartz and can be found almost any-
where. The white color may be caused by minute fluid in-
clusions of gas, liquid, or both, trapped during the crystal

Milky quartz sample

Ancient Roman cameo onyx engraved gem of Augustus

formation. The cloudiness caused by the inclusions ef-
fectively bars its use in most optical and quality gemstone
applications.[12]

9.4.4 Varieties (according to microstruc-
ture)

Although many of the varietal names historically arose
from the color of the mineral, current scientific naming
schemes refer primarily to the microstructure of the min-
eral. Color is a secondary identifier for the cryptocrys-
talline minerals, although it is a primary identifier for
the macrocrystalline varieties. This does not always hold
true.
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9.4.5 Synthetic and artificial treatments

A synthetic quartz crystal grown by the hydrothermal method,
about 19 cm long and weighing about 127 grams

Not all varieties of quartz are naturally occurring.
Prasiolite, an olive colored material, is produced by heat
treatment; natural prasiolite has also been observed in
Lower Silesia in Poland. Although citrine occurs natu-
rally, the majority is the result of heat-treated amethyst.
Carnelian is widely heat-treated to deepen its color.
Because natural quartz is often twinned, synthetic quartz
is produced for use in industry. Large, flawless, sin-
gle crystals are synthesized in an autoclave via the
hydrothermal process; emeralds are also synthesized in
this fashion.

9.4.6 Occurrence

Quartz is an essential constituent of granite and other
felsic igneous rocks. It is very common in sedimentary
rocks such as sandstone and shale and is also present
in variable amounts as an accessory mineral in most
carbonate rocks. It is also a common constituent of schist,
gneiss, quartzite and other metamorphic rocks. Because
of its resistance to weathering it is very common in stream
sediments and in residual soils. Quartz, therefore, occu-
pies the lowest potential to weather in the Goldich disso-
lution series.
While the majority of quartz crystallizes from molten
magma, much quartz also chemically precipitates from
hot hydrothermal veins as gangue, sometimes with ore
minerals like gold, silver and copper. Large crystals of
quartz are found in magmatic pegmatites. Well-formed
crystals may reach several meters in length and weigh
hundreds of kilograms.
Naturally occurring quartz crystals of extremely high pu-
rity, necessary for the crucibles and other equipment used
for growing silicon wafers in the semiconductor indus-
try, are expensive and rare. A major mining location for
high purity quartz is the Spruce Pine GemMine in Spruce
Pine, North Carolina, United States.[13]

The largest documented single crystal of quartz was found

near Itapore, Goiaz, Brazil; it measured approximately
6.1×1.5×1.5 m and weighed more than 44 tonnes.[14]

9.4.7 Related silica minerals

Tridymite and cristobalite are high-temperature
polymorphs of SiO2 that occur in high-silica volcanic
rocks. Coesite is a denser polymorph of quartz found
in some meteorite impact sites and in metamorphic
rocks formed at pressures greater than those typical
of the Earth’s crust. Stishovite is a yet denser and
higher-pressure polymorph of quartz found in some
meteorite impact sites. Lechatelierite is an amorphous
silica glass SiO2 which is formed by lightning strikes in
quartz sand.

9.4.8 History

Fatimid carved rock crystal (clear quartz) vase, c. 1000

The word “quartz” comes from the German Quarz ,[15]
which is of Slavic origin (Czech miners called it křemen).
Other sources attribute the word’s origin to the Saxon
word Querkluftertz, meaning cross-vein ore.[16]

Quartz is the most common material identified as
the mystical substance maban in Australian Aboriginal
mythology. It is found regularly in passage tomb ceme-
teries in Europe in a burial context, such as Newgrange
or Carrowmore in Ireland. The Irish word for quartz is
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Quartz crystal demonstrating transparency

grian cloch, which means 'stone of the sun'. Quartz was
also used in Prehistoric Ireland, as well as many other
countries, for stone tools; both vein quartz and rock crys-
tal were knapped as part of the lithic technology of the
prehistoric peoples.[17]

While jade has been since earliest times the most prized
semi-precious stone for carving in East Asia and Pre-
Columbian America, in Europe and the Middle East the
different varieties of quartz were the most commonly
used for the various types of jewelry and hardstone carv-
ing, including engraved gems and cameo gems, rock crys-
tal vases, and extravagant vessels. The tradition contin-
ued to produce objects that were very highly valued until
the mid-19th century, when it largely fell from fashion
except in jewelry. Cameo technique exploits the bands
of color in onyx and other varieties.
Roman naturalist Pliny the Elder believed quartz to be
water ice, permanently frozen after great lengths of
time.[18] (The word “crystal” comes from the Greek word
κρύσταλλος, “ice”.) He supported this idea by saying
that quartz is found near glaciers in the Alps, but not on
volcanic mountains, and that large quartz crystals were
fashioned into spheres to cool the hands. He also knew
of the ability of quartz to split light into a spectrum. This
idea persisted until at least the 17th century.
In the 17th century, Nicolas Steno's study of quartz paved
the way for modern crystallography. He discovered that
regardless of a quartz crystal’s size or shape, its long prism
faces always joined at a perfect 60° angle.[19]

Quartz’s piezoelectric properties were discovered by
Jacques and Pierre Curie in 1880.[20] The quartz oscil-
lator or resonator was first developed by Walter Guyton
Cady in 1921.[21][22] GeorgeWashington Pierce designed
and patented quartz crystal oscillators in 1923.[23][24]
Warren Marrison created the first quartz oscillator clock
based on the work of Cady and Pierce in 1927.[25]

Efforts to synthesize quartz began in the mid nineteenth
century as scientists attempted to create minerals un-
der laboratory conditions that mimicked the conditions
in which the minerals formed in nature: German geolo-
gist Karl Emil von Schafhäutl (1803-1890)[26] was the

first person to synthesize quartz when in 1845 he cre-
ated microscopic quartz crystals in a pressure cooker.[27]
However, the quality and size of the crystals that were
produced by these early efforts were poor.[28] By the
1930s, the electronics industry had become dependent
on quartz crystals. The only source of suitable crystals
was Brazil; however, World War II disrupted the supplies
from Brazil, so nations attempted to synthesize quartz
on a commercial scale. German mineralogist Richard
Nacken (1884-1971) achieved some success during the
1930s and 1940s.[29] After the war, many laboratories
attempted to grow large quartz crystals. In the United
States, the U.S. Army Signal Corps contracted with Bell
Laboratories and with the Brush Development Com-
pany of Cleveland, Ohio to synthesize crystals follow-
ing Nacken’s lead.[30][31] (Prior to World War II, Brush
Development produced piezoelectric crystals for record
players.) By 1948, Brush Development had grown crys-
tals that were 1.5 inches (3.8 cm) in diameter, the largest
to date.[32][33] By the 1950s, hydrothermal synthesis tech-
niques were producing synthetic quartz crystals on an in-
dustrial scale, and today virtually all the quartz crystal
used in the modern electronic industry is synthetic.

9.4.9 Piezoelectricity

Quartz crystals have piezoelectric properties; they de-
velop an electric potential upon the application of
mechanical stress. An early use of this property of quartz
crystals was in phonograph pickups. One of the most
common piezoelectric uses of quartz today is as a crystal
oscillator. The quartz clock is a familiar device using the
mineral. The resonant frequency of a quartz crystal os-
cillator is changed by mechanically loading it, and this
principle is used for very accurate measurements of very
small mass changes in the quartz crystal microbalance and
in thin-film thickness monitors.

9.4.10 Gallery of quartz mineral speci-
mens

• Quartz scepters

• Locality: Slovakia. Size: 3×2.1×0.7 cm.

• A very unusual scepter: translucent, pastel-
amethystine quartz atop a terminated shaft of
translucent, green, hedenbergite-included quartz.
Locality: Mega Horio, Serifos, Cyclades, Greece.
Size: 15.3×3.8×3.7 cm.

• An unusual scepter, from Pennoyer Amethyst
Mine, Red Feather Lakes, Colorado, USA. Size:
4.5×2.3×1.9 cm.

• Amethystine quartz
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• Slice of amethyst from an unusual stalactite, Jalgaon
district, Maharashtra, India. Size: 8.2×7.5×0.3 cm.

• Slice through a star-shaped stalactite from Artigas,
Uruguay. Size: 7.1×6.6×0.5 cm.

• An unusual tabular amethyst crystal, from Brand-
berg District, Erongo Region, Namibia. Detail,
overall size: 5.7×1.8×1.6 cm.

• Citrines

• Citrine, Boekenhoutshoek area, Mpumalanga
Province, South Africa. Size Size: 9.1×4.8×4.2 cm.

• Cluster of citrine crystals from a geode

• “Citrine” made by heating amethyst

9.4.11 See also

• Fused quartz

• List of minerals

• Shocked quartz

• Quartz reef mining
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Chapter 10

Organic

10.1 Hoelite

Hoelite is a mineral, discovered in 1922 at Mt. Pyra-
mide, Spitsbergen, Norway and named after Norwegian
geologist Adolf Hoel (1879–1964). Its chemical formula
is C14H8O2 (9,10-anthraquinone).[3][1]

It is a very rare organic mineral which occurs in coal fire
environments in association with sal ammoniac and native
sulfur.[1]

10.1.1 References
[1] Handbook of Mineralogy

[2] Webmineral data

[3] Mindat.org
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Chapter 11

Igneous Rocks

11.1 Granite

For other uses, see Granite (disambiguation).
Granite /ˈɡrænɨt/ is a common type of felsic intrusive
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igneous rock which is granular and phaneritic in tex-
ture. The word “granite” comes from the Latin granum, a

grain, in reference to the coarse-grained structure of such
a holocrystalline rock. The term 'granite' also applies to a
group of intrusive igneous rocks with similar textures and
slight variations on composition and origin. These rocks
mainly consist of feldspar, quartz, mica, and amphibole
minerals. These form interlocking somewhat equigran-
ular matrix of feldspar and quartz with scattered darker
biotite mica and amphibole (often hornblende) peppering
the lighter color minerals. Occasionally some individual
crystals (phenocrysts) are larger than the groundmass, in
which case the texture is known as porphyritic. A granitic
rock with a porphyritic texture is known as a granite
porphyry. Granites can be predominantly white, pink, or
gray in color, depending on their mineralogy. By defini-
tion, granite is an igneous rock with at least 20% quartz
and up to 65% alkali feldspar by volume. Granite differs
from granodiorite in that at least 35% of the feldspar in
granite is alkali feldspar as opposed to plagioclase; it is
the potassium feldspar that gives many granites a distinc-
tive pink color. The extrusive igneous rock equivalent of
granite is rhyolite.
Granite is nearly always massive (lacking any internal
structures), hard and tough, and therefore it has gained
widespread use throughout humanity, and more recently
as a construction stone. The average density of granite is
between 2.65[1] and 2.75 g/cm3, its compressive strength
usually lies above 200 MPa, and its viscosity near STP
is 3–6 • 1019 Pa·s.[2] Melting temperature is 1215–1260
°C.[3]

Granite has poor primary permeability but strong sec-
ondary permeability.
Granitoid is a general, descriptive field term for lighter-
colored, coarse-grained igneous rocks. Petrographic ex-
amination is required for identification of specific types
of granitoids.[4]

The term 'granitic' means granite-like and is applied to
granite and rocks of similar composition or texture.
The rock known as black granite is usually gabbro.[5]
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Orbicular granite, an unusual type of granite, near the town of
Caldera, northern Chile

The Stawamus Chief is a granite monolith in British Columbia

Close-up of granite exposed in Chennai, India

Various granites (cut and polished surfaces)

Close-up of granite from Yosemite National Park, valley of the
Merced River

Roche Rock, Cornwall

The Cheesewring, a granite tor on the southern edge of Bodmin
Moor, Cornwall
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11.1.1 Mineralogy

Granite is classified according to the QAPF diagram for
coarse grained plutonic rocks and is named according
to the percentage of quartz, alkali feldspar (orthoclase,
sanidine, or microcline) and plagioclase feldspar on the
A-Q-P half of the diagram. True granite according
to modern petrologic convention contains both plagio-
clase and alkali feldspars. When a granitoid is devoid
or nearly devoid of plagioclase, the rock is referred to
as alkali feldspar granite. When a granitoid contains less
than 10% orthoclase, it is called tonalite; pyroxene and
amphibole are common in tonalite. A granite contain-
ing both muscovite and biotite micas is called a binary or
two-mica granite. Two-mica granites are typically high in
potassium and low in plagioclase, and are usually S-type
granites or A-type granites.

Chemical composition

A worldwide average of the chemical composition of
granite, by weight percent, based on 2485 analyses:[6]

11.1.2 Occurrence

Outcrops of granite tend to form tors and rounded
massifs. Granites sometimes occur in circular
depressions surrounded by a range of hills, formed
by the metamorphic aureole or hornfels. Granite is
usually found in the continental plates of the Earth’s
crust.
Granite is currently known only on Earth, where it forms
a major part of continental crust. Granite often oc-
curs as relatively small, less than 100 km² stock masses
(stocks) and in batholiths that are often associated with
orogenic mountain ranges. Small dikes of granitic com-
position called aplites are often associated with the mar-
gins of granitic intrusions. In some locations, very coarse-
grained pegmatite masses occur with granite.
Granite has been intruded into the crust of the Earth
during all geologic periods, although much of it is of
Precambrian age. Granitic rock is widely distributed
throughout the continental crust and is the most abun-
dant basement rock that underlies the relatively thin
sedimentary veneer of the continents.

11.1.3 Origin

Granite has felsic composition and is more common in
recent geologic time in contrast to Earth’s ultramafic an-
cient igneous history. Felsic rocks are less dense than
mafic and ultramafic rocks, and thus they tend to escape
subduction, whereas basaltic or gabbroic rocks tend to
sink into the mantle beneath granitic rocks of the con-

tinental cratons. Therefore, granitic rocks form the base-
ment of all land continents.

Geochemical origins

Granitoids are a ubiquitous component of the crust. They
have crystallized from magmas that have compositions at
or near a eutectic point (or a temperature minimum on a
cotectic curve). Magmas will evolve to the eutectic be-
cause of igneous differentiation, or because they repre-
sent low degrees of partial melting. Fractional crystallisa-
tion serves to reduce a melt in iron, magnesium, titanium,
calcium and sodium, and enrich the melt in potassium
and silicon - alkali feldspar (rich in potassium) and quartz
(SiO2), are two of the defining constituents of granite.
This process operates regardless of the origin of the
parental magma to the granite, and regardless of its chem-
istry. However, the composition and origin of the magma
which differentiates into granite, leaves certain geochem-
ical and mineral evidence as to what the granite’s parental
rock was. The final mineralogy, texture and chemical
composition of a granite is often distinctive as to its
origin. For instance, a granite which is formed from
melted sediments may have more alkali feldspar, whereas
a granite derived from melted basalt may be richer in
plagioclase feldspar. It is on this basis that the modern
“alphabet” classification schemes are based. Granite has
a slow cooling process which forms larger crystals.

Chappell & White classification system

The letter-based Chappell & White classification system
was proposed initially to divide granites into I-type gran-
ite (or igneous protolith) granite and S-type or sedimen-
tary protolith granite.[7] Both of these types of granite are
formed by melting of high grade metamorphic rocks, ei-
ther other granite or intrusive mafic rocks, or buried sed-
iment, respectively.
M-type or mantle derived granite was proposed later,
to cover those granites which were clearly sourced from
crystallized mafic magmas, generally sourced from the
mantle. These are rare, because it is difficult to turn basalt
into granite via fractional crystallisation.
A-type or anorogenic granites are formed above vol-
canic “hot spot” activity and have peculiar mineralogy
and geochemistry. These granites are formed by melting
of the lower crust under conditions that are usually ex-
tremely dry. The rhyolites of the Yellowstone caldera are
examples of volcanic equivalents of A-type granite.[8][9]

H-type or hybrid granites are formed following a mixing
of two granitic magmas from different sources, e.g. M-
type and S-type.
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Granitization

An old, and largely discounted theory, granitization states
that granite is formed in place by extreme metasomatism
by fluids bringing in elements e.g. potassium and remov-
ing others e.g. calcium to transform the metamorphic
rock into a granite. This was supposed to occur across a
migrating front. The production of granite by metamor-
phic heat is difficult, but is observed to occur in certain
amphibolite and granulite terrains. In-situ granitisation or
melting by metamorphism is difficult to recognise except
where leucosome and melanosome textures are present
in migmatites. Once a metamorphic rock is melted it is
no longer a metamorphic rock and is a magma, so these
rocks are seen as a transitional between the two, but are
not technically granite as they do not actually intrude into
other rocks. In all cases, melting of solid rock requires
high temperature, and also water or other volatiles which
act as a catalyst by lowering the solidus temperature of
the rock.

11.1.4 Ascent and emplacement

The ascent and emplacement of large volumes of gran-
ite within the upper continental crust is a source of much
debate amongst geologists. There is a lack of field evi-
dence for any proposed mechanisms, so hypotheses are
predominantly based upon experimental data. There are
two major hypotheses for the ascent of magma through
the crust:

• Stokes diapir
• Fracture propagation

Of these two mechanisms, Stokes diapir was favoured for
many years in the absence of a reasonable alternative.
The basic idea is that magma will rise through the crust
as a single mass through buoyancy. As it rises it heats the
wall rocks, causing them to behave as a power-law fluid
and thus flow around the pluton allowing it to pass rapidly
and without major heat loss.[10] This is entirely feasible in
the warm, ductile lower crust where rocks are easily de-
formed, but runs into problems in the upper crust which
is far colder and more brittle. Rocks there do not deform
so easily: for magma to rise as a pluton it would expend
far too much energy in heating wall rocks, thus cooling
and solidifying before reaching higher levels within the
crust.
Fracture propagation is the mechanism preferred by
many geologists as it largely eliminates the major prob-
lems of moving a huge mass of magma through cold brit-
tle crust. Magma rises instead in small channels along
self-propagating dykes which form along new or pre-
existing fracture or fault systems and networks of active
shear zones.[11] As these narrow conduits open, the first
magma to enter solidifies and provides a form of insula-
tion for later magma.

Granitic magmamust make room for itself or be intruded
into other rocks in order to form an intrusion, and sev-
eral mechanisms have been proposed to explain how large
batholiths have been emplaced:

• Stoping, where the granite cracks the wall rocks and
pushes upwards as it removes blocks of the overlying
crust

• Assimilation, where the granite melts its way up into
the crust and removes overlying material in this way

• Inflation, where the granite body inflates under pres-
sure and is injected into position

Most geologists today accept that a combination of these
phenomena can be used to explain granite intrusions, and
that not all granites can be explained entirely by one or
another mechanism.

11.1.5 Weathering

Further information: Weathering
Physical weathering occurs on a large scale in the form of

Grus sand and granitoid it derived from

exfoliation joints, which are the result of granite expand-
ing and fracturing as pressure is relieved when overlying
material is removed by erosion or other processes.
Chemical weathering of granite occurs when dilute
carbonic acid, and other acids present in rain and
soil waters, readily alter feldspar in a process called
hydrolysis.[12][13] As demonstrated in the following re-
action, this causes potassium feldspar to form kaolinite,
with potassium ions, bicarbonate and silica in solution as
byproducts. An endproduct of granite weathering is grus,
which is often made up of coarse-grained fragments of
disintegrated granite.

2 KAlSi3O8 + 2 H2CO3 + 9 H2O =>
Al2Si2O5(OH)4 + 4 H4SiO4 + 2 K+ + 2
HCO3

−
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Cleopatra’s Needle, London

Climatic variations also influence the weathering rate of
granites. For about two thousand years, the relief engrav-
ings on Cleopatra’s Needle obelisk had survived the arid
conditions of its origin prior to its transfer to London.
Within two hundred years, the red granite has drastically
deteriorated in the damp and polluted air.[14]

11.1.6 Natural radiation

Granite is a natural source of radiation, like most natural
stones. However, some granites have been reported to
have higher radioactivity thereby raising some concerns
about their safety.
Potassium-40 is a radioactive isotope of weak emission,
and a constituent of alkali feldspar, which in turn is a
common component of granitic rocks, more abundant in
alkali feldspar granite and syenites. Naturally, a geiger
counter should register this low effect.
Some granites contain around 10 to 20 parts per million
(ppm) of uranium. By contrast, more mafic rocks such as
tonalite, gabbro or diorite have 1 to 5 ppm uranium, and
limestones and sedimentary rocks usually have equally
low amounts. Many large granite plutons are the sources
for palaeochannel-hosted or roll front uranium ore de-
posits, where the uraniumwashes into the sediments from

the granite uplands and associated, often highly radioac-
tive, pegmatites. Cellars and basements sunk into soils
over granite can become a trap for radon gas, which is
formed by the decay of uranium.[15] Radon gas poses sig-
nificant health concerns, and is the number two cause of
lung cancer in the US behind smoking.[16]

Thorium occurs in all granites as well.[17] Conway granite
has been noted for its relatively high thorium concentra-
tion of 56 (±6) PPM.[18]

There is some concern that materials sold as granite
countertops or as building material may be hazardous to
health. Dan Steck of St. Johns University, has stated[19]
that approximately 5% of all granite will be of concern,
with the caveat that only a tiny percentage of the tens of
thousands of granite slab types have been tested. Various
resources from national geological survey organizations
are accessible online to assist in assessing the risk factors
in granite country and design rules relating, in particu-
lar, to preventing accumulation of radon gas in enclosed
basements and dwellings.
A study of granite countertops was done (initiated and
paid for by theMarble Institute of America) in November
2008 by National Health and Engineering Inc of USA. In
this test, all of the 39 full size granite slabs that were mea-
sured for the study showed radiation levels well below the
European Union safety standards (section 4.1.1.1 of the
National Health and Engineering study) and radon emis-
sion levels well below the average outdoor radon concen-
trations in the US.[20]

11.1.7 Uses

World’s First temple built entirely of granite by the Emperor Ra-
jaRaja Chozha I, 10th century A.D.; Tanjore, India.

Antiquity

The Red Pyramid of Egypt (c.26th century BC), named
for the light crimson hue of its exposed granite surfaces,
is the third largest of Egyptian pyramids. Menkaure’s
Pyramid, likely dating to the same era, was constructed
of limestone and granite blocks. The Great Pyramid of
Giza (c.2580 BC) contains a huge granite sarcophagus
fashioned of “Red Aswan Granite.” The mostly ruined
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Life-size elephant and other creatures carved in granite, 7-9th
century A.D.; Mahabalipuram, India.

Polished red granite tombstone

Black Pyramid dating from the reign of Amenemhat III
once had a polished granite pyramidion or capstone, now
on display in the main hall of the Egyptian Museum in
Cairo (see Dahshur). Other uses in Ancient Egypt include
columns, door lintels, sills, jambs, and wall and floor
veneer.[21] How the Egyptians worked the solid granite
is still a matter of debate. Dr. Patrick Hunt[22] has postu-
lated that the Egyptians used emery shown to have higher
hardness on the Mohs scale.
Rajaraja Chola I of the Chola Dynasty in South India built
the world’s first temple entirely of granite in the 11th cen-
tury AD in Tanjore, India. The Brihadeeswarar temple
Brihadeeswarar Temple dedicated to Lord Shiva was built
in 1010. The massive Gopuram (ornate, upper section of

Granite was used for setts on the St. Louis riverfront and for the
piers of the Eads Bridge (background)

The granite peaks of the Torres del Paine in the Chilean
Patagonia

Half Dome, Yosemite, a classic granite dome and popular rock
climbing destination

shrine) is believed to have a mass of around 81 tonnes. It
was the tallest temple in south India.[23]

Modern

Sculpture and memorials In some areas granite is
used for gravestones and memorials. Granite is a hard
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stone and requires skill to carve by hand. Until the early
18th century, in the Western world, granite could only be
carved by hand tools with generally poor results.
A key breakthrough was the invention of steam-powered
cutting and dressing tools by Alexander MacDonald of
Aberdeen, inspired by seeing ancient Egyptian granite
carvings. In 1832 the first polished tombstone of Ab-
erdeen granite to be erected in an English cemetery was
installed at Kensal Green cemetery. It caused a sensa-
tion in the London monumental trade and for some years
all polished granite ordered came from MacDonalds.[24]
Working with the sculptor William Leslie, and later Sid-
ney Field, granite memorials became a major status
symbol in Victorian Britain. The royal sarcophagus at
Frogmore was probably the pinnacle of its work, and at
30 tons one of the largest. It was not until the 1880s that
rival machinery and works could compete with the Mac-
Donald works.
Modern methods of carving include using computer-
controlled rotary bits and sandblasting over a rubber sten-
cil. Leaving the letters, numbers and emblems exposed
on the stone, the blaster can create virtually any kind of
artwork or epitaph.
The rock known as black granite is usually gabbro, which
has a completely different chemical composition.[5][25]

Buildings Granite has been extensively used as a
dimension stone and as flooring tiles in public and com-
mercial buildings and monuments. Aberdeen in Scot-
land, which is constructed principally from local gran-
ite, is known as “The Granite City”. Because of its
abundance, granite was commonly used to build founda-
tions for homes in New England. The Granite Railway,
America’s first railroad, was built to haul granite from
the quarries in Quincy, Massachusetts, to the Neponset
River in the 1820s. With increasing amounts of acid
rain in parts of the world, granite has begun to supplant
marble as a monument material, since it is much more
durable. Polished granite is also a popular choice for
kitchen countertops due to its high durability and aes-
thetic qualities. In building and for countertops, the term
“granite” is often applied to all igneous rocks with large
crystals, and not specifically to those with a granitic com-
position.

Engineering Engineers have traditionally used pol-
ished granite surface plates to establish a plane of refer-
ence, since they are relatively impervious and inflexible.
Sandblasted concrete with a heavy aggregate content has
an appearance similar to rough granite, and is often used
as a substitute when use of real granite is impractical. A
most unusual use of granite was in the construction of the
rails for the Haytor Granite Tramway, Devon, England,
in 1820. Granite block is usually processed into slabs and
after can be cut and shaped by a cutting center. Granite
tables are used extensively as a base for optical instru-

ments due to granite’s rigidity, high dimensional stability
and excellent vibration characteristics.

Other uses Curling stones are traditionally fashioned
of Ailsa Craig granite. The first stones were made in the
1750s, the original source being Ailsa Craig in Scotland.
Because of the particular rarity of the granite, the best
stones can cost as much as US$1,500. Between 60–70
percent of the stones used today are made from Ailsa
Craig granite, although the island is now a wildlife re-
serve and is still used for quarrying under license for Ailsa
granite by Kays of Mauchline for Curling stones.[26]

11.1.8 Rock climbing

Granite is one of the rocks most prized by climbers,
for its steepness, soundness, crack systems, and fric-
tion. Well-known venues for granite climbing include
Yosemite, the Bugaboos, the Mont Blanc massif (and
peaks such as the Aiguille du Dru, the Mountains of
Mourne, the Adamello-Presanella Alps, the Aiguille du
Midi and the Grandes Jorasses), the Bregaglia, Corsica,
parts of the Karakoram (especially the Trango Towers),
the FitzroyMassif, Patagonia, Baffin Island, Ogawayama,
the Cornish coast, the Cairngorms, Sugarloaf Mountain
in Rio de Janeiro, Brazil, and the Stawamus Chief, British
Columbia, Canada.
Granite rock climbing is so popular that many of the arti-
ficial rock climbing walls found in gyms and theme parks
are made to look and feel like granite.

11.1.9 See also
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Chapter 12

Sedimentary Rocks

12.1 Flint

This article is about the sedimentary rock. For the city in
Michigan, see Flint, Michigan. For other uses, see Flint
(disambiguation).

Flint is a hard, sedimentary cryptocrystalline form

A sample of Miorcani flint from the Cenomanian chalky marl
layer of the Moldavian Plateau. (ca. 7.5 cm wide)

of the mineral quartz,[1][2] categorized as a variety of
chert. It occurs chiefly as nodules and masses in sedi-
mentary rocks, such as chalks and limestones.[3][4] Inside
the nodule, flint is usually dark grey, black, green, white,
or brown in colour, and often has a glassy or waxy ap-
pearance. A thin layer on the outside of the nodules is
usually different in colour, typically white and rough in
texture. From a petrological point of view, “flint” refers
specifically to the form of chert which occurs in chalk or
marly limestone. Similarly, “common chert” (sometimes
referred to simply as “chert”) occurs in limestone.

Pebble beach made up of flint nodules eroded out of the nearby
chalk cliffs, Cape Arkona, Rügen

Neolithic flint axe, about 31 cm long

12.1.1 Origin

The exact mode of formation of flint is not yet clear but it
is thought that it occurs as a result of chemical changes in
compressed sedimentary rock formations, during the pro-
cess of diagenesis. One hypothesis is that a gelatinousma-
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Detail of flint used in a building in Wiltshire, England.

Striped flint

terial fills cavities in the sediment, such as holes bored by
crustaceans or molluscs and that this becomes silicified.
This hypothesis certainly explains the complex shapes of
flint nodules that are found. The source of dissolved sil-
ica in the porous media could be the spicules of silicious
sponges.[3] Certain types of flint, such as that from the
south coast of England, contain trapped fossilised marine
flora. Pieces of coral and vegetation have been found pre-
served like amber inside the flint. Thin slices of the stone
often reveal this effect.
Puzzling giant flint formations known as paramoudra and
flint circles are found around Europe but especially in

Norfolk, England on the beaches at Beeston Bump and
West Runton.[5]

Flint sometimes occurs in large flint fields in Jurassic or
Cretaceous beds, for example in Europe.

12.1.2 Uses

Tools or cutting edges

Flint was used in the manufacture of tools during the
StoneAge as it splits into thin, sharp splinters called flakes
or blades (depending on the shape) when struck by an-
other hard object (such as a hammerstone made of an-
other material). This process is referred to as knapping.
In Europe, some of the best toolmaking flint has come
from Belgium (Obourg, flint mines of Spiennes),[6] the
coastal chalks of the English Channel, the Paris Basin,
Thy in Jutland (flint mine at Hov), the Sennonian deposits
of Rügen, Grimes Graves in England, the Upper Creta-
ceous chalk formation of Dobruja and the lower Danube
(Balkan flint), the Cenomanian chalky marl formation of
the Moldavian Plateau (Miorcani flint) and the Jurassic
deposits of the Kraków area and Krzemionki in Poland.
Flint mining is attested since the Palaeolithic, but became
more common since the Neolithic (Michelsberg culture,
Funnelbeaker culture).

To ignite fire or gunpowder

Assorted reproduction firesteels typical of Roman toMedieval pe-
riod.
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When struck against steel, a flint edge will produce
sparks. The hard flint edge shaves off a particle of the
steel that exposes iron which reacts with oxygen from the
atmosphere and can ignite the proper tinder. Prior to the
wide availability of steel, rocks of iron pyrite would be
used along with the flint, in a similar (but more time-
consuming) way. These methods are popular in wood-
craft, bushcraft, and among those who wish to use tradi-
tional skills.

Flintlocks A later, major use of flint and steel was
in the flintlock mechanism, used primarily in flintlock
firearms, but also used on dedicated fire-starting tools. A
piece of flint held in the jaws of a spring-loaded hammer,
when released by a trigger, strikes a hinged piece of steel
("frizzen") at an angle, creating a shower of sparks and ex-
posing a charge of priming powder. The sparks ignite the
priming powder and that flame, in turn, ignites the main
charge, propelling the ball, bullet, or shot through the bar-
rel. While the military use of the flintlock declined after
the adoption of the percussion cap from the 1840s on-
ward, flintlock rifles and shotguns remain in use amongst
recreational shooters.

Comparison with ferrocerium Flint and steel used
to strike sparks were superseded by ferrocerium (some-
times referred to as “flint”, although not true flint,
"mischmetal", “hot spark”, “metal match”, or “fire steel”).
This man-made material, when scraped with any hard,
sharp edge, produces sparks that are much hotter than
obtained with natural flint and steel, allowing use of a
wider range of tinders. Because it can produce sparks
when wet and can start hundreds or thousands of fires
when used correctly, ferrocerium is commonly included
in survival kits. Ferrocerium is used in many cigarette
lighters, where it is referred to as “flint”.

As a building material

Flint, knapped or unknapped, has been used since antiq-
uity (for example at the Late Roman fort of Burgh Castle
in Norfolk) up to the present day as a material for build-
ing stone walls, using lime mortar, and often combined
with other available stone or brick rubble. It was most
common in parts of southern England, where no good
building stone was available locally, and brick-making not
widespread until the laterMiddle Ages. It is especially as-
sociated with East Anglia, but also used in chalky areas
stretching through Hampshire, Sussex, Surrey and Kent
to Somerset. Flint was used in the construction of many
churches, houses, and other buildings, for example the
large stronghold of Framlingham Castle. Many different
decorative effects have been achieved by using different
types of knapping or arrangement and combinations with
stone (flushwork), especially in the 15th and early 16th
centuries.

• Close-up of the wall of the Roman shore fort at
Burgh Castle, Norfolk, showing alternating courses
of flint and brick

• Elaborate 15th century flint and limestone flushwork
at Long Melford

• A typical medieval wall (with modern memorial)
at Canterbury Cathedral - knapped and unknapped
(“cobble”) flints are mixed with pieces of brick and
other stones

• Ruins of Thetford Priory show flints and mortar
through the whole depth of the wall

• Elaborate patterned flushwork at top (restored in the
19th century) and flint and limestone chequers be-
low. Norwich Cathedral

A flint church - the Parish Church of Saint Thomas, in Cricket
Saint Thomas, Somerset, England. The height of the very neatly
knapped flints varies between 3 and 5 inches (7.6 and 12.7 cm).

Ceramics

Flint pebbles are used as the media in ball mills to
grind glazes and other raw materials for the ceram-
ics industry.[7] The pebbles are hand-selected based on
colour; those having a tint of red, indicating high iron
content, are discarded. The remaining blue-grey stones
have a low content of chromophoric oxides and so are
less deleterious to the colour of the ceramic composition
after firing.[8]
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Until recently flint was also an important raw material in
clay-based ceramic bodies produced in the UK.[9][10] In
preparation for use flint pebbles, frequently sourced from
the coasts of South-East England or Western France,
were calcined to around 1,000 °C. This heat process both
removed organic impurities and induced certain phys-
ical reactions, including converting some of the silica
to cristobalite. After calcination the flint pebbles were
milled to a fine particle size.[11][12][13][14] However, the
use of flint has now been superseded by quartz.[15] Be-
cause of the historical use of flint, the word “flint” is used
by some potters, especially in the US, to refer to siliceous
materials that are not flint.[16][17][18]

Jewellery

Flint bracelets were known in Ancient Egypt and several
examples have been found.[19] Striped flint is today in use
as a gemstone as well.

Fragmentation

While flint may be used in fire-lighting, it should not be
exposed to excessive heat, as from a fire. Due to the
stone’s molecular makeup, flint may fracture, sometimes
violently, when different parts of the stone expand to dif-
ferent degrees. This tendency, to fracture, is enhanced
by the fact that most samples of flint contain impurities
that may expand to a greater or lesser degree than the
surrounding stone. This tendency to fracture is similar,
but not identical, to the tendency of glass to shatter when
exposed to heat. [20]

To combat fragmentation, flint/chert may be heat-treated,
being slowly brought up to a temperature of 150 to 260
°C (300 to 500 °F) for 24 hours, then slowly cooled to
room temperature. This makes the material more ho-
mogenous and thus more "knappable" and produces tools
with a cleaner, sharper cutting edge.

12.1.3 See also

• Mineralogy

• Agate
• Chalcedony
• Chert
• Eolith
• Jasper
• Nodule (geology) not to be confused with
Concretion
• Obsidian
• Onyx
• Opal
• Whinstone

• Archaeology

• Ancient Egyptian flint jewellery
• Clovis Points, archaeological artefacts of the
Clovis culture in New Mexico
• Grimes Graves, a prehistoric flint mine in
Norfolk, England
• Flint Ridge State Memorial, a Native Amer-
ican flint quarry in Hopewell Township,
Licking County, Ohio
• Flint mine
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12.1.5 External links

• Flint Architecture of East Anglia Book by Stephen
Hart

• Flintsource.net European Artefacts - detailed site

• Flint circles and paramoudra - Beeston Bump

• Paramoudras and flint circles photograph collection

• Winchester Cathedral Close

• Flint and the Conservation of Flint Buildings In-
troduction to the historical use of flint in construc-
tion and the repair and conservation of historic flint
buildings

12.2 Limestone

For other uses, see Limestone (disambiguation).

Limestone is a sedimentary rock composed largely of the
minerals calcite and aragonite, which are different crystal
forms of calcium carbonate (CaCO3). Most limestone is
composed of skeletal fragments ofmarine organisms such
as coral or foraminifera.
Limestone makes up about 10% of the total volume of
all sedimentary rocks. The solubility of limestone in wa-
ter and weak acid solutions leads to karst landscapes, in
which water erodes the limestone over thousands to mil-
lions of years. Most cave systems are through limestone
bedrock.
Limestone has numerous uses: as a building material, as
aggregate for the base of roads, as white pigment or filler
in products such as toothpaste or paints, and as a chemical
feedstock.
The first geologist to distinguish limestone from dolomite
was Belsazar Hacquet in 1778.[1]

12.2.1 Description

Like most other sedimentary rocks, most limestone is
composed of grains. Most grains in limestone are skele-
tal fragments of marine organisms such as coral or
foraminifera. Other carbonate grains comprising lime-
stones are ooids, peloids, intraclasts, and extraclasts.
These organisms secrete shells made of aragonite or cal-
cite, and leave these shells behind after the organisms die.

Limestone quarry at Cedar Creek, Virginia, USA

Cutting the limestone blocks at a quarry in Gozo, Malta

La Zaplaz formations in the Piatra Craiului Mountains,
Romania.
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Limestone often contains variable amounts of silica in
the form of chert (chalcedony, flint, jasper, etc.) or
siliceous skeletal fragment (sponge spicules, diatoms,
radiolarians), and varying amounts of clay, silt and sand
(terrestrial detritus) carried in by rivers.
Some limestones do not consist of grains at all, and
are formed completely by the chemical precipitation of
calcite or aragonite, i.e. travertine. Secondary cal-
cite may be deposited by supersaturated meteoric waters
(groundwater that precipitates thematerial in caves). This
produces speleothems, such as stalagmites and stalactites.
Another form taken by calcite is oolitic limestone, which
can be recognized by its granular (oolite) appearance.
The primary source of the calcite in limestone is most
commonly marine organisms. Some of these organisms
can construct mounds of rock known as reefs, building
upon past generations. Below about 3,000 meters, wa-
ter pressure and temperature conditions cause the dis-
solution of calcite to increase nonlinearly, so limestone
typically does not form in deeper waters (see lysocline).
Limestones may also form in lacustrine and evaporite
depositional environments.[2][3]

Calcite can be dissolved or precipitated by groundwater,
depending on several factors, including the water tem-
perature, pH, and dissolved ion concentrations. Calcite
exhibits an unusual characteristic called retrograde sol-
ubility, in which it becomes less soluble in water as the
temperature increases.
Impurities (such as clay, sand, organic remains, iron ox-
ide, and other materials) will cause limestones to exhibit
different colors, especially with weathered surfaces.
Limestone may be crystalline, clastic, granular, or mas-
sive, depending on the method of formation. Crystals of
calcite, quartz, dolomite or barite may line small cavities
in the rock. When conditions are right for precipitation,
calcite forms mineral coatings that cement the existing
rock grains together, or it can fill fractures.
Travertine is a banded, compact variety of limestone
formed along streams, particularly where there are wa-
terfalls, and around hot or cold springs. Calcium carbon-
ate is deposited where evaporation of the water leaves a
solution supersaturated with the chemical constituents of
calcite. Tufa, a porous or cellular variety of travertine, is
found near waterfalls. Coquina is a poorly consolidated
limestone composed of pieces of coral or shells.
During regional metamorphism that occurs during the
mountain building process (orogeny), limestone recrys-
tallizes into marble.
Limestone is a parent material of Mollisol soil group.

12.2.2 Classification

Two major classification schemes, the Folk and the Dun-
ham, are used for identifying limestone and carbonate

rocks.

Folk classification

Main article: Folk classification

Robert L. Folk developed a classification system that
places primary emphasis on the detailed composition of
grains and interstitial material in carbonate rocks. Based
on composition, there are three main components: al-
lochems (grains), matrix (mostly micrite), and cement
(sparite). The Folk system uses two-part names; the first
refers to the grains and the second is the root. It is helpful
to have a petrographic microscope when using the Folk
scheme, because it is easier to determine the components
present in each sample.[4]

Dunham classification

Main article: Dunham classification

The Dunham scheme focuses on depositional textures.
Each name is based upon the texture of the grains that
make up the limestone. Robert J. Dunham published his
system for limestone in 1962; it focuses on the depo-
sitional fabric of carbonate rocks. Dunham divides the
rocks into four main groups based on relative proportions
of coarser clastic particles. Dunham names are essen-
tially for rock families. His efforts deal with the question
of whether or not the grains were originally inmutual con-
tact, and therefore self-supporting, or whether the rock is
characterized by the presence of frame builders and al-
gal mats. Unlike the Folk scheme, Dunham deals with
the original porosity of the rock. The Dunham scheme
is more useful for hand samples because it is based on
texture, not the grains in the sample.[5]

12.2.3 Limestone landscape

Main article: Karst topography
Limestone makes up about 10% of the total volume of
all sedimentary rocks.[6][7]

Limestone is partially soluble, especially in acid, and
therefore forms many erosional landforms. These in-
clude limestone pavements, pot holes, cenotes, caves and
gorges. Such erosion landscapes are known as karsts.
Limestone is less resistant than most igneous rocks, but
more resistant than most other sedimentary rocks. It is
therefore usually associated with hills and downland, and
occurs in regions with other sedimentary rocks, typically
clays.
Karst topography and caves develop in limestone rocks
due to their solubility in dilute acidic groundwater. The
solubility of limestone in water and weak acid solutions
leads to karst landscapes. Regions overlying limestone
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The Cudgel of Hercules, a tall limestone rock (Pieskowa Skała
Castle in the background)

bedrock tend to have fewer visible above-ground sources
(ponds and streams), as surface water easily drains down-
ward through joints in the limestone. While draining,
water and organic acid from the soil slowly (over thou-
sands or millions of years) enlarges these cracks, dissolv-
ing the calcium carbonate and carrying it away in solution.
Most cave systems are through limestone bedrock. Cool-
ing groundwater or mixing of different groundwaters will
also create conditions suitable for cave formation.
Coastal limestones are often eroded by organisms which
bore into the rock by various means. This process is
known as bioerosion. It is most common in the tropics,
and it is known throughout the fossil record (see Taylor
and Wilson, 2003).
Bands of limestone emerge from the Earth’s surface in of-
ten spectacular rocky outcrops and islands. Examples in-
clude the Burren in Co. Clare, Ireland; the Verdon Gorge
in France; Malham Cove in North Yorkshire and the Isle
of Wight,[8] England; on Fårö near the Swedish island
of Gotland, the Niagara Escarpment in Canada/United
States, Notch Peak in Utah, the Ha Long Bay National
Park in Vietnam and the hills around the Lijiang River
and Guilin city in China.
The Florida Keys, islands off the south coast of Florida,
are composed mainly of oolitic limestone (the Lower
Keys) and the carbonate skeletons of coral reefs (the Up-
per Keys), which thrived in the area during interglacial
periods when sea level was higher than at present.
Unique habitats are found on alvars, extremely level ex-

panses of limestone with thin soil mantles. The largest
such expanse in Europe is the Stora Alvaret on the is-
land of Öland, Sweden. Another area with large quanti-
ties of limestone is the island of Gotland, Sweden. Huge
quarries in northwestern Europe, such as those of Mount
Saint Peter (Belgium/Netherlands), extend for more than
a hundred kilometers.
The world’s largest limestone quarry is atMichigan Lime-
stone and Chemical Company in Rogers City, Michi-
gan.[9]

12.2.4 Uses

The Megalithic Temples of Malta such as Ħaġar Qim are built
entirely of limestone. They are among the oldest free-standing
structures in existence.

Limestone is very common in architecture, especially in
Europe and North America. Many landmarks across the
world, including the Great Pyramid and its associated
complex in Giza, Egypt, are made of limestone. So many
buildings in Kingston, Ontario, Canada were constructed
from it that it is nicknamed the 'Limestone City'.[10] On
the island of Malta, a variety of limestone called Glo-
bigerina limestone was, for a long time, the only building
material available, and is still very frequently used on all
types of buildings and sculptures. Limestone is readily
available and relatively easy to cut into blocks or more
elaborate carving. It is also long-lasting and stands up
well to exposure. However, it is a very heavy material,
making it impractical for tall buildings, and relatively ex-
pensive as a building material.
Limestone was most popular in the late 19th and early
20th centuries. Train stations, banks and other structures
from that era are normally made of limestone. It is used
as a facade on some skyscrapers, but only in thin plates for
covering, rather than solid blocks. In the United States,
Indiana, most notably the Bloomington area, has long
been a source of high quality quarried limestone, called
Indiana limestone. Many famous buildings in London are
built from Portland limestone.
Limestone was also a very popular building block in the
Middle Ages in the areas where it occurred, since it is
hard, durable, and commonly occurs in easily accessible
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The Great Pyramid of Giza, one of the SevenWonders of the An-
cient World has an outside cover made entirely from limestone.

Courthouse built of limestone in Manhattan, Kansas

surface exposures. Many medieval churches and castles
in Europe are made of limestone. Beer stone was a pop-
ular kind of limestone for medieval buildings in southern
England.
Limestone and (to a lesser extent) marble are reactive
to acid solutions, making acid rain a significant prob-
lem to the preservation of artifacts made from this stone.
Many limestone statues and building surfaces have suf-
fered severe damage due to acid rain. Acid-based clean-
ing chemicals can also etch limestone, which should only
be cleaned with a neutral or mild alkaline-based cleaner.
Other uses include:

• It is the raw material for the manufacture of
quicklime (calcium oxide), slaked lime (calcium hy-

A limestone plate with a negative map of Moosburg in Bavaria is
prepared for a lithography print.

droxide), cement and mortar.

• Pulverized limestone is used as a soil conditioner to
neutralize acidic soils.

• It is crushed for use as aggregate—the solid base for
many roads as well as in asphalt concrete.

• Geological formations of limestone are among the
best petroleum reservoirs;

• As a reagent in flue-gas desulfurization, it reacts with
sulfur dioxide for air pollution control.

• Glass making, in some circumstances, uses lime-
stone.

• It is added to toothpaste, paper, plastics, paint, tiles,
and other materials as both white pigment and a
cheap filler.

• It can suppress methane explosions in underground
coal mines.

• Purified, it is added to bread and cereals as a source
of calcium.

• Calcium levels in livestock feed are supplemented
with it, such as for poultry (when ground up).[11]

• It can be used for remineralizing and increasing the
alkalinity of purified water to prevent pipe corrosion
and to restore essential nutrient levels.[12]

• Used in blast furnaces, limestone binds with silica
and other impurities to remove them from the iron.

• It is often found in medicines and cosmetics.

• It is used in sculptures because of its suitability for
carving.
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12.2.5 Degradation by organisms

The cyanobacteriumHyella balani can bore through lime-
stone; as can the green algae Eugamantia sacculata and
the fungus Ostracolaba implexa.[13]

12.2.6 Gallery

• A stratigraphic section of Ordovician limestone ex-
posed in central Tennessee, U.S. The less-resistant
and thinner beds are composed of shale. The ver-
tical lines are drill holes for explosives used during
road construction.

• Thin-section view of a Middle Jurassic limestone
in southern Utah. The round grains are ooids; the
largest is 1.2 mm in diameter. This limestone is an
oosparite.

• Photo and etched section of a sample of fossilifer-
ous limestone from the Kope Formation (Upper Or-
dovician) near Cincinnati, Ohio.

• Biosparite limestone of the Brassfield Formation
(Lower Silurian) near Fairborn, Ohio, showing
grains mainly composed of crinoid fragments.

12.2.7 See also

• Alvar

• Calcium carbonate

• Chalk

• Coral sand

• Dolomite

• Kurkar

• In Praise of Limestone

• List of types of limestone by location

• Sandstone

12.2.8 References
[1] Kranjc, Andrej (2006). “Balthasar Hacquet (1739/40-

1815), the Pionneer of Karst Geomorphologists”. Acta
Carsologica (Institute for the Karst Research, Scientific
Research Centre, Slovenian Academy of Sciences and
Arts) 35 (2). ISSN 0583-6050.

[2] Trewin, N. H.; Davidson, R. G. (1999). “Lake-level
changes, sedimentation and faunas in a Middle Devonian
basin-margin fish bed”. Journal of the Geological Society
156 (3): 535–548. doi:10.1144/gsjgs.156.3.0535.

[3] Oilfield Glossary: Term 'evaporite'. Glos-
sary.oilfield.slb.com. Retrieved on 2011-11-25.

[4] Folk, R. L. (1974). Petrology of Sedimentary Rocks.
Austin, Texas: Hemphill.

[5] Dunham, R. J. (1962). “Classification of carbonate rocks
according to depositional textures”. In Ham, W. E. Clas-
sification of carbonate rocks. Am. Assoc. Petroleum Ge-
ologists Mem. 1. pp. 108–121.

[6] “Calcite”. mine-engineer.com. Retrieved 2008-02-13.

[7] Limestone (mineral). Archived from the original on 2009-
10-31. Retrieved 2008-02-13.

[8] “Isle of Wight, Minerals” (PDF). Retrieved 2006-10-08.

[9] Michigan Markers. Michmarkers.com. Retrieved on
2011-11-25.

[10] “Welcome to the Limestone City”. Retrieved 2008-02-
13.

[11] “A Guide to Giving Your Layer Hens Enough Calcium”.
PoultyOne.

[12] “Nutrient minerals in drinking-water and the potential
health consequences of consumption of demineralized
and remineralized and altered mineral content drinking-
water: Consensus of the meeting”. World Health Organi-
zation report.

[13] Henry Lutz Ehrlich; Dianne K Newman (2009).
Geomicrobiology, Fifth Edition. p. 181-2.

12.2.9 Further reading

• Taylor, P.D. and Wilson, M.A., 2003. Palaeoecol-
ogy and evolution of marine hard substrate commu-
nities. Earth-Science Reviews 62: 1–103.

• Folk RL, (1974) Petrology of Sedimentary Rocks,
Hemphill Publishing, Austin, Texas

• Dunham, R.J., 1962, Classification of carbonate
rocks according to depositional textures, in Ham
W.E. (ed.), Classification of carbonate rocks: Am.
Assoc. Petroleum Geologists Mem. 1,p. 108–121

• Robert S. Boynton-Chemistry and technology of
lime and limestone- Wiley (1980) – 578 pages –
ISBN 0471027715

https://en.wikipedia.org/wiki/Cyanobacterium
https://en.wikipedia.org/wiki/Green_algae
https://en.wikipedia.org/wiki/Fungus
https://en.wikipedia.org/wiki/Ordovician
https://en.wikipedia.org/wiki/Tennessee
https://en.wikipedia.org/wiki/Shale
https://en.wikipedia.org/wiki/Jurassic
https://en.wikipedia.org/wiki/Ooid
https://en.wikipedia.org/wiki/Kope_Formation
https://en.wikipedia.org/wiki/Brassfield_Formation
https://en.wikipedia.org/wiki/Silurian
https://en.wikipedia.org/wiki/Crinoid
https://en.wikipedia.org/wiki/Alvar
https://en.wikipedia.org/wiki/Calcium_carbonate
https://en.wikipedia.org/wiki/Chalk
https://en.wikipedia.org/wiki/Coral_sand
https://en.wikipedia.org/wiki/Dolomite
https://en.wikipedia.org/wiki/Kurkar
https://en.wikipedia.org/wiki/In_Praise_of_Limestone
https://en.wikipedia.org/wiki/List_of_types_of_limestone
https://en.wikipedia.org/wiki/Sandstone
http://www.dlib.si/details/URN:NBN:SI:DOC-XBSU59HS/?&language=eng
http://www.dlib.si/details/URN:NBN:SI:DOC-XBSU59HS/?&language=eng
https://en.wikipedia.org/wiki/International_Standard_Serial_Number
https://www.worldcat.org/issn/0583-6050
https://en.wikipedia.org/wiki/Journal_of_the_Geological_Society
https://en.wikipedia.org/wiki/Digital_object_identifier
http://dx.doi.org/10.1144%252Fgsjgs.156.3.0535
http://www.glossary.oilfield.slb.com/Display.cfm?Term=evaporite
http://www.mine-engineer.com/mining/mineral/calcite.htm
http://www.webcitation.org/query?id=1257008095152489
http://encarta.msn.com/encyclopedia_761565838/Limestone_(mineral).html
http://www.iwight.com/council/documents/policies_and_plans/udp/2002_pdfs/minerals.pdf
http://www.michmarkers.com/startup.asp?startpage=S0214.htm
http://www.citylifeontario.com/kingston/
http://poultryone.com/articles/calcium.html
http://www.who.int/water_sanitation_health/dwq/nutconsensus/en/
http://www.who.int/water_sanitation_health/dwq/nutconsensus/en/
http://www.who.int/water_sanitation_health/dwq/nutconsensus/en/
http://www.who.int/water_sanitation_health/dwq/nutconsensus/en/
http://books.google.com/books?id=GerdDmwMTLkC&pg=PA178&lpg=PA178&dq=Biodegradation+of+limestone&source=bl&ots=EmeV5GbDmv&sig=8Iid4bnMuGbTWcObGJaU3oL19iE&hl=en&sa=X&ei=pcqxUtyTNub4yQHyqoCQDg&ved=0CD4Q6AEwAg#v=onepage&q=Biodegradation%2520of%2520limestone&f=false
https://en.wikipedia.org/wiki/Special:BookSources/0471027715


Chapter 13

Metamorphic Rocks

191



Chapter 14

Non classified minerals

14.1 Coloradoite

Coloradoite, also known as mercury telluride (HgTe), is
a rare telluride ore associated with metallic deposit (es-
pecially gold and silver). Gold usually occurs within tel-
lurides (e.g. Coloradoite) as a high finess native-metal
(Fadda et al., 2005).[4]

The quest for mining led to the discovery of telluride
ores which were found to be associated with metals. Tel-
lurides are ingrown into ores containing these precious
metals and are also responsible for a significant amount
these metals being produced. Coloradoite is a member
of the coordination subclass of tellurides is a covalent
compound that is isostructural with sphalerite (ZnS) (Po-
varennykh, 1972).[5] Its chemical properties are highly in-
strumental in distinguishing it from other tellurides. First
discovered in Colorado in 1877, other deposits containing
coloradoite have been discovered since then. Although it
plays an important role in the geology of minerals, it can
also be used for other purposes.

14.1.1 Introduction

Telluride ores occur mainly with metal deposits. In 1848,
C.T. Jackson was the first to discover an American min-
eral containing the element tellurium in the Whitehall
mine, in Spotsylvania County, near Frederickson, VA.
(Kemp, 1898).[6] Tellurides of gold were first discov-
ered in 1782 in Transylvania and subsequently other tel-
luride ores were found in other parts of the world (Mark
and Scibird, 1908). The first discovery and description
of coloradoite was by Frederick Augustus Genth in the
Boulder veins of Colorado in 1877 (Kelly and Goddard,
1969)[7] and so named after the place of discovery. Other
studies have reported its occurrence in other mines of the
region and also in mines of the world’s significant tel-
luride locations. First classified in the 02 class of minerals
by James Dana (Dana, 1904),[8] its classification number
is 02.08.02.05. It is also has a Strunz classification of
02.CB.05a, as a metal sulfide with gold, silver, iron, cop-
per and other metals (Strunz and Nickel, 2001).[9]

14.1.2 Composition

The chemical formula for coloradoite is HgTe. Theoreti-
cally the composition (%) of HgTe is Hg 61.14, Te 38.86
(Vlasov, 1966);[10] Table 1 shows results from a chemical
analyses reported by Vlasov on samples collected from
two different locations. Because it is found with other
telluride ores, it carries some other metals like gold and
silver (Wallace, 1908).[11] In its pure form, it has the com-
position mentioned above. A little hard to identify, pet-
zite which is hazardous could bemistaken for coloradoite,
on the other hand, petzite is anisotropic as opposed to col-
oradoite being an isotropic mineral (Ramdohr, 1980).[12]
It is a binary compound with the general formula AX.

14.1.3 Structure

Coloradoite has a sphalerite structure also known as the
“diamond” or “blende” structure; a face centered cubic
array in which Hg2+ are in tetrahedral coordination with
Te2−, with a stacking sequence of ABCABC (Klein and
Dutrow, 2007).[13] The tetrahedral in the sphalerite group
a joined together through their apices and rotated through
60̊ with respect to each other (Stanton, 1972).[14] Figure 1
shows the atomic structure of coloradoite. The structure
is a unit cube with the Te2− ions at the corners and face
centers. The four mercury atoms are coordinated so that
each mercury atom lies at the center of a regular tetrahe-
dron of tellurium atoms and each tellurium lies at the cen-
ter of a regular tetrahedron of mercury atoms. Its crystal
point group of *43m and space group is F*43m (Anthony
et al., 1990).[15] It is a covalent compound with a high
proportion of metallic bonding, due to its low valencies
and even lower interatomic distances (Povarennykh). It
is also isotropic, meaning it has just one refractive index.

14.1.4 Physical properties

Coloradoite is a brittle, massively granular mineral, with
a hardness of 2.5. (Vlasov, 1966)[10] It has a metallic lus-
ter, which could be explained by the presence of metallic
bonding in the crystal. Its specific gravity is 8.10 and is an
opaque mineral with colors iron-black inclining to gray;
in polished sections, and white with slight grayish brown
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tint, tarnishing to dull purple. Its fracture is uneven to
subconchordial with a cell length of 6.44 angstroms (An-
thony et al., 1990).[15] For ease of identification, its etch-
ing tests are as follows; With HNO3 it slowly produces
a weak brown variegated deposit that acts as a protec-
tor to the surface and can be removed completely; with
Aqua regia it effervesces and produces a weak deposit
that can be rubbed off and white, radiating spherules are
formed, reaction with FeCl3 yields a browning of the sur-
face at different rates and produces black rims of droplet
(Ramdohr, 1980).[12] Reactions with HCl, KCN, KOH
and HgCl2 yield no precipitates or residue as opposed to
petzite which turns dark brown with HNO3 (Ramdohr,
1980).[12]

14.1.5 Geologic occurrence

Coloradoite was first discovered in 1877 by F. A. Genth,
from the Smuggler mine at Balarat and the Keystone and
Mountain Lion mines of the Magnolia district in Col-
orado (Kelly and Goddard, 1969);[7] it was named after
the state it was found in. Later studies showed its exis-
tence in other mines of the region as well as Kalgoorlie,
Australia and Kirkland Lake District, Canada (Bateman,
1956). It is found in large quantities in ores made up of
intergrown tellurium, calverite or sylvanite, melonite and
altaite, as anhedral grains either enclosed in single crys-
tals of tellurium or localized along grain boundaries in
tellurium aggregates, among others (Kelly and Goddard,
1969).[7] The tectonic settings for ore deposits are; (a)
Magmatic deposits (Waarkraal, South Africa) (b) Con-
tact metasomatic (Nickel Plate mine, British Columbia,
(c) Lode and Massive replacement deposits (Kirkland
Lake, Ontario and South Dakota respectively), and (d)
Cavity filling (Cripple Creek, Colorado, Kalgoorlie, Aus-
tralia) (Bateman, 1956). Tellurides are accountable for
just about 20% of gold production and gold mineral-
ization is hosted chiefly by Archean-aged dolerites and
basalts that have been metamorphosed to the greenschist
facies. This mineralization occurs in hundreds of au-
riferous and telluride-bearing lodes (Shackleton et al.,
2003).[16]
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14.1.7 External links

• Coloradoite at WebElements.com

14.2 Duftite

Duftite is a relatively common arsenate mineral with the
formula CuPb(AsO4)(OH), related to conichalcite. It
is green and often forms botryoidal aggregates. It is a
member of the Adelite-Descloizite Group, Conichalcite-
Duftite Series. Duftite and conichalcite specimens from
Tsumeb are commonly zoned in colour and composition.
Microprobe analyses and X-ray powder-diffraction stud-
ies indicate extensive substitution of Zn for Cu, and Ca
for Pb in the duftite structure. This indicates a solid so-
lution among conichalcite, CaCu(AsO4 )(OH), austinite,
CaZn(AsO4)(OH) and duftite PbCu(AsO4)(OH), all of
them belonging to the adelite group of arsenates.[4] It was
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named after Mining Councilor G Duft, Director of the
Otavi Mine and Railroad Company, Tsumeb, Namibia.[5]
The type locality is the Tsumeb Mine, Tsumeb, Otjikoto
Region, Namibia.

14.2.1 Structure

The structure[6] is composed of chains of edge-sharing
CuO6 distorted octahedra parallel to the c axis. The
chains are linked by AsO4 tetrahedra and Pb atoms.

14.2.2 Environment

Duftite is an uncommon product of weathered sulfide
ore deposits. It is associated with azurite at the type
locality,[5] and with bayldonite, segnitite, agardite and
gartrellite at the Central Cobar Mines, New South Wales,
Australia, where some pseudomorphs of duftite after
mimetite have also found.[7] It occurs in association with
olivenite, mottramite, azurite, malachite, wulfenite and
calcite in the Tsumeb, Namibia deposit. It occurs with
bayldonite, beudantite, mimetite and cerussite in the Cap
Garonne mine, France.[3]

Duftite on cerussite, Tsumeb mine, Namibia. Size: 6×5×3 cm.

14.2.3 Distribution

Reported from Argentina, Australia, Austria, Chile,
the Czech Republic, France, Germany, Greece, Italy,
Japan, Mexico, Namibia, Poland, Portugal, Russia,
South Africa, Spain, Switzerland, the UK, the USA and
Zimbabwe.[2]
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14.3 Moissanite

Moissanite /ˈmɔɪsənaɪt/,[4] a form of silicon carbide, is
a rare mineral discovered by Henri Moissan,and hav-
ing the chemical formula SiC, and to various crystalline
polymorphs. Earlier, this material had been synthesized
in laboratories.

14.3.1 Background

Mineral moissanite was discovered by Henri Moissan
while examining rock samples from a meteor crater lo-
cated in Canyon Diablo, Arizona, in 1893. At first, he
mistakenly identified the crystals as diamonds, but in
1904 he identified the crystals as silicon carbide.[5][6] The
mineral form of silicon carbide was named moissanite in
honor of Moissan later on in his life. The discovery in the
Canyon Diablo meteorite and other places was challenged
for a long time as carborundum contamination from hu-
man abrasive tools.[7]

14.3.2 Geological occurrence

Until the 1950s no other source, apart from meteorites,
had been encountered. Later moissanite was found as in-
clusions in kimberlite from a diamond mine in Yakutia
in 1959, and in the Green River Formation in Wyoming
in 1958.[8] The existence of moissanite in nature was
questioned even in 1986 by Charles Milton, an Ameri-
can geologist.[9]

Moissanite, in its natural form, is very rare. It has
only been discovered in a small variety of places from
upper mantle rock to meteorites. Discoveries have
shown that moissanite occurs naturally as inclusions
in diamonds, xenoliths, and ultramafic rocks such as
kimberlite and lamproite.[7] They have also been iden-
tified in carbonaceous chondrite meteorites as presolar
grains.[10]
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14.3.3 Meteorites

Analysis of SiC grains found in the Murchison carbona-
ceous chondrite meteorite has revealed anomalous iso-
topic ratios of carbon and silicon, indicating an origin
from outside the solar system.[11] 99% of these SiC grains
originate around carbon-rich Asymptotic giant branch
stars. SiC is commonly found around these stars as de-
duced from their infrared spectra.

14.3.4 Sources

All applications of silicon carbide today use synthetic ma-
terial, as the natural material is very scarce.
Silicon carbide was first synthesized by Jöns Jacob
Berzelius, who is best known for his discovery of
silicon.[12] Years later, Edward Goodrich Acheson pro-
duced viable minerals that could substitute diamond as
an abrasive and cutting material. This was possible as
moissanite is one of the hardest substances known, with
a hardness below that of diamond and comparable with
those of cubic boron nitride and boron.
Pure synthetic moissanite can be made from ther-
mal decomposition of the preceramic polymer
poly(methylsilyne), requiring no binding matrix (e.g.
cobalt metal powder).

14.3.5 Physical properties

Main article: Silicon carbide

The crystalline structure is held together with strong
covalent bonding similar to diamonds,[5] that allows
moissanite to withstand high pressures up to 52.1
gigapascals.[5][13] Colours vary widely and are graded in
the I-J-K range on the diamond color grading scale.[14]

14.3.6 Applications

Main article: Silicon carbide § Uses
Moissanite was introduced to the jewelry market in

Gem-cut synthetic moissanite set in a ring

1998.[15] It is regarded as a diamond alternative, with
some optical properties exceeding those of diamond. Its

lower price, and less exploitative mining practices nec-
essary to obtain it, makes it a popular alternative to dia-
monds. Due in part to the similar thermal conductivity of
moissanite and diamond, it is a popular target for scams;
however, higher electrical conductivity and birefringence
of moissanite may alert a buyer to fraud. On the Mohs
scale it is a 9.5, with a diamond being a 10.[3] Moissan-
ite is stronger than sapphire or ruby. In many devel-
oped countries, the use of moissanite in jewelry has been
patented; these patents expire in 2015 for the US, and
2016 in other countries.[16][17][18] Moissanite gemstones
are sometimes marketed under the trademark Berzelian,
a reference to the work of Berzelius on SiC.
Because of its hardness, it can be used in high-pressure
experiments, as a replacement for diamond (see diamond
anvil cell).[5] Since large diamonds are usually too ex-
pensive to be used as anvils, synthetic moissanite is
more often used in large-volume experiments. Synthetic
moissanite is also interesting for electronic and thermal
applications because its thermal conductivity is similar to
that of diamonds.[13] High power SiC electronic devices
are expected to find use in the design of protection cir-
cuits used for motors, actuators, and energy storage or
pulse power systems.[19]

14.3.7 See also

• Glossary of meteoritics

• Engagement ring

• Fair trade
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Megapixie, Mlouns, Dbfirs,Wknight94, FF2010, Deville, Zzuuzz, Closedmouth, FangAili, EWing, Pb30, GraemeL, Bluezy, Kungfuadam,
Airconswitch, Asterion, DVD R W, Amalthea, FocalPoint, KnowledgeOfSelf, Hydrogen Iodide, Bomac, Edgar181, Alsandro, Gilliam,
Ohnoitsjamie, Hmains, Andy M. Wang, Atrzcins, Teemu Ruskeepää, Bluebot, SauliH, Keegan, TimBentley, Quinsareth, Persian Poet Gal,
Sirex98, SchfiftyThree, Baa, DHN-bot, Darth Panda, Scwlong, Mark Riehm, Royboycrashfan, Can't sleep, clown will eat me, Chlewbot,
Onorem, Yidisheryid, Rrburke, Addshore, SundarBot, Smooth O, Nakon, Jiddisch, Blake-, Dreadstar, Jklin, Bejnar, Pilotguy, Cookie90,
Will Beback, SashatoBot, Mouse Nightshirt, Kuru, John, Pliny, Microchip08, Rigadoun, Vampus, Kipala, Disavian, Kevmin, Mgigan-
teus1, Xiaphias, Girmitya, Waggers, Doczilla, Geologyguy, Peter Horn, RMHED, Galactor213, Levineps, BranStark, Iridescent, Peter M
Dodge, Walton One, Igoldste, Buckyboy314, Courcelles, Cairinee, Linkspamremover, Namiba, Tawkerbot2, Switchercat, JForget, RSido,
CmdrObot, Tanthalas39, Deon, Scohoust, KyraVixen, DanielRigal, Mpete510, MarsRover, Lazulilasher, Mash.sam, Avillia, Funnyfarmof-
doom, Slazenger, Cydebot, ArgentTurquoise, Vanished user vjhsduheuiui4t5hjri, Mortus Est, Hyperdeath, Gogo Dodo, ST47, Chasing-
sol, Hibou8, Nmajdan, Naudefj, HitroMilanese, DumbBOT, Chrislk02, Viridae, UberScienceNerd, Thijs!bot, Epbr123, Pajz, Kablammo,
N5iln, Headbomb, Marek69, Tapir Terrific, Yettie0711, SeanWilliam, AlefZet, AntiVandalBot, Gioto, Luna Santin, Omphacite, Seaphoto,
Blue Tie, Opelio, Fru1tbat, Malcolm, Tillman, North Shoreman, Trakesht, Myanw, Mikenorton, JAnDbot, Cmcl14, DuncanHill, Barek,
MER-C, NE2, Instinct, Tohru Honda13, Andonic, Reign of Toads, Hut 8.5, 100110100, Time3000, PhilKnight, GoodDamon, Little-
OldMe, Joebengo, Jaysweet, Mattb112885, Bongwarrior, VoABot II, Sushant gupta, JNW, WODUP, Saygar219, Animum, Daarznieks, JJ
Harrison, Exacerbation, DerHexer, Wdflake, Oroso, NatureA16, Gjd001, Hdt83, MartinBot, Mmoneypenny, Arjun01, Anaxial, Jay Lit-
man, Psionsiena, AlexiusHoratius, Vox Rationis, Tgeairn, Manticore, J.delanoy, Kimse, Trusilver, Qorrkfud202, EscapingLife, Numbo3,
Mullethunter, Violask81976, Ginsengbomb, 88888, GeoWriter, Cortinator, Katalaveno, Koven.rm, Starnestommy, MikeEagling, Ryan
Postlethwaite, Jeepday, AntiSpamBot, BoredTerry, Richard D. LeCour, NewEnglandYankee, KylieTastic, Juliancolton, Tatortats21, Sci-
ence Guy 123, DASonnenfeld, Xiahou, CardinalDan, Idioma-bot, Iambay, VolkovBot, CWii, Jeff G., Alexandria, AlnoktaBOT, Philip
Trueman, TXiKiBoT, Zamphuor, Eve Hall, Antoni Barau, Judge Nutmeg, Pixda, ElinorD, Crohnie, Qxz, Evilshercher, Jaketerminate,
Melsaran, Andae, Martin451, Wearybean, Jackfork, LeaveSleaves, Makeupsweetie, Hiyabulldog, Carroll.ian, Maxim, Madhero88, Ca-
reed01, Sumit kid123, Lamro, Bobbyjenks, Enviroboy, Turgan, Burntsauce, Jjjsmoove, Miratge72, Brianga, HiDrNick, AlleborgoBot,
Nagy, EmxBot, SieBot, Tiddly Tom, WTucker, Mbz1, Caltas, Cwkmail, Triwbe, Calabraxthis, Chaztheking, Bentogoa, Flyer22, Tip-
toety, Jadeeichman, Wilson44691, Oxymoron83, Antonio Lopez, Faradayplank, D3av, KoshVorlon, Steven Zhang, JerroldPease-Atlanta,
KathrynLybarger, StaticGull, Annlanding, Anchor Link Bot, Spazure, Dabomb87, Indmin, Pinkadelica, Escape Orbit, Finetooth, Buzy-
beez, Twinsday, ClueBot, PipepBot, Fyyer, The Thing That Should Not Be, MorganaFiolett, Meekywiki, Razimantv, Fossiliferous, Mild
Bill Hiccup, Polyamorph, AirdishStraus, AlexBedard, CounterVandalismBot, Blanchardb, Puchiko, Awickert, Excirial, Alexbot, Jusdafax,
Jmkoster, Abrech, DanEfran, En.Dev, Tyler, Jackconnor95, Happy701, Thingg, Versus22, SoxBot III, Party, XLinkBot, Sunnyshino,
Crunchyjb, Rror, Qfl247, DaL33T, WikHead, Alexius08, Asdofindia, Addbot, Willking1979, Little sawyer, Jojhutton, Tcncv, Ihate-
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peanuts67, Ronhjones, Njaelkies Lea, Ashton1983, CanadianLinuxUser, Morning277, Cormag128, Glane23, CUSENZA Mario, Mar-
tinlampkin, Doniago, LinkFA-Bot, 5 albert square, KaiKemmann, Danielg93, Numbo3-bot, UserXresu, DubaiTerminator, Tide rolls,
Bfigura’s puppy, David0811, LuK3, Tartarus, Luckas-bot, Yobot, Newportm, KamikazeBot, Jacklois, AnomieBOT, Killiondude, Jim1138,
JackieBot, Piano non troppo, AdjustShift, Kingpin13, Law, RandomAct, Missy6475, Materialscientist, ImperatorExercitus, The High Fin
SpermWhale, Citation bot, LovesMacs, Nifky?, MauritsBot, Xqbot, SciGuy013, Taphilo, The sock that should not be, Capricorn42, Poly-
meris, Nickkid5, Guy Courtois, Grim23, GrouchoBot, ProtectionTaggingBot, RibotBOT, JhanCRUSH, Chris.urs-o, Crashdoom, Doulos
Christos, Erik9, BoomerAB, Captain-n00dle, RetiredWikipedian789, Devil zack, Tobby72, Wikipe-tan, StaticVision, Michael93555, Ster-
ryshane, Archaeodontosaurus, Icorrectu, BenzolBot, Cannolis, KyleRedman09, Pinethicket, Xavierator, HRoestBot, Jesseboy889, Donut-
lover99, Yomnavuspit, Ongar the World-Weary, Jackiepartida, RandomStringOfCharacters, Fumitol, Alarichus, Lando Calrissian, Fama
Clamosa, Javierito92, Lesieli brahh, Tobias1984, Doc Quintana, Suffusion of Yellow, Tbhotch, Minimac, Lalastinks, DARTH SIDIOUS
2, RjwilmsiBot, TjBot, Ripchip Bot, RAMA, Museum Stamatiadis, EmausBot, John of Reading, WikitanvirBot, Immunize, Look2See1,
Pete Hobbs, Fly by Night, Anshuman.jrt, MrHolyGhost, RA0808, Wham Bam Rock II, Tommy2010, Wikipelli, Bruce412, Thecheesykid,
HiW-Bot, Jojo2903, Kikolock, Jjackfizz, Wayne Slam, EricWesBrown, Arman Cagle, IGeMiNix, Scientific29, Camsregulator, Msayyed75,
RockMagnetist, Random1125, ShatteredSpiral, Mjbmrbot, Kleopatra, ClueBot NG, ClaretAsh, Alex Nico, Mystichollo22, Happychild-
hood, Greyhound are my favs, ساجد امجد ,ساجد Crazymonkey1123, ਜਗਤਾਰ ਸਿੰਘ, Omer0346, Awesomeness16and, Bibcode Bot, Kevin451,
Cor234, Lowercase sigmabot, Krenair, Coasthill, MusikAnimal, Planetary Chaos Redux, BPositive, Mark Arsten, Contian2001, Gay-
Blade111111, CitationCleanerBot, Benavidezt, Applesarereallycool100, SuchACute, Loriendrew, ChrisGualtieri, EuroCarGT, Dexbot,
Webclient101, TwoTwoHello, Frosty, Haroldmedina, Little green rosetta, CarlesMillan, Cindy sabellina, Telfordbuck, Stanlyblake, Xingq,
Ugog Nizdast, Jaredzimmerman (WMF), Jwratner1, Ginsuloft, Hkmaher01, Arthur.nnf, Disgurl, Jinnyskeans, JaconaFrere, Alexxxxxxla,
Monkbot, Vcnmblgvhb,jb, Lilythechanger123, Derfla1234, Arthurfoy30, 2002bp, Iiicceeeyy, Mjj4life and Anonymous: 1175

• Native copper Source: http://en.wikipedia.org/wiki/Native%20copper?oldid=623439393 Contributors: Bryan Derksen, Fred Bauder,
Sbisolo, Icairns, Vsmith, Benbest, Physchim62, RussBot, Hellbus, Bigturtle, Physis, Switchercat, Digon3, Headbomb, Tillman, JAnDbot,
Seattle Skier, Cedric Tsui, Plazak, Oydman, Twinsday, ClueBot, Dlabtot, MushiHoshiIshi, Andy pyro, 7&6=thirteen, Addbot, SamatBot,
GrouchoBot, JMCC1, Jonesey95, ZéroBot, H3llBot, Helpful Pixie Bot, John Mortimore and Anonymous: 8

• Diamond Source: http://en.wikipedia.org/wiki/Diamond?oldid=633974137 Contributors: Carey Evans, Derek Ross, Eloquence, Vicki
Rosenzweig, Bryan Derksen, Stephen Gilbert, Jeronimo, Jagged, Kowloonese, Youssefsan, Fredbauder, PierreAbbat, WilliamAvery, Road-
runner, Space Cadet, SimonP, Ktsquare, Heron, Montrealais, Sfdan, Branko, D, Michael Hardy, EddEdmondson, Wshun, Fred Bauder,
Dante Alighieri, Mic, Ixfd64, CrucifiedChrist, Alfio, Pcb21, Mpolo, Tregoweth, CesarB, Egil, Looxix, Ellywa, Ahoerstemeier, Stan Shebs,
Theresa knott, Snoyes, Angela, Nanobug, DropDeadGorgias, Александър, Jasper, Julesd, Lupinoid, Bogdangiusca, Samw, ²¹², John Stew-
art, Epo, GregRobson, Jengod, JidGom, Ec5618, Charles Matthews, Timwi, Lawrence Chard, Dcoetzee, Stone, Choster, AudioPervert,
Doradus, IceKarma, Haukurth, Tpbradbury, Binkley, Itai, Nv8200p, Nthomas, Taxman, VeryVerily, SEWilco, Populus, Rei, Mowgli,
Sabbut, Thue, Fvw, Renato Caniatti, Raul654, Jamesday, Finlay McWalter, Phil Boswell, Donarreiskoffer, Gentgeen, Nufy8, Robbot,
Ke4roh, Hankwang, ChrisO, Fredrik, Kizor, Chris 73, RedWolf, Donreed, ZimZalaBim, Yelyos, Naddy, Lowellian, Ashley Y, Merovin-
gian, Sverdrup, Rholton, Rursus, Hemanshu, Meelar, Auric, LGagnon, Rasmus Faber, Acegikmo1, Hadal, Cek, Xanzzibar, Superm401,
GreatWhiteNortherner, Caffeine, Psb777, Pabouk, Giftlite, DocWatson42, Vincent herr, Fennec, Nlevitt, Kim Bruning, Wolfkeeper,
Netoholic, Lupin, Marcika, Tom Radulovich, Peruvianllama, Everyking, Maha ts, Michael Devore, Henry Flower, Markus Kuhn, Gil-
gamesh, Mboverload, Gzornenplatz, Chameleon, Starfire, Matthäus Wander, Pne, Bobblewik, Wmahan, Chowbok, Gadfium, Confuzion,
Slowking Man, Aurevilly, Quadell, Antandrus, HorsePunchKid, Beland, Kvasir, Vina, Kesac, DragonflySixtyseven, Tomruen, Icairns,
Karl-Henner, Sam Hocevar, Gscshoyru, B.d.mills, Elwell, Neutrality, Edsanville, Joyous!, Robin klein, Sonett72, Clemwang, Grm wnr,
Walabio, Adashiel, JamesTeterenko, Canterbury Tail, Sysy, Juan Ponderas, DanielCD, Ultratomio, Mindspillage, Diagonalfish, Discospin-
ster, Rich Farmbrough, Guanabot, Bedel23, Supercoop, Wrp103, Vsmith, Kooo, Xezbeth, Altmany, Tinus, Paul August, SpookyMulder,
Dewet, ESkog, Billatq, Mpnolan, Kjoonlee, Kelvinc, JoeSmack, Billlion, Brian0918, Uli, CanisRufus, Maclean25, Mr. Billion, Pilatus,
Jonon, Shanes, Art LaPella, RoyBoy, Fiveless, Femto, Jon the Geek, Bobo192, Jwink3101, Sdaconsulting, Tronno, AllyUnion, Jolomo,
Ctrl build, Lookoutjames, Kjkolb, Cjb88, Rje, Apostrophe, Obradovic Goran, (aeropagitica), Haham hanuka, Caeruleancentaur, Crust,
Hagerman, A2Kafir, Ranveig, Jumbuck, Tra, Red Winged Duck, Mithent, Anthony Appleyard, Walter Görlitz, Geo Swan, Keenan Pep-
per, MikeMorgan, Sjschen, Benjah-bmm27, ABCD, Riana, Ahruman, Axl, RoySmith, SeanLegassick, Mac Davis, Fergie, Alexwg, In-
Shaneee, Bigaln2, Bantman, SR, MrBudgens, Bart133, Melaen, BRW, Almafeta, Evil Monkey, Wimvandorst, Cmapm, Jopxton, Ver-
sageek, Gene Nygaard, Netkinetic, HenryLi, MDesigner, Lironos, Oleg Alexandrov, Feezo, Phlogistomania, Boothy443, Kelly Martin,
Simetrical, Jeffrey O. Gustafson, Woohookitty, Carlos Porto, TigerShark, Wcd, Camw, David Haslam, Gavinio, Ganeshk, TomTheHand,
BillC, Benbest, Pol098, Before My Ken, Matijap, Tckma, Mfyahya, Alfakim, Jrkarp, Eleassar777, Sengkang, GregorB, Eyreland, Jcbos,
Kralizec!, Elvarg, Wayward, Palica, Ashmoo, Graham87, Magister Mathematicae, Galwhaa, Chun-hian, FreplySpang, RxS, BorgHunter,
Saperaud, Sjakkalle, Rjwilmsi, Tizio, Koavf, Jake Wartenberg, Panoptical, Blarneytherinosaur, Marasama, Georgelazenby, Vegaswikian,
Quietust, Oblivious, DonSiano, Crazynas, Ligulem, Brighterorange, Ttwaring, Yamamoto Ichiro, Firebug, Fish and karate, Stepanovas,
Vuong Ngan Ha, Titoxd, RobertG, Stoph, Jak123, Nihiltres, Crazycomputers, RexNL, Gurch, Tijuana Brass, Hypocrisyofcake, Goud-
zovski, Alphachimp, Srleffler, Cire14, Physchim62, Gareth E Kegg, Silversmith, Acela Express, Charlzjin, Chobot, ScottAlanHill, Vi-
sor, Nagytibi, JesseGarrett, Lababidi, Stephen Compall, Cactus.man, Gwernol, Hghfly4, Banaticus, Metaeducation, Roboto de Ajvol,
The Rambling Man, Jimp, Slucas, BruceDLimber, Conscious, Hede2000, DanMS, SpuriousQ, Napy, Wikinick, Stephenb, Gaius Cor-
nelius, Shaddack, Bovineone, Barneygumble, Wimt, Anomalocaris, NawlinWiki, T.E. Goodwin, SEWilcoBot, Wiki alf, Bjf, Nirvana2013,
Jaxl, Manishkarwa, Trovatore, Tailpig, RazorICE, RabidDeity, Dbmag9, Robotmannick, Irishguy, Nick, Nisin, Rmky87, Raven4x4x,
Dank235, Misza13, PonyToast, Emersoni, Tony1, Samir, PrimeCupEevee, Zephalis, Trainra, INaNimAtE, Ms2ger, Searchme, Tetracube,
Eurosong, Tigershrike, Daniel C, FF2010, Jeremyzone, Sandstein, Shiroi Hane, Zzuuzz, Theda, Abune, Cybjorg, BorgQueen, JoanneB,
Ordinary Person, Kevin, Anclation, Fsiler, ArielGold, Garion96, AGToth, Stuhacking, Kungfuadam, RG2, DearPrudence, 8472, DVD
R W, Brentt, ChemGardener, DocendoDiscimus, Itub, SmackBot, Joltman, Terrancommander, Xhurricanex, NSLE, Rtc, Lapis, Tarret,
Slashme, Olorin28, Hydrogen Iodide, Deon Steyn, Shoy, Vald, Martylunsford, Nouanoua, EncycloPetey, Delldot, Binarypower, C2h4,
Veesicle, AnOddName, David G Brault, Edgar181, IstvanWolf, Zephyris, M stone, Peter Isotalo, Gilliam, Brianski, Benjaminevans82,
Ohnoitsjamie, Garfieldt, Hmains, Kdliss, Andy M. Wang, Anwar saadat, Wigren, SauliH, Keegan, Agateller, Chabuk, Fplay, Victorgri-
gas, Kungming2, Mojocojo2000, DHN-bot, Boomshanka, ZakTek, Darth Panda, Gracenotes, Chtit draco, BCarver1, Muboshgu, Can't
sleep, clown will eat me, John.constantine, Abyssal, CoachMcGuirk, Gatherton, Geoffrey Gibson, Anitag, Zaian, Mothball, VMS Mo-
saic, Anttix, Rsm99833, Whpq, BrianTung, Peetm, BesselDekker, CanDo, Iapetus, Trunks gt, Wales, Nakon, Breadandroses, Rolinator,
Professor Chaos, ShaunES, Smokefoot, BullRangifer, Polonium, Ruwanraj, Gump Stump, Jklin, Wizardman, Kschwerdt514, Maelnuneb,
AndyBQ, PeterJeremy, Michael IFA, Rodeosmurf, Hultner, Nishkid64, Saccerzd, Sorsanmetsastaja, MegA, Harryboyles, JKBrooks85,
Teneriff, Srikeit, Grizzwald, Kuru, John, Allyoursanity, Zapptastic, Eyez2k1ss, Sbourne, Edwy, Mgiganteus1, Speyroyal, Mr. Lefty, Iron-
Gargoyle, CMat, Ravenlord, NcSchu, Rogerbrent, Dicklyon, CUTKD, Funnybunny, Dhp1080, Sharcho, Lukehounsome, BoydRE, Dr.
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Rondart, AEMoreira042281, Jose77, RHB, Pjrm, DR Donaldson, Keredson, Levineps, Khan3817, Fredil Yupigo, Wizard191, RuthW,
Iridescent, Dekaels, Arpvarma, Colonel Warden, Paul venter, Lakers, Skapur, GiGi1194, Fsotrain09, Emcee N, Nytrokiss, Civil Engineer
III, Danielg001, Harrychiu, Tawkerbot2, Dlohcierekim, Daniel5127, Scigatt, Lahiru k, Orangutan, Falconus, Harold f, Slippyd, Somer-
setBlues, J-Deeks, CalebNoble, Enamul h khan, Kotzker, Xod, Bigoak, J Milburn, JForget, Ohthelameness, RWhite, RONNCC, Cm-
drObot, Gludatizblu, Ellie Nash, Randhirreddy, SpiffeyGriffey, Sillysailor, The Cake is a Lie, Alexbuirds, RedRollerskate, Leevanjackson,
Jamoche, CWY2190, Basawala, Fromos, Technococcus, Thursday Postal, Andyras, ShelfSkewed, Mintman16, WeggeBot, T23c, Godard-
esque, Stephbug, Liu Bei, Mikapell, A. Exeunt, Cydebot, WillowW, Dominicanpapi82, Nishir, Michaelas10, Gogo Dodo, Travelbird,
Footsinc, Bridgecross, Hebrides, Corpx, John R G, Give Peace A Chance, Wikipediarules2221, Ben414, Q43, HermanFinster, Tawker-
bot4, Quibik, Dougweller, DumbBOT, Chrislk02, DennisRobinson, Dinnerbone, Trent 900, Legis, Ward3001, Mike1942f, Cielovista,
Omicronpersei8, Cancun771, Aldis90, ,הסרפד Casliber, Geodiamond, Thijs!bot, Epbr123, Barticus88, Wwoody123, Meheren, CSvBibra,
N5iln, Headbomb, Rgunther, Marek69, John254, Tdthompson, Neil916, NorwegianBlue, Tellyaddict, Ibrahimadaci, Dfrg.msc, NigelR,
Kroniczero, Btards, Dpenguinman, Northumbrian, Stybn, AntiVandalBot, The Obento Musubi, Davidoff, Yonatan, Fedayee, Luna Santin,
Omphacite, Opelio, Masamage, Fru1tbat, Quintote, Prolog, Gemwise, Naveen Sankar, Silver seren, MECU, Hanzthebest, Mhm143, Lf-
stevens, Myanw, Sagethis, Teenagesadist, Dreaded Walrus, HolyT, DOSGuy, JAnDbot, Xhienne, Chartan, Husond, Free-mind, MER-
C, Plantsurfer, Krossedout, IanOsgood, Andonic, Igodard, Coolhandscot, Belg4mit, Heisenburg, Snowolfd4, Acroterion, Zoomj, Wolf-
manSF, Junebug12, VoABot II, HMSvictory, Chevinki, Kuyabribri, JNW, Farlang, Williamkholeif, Dhsu, Baccyak4H, Noip, WillWig,
Indon, Crunchy Numbers, Blueeyeboy77, Daarznieks, Mmccrae, 28421u2232nfenfcenc, Hamiltonstone, David Eppstein, Pkrecker, Vs-
sun, PoliticalJunkie, Glen, Talon Artaine, DerHexer, Khalid Mahmood, Wi-king, TheRanger, Pissedpat, Xoxi, E-pen, Jmakobi, Wikianon,
DiamondDude, Pvosta, FisherQueen, MartinBot, Jfredrickson, Pagw, Mermaid from the Baltic Sea, Litvine, Rettetast, Roboticus, M Bi-
son, R'n'B, Mycroft7, CommonsDelinker, Vox Rationis, RWyn, Fconaway, Smokizzy, Artaxiad, Slash, J.delanoy, Kimse, DrKiernan,
Grim Revenant, EscapingLife, Uncle Dick, Gem-fanat, Rakrakrak, Colincbn, Icseaturtles, Globbet, Clerks, Starnestommy, TheTrojan-
Hought, KIAaze, Nyinquirer, Pyrospirit, Cathal Toomey, AntiSpamBot, Cehraehra, 97198, Johnhardcastl, Darrendeng, RichardD. LeCour,
NewEnglandYankee, Radar33, SJP, Sophie Durocher, Jorfer, Tpingt, Olegwiki, West109, Yyw1, Atropos235, Queenloca, RB972, Lmbstl,
ScienceJunky, Cleverdan204, ParadeChili, AfricanFacts, Natl1, Savant45, Gtg204y, Inter16, Marc Esnouf, Pdcook, Adsomvilay, Brypete,
Xiahou, Oliver Carroll, Beestlyness, Gueedo, Asherkobin, Black Kite, 007ketan, PeaceNT, Doctordiamond, VolkovBot, TreasuryTag,
Macedonian, Mrheine, Flyingidiot, Kelapstick, Jeff G., Nburden, Powered, Grammarmonger, Reno Chris, Drwatson101, Philip Trueman,
Drunkenmonkey, TXiKiBoT, Mercurywoodrose, Zamphuor, Twilight250, Altruism, Planetary Chaos, Ragemanchoo, Xenan, Tragic Ba-
boon, GDonato, Ter13, Auddie, OliviaandMo, Incrediblechicken, Kumorifox, Sean D Martin, 170 MPH, Qxz, Monkey Bounce, Anna
Lincoln, Karumii, KyleRGiggs, Seraphim, Chemgarcia, Saibod, Leafyplant, Cobaltblue1972, Bodybagger, Connor the Dragon, Redhonda,
Dime07, Toodyann, TotallyShami, Doggy413, Haja maideen, Eubulides, Tri400, Blurpeace, Finngall, SciAndTech, Shabby123, Erica j,
CephasE, Orly i, Nlgrav182, Sylent, MCTales, Sapphic, Guperan, Why Not A Duck, Discussall, Rahulkepapa, Neparis, D. Recorder,
Lisabloom, BartLIV, Demmy, Kbrose, Clank 1333, Manlymandan, SieBot, Rauncie, Whiskey in the Jar, Rambo’s Revenge, Psychonauts,
Fauker, Pucini, Patriot62371, Xanchia, WereSpielChequers, Michael Cohen, Lolutkhim2dabar, Dawn Bard, Avivco, Caltas, Eat1176, Cwk-
mail, Mathew121, Shimdog, Eclectic star, Ridley1, Yoyo guy1000000, GlassCobra, Tiptoety, Radon210, Socal gal at heart, Editore99, Oda
Mari, Lmc169, Summeree, Oxymoron83, Fgagirl, Smilesfozwood, Lurba rajesh, Lightmouse, Crisis, Keith2000, Tabby9700, Mjw212, Su-
pertomcom, Maelgwnbot, Xue645, Prateekjaiswal, Dan89503, Jacob.jose, Jfromcanada, Sean.hoyland, Anyeverybody, Dabomb87, Flo-
rentino floro, Varanwal, Nergaal, Distendedthoughts, Hadseys, Kybluegrass2, N0nr3s, ClueBot, Avenged Eightfold, Hustvedt, PipepBot,
Gassandiamonds, The Thing That Should Not Be, Cliff, Kabisaklaku3, MichaelVernonDavis, Dodgyrabbit, Bhuna71, MorganaFiolett,
Diamonds.iceforever, Yamakiri, JasonXL-V2, CounterVandalismBot, Richerman, Cirt, Luet, DragonBot, Excirial, Socrates2008, Ultra-
AIDS, Camman36, Mindcry, BobKawanaka, Gabtuttut, Sun Creator, BaconBoy914, Saisdur, Jotterbot, Jonblocker, JamieS93, Guapagirl,
Nvvchar, Morel, Muro Bot, Burner0718, SoxBot III, DumZiBoT, InternetMeme, Marshmallowbunnywabbit, Feinoha, Andrew Kanode,
JinJian, MystBot, Marchije, Stormcloud51090, LizGere, Thebestofall007, Suhanasoft, Addbot, JOHN THE REBEL, DOI bot, Jojhutton,
DaughterofSun, Looloopoo9, Pierre Leblanc, Shirtwaist, CanadianLinuxUser, Cst17, Download, Protonk, Epicadam, CarsracBot, Qjim,
NailPuppy, Debresser, CUSENZA Mario, Roux, AnnaFrance, Kajaro, LinkFA-Bot, Jasper Deng, Numbo3-bot, Ace45954, Koliri, Tide
rolls, Lightbot, Gail, Balabiot, Bartledan, Panyé El Skat-e-board-ér, Legobot, Luckas-bot, ZX81, Yobot, Mms523, Legobot II, II MusLiM
HyBRiD II, Washburnmav, Mfbz78, Antwerp-Guide, Szajci, N1RK4UDSK714, Mdw0, AnomieBOT, Brroga, Angry bee, Jim1138, Ga-
loubet, Usagoldteam, JackieBot, Piano non troppo, Shieldforyoureyes, Annemoss, AdjustShift, Kingpin13, Theseeker4, Nick UA, Csigabi,
Materialscientist, Citation bot, Eightheads, Kasaalan, OllieFury, Michael314159, Justaperfectday, Xqbot, Thelearnedman, Capricorn42,
Gigemag76, Anna Frodesiak, Unders11, Magicxcian, Forton, Hi878, Goldpan, GrouchoBot, Nayvik, Lenore, Omnipaedista, Chris.urs-o,
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Tarquin, Css, PierreAbbat, Deb, Space Cadet, Kness, Heron, Patrick, Dominus, Shoaler, Ellywa, Cribcage, Stan Shebs, Raven in Or-
bit, Tantalate, Stone, Zoicon5, Tschild, Sabbut, Topbanana, Kwantus, Fvw, Babaloulou, Gentgeen, Robbot, ChrisO, Chris 73, Sbisolo,
Ayucat, Justanyone, Rholton, Bkell, UtherSRG, Robinh, Jcmiller1215, Tobias Bergemann, Alan Liefting, Giftlite, DocWatson42, Harp,
Tom harrison, Everyking, Varlaam, Yekrats, Foobar, Costyn, Bobblewik, Sonjaaa, Antandrus, Ejgm, Vina, Edsanville, Arosa, MBManie,
ELApro, Stephenpratt, Mike Rosoft, Discospinster, Guanabot, Pmsyyz, Andros 1337, Vsmith, MarkS, Rubicon, Jaberwocky6669, Danny
B-), Brian0918, Project2501a, Kwamikagami, Shanes, Fiveless, Femto, Bobo192, Cmdrjameson, Kjkolb, Hooperbloob, Alansohn, Paul-
Hanson, Uncle.bungle, Benjah-bmm27, Theodore Kloba, Cdc, Ayeroxor, Velella, Suruena, Max Naylor, RainbowOfLight, Sciurinæ, Bsad-
owski1, Skatebiker, Gene Nygaard, Ringbang, Mazca, Polyparadigm, Fred J, Eaolson, Zzyzx11, Palica, A3r0, Graham87, V8rik, Bunchof-
grapes, Edison, Josh Parris, Saperaud, Rjwilmsi, Ctempleton3, Ligulem, DoubleBlue, Robert Fraser, FlaBot, Eyas, Jak123, Flowerparty,
Ewlyahoocom, Zotel, Physchim62, DVdm, YurikBot, Wavelength, Hellbus, Shell Kinney, Shaddack, Bovineone, Astral, Grafen, Ke4djt,
Raven4x4x, Tony1, JustAddPeter, Spute, Wbbigtymer, NorsemanII, SFGiants, BorgQueen, Fram, Saukkomies, HereToHelp, JDspeeder1,
That Guy, From That Show!, Luk, TomR, Itub, SmackBot, ManaUser, Esradekan, Reedy, KnowledgeOfSelf, Edgar181, ElAmericano, Ya-
maguchi��, Skizzik, Anwar saadat, Keegan, Persian Poet Gal, Thumperward, Snori, MalafayaBot, Deli nk, DHN-bot, Tsca.bot, Rrburke,
VMSMosaic, Flyguy649, RufusX, Xcomradex, Dreadstar, Ment al, Chrisklerkx, Markmit, SashatoBot, Rifled88, Jaganath, Kevmin, Nong-
Bot, Munita Prasad, Beetstra, Ahering@cogeco.ca, MTSbot, Skinsmoke, Dpb2104, Wizard191, Iridescent, TwistOfCain, Bassace969,
Dp462090, Richard75, Blehfu, Tawkerbot2, Chetvorno, Eastlaw, JForget, CmdrObot, Ale jrb, John Riemann Soong, Hewat, Rain74, Je-
dudedek, Secoted, Dragon guy, Cydebot, Renamed user 1253, Rifleman 82, Michaelas10, ANTIcarrot, Porsche997SBS, JoshHolloway,
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Maziotis, Casliber, Thijs!bot, Epbr123, Ekarademir, Toebot, Marek69, JustAGal, Natalie Erin, LachlanA, Mentifisto, AntiVandalBot, The
Obento Musubi, Yonatan, Luna Santin, Opelio, Lilaznpookid, Tillman, Dougher, Lfstevens, JAnDbot, Deflective, MER-C, Plantsurfer,
Instinct, Arch dude, Z3rk, PhilKnight, Denimadept, Connormah, Bongwarrior, VoABot II, Jim Samphorn, JefeMixtli, DerHexer, In-
vertRect, Pax:Vobiscum, MartinBot, ChemNerd, Nanotrix, Sm8900, Wriggleybum, Wiki Raja, J.delanoy, Johnschober, Hans Dunkel-
berg, MoogleEXE, Ginsengbomb, Sinorth, Johnbod, Deannahamm, M-le-mot-dit, Cadwaladr, DadaNeem, Pdcook, CardinalDan, Lights,
28bytes, VolkovBot, CWii, Thedjatclubrock, Macedonian, Jmrowland, Philip Trueman, Rostislav V. Lapshin, Monkey Bounce, Lradrama,
Billfradle, LuizBalloti, Ranas001, Andy Dingley, Kilmer-san, Wdrev, System.out.print("!"), Logan, SieBot, Callipides, Plinkit, Caltas, Tri-
wbe, Rapperina, Orereta, Keilana, Sinister ben, Mbrucker, Sbowers3, Aruton, Bmhtayl, Macy, Maelgwnbot, Mygerardromance, Florentino
floro, Nergaal, Maxschmelling, Loren.wilton, Tanvir Ahmmed, ClueBot, PipepBot, Snigbrook, Fyyer, SHAZBOTMIDGET, Markloroff,
Excirial, Sain29, The Founders Intent, Wiki libs, Mikaey, Thingg, DumZiBoT, XLinkBot, TschonDoe, BodhisattvaBot, Sponsion, Rror,
Page Up, Page Down, Return, Space Bar, NellieBly, Jsd007, ZooFari, Hess88, Squallmo, HexaChord, Addbot, Some jerk on the Internet,
O484, CanadianLinuxUser, Fluffernutter, Wtfily, Numbo3-bot, Patchidoopy, Scottmsul, Tide rolls, Lightbot, Axiomness, Legobot, Luckas-
bot, Yobot, Tohd8BohaithuGh1, Senator Palpatine, TaBOT-zerem, AnomieBOT, 1exec1, Jim1138, Cossde, Almosteverywhere, Materi-
alscientist, The High Fin Sperm Whale, Citation bot, Hupasiyas, Snow orchid, Geologyrocksmyworld, Natantantan, Contrawiki, Xqbot,
J G Campbell, Smk65536, Lionelbatty, Hi878, Corruptcopper, Chris.urs-o, Nerdseeksblonde, Simplynetworked, Pegasusleo, Coodiboby,
Pinethicket, I dream of horses, HeadphoneBOT, Calmer Waters, A8UDI, Mutinus, Jauhienij, White Shadows, Double sharp, Liztanp,
Juhko, Etincelles, Rettens2, Vrenator, ThinkEnemies, DARTH SIDIOUS 2, Luigiwax, Mean as custard, Dannii-v, Lucky Potatoe, Strickja,
EmausBot, Immunize, Beatnik8983, Money Stacks, Racerx11, GoingBatty, Brandon jonak, Tommy2010, Wikipelli, Soyas, Cogiati, Fæ,
Josve05a, Doddy Wuid, H3llBot, AManWithNoPlan, Wayne Slam, Samurai meatwad, L Kensington, Donner60, Hedichirohamanaka,
V.crespi, TYelliot, DASHBotAV, ClueBot NG, Stormjunior, Incompetence, Diogenes66, Movses-bot, Helpful Pixie Bot, JohnSRoberts99,
Bibcode Bot, Brnbruce, Eugbug, S-Vezzo, Pvpesavento, Account55amg, Bruekener, Brettrimmer, The shaman poet, Frze, MyName-
WasTaken, Rimar1, Snow Blizzard, Lieutenant of Melkor, Zhounsbhs, StarryGrandma, Jmguthrie, ChrisGualtieri, GoShow, DarioCri,
Khazar2, Sdmoores, Comixdude, JZNIOSH, Humanpublic, Bulba2036, PinkAmpersand, Jamesmcmahon0, Eyesnore, Nasirahmed72,
Zenibus, Jhain94, Vermont09, Rocket Eddy, Liz, Lucy1982, Hbtt124, Dofadfh, Matsci2, Xx0numb0xx, DHRUWA NATH KESHARI,
Monkbot, Hippothehobo56, Silicon valley google, Malistomailie, MissouriOzark1947, Daveseals, Group Communications and Anonymous:
544

• Kamacite Source: http://en.wikipedia.org/wiki/Kamacite?oldid=598023227 Contributors: Tobias Hoevekamp, Zundark, SimonP, Kt-
square, Vsmith, Xezbeth, A2Kafir, FlaBot, Lignomontanus, Jaraalbe, Deuar, Iepeulas, Arb, Thijs!bot, Meteoritekid, Tillman, IanOsgood,
Daarznieks, Emeraude, Wingedsubmariner, Petergans, SieBot, Rhanyeia, Bercziszani, ChandlerMapBot, Alexbot, Addbot, Basilicofresco,
Lightbot, Luckas-bot, Materialscientist, GrouchoBot, Chris.urs-o, MastiBot, RjwilmsiBot, ZéroBot, Frietjes, Mogism and Anonymous: 7

• Silver Source: http://en.wikipedia.org/wiki/Silver?oldid=634219355 Contributors: Tobias Hoevekamp, Kpjas, CYD, Mav, Bryan Derksen,
Sjc, Andre Engels, Fnielsen, Youssefsan, PierreAbbat, William Avery, Roadrunner, Ray Van De Walker, DrBob, Daniel C. Boyer, Heron,
Montrealais, Octothorn, Edward, Dwmyers, Patrick, RTC, Kchishol1970, Gabbe, Ixfd64, Sannse, Dori, Minesweeper, Ahoerstemeier, Mac,
Mgimpel, Andrewa, Kragen, Lupinoid, Glenn, Jschwa1, Kwekubo, Samw, Jonik, Ghewgill, Mxn, GRAHAMUK, Vargenau, Schneelocke,
Ideyal, Emperorbma, Stone, David Latapie, Dysprosia, Fuzheado, Tpbradbury, Grendelkhan, Taxman, Floydian, Samsara, Thue, EikwaR,
Pstudier, Jerzy, Hajor, Jni, PuzzletChung, Donarreiskoffer, Robbot, Korath, Chris 73, Painlord2k, Romanm, Naddy, Arkuat, Yosri, Aca-
demic Challenger, Rursus, DHN, Jondel, Caknuck, Bkell, Mervyn, Hadal, UtherSRG, Wereon, Mandel, HaeB, Pengo, Carnildo, Giftlite,
Dbenbenn, Robin Patterson, Lupin, Everyking, Pashute, Rick Block, Gilgamesh, Slyguy, Rstens, Darrien, PlatinumX, Jackol, Pne, Tagish-
simon, Delta G, Btphelps, Utcursch, Knutux, LiDaobing, Yath, Pcarbonn, Quadell, Antandrus, Beland, 1297, Untifler, Lawnchair, Icairns,
Zfr, Iantresman, Neutrality, Joyous!, Klemen Kocjancic, M1ss1ontomars2k4, Miguel3000, Adashiel, Trevor MacInnis, Thorwald, RevRag-
narok, Mike Rosoft, Monkeyman, Discospinster, Rich Farmbrough, Andros 1337, Vsmith, Spundun, Florian Blaschke, Dbachmann, Mart-
pol, Paul August, Bender235, ESkog, Sunborn, Mateo SA, CanisRufus, Aecis, El C, Fenevad, Cap'n Refsmmat, Ascorbic, Cedders, Szquir-
rel, Kwamikagami, Shanes, Remember, Triona, Femto, Adambro, Bobo192, Smalljim, BrokenSegue, La goutte de pluie, Rajah, Ral315,
Jonathunder, Nsaa, A2Kafir, Jumbuck, Danski14, Alansohn, PaulHanson, Andrewpmk, Sl, Riana, MarkGallagher, Lightdarkness, Bart133,
Svartalf, Snowolf, Blobglob, Sobolewski, Yuckfoo, NickMartin, Docboat, Dave.Dunford, Kusma, Versageek, Gene Nygaard, Dismas,
Sheynhertz-Unbayg, Alvis, Woohookitty, Georgia guy, Benbest, Qaddosh, ^demon, Zelse81, JeremyA, Chochopk, Jeff3000, Twthmoses,
Schzmo, Astrophil, Steinbach, Sengkang, Eaolson, Mb1000, Kralizec!, Dysepsion, Jwoodger, EggplantWizard, Graham87, BD2412, Chun-
hian, FreplySpang, DePiep, Seventh Holy Scripture, Grammarbot, Vanderdecken, Enzo Aquarius, Edison, Josh Parris, Saperaud, Sjakkalle,
Rjwilmsi, AllanHainey, Bill37212, MZMcBride, SMC, Rsilver22, Earlopogous, Bhadani, Toby Douglass, DoubleBlue, Yamamoto Ichiro,
Casimir, Adam Johnston, Redecke, FlaBot, Kallemax, Ground Zero, Nihiltres, Rober4, Elmer Clark, RexNL, Gurch, Rgordey, TeaDrinker,
Snailwalker, Chobot, Jaraalbe, DVdm, Gwernol, Banaticus, YurikBot, Sceptre, Huw Powell, Charles Gaudette, Phantomsteve, RussBot,
Peterkingiron, Pigman, Fabricationary, Stephenb, Gaius Cornelius, Yyy, Shaddack, O^O, Rsrikanth05, Pseudomonas, Requiems, Wimt,
Bullzeye, K.C. Tang, NawlinWiki, Mal7798, Wiki alf, Bachrach44, Nirvana2013, Janke, Grafen, Badagnani, Trovatore, The Thadman,
Dureo, Matticus78, Zwobot, Dbfirs, Lockesdonkey, Mieciu K, Bota47, Jhinman, Moncubus, Alpha 4615, Tetracube, FF2010, Donbert,
Orchid Righteous, 21655, Zzuuzz, Lt-wiki-bot, Pb30, KGasso, Jmackaerospace, Steventrouble, Wikiwawawa, BorgQueen, Vicarious,
Diddims, Jaranda, Markvs88, RunOrDie, Darren Lee, Katieh5584, Kungfuadam, Junglecat, Appleseed, Tyrhinis, DearPrudence, Paul
Erik, GrinBot, Asterion, Bibliomaniac15, Quadpus, Crusty007, Sycthos, Itub, Alextrevelian 006, Crystallina, Larrylarr, SmackBot, Am-
cbride, Haza-w, KnowledgeOfSelf, Melchoir, Pgk, Od Mishehu, Vald, Grigzie, Yuyudevil, Thunderboltz, Jrockley, Eskimbot, Chych,
Jab843, Dpwkbw, Josephprymak, Edgar181, Alsandro, Commander Keane bot, Yamaguchi��, Pathless, Mastcell, Magicalsaumy, Gilliam,
Ohnoitsjamie, Hmains, Skizzik, Anwar saadat, TheDarkArchon, Kurykh, Skookum1, Geneb1955, Persian Poet Gal, DroEsperanto, Ankur-
jain, Tree Biting Conspiracy, MalafayaBot, GraemeS, Deli nk, Jerome Charles Potts, Baa, Baronnet, Darth Panda, Brinerustle, 56, Gra-
cenotes, Can't sleep, clown will eat me, Shalom Yechiel, Kelvin Case, Chlewbot, Bisected8, Gurps npc, Yidisheryid, Rrburke, DGerman,
Juan andrés, Stevenmitchell, Amazon10x, COMPFUNK2, Krich, Korda, CanDo, Ratel, Nakon, B jonas, SunShun32, Jake Lancaster,
WookMuff, Rjp0i, Sokolesq, DMacks, Diasimon2003, Kalathalan, Bejnar, Pilotguy, SashatoBot, Lama21, Rory096, Archimerged, Van-
ished user 9i39j3, Kuru, Akendall, John, Scientizzle, Koft, ML5, KarlM, Geeteshgadkari, Goodnightmush, Mr. Lefty, Ckatz, Beetstra,
Kyoko, Waggers, Geologyguy, Ryulong, Citicat, Pseudoanonymous, Jose77, Andoru, NinjaCharlie, Sifaka, ShakingSpirit, Ginkgo100,
Emx, Iridescent, Michaelbusch, Joseph Solis in Australia, T.O. Rainy Day, Blakegripling ph, J Di, Igoldste, Shoshonna, Esurnir, Mot-
tyGlix, Ketchupkid713, Courcelles, Gilabrand, PaddyM, Chovain, Hossenfeffer, Thricecube, Tawkerbot2, Daniel5127, Pithecanthropus,
Poolkris, LessHeard vanU, Lahiru k, Slippyd, JForget, Stifynsemons, Rgriga1, Ale jrb, Sir Vicious, SkyScrapers, Iuio, Scohoust, Su-
paStarGirl, Rawling, JohnCD, 0zymandias, Casper2k3, Dragon guy, Kribbeh, Icek, Cydebot, Future Perfect at Sunrise, MichaelZX,
DrunkenSmurf, Rifleman 82, Gogo Dodo, Cristian Cappiello, Tonymora, Tawkerbot4, Roberta F., DumbBOT, Ameliorate!, Nabokov,
Optimist on the run, Robowurmz, Kozuch, Omicronpersei8, Victoriaedwards, WIKIPEDIAVI, Casliber, Click23, Thijs!bot, Epbr123,
Bloger, Pstanton, Drewerd, Keraunos, Gamer007, Headbomb, Marek69, John254, Keelm, Dcouprie, Big Bird, Dawnseeker2000, Es-
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carbot, I already forgot, Morgana The Argent, AntiVandalBot, The Obento Musubi, Majorly, Gioto, Luna Santin, Seaphoto, Paul from
Michigan, Liquid-aim-bot, Quintote, Dr. Blofeld, Lovibond, Jj137, TimVickers, Bakabaka, LibLord, Tillman, Spencer, AubreyEllen-
Shomo, Cbrodersen, Andy.Cowley, TuvicBot, Deflective, Leuko, Husond, Omeganian, MER-C, Plantsurfer, Avaya1, IdentityCrisis, Bub-
sir, Britcom, PhilKnight, Helge Skjeveland, MSBOT, LittleOldMe, .anacondabot, Acroterion, Bencherlite, Hurmata, Magioladitis, Phar-
illon, Karlhahn, Bongwarrior, VoABot II, AtticusX, Valored, JamesBWatson, Elcapitane, TonyGerillo, Jim Douglas, Avicennasis, Wiki-
TikiWiki, Ptrask, Animum, 28421u2232nfenfcenc, Allstarecho, Vssun, DerHexer, Edward321, Gun Powder Ma, OxMat, Gjd001, Fish-
erQueen, Windymilla, Suaveslav, Hdt83, MartinBot, Moggie2002, Xenosagepc, Grandia01, BetBot, Poeloq, ChemNerd, APT, Naohiro19,
Jerry teps, Mschel, Evert100, R'n'B, CommonsDelinker, AlexiusHoratius, Leyo, PrestonH, Paranomia, Watch37264, J.delanoy, Pharaoh
of the Wizards, Trusilver, AltiusBimm, Gem-fanat, Ginsengbomb, Extransit, Amckeen, Vizio, Gzkn, Acalamari, Rod57, NBFNBFF,
IdLoveOne, Katalaveno, Gman124, McSly, AndPud, Troutsneeze, Janus Shadowsong, Jeepday, Skier Dude, AntiSpamBot, Spinach Dip,
Linuxmatt, Xvedejas, Warut, TomasBat, NewEnglandYankee, SJP, Shoessss, DARKFLIGHTER100, Evil lemming, Jamesontai, Vanished
user 39948282, DorganBot, Inter16, V. berus, Squids and Chips, Aescwyn, CardinalDan, Idioma-bot, Spellcast, Rossnorman, Timmduffy,
Jgump95, Gogobera, Lights, Hugo999, Rodolph, Deor, 28bytes, VolkovBot, ABF, Macedonian, Christophenstein, Jennavecia, Netito777,
AlnoktaBOT, Katydidit, Ryan032, Dougie monty, Philip Trueman, BSMet94, TXiKiBoT, Oshwah, Athiril, Java7837, Sl smith00, Rei-
bot, Mathwhiz 29, Chchan1995, Qxz, Vanished user ikijeirw34iuaeolaseriffic, Piperh, Davelapo555, Martin451, Axiosaurus, Smb1138,
Jackfork, LeaveSleaves, Superruss, Wikifreeknturd, Psyche825, Seb az86556, Jessejj89, Kaenneth, Tbowboy3, SpecMode, RadiantRay,
Madhero88, LimStift, Brian Huffman, Plazak, Milkbreath, Lamro, Synthebot, Eve Teschlemacher, Falcon8765, Enviroboy, RaseaC, Par-
allelWolverine, Teetaweepo, Rep07, AlleborgoBot, Nagy, PGWG, LuigiManiac, Blood sliver, PericlesofAthens, DivaNtrainin, EmxBot,
Raoulfisher1, Taddyg, Biscuittin, SieBot, Llamahumper, Whiskey in the Jar, Tresiden, PlanetStar, Hallpriest9, Tiddly Tom, Patriot62371,
Phe-bot, YourEyesOnly, Dawn Bard, RJaguar3, Pkgx, Drawing11, Minus198, Purbo T, Keilana, Trudog85, 2over3, Flyer22, Radon210,
Amphitere, Ifish4cats, Oxymoron83, Antonio Lopez, Steven Zhang, Lightmouse, Rayman udr, ValPatterson, Slice12, KathrynLybarger,
Grunkhead, Rmcoin, Karl2620, Mygerardromance, Krefts, Nergaal, Bazko, Starcraft232, Amazonien, Explicit, ImageRemovalBot, Twins-
day, Loren.wilton, Elassint, ClueBot, The Thing That Should Not Be, Rjd0060, Desoto10, Arakunem, Drmies, SENIOR KILLAH, Mild
Bill Hiccup, CounterVandalismBot, Ashdod, Chelseawoman, Monster boy1, Bookworm9999, DragonBot, Wthubble, Excirial, Gwguffey,
Vivio Testarossa, JoelHuang, Cenarium, Thegreat161, Jotterbot, New4325, Nvvchar, Morel, Enigmatic2k3, Dekisugi, ChrisHodgesUK,
BOTarate, Thehelpfulone, Thingg, Aitias, Wuzur, Atder, Versus22, Laurelin17, Wewwjon, SoxBot III, Martim33, 20percent, Internet-
Meme, Nick in syd, BarretB, XLinkBot, Pichpich, Rror, Holycow1313, SilvonenBot, Mifter, Jasynnash2, WikiDao, SkyLined, HexaChord,
23Burnsie, JBsupreme, Roentgenium111, Denali134, Blackphobia, Landon1980, Dontforgetneeb, Eduardo1111111111, Fieldday-sunday,
J619, Ggttthhheeeeswsss, Fluffernutter, Ronkonkaman, 1axvn, Lon of Oakdale, NjardarBot, John Chamberlain, Download, Silverback-
marlin, CarsracBot, BepBot, Glass Sword, AndersBot, Debresser, FCSundae, Baffle gab1978, Jasper Deng, Naidevinci, Alchemist-hp,
Numbo3-bot, Modabombrocks, VASANTH S.N., Tide rolls, Tressor, BrianKnez, Verbal, Avono, Teles, A10t2, Ronschmidtling, Drpickem,
Luckas-bot, TheSuave, Yobot, Ptbotgourou, II MusLiM HyBRiD II, THEN WHO WAS PHONE?, Nallimbot, Lauren 218, Kamikaze-
Bot, IW.HG, Lightenoughtotravel, Tempodivalse, Dmarquard, AnomieBOT, Jim1138, Piano non troppo, Becky-and-annalise, AdjustShift,
Law, Theseeker4, Equaaldoors, Alechopkins, Crystal whacker, Flewis, Materialscientist, The High Fin Sperm Whale, Citation bot, Maxis
ftw, Comec, PowerUserPCDude, ArthurBot, Quebec99, Parthian Scribe, Xqbot, Tc.bongers, Ywaz, TinucherianBot II, Nxtid, JimVC3,
Capricorn42, Gigemag76, RishiKrishnan, Br77rino, Mrdarkside423, Inferno, Lord of Penguins, Srich32977, WingedSkiCap, Qulix rules,
Ashsama, GigidyMan123, GrouchoBot, Corruptcopper, Ute in DC, Mvpolis, Omnipaedista, Cjtconner, Coolalchemist001, RibotBOT,
SassoBot, Chris.urs-o, Basharh, Doulos Christos, Moxy, Calz22123, Dfcerkoney, Brandon silvis02, Alina1234567890, Heng Da, Dougof-
borg, Djcam, LucienBOT, Tobby72, Bookworm123454321, Lmxdoomguyx, Arlen22, Danielson183, Saehrimnir, TurningWork, Alxeedo,
BamboQ5, Finalius, Cannolis, HamburgerRadio, Citation bot 1, Rethyudis, Diwas, Nirmos, BertQ5, Firenze Light, Pinethicket, I dream
of horses, HRoestBot, Bailhound13, Rameshngbot, Skyerise, Bryancpark, Mikespedia, Xeworlebi, Jauhienij, Logical Gentleman, Activ-
Expression, C messier, Pretin, Tim1357, Gryllida, Guganovic, Double sharp, TobeBot, Themegakornfan, Vrenator, Neelpandey, Pollytc,
Yoiloper, Seahorseruler, Ivanvector, Mttcmbs, Tbhotch, DARTH SIDIOUS 2, Farij, MornMore, Cromulant, Sargdub, Silverhands925,
Elvis thein, Teravolt, Androstachys, EmausBot, Santamoly, Rbaselt, Pete Hobbs, RA0808, Minimac’s Clone, NotAnonymous0, Illogi-
calpie, Solarra, Slightsmile, Timbow191, Wikipelli, Thewikiman2255, Zabigetsu321, Evanh2008, Comesturnruler, ZéroBot, John Cline,
Zincman, Edwardbrian11, Tylercino, StringTheory11, Kiwi128, Chemicalinterest, H3llBot, Netknowle, Gniniv, Osiris384, Wayne Slam,
Wagino 20100516, Brandmeister, Donner60, Honesty First, Milestone flyzone, ChuispastonBot, Matthewrbowker, Gibbo10, JohnLloyd-
Scharf, Sven Manguard, DASHBotAV, Whoop whoop pull up, Tpronquillo, Michael Bailes, Petrb, Gwen-chan, ClueBot NG, This lousy T-
shirt, Satellizer, Real.sim.phony, Vader119, Bped1985, Movses-bot, Twillisjr, Monsoon Waves, Braincricket, Steve85260, Lefty michael,
Hurricanes30, XJRZ2U, Something1234567, Alentia, Eli706, RafikiSykes, Vanadium123, Helpful Pixie Bot, Fexlom, Icallitvera, Fal-
lonista, Curb Chain, Titodutta, Gob Lofa, Bibcode Bot, Maggothair, Lowercase sigmabot, Barkerchangesstuff, Jerryjackson42, Finn1234,
Minimike171, Brettrimmer, Biggorrilla, Dvbyrne, MusikAnimal, Lucario808, Mark Arsten, Zakoria333, 2bellaisa, Snow Blizzard, Tome-
Hale, Cormac596, Ἑρμῆς, Glacialfox, Loriendrew, Klilidiplomus, Shisha-Tom, Veggie1o1, Miskandar E. Sembodo, Blksabbath, Riley
Huntley, Mahmud Halimi Wardag, Mdann52, Specopsgamer, Joey 211, LHcheM, EuroCarGT, Ssscienccce, Not Yet Alive, Hm2ski,
Dexbot, Zzknight, Antonio119, SIlver101z, Webclient101, Stebin204, Mogism, JZNIOSH, Lugia2453, Frosty, SFK2, Emma Andersen
87, JohnReese42, AuHg, Jabba the Hot, Purebioscience, Reatlas, Brhorne3n1, Senarathane, DugaldGrieve, Ballin777, DavidLeighEllis,
Illampu123, CensoredScribe, RobinHaiak, Manmega, Panpog1, Hubert Cunningham, Tachyon1010101010, Kind Tennis Fan, Silverdrag-
onus, Anrnusna, Mortifierr, TheEpTic, Jnordqvist, Silicon valley google, Tfaulk25, Noahboah, Casadeplata, Bossman52, Go to sleep15,
Jeuse and Anonymous: 1596

• Sulfur Source: http://en.wikipedia.org/wiki/Sulfur?oldid=634480003 Contributors: AxelBoldt, Magnus Manske, CYD, Mav, Bryan Derk-
sen, Timo Honkasalo, Malcolm Farmer, Andre Engels, Enchanter, William Avery, DrBob, Rcingham, Tox, Fonzy, Dwmyers, Bdesham,
RTC, Tim Starling, Erik Zachte, Oliver Pereira, Ixfd64, Eric119, Minesweeper, Shimmin, Ihcoyc, Ahoerstemeier, Mac, Mgimpel, Julesd,
Salsa Shark, Poor Yorick, Mxn, Schneelocke, Emperorbma, Janko, Stone, David Latapie, Vancouverguy, Grendelkhan, Kaal, Ed g2s, Lord
Emsworth, Power, Davidlow, Gakrivas, Riddley, Donarreiskoffer, Branddobbe, Robbot, Korath, Chris 73, Romanm, Naddy, Modula-
tum, Securiger, Justanyone, Hadal, UtherSRG, Guy Peters, Cyrius, Carnildo, Alan Liefting, Psb777, Giftlite, Graeme Bartlett, Nichalp,
Haeleth, Herbee, Muke, Everyking, Curps, Pashute, Rick Block, Leonard G., Zinnmann, Jorge Stolfi, Solipsist, Foobar, Brockert, Dar-
rien, Chameleon, Delta G, Ben Arnold, Utcursch, Andycjp, Slowking Man, Sonjaaa, Quadell, OverlordQ, Melikamp, Oscar, Kevin B12,
PFHLai, Icairns, Advanet, Karl-Henner, PeR, Gscshoyru, Quota, Ukexpat, Deglr6328, M1ss1ontomars2k4, Adashiel, Grunt, Forschung,
Mike Rosoft, Imroy, DanielCD, Davidbod, Bwil, Discospinster, Steve Farrell, 4pq1injbok, Jerde, Eudyptes, Cacycle, Cfailde, Vsmith, Si-
lence, Luxdormiens, Ponder, Berkut, Andrew Maiman, Poorjon, Bender235, ESkog, Sunborn, Kbh3rd, Plugwash, RJHall, CanisRufus, El
C, Joanjoc, Bluap, Kwamikagami, Remember, Femto, Bobo192, Hurricane111, Bbartlog, Arcadian, Redquark, Brutulf, MPerel, Haham
hanuka, Nsaa, Passw0rd, Jumbuck, JohnyDog, Lvlarx, Alansohn, Jamyskis, Atlant, Paleorthid, Benjah-bmm27, Sl, Goldom, Lightdark-
ness, Angelic Wraith, Wtmitchell, Dschwen, Jrleighton, Staeiou, Vuo, LFaraone, Gene Nygaard, HenryLi, UTSRelativity, Kay Dekker,

http://en.wikipedia.org/wiki/Sulfur?oldid=634480003
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Adrian.benko, Rossheth, Crosbiesmith, Mullet, Dejvid, Kelly Martin, OwenX, Woohookitty, Yakiniku, Revjmyoung, Tabletop, Cbdorsett,
Bhound89, Damicatz, Terence, Steinbach, Sengkang, SCEhardt, SDC, GraemeLeggett, Paxsimius, Mandarax, Graham87, Magister Math-
ematicae, V8rik, BD2412, RxS, DePiep, Grammarbot, Saperaud, Rjwilmsi, Koavf, MZMcBride, Mike s, Volty, Boccobrock, Dolphonia,
DoubleBlue, Zelos, Sango123, Yamamoto Ichiro, Vuong Ngan Ha, Titoxd, Das Nerd, FlaBot, Latka, Nihiltres, RexNL, Gurch, BjKa, Roby-
Wayne, Goudzovski, Imnotminkus, It’s-is-not-a-genitive, Chobot, Jaraalbe, Bornhj, DVdm, Hall Monitor, Gwernol, YurikBot, Wavelength,
Spacepotato, X42bn6, Mukkakukaku, Pip2andahalf, Daverocks, RussBot, Loom91, Gilthaer, Splash, Pigman, Bergsten, DanMS, Hellbus,
Stephenb, Gaius Cornelius, CambridgeBayWeather, Yyy, Shaddack, Pseudomonas, Wimt, Thane, Shanel, NawlinWiki, Wiki alf, DB,
Dforest, NickBush24, Millsey, Justin Eiler, Sphopkins, Irishguy, Nick, Shinmawa, RFBailey, Nick C, Syrthiss, Dbfirs, Kyle Barbour, BOT-
Superzerocool, DeadEyeArrow, Wujastyk, Bota47, JustAddPeter, Wknight94, Tetracube, FF2010, Lt-wiki-bot, Theda, Closedmouth,
Fang Aili, Reyk, Dspradau, Alchie1, Jhamner, Peter, Kungfuadam, Robert L, Dystopianray, GrinBot, SkerHawx, Serendipodous, DVD R
W, Luk, SmackBot, FocalPoint, Bluelip, Ultimate ed, Lcarsdata, CarbonCopy, KnowledgeOfSelf, TestPilot, Stretch 135, Unyoyega, Pgk,
Speight, Bomac, Jacek Kendysz, Davewild, RedSpruce, Delldot, Edgar181, SmartGuy Old, T-Bone, Yamaguchi��, Kipmaster, Gilliam,
Quidam65, Skizzik, Malatesta, Armeria, Chris the speller, Kurykh, Thumperward, MalafayaBot, SchfiftyThree, Moshe Constantine Hassan
Al-Silverburg, Uthbrian, Sbharris, Darth Panda, Twejoel, A. B., Narco, Gyrobo, Hgrosser, Zsinj, Xchbla423, Yaf, Can't sleep, clown will
eat me, Shalom Yechiel, OrphanBot, Snowmanradio, Gurps npc, PyroTom, VMS Mosaic, Hairouna, RedHillian, DGerman, SundarBot,
Phaedriel, Stevenmitchell, Huon, HeteroZellous, Cybercobra, Makemi, Nakon, SuperDude511, Jiddisch, Eran of Arcadia, Smokefoot,
Gschadow, Xen 1986, DMacks, FelisLeo, Kukini, Ohconfucius, Serein (renamed because of SUL), Swatjester, NotMuchToSay, Attys,
Archimerged, Srikeit, Kuru, John, AmiDaniel, Microchip08, Demicx, Buchanan-Hermit, Gm1121983, Disavian, Sir Nicholas de Mimsy-
Porpington, Mbeychok, Minna Sora no Shita, NongBot, Aleenf1, Ckatz, The Man in Question, Slakr, Beetstra, Waggers, Tuspm, Magere
Hein, Novangelis, H, Jose77, Ubiquitousintelligence, Hu12, BranStark, Sfgagnon, Iridescent, JayZ, Dreftymac, StephenBuxton, Igoldste,
FelisSchrödingeris, Jamesy, Thricecube, Tawkerbot2, Pi, Dlohcierekim, Poolkris, Hammer Raccoon, Ccroberts, Owen214, MightyWar-
rior, SkyWalker, JForget, InvisibleK, Porterjoh, Ale jrb, Earthlyreason, Funion987, KyraVixen, Im.a.lumberjack, Dgw, OMGsplosion,
Pyrope, DonCalo, Infodek, Halofan101, MC10, Steel, Vanished user vjhsduheuiui4t5hjri, Rifleman 82, Michaelas10, Gogo Dodo, Difluo-
roethene, Benjiboi, Odie5533, Tawkerbot4, Dynaflow, DumbBOT, RWG, Briantw, Cherubfish, Omicronpersei8, Gimmetrow, FrancoGG,
Rjm656s, Thijs!bot, Epbr123, Bezking, Wikid77, Tsogo3, N5iln, Gamer007, Headbomb, Marek69, John254, Tapir Terrific, A3RO, Nor-
wegianBlue, Sweetgirl20099, Ufwuct, Rhrad, Sinn, CharlotteWebb, Nokhc, Sikkema, MichaelMaggs, Dawnseeker2000, Vernie, Escarbot,
Mentifisto, AntiVandalBot, Luna Santin, Opelio, N1ywb, Diched, Jj137, RESURGAM, Chill doubt, Gdo01, Zedla, V----l Sch----l, Myanw,
Res2216firestar, JAnDbot, Dan D. Ric, Deflective, Leuko, MER-C, Plantsurfer, Dududuh, Duh duh duh, Nthep, Sheitan, Seddon, Not the
duke of Devonshire, Hut 8.5, At the speed of light, PhilKnight, Savant13, Helge Skjeveland, Joshua, Acroterion, Jragon, Mikemill, Karl-
hahn, Bongwarrior, VoABot II, Jarekt, Confiteordeo, Xnobjafnyy, Avicennasis, Animum,Master of the prick, DINGGGGG!, TICKTOCK,
Causesobad, 28421u2232nfenfcenc, Allstarecho, Wikipedia is immoral, Porud!!!, Spellmaster, Vssun, DerHexer, InvertRect, Robdonkey,
AliaGemma, Xenonite, Greenguy1090, Riccardobot, S3000, Sire22, MartinBot, Lazybozo, BetBot, A suyash, Arjun01, ChemNerd, Ret-
tetast, Jmac2k6, R'n'B, AlexiusHoratius, Nono64, Pekaje, Smokizzy, EdBever, Tgeairn, Watch37264, J.delanoy, Trusilver, Dansmith01,
Bogey97, Davep1987, Sirtrebuchet, Extransit, WarthogDemon, GeoWriter, Davidprior, Ijustam, Gzkn, BrokenSphere, Katalaveno, Dark-
Falls, McSly, Eric in SF, JayFout, Devils angel10, Coppertwig, (jarbarf), Warut, Krasniy, NewEnglandYankee, Rominandreu, SmilesALot,
Chasw0405, Minesweeper.007, Juliancolton, Cometstyles, WJBscribe, RB972, Moondoll, U.S.A.U.S.A.U.S.A., Vanished user 39948282,
DorganBot, Jarry1250, Useight, Adamankin, Ads85, Hogahasfa, Cjh57, Squids and Chips, CardinalDan, Idioma-bot, My Core Compe-
tency is Competency, Farley666, VolkovBot, CWii, ABF, Thisisborin9, DSRH, Wiseman75, Jeff G., Jennavecia, Chris Dybala, Alnok-
taBOT, Soliloquial, Pparazorback, Philip Trueman, TXiKiBoT, JohnSRoberts1, Toll booth, Hqb, GDonato, Rei-bot, AWP1012933, Qxz,
Piperh, Oxfordwang, Anna Lincoln, Una Smith, Melsaran, Corvus cornix, Axiosaurus, Leafyplant, Jackfork, LeaveSleaves, From-cary,
Psyche825, Seb az86556, Soniiic, Cremepuff222, Bevanhouston, FuddRucker, Kfholmesattivor2, LPFixIt, Axlenz, Lamro, Hintersatz,
Tomaxer, Enviroboy, Turgan, Vector Potential, Ssryry2, RaseaC, Insanity Incarnate, Wavehunter, AlleborgoBot, LuigiManiac, Sfmam-
mamia, Dodo von den Bergen, PericlesofAthens, Kbrose, Gaelen S., SieBot, You knnow who, You knnow what, Ttony21, Tresiden, Planet-
Star, Jrm2007, Dawn Bard, Caltas, Calabraxthis, Andrewjlockley, France3470, Aillema, Flyer22, Snshady, Joseph 098, Clan Lord, Afro-
man rmb, Oda Mari, Profesorytatori, DaBler, Misbahkhaninuk, Courtss, Oxymoron83, Antonio Lopez, AngelOfSadness, Panicitsnore,
Grunkhead, Alex.muller, Macy, Andrij Kursetsky, C'est moi, Pemmy, StaticGull, Thelmadatter, Anchor Link Bot, Latics, Spazure, Myger-
ardromance, Indmin, Pinkadelica, Nergaal, Precious Roy, Troy 07, Solidus469, WikipedianMarlith, Hpdl, ClueBot, Reza kalani, Identifica-
tion01, Bleedingshoes, The Thing That Should Not Be, Nnemo, Pi zero, Tanglewood4, NPIC, Dwitow, Cp111, Uncle Milty, DanielDeibler,
Boing! said Zebedee, Yamakiri, CounterVandalismBot, Clondon, LizardJr8, Parkwells, Brandrewmiller, Skyboy59, Puchiko, Shanecham-
berlain, DragonBot, Jacco Huisman, Excirial, Bean159, GngstrMNKY, Jusdafax, CrazyChemGuy, PixelBot, Ooshkabird, Eeekster, Aristo-
tle28, Gtstricky, Zaharous, Lartoven, Mastermine10000, Tyler, NuclearWarfare, Aurora2698, Jotterbot, Amzi, Ember of Light, Speedfour,
Thingg, Stupid33, Lokionly, Aitias, Boron1111, Plasmic Physics, BlueDevil, Vanished User 1004, Plesiosaur, Life of Riley, Crazy Boris
with a red beard, AncientToaster, Nick in syd, Bonnocloudwolf, OpusAtrum, Ladsgroup, SwirlBoy39, Little Mountain 5, WikHead, Jasb65,
SilvonenBot, ErkinBatu, Jordy231, Jd027, Bit Lordy, Marchije, Good Olfactory, Creamy Beaver99, Kbdankbot, HexaChord, Appa609,
Rahul.informatics, Roentgenium111, Willking1979, DOI bot, Element16, Atethnekos, Wannabe Wiki, Blethering Scot, Mr. Wheely Guy,
Laurinavicius, Eton7410, Zarcadia, CanadianLinuxUser, Douglas the Comeback Kid, Aussie.mac95, Cssiitcic, Cazza619, Cst17, Down-
load, CarsracBot, Glane23, Bassbonerocks, Roux, Wootness23, Zomgadonggs, LinkFA-Bot, Jasper Deng, Jakedasnake192, Numbo3-bot,
Blackfen, VASANTH S.N., Tide rolls, OlEnglish, MuZemike, HerculeBot, D13G054NCH3Z, Megaman en m, Frehley, Kurtis, Luckas-
bot, Yobot, 2D, Lethalgeek, Ptbotgourou, Anypodetos, ArchonMagnus, Adamowen1, TestEditBot, Norwichbooks, Backslash Forwardslash,
Orion11M87, AnomieBOT, Zhieaanm, Kristen Eriksen, Jim1138, Daily Juice2, Piano non troppo, AdjustShift, Kingpin13, Richnotts, Luci-
iee lololololol, Crystal whacker, Moltenriches, Materialscientist, Kirachinmoku, Rtyq2, The High Fin SpermWhale, Citation bot, Vuerqex,
DynamoDegsy, ArthurBot, Quebec99, Xqbot, Zad68, TinucherianBot II, Cureden, Capricorn42, Brufydsy, Bobclay, Halo0987654321,
ArmchairVexillologistDonLives!, Srich32977, Almabot, Ender’s Shadow Snr, RibotBOT, Chris.urs-o, Tapaswe, Doulos Christos, May-
belle910, Shadowjams, Arsenal 14 8888, Erik9, R8R Gtrs, MSAC9112, LucienBOT, Dogposter, Guzzes123, Dantween94, Aleksa Lukic,
Archaeodontosaurus, MichealH, VI, Eldin raigmore, HJ Mitchell, Citation bot 1, Dudud34, Nirmos, DrilBot, Editor02468, Pinethicket, I
dream of horses, Nmatavka, Guyseni, Desolation05975,MJ94, Hooman, Jschnur, HowardJWilk, SpaceFlight89, Île flottante, Σ, Xeworlebi,
Mr.Yim, Jauhienij, Lando Calrissian, Double sharp, Fama Clamosa, Sumone10154, Extra999, Pbrower2a, Stephen MUFC, Dasf;jkasd,
Brian the Editor, Jynto, Tbhotch, Pennypupsocute, Hwy43, Sumirp, TjBot, Johnny Mineralogist, CalicoCatLover, DASHBot, Mophoplz,
EmausBot, Cricobr, Lessbread, RA0808, RenamedUser01302013, AdamLionz, Wikipelli, K6ka, Cheminterest, ZéroBot, John Cline, Fæ,
StringTheory11, Doorautomatica, AJTH, Unreal7, AManWithNoPlan, Noodleki, Chris857, ChuispastonBot, Radiation84, Petrb, ClueBot
NG, Psychedelic Yogi, MelbourneStar, Ohdear15, Gilderien, Satellizer, Piast93, Frombyhed, Snotbot, ,قیصرانی Lanthanum-138, Par-
cly Taxel, Widr, Nathanzadoks, Eli706, Helpful Pixie Bot, JohnSRoberts99, Tholme, Judygt, Prettypolitico, Bibcode Bot, Divingpetrel,
Picklebobdogflog, Lowercase sigmabot, Furkhaocean, MusikAnimal, Frze, Kendall-K1, TheMan4000, Mark Arsten, Cncmaster, Thekiller-
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penguin, Jacopo188, 0ilshim0, Toccata quarta, Duke wellington 1815, Snow Blizzard, Emerine, Larmas, Power2793, 1324we, BattyBot,
Zhaofeng Li, MahdiBot, Jannigan, Mikecom32, EuroCarGT, Songriter en, Nathanielfirst, Sitemagnates, JYBot, APerson, Dexbot, PaAt-
56, Gsmanu007, Mogism, PT Telkomindo, Holy-Terrorist-7, Clockery, Numbermaniac, Sriharsh1234, Smeatteams, CorinneSD, Jnargus,
Ingnrillpfs01, Reatlas, 18aphillips, Theshadowkeeper790, Heavenlier, Warfareyourmom, MikeP WiltshireUK, I am One of Many, One-
OldWriter, Lfdder, Hendrick 99, DavidLeighEllis, Seanhenley, Zenibus, Ginsuloft, Xzese1, VinnyPutty, Ramendoctor, Param Mudgal,
Sarkar2000, Anarchistdy, Nikki Louladdl, TAPYY, Oscar.rojas74, Tickle monster135, Offrimits, Shadowlord2000, Pelam5, Monkbot,
Vieque, Gaeleng, Leilabennett, Kittsie101, ContentReview, Rashid Sabugar, PhantomFrost, FabFran98, Nascarfan3433, Themajesticbear
and Anonymous: 1451

• Taenite Source: http://en.wikipedia.org/wiki/Taenite?oldid=593121510 Contributors: Vsmith, A2Kafir, Eric Kvaalen, Lego872, Rjwilmsi,
FlaBot, Jaraalbe, YurikBot, Deuar, VMS Mosaic, Vina-iwbot, Arb, Daarznieks, Denis.g.rancourt, Wingedsubmariner, Rhanyeia,
Bercziszani, MushiHoshiIshi, Addbot, Basilicofresco, LaaknorBot, Luckas-bot, Yobot, Amirobot, Chris.urs-o, MastiBot, RjwilmsiBot,
Bibcode Bot, Monkbot and Anonymous: 3

• Acanthite Source: http://en.wikipedia.org/wiki/Acanthite?oldid=602507634 Contributors: Magnus Manske, Vsmith, Movses, Smartse,
Tillman, CommonsDelinker, Addbot, KamikazeBot, Materialscientist, Chris.urs-o, Hakunamenta, Intelligentsium, 564dude, Strickja,
ChuispastonBot, RockMagnetist, Rmashhadi, Kleopatra, Movses-bot, Rezabot, Jasmin Ros and Anonymous: 4

• Arsenopyrite Source: http://en.wikipedia.org/wiki/Arsenopyrite?oldid=539417557 Contributors: Ktsquare, Dgrant, Ping, Raven in Or-
bit, Zimbres, Robbot, Sbisolo, Avihu, Vsmith, Gene Nygaard, Riffsyphon1024, Ligar, Ligulem, Jaraalbe, Roboto de Ajvol, YurikBot,
Albedo, SmackBot, Rolinator, Smokefoot, SashatoBot, Vriullop, MTSbot, Alchemist2702, Gil Gamesh, Chrumps, JamesAM, Albmont, JJ
Harrison, R'n'B, DorganBot, TXiKiBoT, Cezarika1, Ferengi, Jordan1988, LarryMorseDCOhio, Addbot, Luckas-bot, Yobot, Materialsci-
entist, ArthurBot, Xqbot, Chris.urs-o, Archaeodontosaurus, Garybrennan, Ripchip Bot, Strickja, AvicBot, ChuispastonBot, Rmashhadi,
Kleopatra, CocuBot, Rycecube57, Danim, Helpful Pixie Bot and Anonymous: 10

• Bornite Source: http://en.wikipedia.org/wiki/Bornite?oldid=630582681 Contributors: Alvaro, Chris 73, Sbisolo, Lzur, CrazyCanuck, Sam
Hocevar, Guanabot, Vsmith, Dlloyd, Velella, Erebus555, FlaBot, Jaraalbe, Andel, YurikBot, RussBot, Schlockading, Gerhard51, Moe
Epsilon, LeonardoRob0t, SmackBot, Vina-iwbot, SashatoBot, John, Gobonobo, Kevmin, Peter Horn, Avant Guard, Digon3, Thijs!bot,
Nick Number, Seaphoto, JAnDbot, Belg4mit, Scanlan, Vinograd19, NAHID, JA.Davidson, Ncmvocalist, Clerks, Abbo2007, TXiKiBoT,
Fr33Lanc3r, SieBot, Rhanyeia, Puppy8800, Azoma, Addbot, Luckas-bot, Yobot, Materialscientist, ArthurBot, Xqbot, Chris.urs-o, Pepper,
Pinethicket, Strickja, EmausBot, Adaeniel, RockMagnetist, ClueBot NG, O.Koslowski, Rezabot, Widr, Aznsportruck, Duanuys, Gener-
alg2001 and Anonymous: 32

• Carrollite Source: http://en.wikipedia.org/wiki/Carrollite?oldid=613037381 Contributors: Graeme Bartlett, Vsmith, FlaBot, Bejnar, Jcwf,
Tesscass, Kropotkine 113, Eusebius, Mild Bill Hiccup, Dthomsen8, Addbot, Element16, Yobot, Materialscientist, Chris.urs-o, Tobias1984,
Strickja, EmausBot, EdoBot, Liek, PhnomPencil, AdventurousSquirrel, Rockyflowerscom and Anonymous: 2

• Chalcocite Source: http://en.wikipedia.org/wiki/Chalcocite?oldid=554524307 Contributors: Heron, Kaihsu, Chris 73, Sbisolo, Diberri,
Rstens, DanielCD, Vsmith, Kjkolb, Ligar, Alcinoe, Ligulem, Flowerparty, Jaraalbe, YurikBot, Schlockading, AgentLewis, SmackBot,
Bluebot, V1adis1av, Johnmc, Gil Gamesh, Mahlerite, Raz1el, Thijs!bot, DuncanHill, MSBOT, .anacondabot, DorganBot, Undress 006,
VolkovBot, TXiKiBoT, DragonBot, Addbot, Materialscientist, Xqbot, Chris.urs-o, Tranletuhan, D'ohBot, TobeBot, Strickja and Anony-
mous: 13

• Chalcopyrite Source: http://en.wikipedia.org/wiki/Chalcopyrite?oldid=624705332 Contributors: Ktsquare, Arpingstone, Ellywa, Gren-
delkhan, Chris 73, Sbisolo, Securiger, Caknuck, Diberri, Avihu, Vsmith, Kwamikagami, Alga, Jumbuck, Benjah-bmm27, Dschwen, SMC,
Ligulem, FlaBot, Nowhither, Flowerparty, Jaraalbe, YurikBot, Moe Epsilon, Lockesdonkey, SmackBot, MalafayaBot, Can't sleep, clown
will eat me, Rolinator, Gump Stump, Vina-iwbot, Gil Gamesh, Stifynsemons, Mtj027, Thijs!bot, NJPharris, Astynax, Escarbot, Tillman,
Volcanoguy, Deflective, Arogon, J.delanoy, Eliz81, Jcwf, DorganBot, Useight, Reno Chris, TXiKiBoT, Nono le petit robot, JhsBot, Steven
Weston, AS, OKBot, Dcattell, Capitalismojo, ClueBot, Gladboy, Lx 121, Addbot, Gregisfat2, Tide rolls, Luckas-bot, Paepaok, Materi-
alscientist, ArthurBot, Xqbot, Chris.urs-o, Tranletuhan, Archaeodontosaurus, I dream of horses, RedBot, Ripchip Bot, Nyxaus, Strickja,
Wikipelli, ClueBot NG, Rezabot, Widr, Danim, Curb Chain, ASCIIn2Bme, Petrvsco, GoShow, Monkbot, Trackteur and Anonymous: 66

• Cinnabar Source: http://en.wikipedia.org/wiki/Cinnabar?oldid=625957822 Contributors: Damian Yerrick, Bryan Derksen, XJaM, Kt-
square, Ellywa, Jimfbleak, BRG, Stone, Lfh, Dpbsmith, Chl, Robbot, Chris 73, Smallweed, Securiger, Postdlf, UtherSRG, Jorge Stolfi,
Darrien, Chameleon, R. fiend, Antandrus, Pmanderson, Icairns, Miborovsky, Apalsola, DanielCD, Diagonalfish, Guanabot, Andros 1337,
Vsmith, Kostja, Dlloyd, Fiveless, Dreish, Dungodung, JeR, Daniel FR, Sukiari, Pharos, Xgoni, Siim, Enirac Sum, Benjah-bmm27, Walk-
erma, Pion, Wtmitchell, RainbowOfLight, Reaverdrop, Ahangama, Rocastelo, Riffsyphon1024, Julo, CharlesC, Sjö, George Burgess,
Ligulem, Vuong Ngan Ha, Eubot, Lzz, Flowerparty, Biotim, Physchim62, Jaraalbe, Bkhouser, Roboto de Ajvol, YurikBot, Hairy Dude,
RussBot, Conscious, Yyy, Pseudomonas, NawlinWiki, Badagnani, Adamrush, Mlouns, TDogg310, Mugwumpjism, Wujastyk, BorgQueen,
LeonardoRob0t, Bluezy, Groyolo, SmackBot, CRKingston, Kintetsubuffalo, Dan Hoey, Bluebot, Jprg1966, Pieter1, VMS Mosaic, Cyber-
cobra, Smokefoot, Lisasmall, Lambiam, John, Zaphraud, Kevmin, Oakland1979, Dmacf, Beetstra, Drmaqsood, Hu12, TurabianNights, Gil
Gamesh, Courcelles, Pseudo-Richard, ShelfSkewed, Doctorevil64, Studerby, Clovis Sangrail, Dyanega, PKT, Thijs!bot, Barticus88, Head-
bomb, Ctu2485, Hcobb, NERIUM, Nick Number, AntiVandalBot, Flibjib8, Lyricmac, Mary Mark Ockerbloom, LibLord, Azbondgirl,
JAnDbot, Deflective, MER-C, Plantsurfer, Fetchcomms, Albany NY, Simon Burchell, Guy0307, Magioladitis, Slithytove2, JJ Harrison,
Laur2ro, Wowaconia, CommonsDelinker, Mccajor, AntiSpamBot, MishaPan, VolkovBot, Reno Chris, TXiKiBoT, GroveGuy, Suisun,
Anonymous Dissident, Piperh, Broadbot, Noformation, InternetHero, Falcon8765, Spinningspark, Entirelybs, Ajrocke, Skarz, Michael
Frind, SieBot, Cosmic brownie, Doctorfluffy, Aspects, SiefkinDR, Annlanding, Leon Byford, Denisarona, Chem-awb, Photolitherland,
ClueBot, Deviator13, Gojaslene, Piledhigheranddeeper, Vanessarama, Officefreak, Eeekster, Shinkolobwe, Arjayay, LarryMorseDCO-
hio, Holothurion, Gyozilla, Introductory adverb clause, Daffodillman, Addbot, Kisbesbot, Numbo3-bot, Tide rolls, Legobot, Blah28948,
Yobot, Amirobot, Buddy431, AnomieBOT, Rubinbot, Materialscientist, ArthurBot, Pillowmurder, Xqbot, Acebulf, C+C, Chris.urs-o,
PeaceLoveHarmony, Kalydesign, Howard McCay, Gemstonesmarket, Tranletuhan, Citation bot 1, Galloramenu, Pedromelcop, White
Shadows, Double sharp, RjwilmsiBot, Llez, Gspahr, CalicoCatLover, Strickja, Ratmangxa, GoingBatty, Slightsmile, Wikipelli, Tyranny
Sue, Chemicalinterest, Nekoomehr, RockMagnetist, TuftArgus, ClueBot NG, Gabriel vincent, Danim, Arrit, Helpful Pixie Bot, BattyBot,
Mohammad Al Khalid, Hair, MarinaVladivostok, UnknownMonsterman, Monkbot and Anonymous: 137

• Cobaltite Source: http://en.wikipedia.org/wiki/Cobaltite?oldid=590032161 Contributors: Reinhard Kraasch, DragonflySixtyseven, Reflex
Reaction, Vsmith, RJFJR, FlaBot, Jaraalbe, MTSbot, Thijs!bot, TimVickers, Tillman, JAnDbot, CommonsDelinker, Loganis, TXiKiBoT,
A4bot, AlleborgoBot, SieBot, Rhanyeia, DragonBot, Swimmer46, Addbot, Luckas-bot, Yobot, EnBob08, Nafio, Chris.urs-o, PBS-AWB,
Allforrous, Kleopatra, ClueBot NG, Rezabot, IluvatarBot, Wrbulmer and Anonymous: 12
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• Dimorphite Source: http://en.wikipedia.org/wiki/Dimorphite?oldid=591706698 Contributors: Vsmith, Fram, SmackBot, Yarnalgo, Den-
tren, Addbot, Tyrol5, Chris.urs-o, Alvin Seville, Erik9bot, Dwwashburn, Citation bot 1, RjwilmsiBot, ZéroBot, Kleopatra, Liek, Bibcode
Bot, Andrew Eugene, Anrnusna and Anonymous: 1

• Enargite Source: http://en.wikipedia.org/wiki/Enargite?oldid=610381797 Contributors: Vsmith, Lego872, FlaBot, Pitamakan, Jaraalbe,
YurikBot, Open2universe, Kevmin, Iridescent, Thijs!bot, Rearete, CommonsDelinker, DorganBot, DragonBot, Addbot, Luckas-bot, Ma-
terialscientist, LilHelpa, Chris.urs-o, Archaeodontosaurus, Garybrennan, Strickja, Tommy2010, ZéroBot, Chris857, Rezabot and Anony-
mous: 10

• Galena Source: http://en.wikipedia.org/wiki/Galena?oldid=627708525 Contributors: Andre Engels, Meekohi, Shimmin, Robbot, Ktims,
Chris 73, Securiger, Postdlf, Bkell, Giftlite, Chowbok, RetiredUser2, Avihu, Discospinster, Rich Farmbrough, Vsmith, Dlloyd, Zscout370,
Etimbo, Fiveless, Bobo192, Sam Korn, Jumbuck, Alansohn, Benjah-bmm27, Lectonar, PAR, TommyBoy, Hadlock, TaintedMustard,
Shoefly, Nvinen, MONGO, Hailey C. Shannon, Prashanthns, Scroipt, Haikupoet, Canderson7, Angusmclellan, Isaac Rabinovitch, 25,
Ligulem, The wub, Ttwaring, Dougluce, Mahlum, FlaBot, Margosbot, Flowerparty, Karelj, Quuxplusone, EronMain, David Haberlah,
Physchim62, Jaraalbe, Kummi, YurikBot, Rapido, Motmot, Shaddack, Kyorosuke, Semperf, Zwobot, Pablomartinez, Petri Krohn, Mar-
cusscotus1, KnowledgeOfSelf, CRKingston, Jab843, Edgar181, Bluebot, Avin, Jprg1966, MalafayaBot, Sbharris, Tsca.bot, V1adis1av,
Bigturtle, Kevmin, B7T, Iridescent, Gil Gamesh, Dycedarg, ShelfSkewed, Chmee2, Geekers, Gogo Dodo, Khamar, Thijs!bot, Epbr123,
JustAGal, Escarbot, Quintote, Ian Donaldson, Jj137, JAnDbot, Magioladitis, VoABot II, Dentren, Belgrade18, Ben Ram, DerHexer, Mar-
tinBot, Vanessaezekowitz, Ash, J.delanoy, Numbo3, J Dezman, Bailo26, Cadwaladr, Stanlypaul, Vanished user 39948282, C.lettingaAV,
VolkovBot, Reno Chris, Philip Trueman, Law Lord, TXiKiBoT, Jomasecu, LeaveSleaves, Cremepuff222, Lamro, Insanity Incarnate,
Praefectorian, Bvrly, Keilana, OKBot, OutOfWhack, TheCatalyst31, Arugia, ClueBot, The Thing That Should Not Be, Arakunem, Dr-
mies, AirdishStraus, Puchiko, Excirial, Shinkolobwe, Primalmoon, SoxBot III, Avoided, Thatguyflint, Addbot, Axecution, Amorphagate,
Favonian, Tide rolls, Zorrobot, Yobot, Gabriel80, Alexkin, Ipatrol, Materialscientist, Alex:Dan, Citation bot, Neurolysis, ArthurBot, Ober-
sachsebot, Xqbot, MoeDawg1995, Guy Courtois, Srohde, Chris.urs-o, AJSG, Celuici, FrescoBot, Pinethicket, EdoDodo, TobeBot, Chan-
dler12345, Muttonlover101, Strickja, EmausBot, Tzontonel, Tommy2010, Holdiness, Kilopi, ChuispastonBot, ClueBot NG, Haralaag,
Widr, Jorgenev, Curb Chain, The shaman poet, Gdunde, Zedshort, Specopsgamer, Dexbot, SARDARAMAS, Jakec, UnknownMonster-
man, Ginsuloft, Monkbot and Anonymous: 210

• Marcasite Source: http://en.wikipedia.org/wiki/Marcasite?oldid=621198763 Contributors: AxelBoldt, Jagged, Raven in Orbit, Lumos3,
Hadal, Avihu, DanielCD, Vsmith, Vberger, FlaBot, SchuminWeb, Jolyonralph, RexNL, Jaraalbe, GeeJo, Lviatour, CRKingston, Elagatis,
MalafayaBot, Paul H., Kevmin, Pyrope, Tillman, DuncanHill, .anacondabot, CommonsDelinker, Martino3, Jcwf, Belovedfreak, TXiKiBoT,
Why Not A Duck, SieBot, Seanwal111111, Alexbot, Addbot, Loupeter, Luckas-bot, Yobot, Ptbotgourou, Vini 17bot5, Materialscientist,
ArthurBot, البط علي ,حسن GrouchoBot, Chris.urs-o, FrescoBot, Riventree, Archaeodontosaurus, HRoestBot, Dinamik-bot, Rezabot,
De Riban5 and Anonymous: 20

• Millerite Source: http://en.wikipedia.org/wiki/Millerite?oldid=544390013 Contributors: Magnus Manske, Mkmcconn, Quadell, Avihu,
Vsmith, Polylerus, Visviva, Rjwilmsi, Ligulem, FlaBot, Flowerparty, Wingsandsword, Jaraalbe, SmackBot, Rojomoke, Pissant, Golfman,
Rolinator, Gil Gamesh, Cydebot, Tillman, Colin MacLaurin, .anacondabot, CommonsDelinker, Clerks, X!, PixelBot, Addbot, Anders-
Bot, Білецький В.С., Luckas-bot, Nghia1991ad, Materialscientist, Citation bot, RibotBOT, Chris.urs-o, Archaeodontosaurus, D'ohBot,
Atlantia, Citation bot 1, RjwilmsiBot, EmausBot, ZéroBot, Rezabot, Bibcode Bot and Anonymous: 10

• Molybdenite Source: http://en.wikipedia.org/wiki/Molybdenite?oldid=631855216 Contributors: Stone, Chris 73, Sbisolo, Diberri, Snags,
Moxfyre, Rich Farmbrough, Liso, Vsmith, Fluzwup, Hooperbloob, Riffsyphon1024, Ligulem, Nihiltres, Flowerparty, David Haberlah,
Physchim62, YurikBot, Shaddack, Member, SmackBot, Sbharris, Smokefoot, MTSbot, Gil Gamesh, Chetvorno, Pyrope, VPliousnine,
Thijs!bot, AstroHurricane001, Rod57, AlnoktaBOT, TXiKiBoT, Plazak, Oda Mari, Tomas e, LarryMorseDCOhio, Addbot, SamatBot,
Numbo3-bot, Luckas-bot, Yobot, Ptbotgourou, Quorn3000, Materialscientist, Chris.urs-o, Jauhienij, TobeBot, Ebe123, ChuispastonBot,
Mikhail Ryazanov, Rezabot, BG19bot, UnknownMonsterman and Anonymous: 20

• Nickeline Source: http://en.wikipedia.org/wiki/Nickeline?oldid=576864800 Contributors: Magnus Manske, Olivier, Bearcat, Diberri,
Matthead, Tagishsimon, Avihu, Vsmith, Fiveless, Benjah-bmm27, Rjwilmsi, MZMcBride, Ligulem, FlaBot, Flowerparty, Jaraalbe, GeeJo,
SmackBot, Sadads, Rolinator, Androl, Gil Gamesh, Chrumps, Reedy Bot, Zblewski, Treisijs, VolkovBot, TXiKiBoT, Ra'ike, Keilana,
ClueBot, PixelBot, Addbot, AllanHall38e, SamatBot, Numbo3-bot, Chris.urs-o, Archaeodontosaurus, Citation bot 1, Armando-Martin,
GoingBatty, Rezabot, Bibcode Bot, Chemya, Placerz212 and Anonymous: 15

• Orpiment Source: http://en.wikipedia.org/wiki/Orpiment?oldid=617448143 Contributors: William Avery, Sbisolo, Pjacobi, Vsmith, Pal-
ladian, Dillee1, Siim, Benjah-bmm27, John Hill, FlaBot, Jaraalbe, Shaddack, E rulez, Zwobot, Pfft Bot, Unyoyega, CRKingston, Donama,
Master Jay, VMS Mosaic, Smokefoot, Bejnar, King Hildebrand, Rifleman 82, Thijs!bot, Tillman, Confederateman, Ian.thomson, Comet-
styles, STBotD, VolkovBot, Reno Chris, TXiKiBoT, SieBot, Dkf11, Michał Sobkowski, Auntof6, Alexbot, JO 24, Addbot, Download,
SpBot, Luckas-bot, Polymeris, GrouchoBot, RibotBOT, Chris.urs-o, JMS Old Al, Abductive, Waso99, ZéroBot, RockMagnetist, Rmash-
hadi, Kleopatra, JYBot and Anonymous: 16

• Proustite Source: http://en.wikipedia.org/wiki/Proustite?oldid=632275432 Contributors: Magnus Manske, Ahoerstemeier, Ping, Sbisolo,
Securiger, Ravn, Vsmith, Jeodesic, Xgoni, Dominic, FlaBot, Jaraalbe, GeeJo, Staffelde, Unyoyega, Droll, Axem Titanium, Black and
White, Cydebot, Thijs!bot, Tillman, Clerks, VolkovBot, McM.bot, Malcolmxl5, Fratrep, Maelgwnbot, Addbot, Lightbot, EnBob08, CXCV,
Chris.urs-o, Secalinum, EmausBot, Rezabot, Hans Frörum, Macklemorening and Anonymous: 6

• Pyrargyrite Source: http://en.wikipedia.org/wiki/Pyrargyrite?oldid=598191453 Contributors: Stan Shebs, Sbisolo, Vsmith, Woohookitty,
Ligulem, FlaBot, Jaraalbe, Shell Kinney, GeeJo, SmackBot, Unyoyega, Jeekc, Gil Gamesh, Thijs!bot, Reno Chris, McM.bot, BOTarate,
Deineka, Addbot, Lightbot, EnBob08, Stanzilla, Chris.urs-o, Garybrennan, Louperibot, Bromador, Rezabot, Hans Frörum, Jasmin Ros and
Anonymous: 3

• Pyrite Source: http://en.wikipedia.org/wiki/Pyrite?oldid=632391293 Contributors: AxelBoldt, Magnus Manske, Eloquence, Bryan Derk-
sen, Zundark, Andre Engels, Ktsquare, Dwmyers, Norm, Arpingstone, Ahoerstemeier, Stan Shebs, Mulad, Stone, Furrykef, Jerzy, Flock-
meal, Owen, Riddley, Frisket, Robbot, Securiger, Pabouk, Giftlite, Jurema Oliveira, Wmahan, ComicParty, CryptoDerk, Noe, The
MoUsY spell-checker, Sam Hocevar, Aramgutang, Squash, Mike Rosoft, DanielCD, Vsmith, RJHall, Art LaPella, Dennis Brown, Five-
less, Bobo192, Kb3edk, Fir0002, Smalljim, Dreish, Mikewebkist, Siim, Hu, Velella, TaintedMustard, Dan100, Alvis, Woohookitty,
StradivariusTV, Duncan.france, Scootey, Sengkang, Macaddct1984, Paiconos, Tslocum, Canderson7, Rjwilmsi, 25, Ligulem, Double-
Blue, FlaBot, Helpful Dave, Nihiltres, Flowerparty, Jaraalbe, DVdm, Gwernol, The Rambling Man, YurikBot, Sceptre, Hellbus, Shaddack,
Ihope127, Wimt, Ianwatts, Cholmes75, Moe Epsilon, Grafikm fr, Mad Max, Kortoso, DeadEyeArrow, Bota47, Tetracube, PTSE, Lt-wiki-
bot, TheMadBaron, Anclation, Cool-Fly, KnightRider, SmackBot, Pwt898, CRKingston, Edgar181, Xaosflux, Yamaguchi��, Gilliam,
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Geneb1955, Elagatis, MalafayaBot, Darth Panda, Dethme0w, Shalom Yechiel, Abyssal, Marcushan, Makemi, Nakon, Rolinator, Paul H.,
Smokefoot, Mystaker1, Teneriff, Khazar, Jaganath, Kevmin, Jaywubba1887, IronGargoyle, RomanSpa, Smith609, Slakr, Anescient, Beet-
stra, Arachne12, Jose77, Iridescent, LolBob, Michaelbusch, Gil Gamesh, Tawkerbot2, Runderwo, JForget, Ale jrb, Dycedarg, Jesse Vi-
viano, ShelfSkewed, Pyrope, Lazulilasher, Cydebot, UncleBubba, Corpx, John R G, Christian75, Iliank, Gonzo fan2007, Jstuby, Thijs!bot,
Epbr123, John254, Nick Number, Mentifisto, Legend Saber, AntiVandalBot, DKong, Quintote, Lyricmac, Jj137, Spyderchan, Gökhan,
Res2216firestar, Mikenorton, Milonica, The penfool, Instinct, Andonic, PhilKnight, .anacondabot, Bongwarrior, VoABot II, Tedickey,
Smihael, JJ Harrison, Patstuart, Tapioca Dextrin, MartinBot, Keith D, WiiWillieWiki, Bus stop, R'n'B, J.delanoy, Laputian, GeoWriter,
McSly, Benjamint444, Naniwako, Jcwf, Belovedfreak, SJP, Sugarbat, Jorfer, Cherryalexandra, Cmichael, KylieTastic, Bbourgeois, Dor-
ganBot, Lcawte, TheNewPhobia, Squids and Chips, Idioma-bot, VolkovBot, Thedjatclubrock, Macedonian, Reno Chris, Philip Trueman,
TXiKiBoT, Zamphuor, Z.E.R.O., Qxz, Axiosaurus, LeaveSleaves, Codairem, AlleborgoBot, NHRHS2010, SieBot, BloodDoll, Radon210,
Rhanyeia, PhilMacD, Superbeecat, Chem-awb, WikipedianMarlith, Juanbrj, ClueBot, The Thing That Should Not Be, CounterVandal-
ismBot, Piledhigheranddeeper, Arunsingh16, Arjayay, Kaiba, SchreiberBike, Versus22, SoxBot III, MrMcSheeno, Rror, Qfl247, Pero
Despotovic, ZooFari, Addbot, Some jerk on the Internet, Download, CarsracBot, Tide rolls, Arbitrarily0, Meisam, Alfie66, Luckas-bot,
Yobot, ArchonMagnus, Eric-Wester, AnomieBOT, Götz, Dwayne, 9258fahsflkh917fas, Kingpin13, Materialscientist, Citation bot, Neu-
rolysis, ArthurBot, Xqbot, Mononomic, Tyrol5, Srich32977, Blenheimears, PimRijkee, GrouchoBot, Chris.urs-o, Gbruin, Jj19871003,
Douglas W. Jones, FrescoBot, Wikipe-tan, Riventree, OgreBot, Citation bot 1, XxTimberlakexx, Pinethicket, MBirkholz, Vc2, Jschnur,
Don'tyoucryforme, Pdrleme, SkyMachine, TobeBot, Etincelles, Lotje, Prospector1, Weedwhacker128, Minimac, DARTH SIDIOUS 2,
Jdhiw, RjwilmsiBot, DASHBot, EmausBot, Bongoramsey, Did I mention? BLEH, Access Denied, Wayne Slam, Tolly4bolly, Christophe
Krief, Korruski, Eearounds, Staticd, DASHBotAV, Petrb, ClueBot NG, Satellizer, Cntras, O.Koslowski, Masssly, Danim, Helpful Pixie Bot,
JohnSRoberts99, Alphacatmarnie, Bibcode Bot, Psheno, Burgundy111, GKFX, Vermaakash100, Th4n3r, GoShow, Codeh, EuroCarGT,
Drlemont, Mxlimscrimali, CarlesMillan, Lolulosewin, Passengerpigeon, MarchOrDie, Unrealapp, Doughtar, JustinLhote, Anrnusna, She-
rigirl, Trackteur, SlimeySloth, Hazard121, My name is Jo Blogs, Hey ya wuu2 nmu cool not much like, Infernus 780 and Anonymous:
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• Pyrrhotite Source: http://en.wikipedia.org/wiki/Pyrrhotite?oldid=625218298 Contributors: AxelBoldt, SEWilco, Jerzy, Diberri, Avihu,
Vsmith, CanisRufus, Fiveless, Rjwilmsi, Ligulem, Flowerparty, Mark Yen, YurikBot, GeeJo, BorgQueen, A bit iffy, SmackBot, Jeekc,
AndrewBuck, Mgiganteus1, JMK, Gil Gamesh, Thijs!bot, Astynax, Igodard, Magioladitis, Jenniferbuz, TXiKiBoT, Piperh, AlleborgoBot,
The-prospector, Fangjian, ClueBot, Addbot, EjsBot, Luckas-bot, HieronymousCrowley, Materialscientist, Citation bot, Bob Burkhardt,
Gap9551, GrouchoBot, Chris.urs-o, Atlantia, Citation bot 1, Abc518, Armando-Martin, PBS-AWB, H3llBot, Mjbmrbot, Rezabot, Helpful
Pixie Bot, Bibcode Bot, Trackteur and Anonymous: 20

• Realgar Source: http://en.wikipedia.org/wiki/Realgar?oldid=624840900Contributors: DopefishJustin, Stan Shebs, Chris 73, Sbisolo, Jorge
Stolfi, Rama, Vsmith, Xgoni, Benjah-bmm27, Svartalf, JohnHill, Stevey7788, Amire80, Leeyc0, FlaBot, Jaraalbe, GeeJo, Groyolo, Smack-
Bot, CRKingston, Jim62sch, MalafayaBot, Can't sleep, clown will eat me, Rigadoun, MTSbot, Iridescent, Anil1956, King Hildebrand, Cy-
debot, Ntsimp, VPliousnine, Thijs!bot, Tillman, JAnDbot, DuncanHill, Pyrochem, UnicornTapestry, Reno Chris, AlleborgoBot, Fabullus,
J8079s, Auntof6, Bert2368, Seanwal111111, DragonBot, PixelBot, Shinkolobwe, LeinSora, Versus22, Addbot, Kisbesbot, Luckas-bot,
Yobot, Materialscientist, Citation bot, البط علي ,حسن Chris.urs-o, Finalius, RedBot, Waso99, CalicoCatLover, EmausBot, ZxxZxxZ,
Ebrambot, EricWesBrown, Shrigley, Rmashhadi, Kleopatra, ClueBot NG, Danim, HMSSolent, NotWith and Anonymous: 25

• Sphalerite Source: http://en.wikipedia.org/wiki/Sphalerite?oldid=624933046 Contributors: Mav, Bryan Derksen, Tarquin, Ping, Raven
in Orbit, Maximus Rex, Topbanana, Chris 73, Sbisolo, Securiger, Hadal, Eequor, Bobblewik, Sonjaaa, Edsanville, Avihu, DanielCD,
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del, YurikBot, Rsrikanth05, GeeJo, NawlinWiki, Lt-wiki-bot, Sbyrnes321, SmackBot, Zsinj, Vina-iwbot, Kevmin, Uhanu, Gil Gamesh,
JustAGal, Zachary, O.Helm, JAnDbot, DuncanHill, Acroterion, Magioladitis, Dentren, Daarznieks, CommonsDelinker, Turkeybrain, Stan-
lypaul, VolkovBot, TXiKiBoT, Will na veia, A4bot, BotMultichill, Rhanyeia, Louis4357, Ken123BOT, ClueBot, DragonBot, Addbot,
Basilicofresco, Element16, Luckas-bot, Yobot, JackieBot, Materialscientist, ArthurBot, Obersachsebot, Chris.urs-o, FrescoBot, Tenesis,
TobeBot, Racerx11, Dcirovic, ClueBot NG, Frietjes, Haralaag, CorinneSD, Ray Lightyear, Filipjoe69, Bluefin333 and Anonymous: 55

• Stibnite Source: http://en.wikipedia.org/wiki/Stibnite?oldid=539552625 Contributors: Infrogmation, Michael Hardy, Chris 73, Securiger,
Dmadeo, Mervyn, DocWatson42, Vsmith, Dlloyd, Art LaPella, Fiveless, Mac Davis, Benbest, Aviemet, Palica, Rydia, Ligulem, Bladeof-
grass, FlaBot, Flowerparty, EvilStorm, Jaraalbe, YurikBot, Shaddack, Dogcow, Gnusbiz, Tetracube, CRKingston, Edgar181, Smokefoot,
Kevmin, Gil Gamesh, JohnCD, Chmee2, Calvero JP, Thijs!bot, JAnDbot, Arch dude, IanOsgood, Filll, Maximusthaler, DorganBot, Idioma-
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Rmashhadi, Kleopatra, ClueBot NG, Helpful Pixie Bot and Anonymous: 22
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DrilBot, Rezabot, BattyBot and Anonymous: 11

• Sylvanite Source: http://en.wikipedia.org/wiki/Sylvanite?oldid=621029816 Contributors: Stone, Phil Boswell, Merovingian, Fuelbottle,
Rich Farmbrough, Vsmith, Kjkolb, Msh210, Marasama, FlaBot, Jaraalbe, NTBot, SmackBot, Unyoyega, Sbharris, Kevmin, Mattbuck,
PamD, Tillman, Leyo, M-le-mot-dit, 4wajzkd02, Rhanyeia, Michał Sobkowski, PixelBot, DumZiBoT, Addbot, Basilicofresco, Eudialytos,
LilHelpa, Chris.urs-o, FrescoBot, Leondumontfollower, ZéroBot, ChuispastonBot, Rezabot, Danim, Pluma, Hans Frörum and Anonymous:
3

• Cassiterite Source: http://en.wikipedia.org/wiki/Cassiterite?oldid=620608172 Contributors: Azhyd, Stone, Robbot, Chris 73, Straczyn-
ski, Matt Gies, Beland, Thincat, Vsmith, Bender235, Fiveless, Smalljim, Pschemp, Arthena, Jg325, SteinbDJ, Julo, SDC, Rjwilmsi, Ve-
gaswikian, Ligulem, Brighterorange, FlaBot, Flowerparty, Jaraalbe, YurikBot, RussBot, Stephanos Georgios John, TDogg310, Bota47,
Nima.nezafati, SmackBot, FocalPoint, Bigturtle, Kevmin, Regan123, Peterlewis, Gil Gamesh, Harold f, Chmee2, David A. Victor,
Thijs!bot, Tillman, Mikenorton, JAnDbot, Pyrochem, CommonsDelinker, DorganBot, Reno Chris, TXiKiBoT, Piperh, Axiosaurus, Lamro,
AlleborgoBot, Thegwaing, Ra'ike, Rhanyeia, ClueBot, Addbot, Gustavodlpl, LaaknorBot, Alchemist-hp, Tide rolls, Luckas-bot, Materi-
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Anonymous: 40
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The shaman poet, Mark Arsten, BattyBot, BrightStarSky, Khatary1, Monkbot and Anonymous: 66
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Sbisolo, Hadal, Bobblewik, JoJan, DragonflySixtyseven, Avihu, Andros 1337, Vsmith, Vzb83, Fiveless, Shenme, Siim, Keenan Pepper,
Monado, Wtshymanski, Rjhanson54, Woohookitty, Tslocum, Melesse, Theinsomniac4life, Ligulem, Panterka, Luneraako, Flowerparty,
Chobot, Jaraalbe, Shaddack, Wiki alf, J S Ayer, Closedmouth, Waltik, LeonardoRob0t, SmackBot, Reedy, Alsandro, Ohnoitsjamie, Chris
the speller, Bluebot, SauliH, Neptunekh, Fitzhugh, Serein (renamed because of SUL), Kevmin, S kitahashi, Januseth, Gil Gamesh, Cour-
celles, Bruinfan12, Alexander Iwaschkin, CmdrObot, Fromos, Mchmike, Ignoramibus, VPliousnine, Thijs!bot, Dayn, Widefox, Afaz,
Robina Fox, Zelator, MaJic, MartinBot, Rettetast, Lucaswilkins, Gem-fanat, Acalamari, Clerks, KylieTastic, Juliancolton, DorganBot,
GrahamHardy, Idioma-bot, Jennavecia, Reno Chris, Gemshare, Nickgully, BotKung, M.thoriyan, Keilana, Tiptoety, Aruton, Smilesfoz-
wood, Lightmouse, RandomEngy, Hordaland, Invertzoo, ClueBot, Jan1nad, Akiry, Mild Bill Hiccup, Niceguyedc, Thortveitite, Nin-
quelosse, Stevenish123, DumZiBoT, Bobbozzo, HexaChord, Addbot, LaaknorBot, LinkFA-Bot, Tide rolls, Salexmccoy, Luckas-bot,
Yobot, Manoridius, Materialscientist, Citation bot, Aduro Obscurum, ArthurBot, LilHelpa, Gigemag76, Gap9551, Chris.urs-o, Brihin,
Juliechhuahati, Eruditebapu, GT5162, Atlantia, DrilBot, Bryancpark, DJIndy, Baycooler, Pithecanthropus4152, Tobias1984, Ben Owns U,
Sergeant Midget, DARTH SIDIOUS 2, Ripchip Bot, CalicoCatLover, EmausBot, WikitanvirBot, Rmashhadi, ClueBot NG, The shaman
poet, Stenallan, Dexbot, EvergreenFir, MichaelLDN3141 and Anonymous: 105

• Corundum Source: http://en.wikipedia.org/wiki/Corundum?oldid=633567369 Contributors: AxelBoldt, Bryan Derksen, Zundark, Jagged,
Josh Grosse, Ktsquare, DrBob, Heron, EddEdmondson, Menchi, Looxix, Александър, Julesd, Glenn, Andres, JidGom, LMB, Morven,
Topbanana, RadicalBender, Robbot, Tomchiukc, Chris 73, Sbisolo, Securiger, Giftlite, P.T. Aufrette, Jurema Oliveira, Chowbok, Yath,
Baronjonas, Deglr6328, Rich Farmbrough, Andros 1337, Vsmith, Ioliver, Jnestorius, Vzb83, Triona, Dhovis, Jashiin, Fiveless, Bobo192,
Ctrl build, Lysdexia, Free Bear, Rcbarnes, Vuo, Oleg Alexandrov, Benbest, Macronyx, Crucis, Graham87, NatusRoma, Strait, Ligulem, Ni-
hiltres, Flowerparty, Ewlyahoocom, Jaraalbe, YurikBot, Wavelength, Encyclops, Kymacpherson, Serinde, CambridgeBayWeather, GeeJo,
NawlinWiki, Badagnani, Elkman, Lt-wiki-bot, Јованвб, KGasso, Reyk, Orbis 3, Waisberg, Anclation, TomR, SmackBot, Yamaguchi��,
Rmosler2100, MalafayaBot, Sadads, Alfion, BostonMA, Nakon, Dreadstar, Sirhanx2, SashatoBot, Kevmin, Waggers, Kanatonian, Wiz-
ard191, Iepeulas, IvanLanin, Bruinfan12, RSido, Bonás, Crownjewel82, Cydebot, Metanoid, Corpx, JamesAM, Someoutrageousguy, An-
tiVandalBot, The Obento Musubi, RobotG, Omphacite, JAnDbot, Omeganian, Plantsurfer, Plm209, PhilKnight, MSBOT, VoABot II,
Nyttend, Bobgali, MartinBot, Jim.henderson, Anaxial, Slash, J.delanoy, Uncle Dick, Gem-fanat, Globbet, Dcmacnut, Ljgua124, Mirithing,
Xiahou, Smallfixer, Joeinwap, VolkovBot, Reno Chris, Drunkenmonkey, TXiKiBoT, Mercurywoodrose, Butthead2222, A4bot, Hqb, Col-
injack, Piperh, JhsBot, DesmondW, BotKung, Maxim, AlleborgoBot, TJRC, Rhanyeia, Ainsleyf, Martarius, ClueBot, Deviator13, The
Thing That Should Not Be, Thehelpfulone, InternetMeme, Mr0t1633, Equine-man, Numbo3-bot, Tide rolls, Lightbot, Білецький В.С.,
Zorrobot, Legobot, Luckas-bot, Ptbotgourou, TaBOT-zerem, 1exec1, Crystal whacker, Materialscientist, Danno uk, ArthurBot, Xqbot,
Fireblast1212, GrouchoBot, Chris.urs-o, Logger9, Shadowjams, Sandgem Addict, Rheadcannon, Pinethicket, Fumitol, Jauhienij, Tobe-
Bot, RjwilmsiBot, CalicoCatLover, EmausBot, ZéroBot, Dolovis, J1812, Thine Antique Pen, RockMagnetist, Ballgazer69, ClueBot NG,
Chumpstump777, Frietjes, O.Koslowski, Oddbodz, Calabe1992, McZusatz, Abc2VE, EuroCarGT, Magentic Manifestations, Lugia2453,
Revolution1221, CensoredScribe, Studzinski.daniel, MasterTriangle12, Trackteur, شاہ خان عثمان and Anonymous: 155

• Cuprite Source: http://en.wikipedia.org/wiki/Cuprite?oldid=539462191 Contributors: Ahoerstemeier, Stan Shebs, Robbot, Chris 73,
Sbisolo, Centrx, Vsmith, Msh210, Siim, Walkerma, Firsfron, Rjwilmsi, 25, Jaraalbe, YurikBot, Wimt, GeeJo, SmackBot, CRKingston,
Kevmin, Peter Horn, Crocodilicus, Thijs!bot, Comstarprecentor, Belovedfreak, McM.bot, Fr33Lanc3r, Red58bill, SieBot, YonaBot, Light-
mouse, ClueBot, Rareaffaire, 5hin3, Meyer92, Qfl247, Addbot, Luckas-bot, Yobot, Materialscientist, Chris.urs-o, Masrudin, Tranletuhan,
Archaeodontosaurus, Strickja, EmausBot, ChuispastonBot, Rezabot, Miner Al 2, KerryKrueger58 and Anonymous: 23

• Franklinite Source: http://en.wikipedia.org/wiki/Franklinite?oldid=604353152 Contributors: Dmadeo, Vsmith, Ken Gallager, Ra'ike,
DumZiBoT, Addbot, ArthurBot, Chris.urs-o, LucienBOT, ZéroBot, Scientific29, Rezabot, Danim, The shaman poet and Anonymous: 2

• Hematite Source: http://en.wikipedia.org/wiki/Hematite?oldid=633059125 Contributors: Magnus Manske, Fredbauder, Chd, Ktsquare,
Topory, GTBacchus, Arpingstone, Minesweeper, Stan Shebs, Pollinator, Donarreiskoffer, AlexPlank, Kizor, Chris 73, Sbisolo, Hadal,
Lupo, Cyrius, Giftlite, Bkonrad, Jurema Oliveira, Icairns, Gscshoyru, DanielCD, Noisy, Discospinster, Rich Farmbrough, Andros 1337,
Rama, Vsmith, Bender235, Kbh3rd, Fiveless, Bobo192, Longhair, Duk, Innovati, Jojit fb, Siim, Keenan Pepper, RainbowOfLight,
Vuo, LFaraone, Markaci, Firsfron, Sburke, Benbest, Firien, T34, Rjwilmsi, Gd, Ligulem, Lzz, Nihiltres, Flowerparty, Ewlyahoocom,
Gurch, Fosnez, Jaraalbe, WriterHound, Kummi, YurikBot, RobotE, RussBot, Ytrottier, Hellbus, Gaius Cornelius, Bullzeye, Nor-
malAsylum, SAE1962, Hezzard, RDR, Geoffrey.landis, Agapetile, Kungfuadam, Mmcannis, Nekura, KnightRider, SmackBot, Three-
Dee912, MarkHarmon, Bomac, Brossow, MalafayaBot, Can't sleep, clown will eat me, VMS Mosaic, Dyamantese, Rolinator, Techpriest,
Richard0612, Jarihj, The undertow, JackLumber, Kevmin, Rkmlai, Special-T, MTSbot, KJS77, Tawkerbot2, Cryptic C62, Mmdoogie,
CmdrObot, MrFish, Funnyfarmofdoom, Mattbuck, Pit-yacker, VPliousnine, Sochwa, Trevyn, Marek69, Mentifisto, Thadius856, Anti-
VandalBot, Omphacite, Mikenorton, Meredyth, Dentren, Baccyak4H, WODUP, Animum, BatteryIncluded, ArmadilloFromHell, Martin-
Bot, Patrickgwl, All Is One, Acalamari, Johnbod, McSly, Istamanti, BrettAllen, DorganBot, Idioma-bot, Denis.g.rancourt, Reno Chris,
Philip Trueman, TXiKiBoT, Pledger166, A4bot, Hendrxs111, Raryel, Vahagn Petrosyan, Scarian, Gerakibot, Josconklin, Wilson44691,
Rhanyeia, Nn123645, ClueBot, Parkjunwung, Drmies, Mild Bill Hiccup, SecretDisc, Excirial, 12 Noon, Winston365, Twistedfate21, The-
helpfulone, Addbot, Kwanzilla, Glane23, Karduelis, Cesiumfrog, Алиса Селезньова, Luckas-bot, KamikazeBot, Eudialytos, Eric-Wester,
Crystal whacker, Materialscientist, Citation bot, ArthurBot, WikiEditor 09111, Knowledge to wisdom, Taylorcraftsetc, GrouchoBot, Ribot-
BOT, Chris.urs-o, Squc, Engrisch, Mnmngb, KLThompson, Pinethicket, I dream of horses, December21st2012Freak, Jauhienij, DARTH
SIDIOUS 2, RjwilmsiBot, CalicoCatLover, Strickja, EmausBot, Wikipelli, John Cline, ChuispastonBot, RockMagnetist, Mrs.coleo, Clue-
Bot NG, Rezabot, Gob Lofa, Bibcode Bot, Yousafzai7, Hiberni, Snow Blizzard, Mejoribus, Chezzex, Tutelary, Cutoffyourjib, Makecat-bot,

http://en.wikipedia.org/wiki/Chromite?oldid=623092497
http://en.wikipedia.org/wiki/Chrysoberyl?oldid=630453056
http://en.wikipedia.org/wiki/Corundum?oldid=633567369
http://en.wikipedia.org/wiki/Cuprite?oldid=539462191
http://en.wikipedia.org/wiki/Franklinite?oldid=604353152
http://en.wikipedia.org/wiki/Hematite?oldid=633059125
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CorinneSD, Epicgenius, JustBerry, Romance the stone, Volker Siegel, Trackteur, Prowler294, Aluracein82, MorganStam and Anonymous:
235

• Ilmenite Source: http://en.wikipedia.org/wiki/Ilmenite?oldid=623932074 Contributors: Mav, Ktsquare, Ellywa, Theresa knott, Bogdan-
giusca, Stone, Robbot, DocWatson42, Karn, Allissonn, DanielCD, Vsmith, Roo72, A2Kafir, Linmhall, Hamilt0n, Blendulf, Bantman,
Snowolf, Tabletop, V8rik, Lego872, Rjwilmsi, Rogerd, FlaBot, Fosnez, Jaraalbe, WriterHound, YurikBot, Ms2ger, Light current, Aney,
KnightRider, IstvanWolf, Kdliss, BertholdD, Anwar saadat, SauliH, MalafayaBot, Hibernian, Rolinator, Smokefoot, Kevmin, MTSbot,
Mahlerite, CmdrObot, Hyperdeath, Jonmagne, Thijs!bot, Astynax, Omphacite, Mikenorton, JAnDbot, DuncanHill, KuwarOnline, Magio-
laditis, Dentren, Horst, DadaNeem, Johnhvisser, VolkovBot, TXiKiBoT, A4bot, JhsBot, SieBot, Hughesdarren, Rhanyeia, Karkera, Clue-
Bot, Hadrianheugh, Davy Jones 64, LarryMorseDCOhio, Addbot, Element16, NjardarBot, Qjim, SamatBot, Zorrobot, Xxxx00, Luckas-
bot, Tonyrex, Materialscientist, Jowaninpensans, RibotBOT, Chris.urs-o, FrescoBot, Louperibot, FoxBot, Alikoc, Strickja, WikitanvirBot,
Animal-wiki, Tommy2010, Amazing2323, Cblambert, ChuispastonBot, ClueBot NG, Rezabot, BattyBot and Anonymous: 49

• Magnetite Source: http://en.wikipedia.org/wiki/Magnetite?oldid=634084469 Contributors: AxelBoldt, Bryan Derksen, Tarquin, Nonen-
mac, Infrogmation, Llywrch, Stan Shebs, Julesd, Andrewman327, Wik, Robbot, Chris 73, Modulatum, Hadal, Modeha, BenFrantzDale,
H Padleckas, Icairns, Sam Hocevar, Aramgutang, Deglr6328, DanielCD, Rich Farmbrough, Pmsyyz, Andros 1337, Vsmith, MeltBanana,
Dlloyd, Kbh3rd, CanisRufus, Robert P. O'Shea, Fiveless, Bobo192, Iguan0, Smalljim, Slicky, Larry Grossman, Siim, Alansohn, Keenan
Pepper,Walkerma, Bart133, Leoadec, Yurivict, MiaowMiaow, Benbest, Rtdrury, Tabletop, Cabhan, CharlesC, V8rik, Elvey, JIP, Rjwilmsi,
Coemgenus, 25, Voretus, Ligulem, The wub, Bhadani, FlaBot, Margosbot, Flowerparty, Nimur, Choess, Chobot, Jaraalbe, WriterHound,
YurikBot, Wavelength, Retaggio, Hairy Dude, Loom91, Cate, Shaddack, Janke, TigerPaw2154, Tetracube, 2over0, Xareu bs, CharlesH-
Bennett, Alexandrov, Mejor Los Indios, Crystallina, Ankurdave, SmackBot, KnowledgeOfSelf, Kilo-Lima, WookieInHeat, Canthusus,
Ebill, Lovecz, SynergyBlades, Thumperward, MalafayaBot, Philip Howard, AK7, Can't sleep, clown will eat me, Addshore, Nakon, Roli-
nator, Smokefoot, Rabid9797, SashatoBot, Derek farn, Neillawrence, Iliev, Kevmin, Mrhurtin, MTSbot, UncleDouggie, Gil Gamesh,
Chetvorno, THF, Badseed, Gproud, Michael Fourman, Mattisse, VPliousnine, Epbr123, Trevyn, Astynax, Nick Number, Rees11, Anti-
VandalBot, Omphacite, Dylan Lake, Tillman, Mikenorton, JAnDbot, Barek, MER-C, IanOsgood, Andonic, VoABot II, Dentren, Miner
Frank, Dirac66, The Sporadic Update, WvEngen, Wiki Raja, Mehul trivedi, Rhinopig11, J.delanoy, Trusilver, Ncmvocalist, Benjamint444,
Little Professor, NewEnglandYankee, TRIX Rabbit, DorganBot, Aagtbdfoua, VolkovBot, AlnoktaBOT, Reno Chris, TXiKiBoT, Jum-
bakadabi, Axiosaurus, Rainahotstuff, PGWG, Phe-bot, The way, the truth, and the light, Flyer22, Wilson44691, Rhanyeia, Artoasis, Ho-
bartimus, Alex.muller, OKBot, Mrfebruary, Velvetron, Elassint, ClueBot, The Thing That Should Not Be, Regibox, Puppy8800, ToNToNi,
Shinkolobwe, Subdolous, Okiefromokla, SchreiberBike, Aitias, HimsAhimsa, Finalnight, XLinkBot, Skarebo, Addbot, Some jerk on the
Internet, DOI bot, Ronhjones, Protonk, Redheylin, Chzz, Karduelis, Tide rolls, Vitorrio78, Luckas-bot, Yobot, Newportm, AnomieBOT,
Piano non troppo, Materialscientist, Citation bot, Brane.Blokar, Xqbot, Rockstone2008, Gigemag76, NFD9001, GrouchoBot, SassoBot,
Chris.urs-o, FrescoBot, Tranletuhan, Danielson183, Archaeodontosaurus, Citation bot 1, Jfranprin, Jauhienij, Lotje, Sumone10154, Steel-
erdon, Vrenator, El Mayimbe, Mean as custard, Kevin Abreu, EmausBot, Virpik, Tzontonel, Pohlcat94, Wayne Slam, Ocean Shores,
RockMagnetist, Beautygab, DASHBotAV, Whoop whoop pull up, ClueBot NG, Paul Windsor, Krankh, Rezabot, Helpful Pixie Bot, Bib-
code Bot, BG19bot, Emayv, Gcdc, Zedshort, DrJeremyBraithwate, Filodendron, BattyBot, Freesodas, The Illusive Man, Khazar2, Eager-
Toddler39, Lugia2453, Abhinav.pharmarx, Warfareyourmom, Lilkya bhadd, Ginsuloft, Zkarnain03, Skr15081997, Monkbot, Talk2zaka,
Bobybrown12345678910, M.adachael and Anonymous: 202

• Pyrolusite Source: http://en.wikipedia.org/wiki/Pyrolusite?oldid=582533924 Contributors: Magnus Manske, Stan Shebs, Robbot, Chris
73, Aramgutang, Avihu, D6, DanielCD, Vsmith, Berkut, Fiveless, Msh210, Ligulem, Flowerparty, Jaraalbe, KocjoBot, MalafayaBot, Sb-
harris, Aussie Alchemist, Nux, Gil Gamesh, Eastlaw, Bonás, Drinibot, Hyperdeath, Digon3, Thijs!bot, DuncanHill, Avicennasis, Stan J
Klimas, DorganBot, VolkovBot, TXiKiBoT, Gerakibot, Rhanyeia, Shinkolobwe, Addbot, Luckas-bot, JackieBot, Materialscientist, Arthur-
Bot, Br77rino, Chris.urs-o, FrescoBot, Riventree, Aleksa Lukic, ZéroBot, ClueBot NG, Vacation9, Rezabot and Anonymous: 20

• Rutile Source: http://en.wikipedia.org/wiki/Rutile?oldid=607130014 Contributors: Magnus Manske, Derek Ross, Bryan Derksen, Andre
Engels, Josh Grosse, Fredbauder, Chd, Ktsquare, Stevertigo, Menchi, Arpingstone, Jasper, Beck, Altenmann, Hadal, Average Earthman,
Jorge Stolfi, Yath, Eregli bob, Sam Hocevar, Aramgutang, Ukexpat, Avihu, Rama, Vsmith, Diamonddavej, Evgeny, Varuna, Siim, Vi-
puser, Benjah-bmm27, Fawcett5, Nuno Tavares, OwenX, Rjwilmsi, Ligulem, FlaBot, Jaraalbe, Kymacpherson, Janke, TDogg310, Aney,
SmackBot, FocalPoint, Prodego, KocjoBot, IstvanWolf, Anwar saadat, Bluebot, MalafayaBot, Zsinj, Chlewbot, VMS Mosaic, Neptunekh,
Rolinator, Kevmin, MTSbot, EthanNicholas, Harold f, Hyperdeath, Darkwraith, Digon3, Thijs!bot, JAnDbot, Dcooper, MSBOT, M-
le-mot-dit, Meiskam, VolkovBot, TXiKiBoT, Martin451, Hughesy127, Mbz1, Rhanyeia, Cdogjenkins, ClueBot, Jowillia, Sisterdetestai,
EivindJ, Interferometrist, Qfl247, Addbot, Lightbot, Nolabronson, Crystal whacker, Materialscientist, Bob Burkhardt, LilHelpa, Xqbot,
Chris.urs-o, Garybrennan, Haeinous, DrilBot, TobeBot, Pmd86, RjwilmsiBot, EmausBot, PBS-AWB, H3llBot, ClueBot NG, Synrutile,
Bibcode Bot, Vagobot, Chuanlinyuanxi, Vanquisher.UA, Pineappleleaf, Daduncan0302 and Anonymous: 55

• Spinel Source: http://en.wikipedia.org/wiki/Spinel?oldid=624794842Contributors: MagnusManske, Mav, Bryan Derksen, Zundark, Fred-
bauder, Ktsquare, Nikai, Lord Emsworth, Jni, Robbot, Sbisolo, Binky, Pabouk, Smjg, DocWatson42, Yath, Avihu, Andros 1337, Vsmith,
Xezbeth, Vzb83, Pilatus, Fiveless, Iguan0, Man vyi, Keenan Pepper, Japanese Searobin, Chochopk, John Hill, Melesse, Ligulem, FlaBot,
Flowerparty, Kolbasz, Chobot, Jaraalbe, YurikBot, RobotE, J SAyer, Sloth269, SmackBot, Hmains, Bluebot, Lithiumscream,MalafayaBot,
The Moose, Neptunekh, Rolinator, Attys, Tomatzu, John, Kevmin, S kitahashi, Geologyguy, Wizard191, Louski, LadyofShalott, Gil
Gamesh, Stuart Wimbush, Randhirreddy, B, Casliber, Thijs!bot, Brichcja, Omphacite, Tillman, JAnDbot, Deflective, Spyroware, Igodard,
Xenko, Gem-fanat, MrBell, McSly, Jcwf, Idioma-bot, VolkovBot, Jeff G., Rei-bot, Raepetersen, Maxim, Bashereyre, AlleborgoBot, Dawn
Bard, Exert, Steven Zhang, Lightmouse, Hadseys, ClueBot, Vincent Pardieu, Puppy8800, Alexbot, Sun Creator, Iohannes Animosus, Ad-
dbot, Zorrobot, Krenakarore, Boed00, Luckas-bot, Yobot, Materialscientist, ArthurBot, GrouchoBot, Chris.urs-o, Garybrennan, DrilBot,
Humanfeather, Jauhienij, El Mayimbe, RjwilmsiBot, EmausBot, Kweckzilber, Sanchogalileo, Rezabot, Danim and Anonymous: 74

• Uraninite Source: http://en.wikipedia.org/wiki/Uraninite?oldid=630827232 Contributors: Bryan Derksen, Zundark, The Anome, Tarquin,
Ktsquare, Tim Starling, Ahoerstemeier, Empetl, Emperorbma, Itai, Fibonacci, AlexPlank, Astronautics, Altenmann, Mervyn, Mbover-
load, Vsmith, Dlloyd, Fiveless, Shenme, PeterisP, Ranveig, Anthony Appleyard, Walkerma, Rwendland, Cmprince, Samhaddow, Riff-
syphon1024, Kgrr, Steinbach, Phoenix-forgotten, Rjwilmsi, 25, Ligulem, FlaBot, Margosbot, Flowerparty, Gurch, Jaraalbe, YurikBot,
Ytrottier, Mithridates, Dfgarcia, PotatoSamurai, BorgQueen, Vojta2, SmackBot, Unyoyega, Elminster Aumar, Tharikrish, Ohconfucius,
BillFlis, Beetstra, MTSbot, Carlwillis, Benplowman, Gil Gamesh, Courcelles, Thijs!bot, Gioto, Jhsounds, JAnDbot, Turgidson, DerHexer,
WLU, Lilac Soul, Squids and Chips, Spellcast, Hugo999, Emeraldcrown, TXiKiBoT, Melsaran, Cuddlyable3, LaudanumCoda, Zbisasi-
mone, Chem-awb, Martarius, ClueBot, LizardJr8, Shinkolobwe, UrsoBR, Lhmathies, Bentu, Danbiff, Addbot, Cst17, CarsracBot, Chzz,
Numbo3-bot, Zorrobot, Luckas-bot, Yobot, Piano non troppo, Materialscientist, �����, ArthurBot, Geomartin, GrouchoBot, Chris.urs-
o, FrescoBot, Double sharp, TobeBot, RjwilmsiBot, EmausBot, Ysoblewpandabear, Brazul2, ZéroBot, ClueBot NG, PaleCloudedWhite,
Qwerasdfzxcv1234, Widr, Danim, Helpful Pixie Bot, YFdyh-bot, TwoTwoHello, Trackteur, A8v and Anonymous: 61

http://en.wikipedia.org/wiki/Ilmenite?oldid=623932074
http://en.wikipedia.org/wiki/Magnetite?oldid=634084469
http://en.wikipedia.org/wiki/Pyrolusite?oldid=582533924
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http://en.wikipedia.org/wiki/Spinel?oldid=624794842
http://en.wikipedia.org/wiki/Uraninite?oldid=630827232
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• Zincite Source: http://en.wikipedia.org/wiki/Zincite?oldid=629501903 Contributors: Maximus Rex, Twang, Robbot, Sbisolo, Securiger,
Dmadeo, Vsmith, Jaraalbe, YurikBot, SmackBot, BillFlis, Freakingcat, Ken Gallager, Thijs!bot, Tillman, JA.Davidson, TXiKiBoT, Alle-
borgoBot, Tombomp, ZngZng, PixelBot, El bot de la dieta, Addbot, Materialscientist, Xqbot, Capricorn42, Guy Courtois, RibotBOT,
Chris.urs-o, Al99999, Teravolt, EmausBot, K6ka, Donner60, ClueBot NG, Zakblade2000, Rezabot, The shaman poet, EuroCarGT and
Anonymous: 13

• Bauxite Source: http://en.wikipedia.org/wiki/Bauxite?oldid=633188831 Contributors: Bryan Derksen, DanKeshet, JeLuF, Ktsquare,
Olivier, Tim Starling, EddEdmondson, Pit, Delirium, Shimmin, Looxix, Ellywa, Rob Hooft, Stone, Thue, Shafei, Slawojarek, Chris 73,
SEKIUCHI, Merovingian, Bkell, Hadal, Alan Liefting, Julianp, Christopher Parham, MSGJ, Patrickdavidson, Jurema Oliveira, Jossi, Ke-
sac, Gscshoyru, Deglr6328, Kate, Eyrian, Wfaulk, JTN, Discospinster, Brianhe, Vsmith, Pixel8, Ivan Bajlo, Chriscf, Bobo192, Smalljim,
Elipongo, Dmanning, Jumbuck, Siim, Alansohn, PaulHanson, Paleorthid, Echuck215, TaintedMustard, Quaestor, Cuyaya, Bobrayner,
StradivariusTV, Staphylococcus, Eaolson, Magister Mathematicae, Levelistchampion, Krg47, Melesse, Canderson7, Koavf, Davivalle,
FlaBot, Fivemack, Nihiltres, Frelke, David Haberlah, Chobot, YurikBot, Cabiria, SatuSuro, RussBot, Sillybilly, DanMS, Gaius Cor-
nelius, CambridgeBayWeather, Albedo, Xdenizen, Moe Epsilon, Gako, IceCreamAntisocial, Zzuuzz, Lt-wiki-bot, Nachoman-au, Jwissick,
Јованвб, Kubra, Junglecat, GrinBot, BiH, Yvwv, SmackBot, FocalPoint, Tarret, Hydrogen Iodide, KocjoBot, Anwar saadat, Chris the
speller, Rampart, Oli Filth, MalafayaBot, DHN-bot, Emurphy42, Tamfang, Cybercobra, Derek R Bullamore, Tim Ross, Kiwipete, Kuru,
Sir Nicholas de Mimsy-Porpington, JorisvS, JHunterJ, BillFlis, Beetstra, McTrixie, Schellat, Newone, Octane, Tawkerbot2, Wafulz, Dgw,
Logical2u, AdamMorton, Ttiotsw, B, RockRichard, Omicronpersei8, Epbr123, Headbomb, Dfrg.msc, Escarbot, AntiVandalBot, Shabicht,
Gökhan, Mikenorton, JAnDbot, Eclipsenow, Hamsterlopithecus, Kirrages, Acroterion, Magioladitis, Bongwarrior, Dentren, Mmccrae,
Chris G, DerHexer, SquidSK, Jonathan Hall, Mehul trivedi, Trusilver, Ladywolf63, Uncle Dick, Sinorth, Jeepday, NewEnglandYankee,
Vanished user 39948282, Khargas, Deor, Tourbillon, Katydidit, TXiKiBoT, Eve Hall, Drake Redcrest, Nafordham, Ha Ha, king of Switzer-
land, Meters, Iwillkilluifudie, Legoktm, Vern01, SheepNotGoats, Unregistered.coward, Matt.leeck, Zippypic, Smsarmad, Yintan, DanikaF,
Keilana, PookeyMaster, Happysailor, Wombatcat, OsamaBinLogin, OKBot, ClueBot, The Thing That Should Not Be, DungeonMaster 3.5,
Puppy8800, Excirial, Eeekster, Jotterbot, DeltaQuad, Maine12329, Kakofonous, Thingg, Bealezy, Versus22, Sortcoach, Dark Mage, Lit-
tle Mountain 5, Skarebo, Nazgul42, Ronhjones, CanadianLinuxUser, Gizziiusa, LaaknorBot, VASANTH S.N., Tide rolls, Lightbot, Gail,
Agre22, Greyhood, Legobot, Luckas-bot, Yobot, Karanne, THEN WHO WAS PHONE?, Lauren 218, AnomieBOT, Luca Bergamasco,
AdjustShift, Bob Burkhardt, Kapil991, Capricorn42, Mononomic, GrouchoBot, RibotBOT, Shadowjams, Geyol, FrescoBot, Gfhsk, Gull-
brekken, Tdf4638, Pinethicket, Elockid, Peppermint1110, WesUGAdawg, Lotje, The last username left was taken, Sexy.lady80212, TjBot,
CalicoCatLover, Wenndiieee, EmausBot, Wikipelli, Tyranny Sue, Kareemmohamed, PBS-AWB, Daonguyen95, Dolovis, Jesanj, Senjuto,
Scientific29, Hej1337, BlueBreezeWiki, ClueBot NG, Lord Roem, TruPepitoM, Cntras, MineralsUK, Pbmaise, Helpful Pixie Bot, Curb
Chain, MusikAnimal, Diente sh, Ahbaleetos, Cape-york-australia, Harrison321, MahdiBot, Mdann52, CorinneSD, Applebob46, Kayana
Amos, Flipmcf, Beemolover, Einsteinium100!, Brbseeulater, Satwik21, Macca2200 and Anonymous: 335

• Brucite Source: http://en.wikipedia.org/wiki/Brucite?oldid=605062985 Contributors: Bogdangiusca, Kirun, Jengod, Maximus Rex,
Sbisolo, Keith Edkins, Avihu, Stepp-Wulf, Bumphoney, Vsmith, Msh210, Rjwilmsi, Dougluce, Jaraalbe, YurikBot, Ziel, Albedo, Јованвб,
SmackBot, Nick Number, Rsocol, Clerks, Jeepday, Idioma-bot, Rei-bot, Shinkolobwe, Addbot, Tassedethe, JackieBot, Materialscientist,
Chris.urs-o, Citation bot 1, Strickja, EmausBot, ZéroBot, Wo0dstock79, Δ, ChuispastonBot, Movses-bot, Rezabot, Bigandy817, Citation-
CleanerBot, BattyBot, RotlinkBot, Monkbot and Anonymous: 7

• Boehmite Source: http://en.wikipedia.org/wiki/Boehmite?oldid=612816673 Contributors: Magnus Manske, Vsmith, Gene Nygaard,
FlaBot, SashatoBot, Mikenorton, N.Nahber, Stan J Klimas, Sandgk, STBotD, VolkovBot, Broadbot, Ra'ike, Addbot, Luckas-bot, Ri-
botBOT, Chris.urs-o, Tranletuhan, RedBot, EmausBot, ZéroBot, Ebrambot, Rezabot, BattyBot, ModestOhaio and Anonymous: 2

• Diaspore Source: http://en.wikipedia.org/wiki/Diaspore?oldid=612952521 Contributors: Magnus Manske, Menchi, Timwi, Rich Farm-
brough, Vsmith, Orlady, Spalding, Walkerma, Jeffmcneill, Jaraalbe, Xtine66, Flcelloguy, Gaius Cornelius, GeeJo, ENeville, Dysmoro-
drepanis, VIGNERON, SmackBot, Bluebot, Epingchris, Thijs!bot, Mikenorton, Deflective, Txomin, Stan J Klimas, STBotD, Nono le
petit robot, Hqb, Una Smith, Burntsauce, Heliocybe, SieBot, Eleanorquantifier, PixelBot, Addbot, Element16, G.Hagedorn, Luckas-bot,
AnomieBOT, ArthurBot, Xqbot, Chris.urs-o, Abuk SABUK, Dinamik-bot, John of Reading, WikitanvirBot, Suslindisambiguator, Gor-
thian, BattyBot, ModestOhaio and Anonymous: 15

• Gibbsite Source: http://en.wikipedia.org/wiki/Gibbsite?oldid=548041651 Contributors: EddEdmondson, Anonymous56789, Goatasaur,
Ahoerstemeier, Glenn, Robbot, Pabouk, Jason Quinn, Vsmith, HasharBot, Benjah-bmm27, Jaraalbe, David Berardan, SmackBot, Tillman,
Mikenorton, Stan J Klimas, Amikake3, BotKung, SieBot, Rhanyeia, Egmontaz, DumZiBoT, Addbot, Element16, Yobot, AnomieBOT,
Chris.urs-o, Misigon, Dinamik-bot, Rmashhadi, ClueBot NG, Thatguy2014, CocuBot, Rezabot, AvocatoBot and Anonymous: 7

• Goethite Source: http://en.wikipedia.org/wiki/Goethite?oldid=630072395 Contributors: Vicki Rosenzweig, Andre Engels, Ktsquare,
Fonzy, Nealmcb, Infrogmation, Sannse, Epo, Zimbres, Timwi, Lfh, Zoicon5, Chris 73, Goethean, Altenmann, Chris Roy, BradeosGraphon,
Wmahan, Mmm, DanielCD, Vsmith, Dlloyd, Bender235, Kwamikagami, Andreww, Siim, FaustX, Ligulem, FlaBot, Ian Pitchford, Yurik-
Bot, RobotE, Shaddack, D. F. Schmidt, Zwobot, Groyolo, SmackBot, Eskimbot, MalafayaBot, Droll, AxemTitanium, Novangelis, MTSbot,
Simon12, Pijeth, CmdrObot, Raz1el, Cydebot, Jguard18, VPliousnine, Thijs!bot, Escarbot, Tillman, JAnDbot, Deflective, Belg4mit, Hut
8.5, Gandydancer, RIPSAW1986, Clerks, VolkovBot, Denis.g.rancourt, TXiKiBoT, Lotic, SieBot, Retireduser1111, TreeSmiler, Pipep-
Bot, Shinkolobwe, Qfl247, Addbot, Zorrobot, Sitehut, Legobot, Luckas-bot, Victoriaearle, JackieBot, Materialscientist, Chris.urs-o, Ar-
chaeodontosaurus, Atlantia, TobeBot, Strickja, EmausBot, PBS-AWB, Movses-bot, Rezabot, Bibcode Bot, The shaman poet, YFdyh-bot,
Velyanthe, Library Guy and Anonymous: 29

• Limonite Source: http://en.wikipedia.org/wiki/Limonite?oldid=610727591 Contributors: Bryan Derksen, Fredbauder, Ktsquare, Wap-
caplet, Angela, Zimbres, Robbot, Chris 73, Auric, Guanabot, Vsmith, Siim, Japanese Searobin, ScottDavis, Kelisi, BD2412, FlaBot, Mar-
gosbot, David Haberlah, Jaraalbe, Shaddack, Meteor2017, Tetracube, Petri Krohn, Nekura, Bluebot, Rolinator, J.smith, Bejnar, JHunterJ,
MTSbot, Avant Guard, Pijeth, Courcelles, JLCA, Weirdguy135, SkyWalker, Wafulz, Rifleman 82, Thijs!bot, Epbr123, AntiVandalBot,
JAnDbot, Japo, J.delanoy, AHMartin, SheepNotGoats, Radon210, Oysterguitarist, Steven Zhang, ClueBot, The Thing That Should Not
Be, Drmies, Forsaken Hope, DragonBot, Muro Bot, SilvonenBot, Noctibus, Addbot, Legobot, Fraggle81, Pizzaman1996, GrouchoBot,
SassoBot, Chris.urs-o, Pinethicket, Tobias1984, The Utahraptor, EmausBot, ZéroBot, ChuispastonBot, ClueBot NG, Rezabot, Danim,
Roufu, Krenair, Khazar2, Makecat-bot, B14709, Mlacount82891, HMSLavender and Anonymous: 63

• Manganite Source: http://en.wikipedia.org/wiki/Manganite?oldid=539745413 Contributors: Dmadeo, DanielCD, Rich Farmbrough,
Vsmith, Msh210, FlaBot, Jaraalbe, Bluebot, Smokefoot, Iridescent, MightyWarrior, Hyperdeath, Thijs!bot, Tillman, DuncanHill, .ana-
condabot, Su-no-G, Sylfred1977, Balgores Lane, SieBot, ClueBot, Alexbot, Shinkolobwe, Addbot, LaaknorBot, Bermicourt, Eudialy-
tos, Materialscientist, RibotBOT, Chris.urs-o, FrescoBot, LucienBOT, Atlantia, DrilBot, Mikespedia, EmausBot, Rezabot, BG19bot and
Anonymous: 10

http://en.wikipedia.org/wiki/Zincite?oldid=629501903
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http://en.wikipedia.org/wiki/Goethite?oldid=630072395
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• Calcite Source: http://en.wikipedia.org/wiki/Calcite?oldid=634509347 Contributors: Magnus Manske, Bryan Derksen, Perry Bebbing-
ton, Ktsquare, Infrogmation, Michael Hardy, Arpingstone, Looxix, Stan Shebs, CatherineMunro, Cferrero, Julesd, Rob Hooft, Hashar,
Dysprosia, Shizhao, L-Bit, Nufy8, Robbot, Moriori, Chris 73, Modeha, Robinh, BenFrantzDale, Dratman, Darrien, Keith Edkins, Jossi,
Rdsmith4, Mysidia, Zfr, Aramgutang, Joyous!, Avihu, Adashiel, Alkivar, DanielCD, Rich Farmbrough, Rama, Vsmith, Dlloyd, Mani1,
GregBenson, Brian0918, SamRushing, Opspin, Sam Korn, Jumbuck, Siim, Alansohn, LtNOWIS, Paleorthid, Plumbago, Benjah-bmm27,
Sl, Axl, Saga City, Benbest, Alanchan1987, Prashanthns, Jwoodger, Rjwilmsi, Vary, RJP, Arnero, Gurch, Srleffler, Jaraalbe, Nagytibi,
YurikBot, Wolfmankurd, Conscious, Limulus, Banes, E rulez, Lt-wiki-bot, Closedmouth, HereToHelp, Anclation, ArielGold, SmackBot,
InverseHypercube, Gilliam, Luislema, Bluebot, MalafayaBot, DHN-bot, Shalom Yechiel, Lesnail, TheLateDentarthurdent, Vina-iwbot,
Kukini, Alexdevisscher, Kevmin, Aleenf1, Smith609, Jonasbinding, Jon186, MTSbot, Hu12, JoeBot, Tawkerbot2, Vampirelord, Rawl-
ing, Rifleman 82, Gogo Dodo, Coylabe, Sp, JimChampion, Jstuby, Centuriono, Thijs!bot, Epbr123, Catwinc, Marek69, John254, Asty-
nax, Natalie Erin, Elert, Escarbot, AntiVandalBot, Tillman, Mikenorton, JAnDbot, Albany NY, Acroterion, WolfmanSF, VoABot II,
Slartibartfast1992, PIrish, Daarznieks, Crampedson, Job L, Vigyani, Keslerk, CommonsDelinker, LedgendGamer, J.delanoy, GeoWriter,
It Is Me Here, NewEnglandYankee, UnicornTapestry, Deor, VolkovBot, Gmoose1, Reno Chris, Philip Trueman, TXiKiBoT, Oshwah,
Mercurywoodrose, A4bot, Judge Nutmeg, Corvus cornix, JhsBot, Leafyplant, LeaveSleaves, Burntsauce, Nagy, Praefectorian, Neparis,
SieBot, Tresiden, Tiddly Tom, Gravaman, WTucker, Mbz1, Dawn Bard, Keilana, Wilson44691, Rhanyeia, Byrialbot, Pac72, Maelgwn-
bot, Louis4357, Annlanding, WikiLaurent, Denisarona, ClueBot, The Thing That Should Not Be, Meekywiki, SuperHamster, Auntof6,
Awickert, Excirial, Alexbot, Jusdafax, Hchess123r, Jotterbot, 7&6=thirteen, Thingg, Burner0718, Manfi, Gazimoff, Addbot, The Green
Brain, Some jerk on the Internet, Hchess123x, CanadianLinuxUser, Download, Bassbonerocks, Tide rolls, Bfigura’s puppy, ,ماني Legobot,
Yobot, Bobbean, IRP, Mitch5643, Materialscientist, Citation bot, OllieFury, Brane.Blokar, Addihockey10, Mlpearc, MmrdecimoisaMIB,
Franco3450, Chris.urs-o, Crashdoom, Doulos Christos, Shadowjams, SD5, Minijtm, FrescoBot, Juan64, Citation bot 1, Pinethicket,
Jauhienij, Fox Wilson, Evansenriquez, Capt. James T. Kirk, Kiwi100, Rock drum, RjwilmsiBot, Burmiester, Strickja, Immunize, Tzon-
tonel, ZéroBot, Jenks24, Bahudhara, OnePt618, DASHBotAV, ClueBot NG, Frietjes, O.Koslowski, Raulfalaniz, BG19bot, Mariansavu,
Wiki13, Olev Vinn, Simeondahl, Joedf, Kegrock, King jakob c, Wywin, Violetcries, Opaykov, Aluracein82 and Anonymous: 272

• Hureaulite Source: http://en.wikipedia.org/wiki/Hureaulite?oldid=545860779 Contributors: Rich Farmbrough, Vsmith, Tillman, Magio-
laditis, M-le-mot-dit, Addbot, Chris.urs-o, Archaeodontosaurus, Strickja, Kleopatra and LCS check

• Pseudomalachite Source: http://en.wikipedia.org/wiki/Pseudomalachite?oldid=540677847Contributors: Rich Farmbrough, Vsmith, Nick
Number, Magioladitis, VolkovBot, Addbot, RibotBOT, Chris.urs-o, MastiBot, Strickja, Aulacopalpus256, Kleopatra, Liek and Rezabot

• Woodhouseite Source: http://en.wikipedia.org/wiki/Woodhouseite?oldid=545842548 Contributors: Rich Farmbrough, Vsmith, Ken Gal-
lager, Magioladitis, Addbot, Zorrobot, SassoBot, Chris.urs-o, Strickja and Liek

• Ashburtonite Source: http://en.wikipedia.org/wiki/Ashburtonite?oldid=606326639 Contributors: Vsmith, Malcolma, TheTito, Magiola-
ditis, Schmloof, Hughesdarren, Yobot, Chris.urs-o, RjwilmsiBot, Mohammad08, Kleopatra and Anonymous: 1

• Bustamite Source: http://en.wikipedia.org/wiki/Bustamite?oldid=595128912 Contributors: Rich Farmbrough, Vsmith, Gaius Cornelius,
Magioladitis, Addbot, Rubinbot, Chris.urs-o, Strickja, ZéroBot, Scientific29, Jamesmcmahon0 and Anonymous: 1

• Hsianghualite Source: http://en.wikipedia.org/wiki/Hsianghualite?oldid=541885202Contributors: Rich Farmbrough, Vsmith, Nick Num-
ber, Magioladitis, SassoBot, Chris.urs-o, Strickja, Francophile124, Kleopatra and AdventurousSquirrel

• Quartz Source: http://en.wikipedia.org/wiki/Quartz?oldid=634231894 Contributors: AxelBoldt, Magnus Manske, Bryan Derksen, Stok-
erm, Danny, William Avery, Ktsquare, Heron, Patrick, Michael Hardy, Stormwriter, MartinHarper, Ixfd64, Cyde, Stan Shebs, Msablic,
Александър, Julesd, Glenn, Ike9898, Nv8200p, Omegatron, Ed g2s, Twang, Robbot, Chris 73, RedWolf, Greudin, Caknuck, Hadal,
Lupo, Cyrius, Syntax, Vacuum, Giftlite, Andy, Dmmaus, AlistairMcMillan, Solipsist, Jurema Oliveira, Wmahan, John Palkovic, Gad-
fium, Utcursch, Kaldari, Vina, DragonflySixtyseven, Lynnea9, Joyous!, Deglr6328, Adashiel, DanielCD, Noisy, Discospinster, Rich Farm-
brough, Vsmith, LindsayH, Diogenes, CanisRufus, Art LaPella, Triona, Spoon!, Femto, Diamonddavej, Bobo192, Smalljim, Cmdrjameson,
.:Ajvol:., Adrian, Neg, Bert Hickman, Frumpel, Grutness, Siim, Alansohn, Anthony Appleyard, Mackinaw, Arthena, Linmhall, Sciurinæ,
LFaraone, Skatebiker, Gene Nygaard, Kazvorpal, Kenyon, Bruce89, Feezo, WadeSimMiser, Duncan.france, Cyberman, Pfalstad, Gra-
ham87, BD2412, Mlewan, Saperaud, Koavf, Ligulem, R.e.b., FlaBot, Jak123, Flowerparty, Gurch, Fosnez, Alphachimp, Srleffler, Butros,
Chobot, DVdm, Gwernol, YurikBot, Ec-, NTBot, Deeptrivia, TodorBozhinov, Sarranduin, Witan, Pigman, DanMS, Stephenb, Shaddack,
RadioKirk, Snek01, Grafen, DarthVader, Lord Apophis, Dureo, Thiseye, JHCaufield, DeadEyeArrow, Oliverdl, Wknight94, MrShamrock,
Searchme, Lt-wiki-bot, Closedmouth, Јованвб, Arthur Rubin, E Wing, Geoffrey.landis, Agapetile, Kajerm, Katieh5584, RG2, Eog1916,
TravisTX, SmackBot, KnowledgeOfSelf, Hydrogen Iodide, Od Mishehu, Bomac, Jagged 85, Infinare, Athaler, Doc Strange, Kslays, Aksi
great, Gilliam, Ohnoitsjamie, Hmains, Unint, SchfiftyThree, Rediahs, Darth Panda, Can't sleep, clown will eat me, Berland, Rrburke, VMS
Mosaic, Rsm99833, Addshore, Celarnor, Neptunekh, Dyamantese, Fullstop, Chazparky, Rolinator, Dreadstar, Smokefoot, EdGl, DMacks,
Zzorse, SashatoBot, Harryboyles, Kuru, Kevmin, JorisvS, Evan Robidoux, GVPWebmaster, Llosoc, IronGargoyle, A. Parrot, Stwalkerster,
Mr Stephen, Rickert, Gondooley, Jose77, Hu12, Iridescent, IvanLanin, Gil Gamesh, Luminaux, Dlohcierekim, Filelakeshoe, Chetvorno,
Sakurambo, JohnCD, Basawala, NickW557, WeggeBot, Cydebot, W.F.Galway, Vanished user vjhsduheuiui4t5hjri, Hyperdeath, Islander,
John R G, Q43, Christian75, JLD, Digon3, Ozguy89, Thijs!bot, Poorleno, Epbr123, Norstone, Marek69, James086, Sturm55, FreeKresge,
Mentifisto, AntiVandalBot, Omphacite, Tillman, Mikenorton, MER-C, Plantsurfer, Awien, Dcooper, .anacondabot, Acroterion, Magioladi-
tis, Jimjamjom, Connormah, Bennybp, Bongwarrior, VoABot II, Kuyabribri, Tomzhang0126, Mjrmtg, Animum, Daarznieks, JJ Harrison,
28421u2232nfenfcenc, Xenoalien, Glen, Riccardobot, MartinBot, Vanessaezekowitz, Kostisl, Johnpacklambert, J.delanoy, Bogey97, Gem-
fanat, Jonpro, Mike.lifeguard, Martino3, Marcusmax, Acalamari, Rod57, Katalaveno, Johnbod, McSly, Benjamint444, Warut, Exdejesus,
Robertgreer, Cherryalexandra, Changermatic101, H1voltage, Martial75, Sytheston, Funandtrvl, VolkovBot, ABF, Thisisborin9, Jeff G.,
AlnoktaBOT, Naysie, Reno Chris, Philip Trueman, TXiKiBoT, Theriac, Tavix, Zamphuor, A4bot, Judge Nutmeg, Mathwhiz 29, Hiyab-
ulldog, BotKung, Ilke71, Atilla5, Madhero88, Llajwa, Meters, SQL, Cw6165, Prayspot, Spinningspark, Cwmagee, Monty845, Olneya,
SieBot, Mbz1, Cwkmail, Yoga kulandai, Rach Bruce, Happysailor, Toddst1, Tiptoety, Radon210, Oda Mari, Wilson44691, SalientNZ,
Rhanyeia, Steven Zhang, MrsKrishan, William987, Maelgwnbot, StaticGull, Mygerardromance, Pinkadelica, Escape Orbit, Ainlina, Twins-
day, Elassint, ClueBot, Deanlaw, The Thing That Should Not Be, Drmies, Correcting nonesense, Regibox, CounterVandalismBot, Blan-
chardb, 888fortune, Bluey mow, Kitchaw, Puchiko, Awickert, Excirial, Jusdafax, Gtstricky, Patskc, JamieS93, Taranet, Thingg, Billy-
Smith288, Aitias, Bekeha, Scalhotrod, Versus22, Apparition11, DumZiBoT, Fastily, Mavigogun, Qfl247, Nepenthes, Avoided, Menthax-
piperita, Owl order, Mjrigby, Monkeygirl9689, Addbot, Some jerk on the Internet, Corvus13, Neodop, Skyezx, Download, Maddyriva,
BepBot, AtheWeatherman, Numbo3-bot, Tide rolls, Bfigura’s puppy, Quantumobserver, Boed00, LuK3, Bakgerman, Luckas-bot, Yobot,
,1971إماراتي Fraggle81, Netsonfong, Maxí, AnomieBOT, Andrewrp, Rubinbot, Jim1138, Boleyn2, NearlyDrNash, Mitch5643, Law, The-
seeker4, Flewis, Materialscientist, The High Fin SpermWhale, Citation bot, ,24أحمد.غامدي. Moondragon 5 5, Pkravchenko, Xqbot, Sionus,
JimVC3, Capricorn42, Cjownz288, JediKnight-Kotira, Grim23, 100sbo10, Uxbona, RibotBOT, Chris.urs-o, Seeleschneider, Logger9,
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Kingofkings450, Blacklabpuppy, Thehelpfulbot, Gemstonesmarket, FrescoBot, Dogposter, Pepper, Archaeodontosaurus, Clehane1, A little
insignificant, HamburgerRadio, Kfong13, AstaBOTh15, Snazzra, Pinethicket, Merlind, A8UDI, Bryancpark, Hantzen, Tretertret, Contin-
ueWithCaution, Jahahn, Jauhienij, SkyMachine, TobeBot, ItsZippy, SeoMac, Tobias1984, Defender of torch, Antipastor, Reaper Eternal,
Fastilysock, Jhenry922, Minimac, VernoWhitney, BeyondMy Ken, CalicoCatLover, DASHBot, John of Reading, Ozric14, Yeahitsmenick,
ScottyBerg, Super48paul, Good888, Princess Lirin, Wikipelli, John Cline, Daonguyen95, Josve05a, CapeMayDiamonds, Access Denied,
Goraghosh, EWikist, Surya Prakash.S.A., Wayne Slam, Tolly4bolly, Jsayre64, Aidarzver, Fpr155, Donner60, Aemartz, ClueBot NG,
MelbourneStar, GallaghersGreek, Feedintm, Fatdog23, Basti cz, The High Fin Sock Whale, Widr, Mollberg, PrincessWortheverything,
Iste Praetor, KD888, Thelegendarysauron, Curb Chain, Arnavchaudhary, GeodeFinder, Kangaroopower, Cyberpower678, MusikAnimal,
Dan653, Raven Sees The Ages, Eric198739, Rutebega, Alopor, Justincheng12345-bot, Cyberbot II, Ziggley1696, Shyncat, BuzyBody,
Dexbot, Vanquisher.UA, Lugia2453, Samlivesinnovascotia, Telfordbuck, Eyesnore, Alphaceo, Rochefoucauld, Nanapanners, Awesome-
ness1311, Storeadr000, Rachelcal1231, Karla776, Happy Attack Dog, Therizinosaurian, Trackteur, GenuineGemGeek, Oliverhanson,
Adambob, Aurelienreys, Bebekidz3, ModestOhaio, Aluracein82, AngryZinogre, SugarQuartz, Nicogutlol and Anonymous: 715

• Hoelite Source: http://en.wikipedia.org/wiki/Hoelite?oldid=545714021 Contributors: Sbisolo, Vsmith, Thijs!bot, Ra'ike, Alexbot, Smarja
Løve, Addbot, Lightbot, Luckas-bot, Chris.urs-o, ZéroBot, Liek, Bgchandler2 and Anonymous: 1

• Granite Source: http://en.wikipedia.org/wiki/Granite?oldid=634542732 Contributors: AxelBoldt, Mav, Bryan Derksen, The Anome,
Karen Johnson, Chd, Saturdaze, Ktsquare, Zadcat, Heron, D, Michael Hardy, Ixfd64, Kosebamse, Mdebets, Muriel Gottrop, Dark-
wind, Glenn, Med, Dino, Reddi, SEWilco, David.Monniaux, AnthonyQBachler, Chuunen Baka, Robbot, Mrraisin, Nil0lab, Altenmann,
Arkuat, Mirv, Rholton, Bkell, Modeha, Pengo, Radagast, Giftlite, DocWatson42, Christopher Parham, Emuzesto, Gilgamesh, Golbez,
ALargeElk, Barneyboo, CryptoDerk, Quadell, Antandrus, GeoGreg, Thparkth, Gscshoyru, Jlang, DanielCD, Discospinster, Rich Farm-
brough, Rama, Vsmith, Mecanismo, Ponder, Mani1, SpookyMulder, Kbh3rd, Syp, Zscout370, Kwamikagami, Keno, Balok, Smalljim,
Lance Williams, Nk, Darwinek, Obradovic Goran, Hooperbloob, Geschichte, Jumbuck, Danski14, Alansohn, Arthena, Keenan Pepper,
Ronline, Cdc, WikiParker, Stillnotelf, Bart133, Snowolf, Ayeroxor, Velella, Axeman89, Feezo, Anish7, Jeffrey O. Gustafson, Camw,
LOL, Uncle G, Robwingfield, Benbest, KaurJmeb, Cbdorsett, SDC, CharlesC, Wdanwatts, Christopher Thomas, Mandarax, Magister
Mathematicae, Sjö, Saperaud, Sjakkalle, Rjwilmsi, Guyd, Jake Wartenberg, Panoptical, Soakologist, ScottJ, DoubleBlue, Titoxd, FlaBot,
Crazycomputers, EronMain, Chobot, DVdm, Gwernol, YurikBot, SatuSuro, RussBot, Rxnd, Limulus, Stephenb, Rsrikanth05, Bovineone,
Ugur Basak, NawlinWiki, Wiki alf, Arichnad, Dake, Coderzombie, Iancarter, Bota47, Nick123, Rwxrwxrwx, Lt-wiki-bot, Ninly, Closed-
mouth, Josh3580, BorgQueen, Spliffy, EthanMitchell, ArielGold, Katieh5584, Kungfuadam, JDspeeder1, Samuel Blanning, Cmglee, DVD
R W, That Guy, From That Show!, Akrabbim, Bluesun geo, SmackBot, Hobbes2k, Selfworm, Zerida, Kimon, Bomac, Finavon, Lsom-
merer, PJM, Josephprymak, Canthusus, HalfShadow, Xaosflux, Pzavon, Gilliam, Skizzik, Enno, JMiall, Chris the speller, Thumperward,
Qasdzxc, SchfiftyThree, TheFeds, DHN-bot, Darth Panda, Audriusa, Can't sleep, clown will eat me, OrphanBot, TheKMan, Rrburke,
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• File:Enargite.jpg Source: http://upload.wikimedia.org/wikipedia/commons/a/aa/Enargite.jpg License: Public domain Contributors:
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Contributors: ? Original artist: ?

• File:Flag_of_India.svg Source: http://upload.wikimedia.org/wikipedia/en/4/41/Flag_of_India.svg License: ? Contributors: ? Original
artist: ?

• File:Flag_of_Indonesia.svg Source: http://upload.wikimedia.org/wikipedia/commons/9/9f/Flag_of_Indonesia.svg License: Public do-
main Contributors: Law: s:id:Undang-Undang Republik Indonesia Nomor 24 Tahun 2009 (http://badanbahasa.kemdiknas.go.id/
lamanbahasa/sites/default/files/UU_2009_24.pdf) Original artist: Drawn by User:SKopp, rewritten by User:Gabbe

• File:Flag_of_Iran.svg Source: http://upload.wikimedia.org/wikipedia/commons/c/ca/Flag_of_Iran.svg License: Public domain Contrib-
utors: URL http://www.isiri.org/portal/files/std/1.htm and an English translation / interpretation at URL http://flagspot.net/flags/ir'.html
Original artist: Various

• File:Flag_of_Jamaica.svg Source: http://upload.wikimedia.org/wikipedia/commons/0/0a/Flag_of_Jamaica.svg License: Public
domain Contributors: Own work Original artist: The source code of this SVG is <a data-x-rel='nofollow' class='external text'
href='http://validator.w3.org/check?uri=http%3A%2F%2Fcommons.wikimedia.org%2Fwiki%2FSpecial%3AFilepath%2FFlag_of_
Jamaica.svg,<span>,&,</span>,ss=1#source'>valid</a>.
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• File:Flag_of_Japan.svg Source: http://upload.wikimedia.org/wikipedia/en/9/9e/Flag_of_Japan.svg License: ? Contributors: ? Original
artist: ?

• File:Flag_of_Kazakhstan.svg Source: http://upload.wikimedia.org/wikipedia/commons/d/d3/Flag_of_Kazakhstan.svg License: Public
domain Contributors: own code, construction sheet Original artist: -xfi-

• File:Flag_of_Russia.svg Source: http://upload.wikimedia.org/wikipedia/en/f/f3/Flag_of_Russia.svg License: ? Contributors: ? Original
artist: ?

• File:Flag_of_Saudi_Arabia.svg Source: http://upload.wikimedia.org/wikipedia/commons/0/0d/Flag_of_Saudi_Arabia.svg License:
CC0 Contributors: the actual flag Original artist: Unknown

• File:Flag_of_Sierra_Leone.svg Source: http://upload.wikimedia.org/wikipedia/commons/1/17/Flag_of_Sierra_Leone.svg License:
Public domain Contributors:
Original artist: Zscout370

• File:Flag_of_South_Korea.svg Source: http://upload.wikimedia.org/wikipedia/commons/0/09/Flag_of_South_Korea.svg License: Pub-
lic domain Contributors: Ordinance Act of the Law concerning the National Flag of the Republic of Korea, Construction and color guidelines
(Russian/English) ← This site is not exist now.(2012.06.05) Original artist: Various

• File:Flag_of_Suriname.svg Source: http://upload.wikimedia.org/wikipedia/commons/6/60/Flag_of_Suriname.svg License: Public do-
main Contributors: Drawn according Description of flag and Corporate design guidelines - National flag colours. Original artist: Unknown

• File:Flag_of_Thailand.svg Source: http://upload.wikimedia.org/wikipedia/commons/a/a9/Flag_of_Thailand.svg License: Public domain
Contributors: Own work Original artist: Zscout370

• File:Flag_of_Turkey.svg Source: http://upload.wikimedia.org/wikipedia/commons/b/b4/Flag_of_Turkey.svg License: Public domain
Contributors: Turkish Flag Law (Türk Bayrağı Kanunu), Law nr. 2893 of 22 September 1983. Text (in Turkish) at the website of the
Turkish Historical Society (Türk Tarih Kurumu) Original artist: David Benbennick (original author)

• File:Flag_of_Venezuela.svg Source: http://upload.wikimedia.org/wikipedia/commons/0/06/Flag_of_Venezuela.svg License: Public do-
main Contributors: official websites Original artist: Zscout370

• File:Flag_of_Vietnam.svg Source: http://upload.wikimedia.org/wikipedia/commons/2/21/Flag_of_Vietnam.svg License: Public do-
main Contributors: http://vbqppl.moj.gov.vn/law/vi/1951_to_1960/1955/195511/195511300001 http://vbqppl.moj.gov.vn/vbpq/Lists/
Vn%20bn%20php%20lut/View_Detail.aspx?ItemID=820 Original artist: Lưu Ly vẽ lại theo nguồn trên

• File:Flag_of_the_People’{}s_Republic_of_China.svg Source: http://upload.wikimedia.org/wikipedia/commons/f/fa/Flag_of_the_
People%27s_Republic_of_China.svg License: Public domain Contributors: Own work, http://www.protocol.gov.hk/flags/eng/n_flag/
design.html Original artist: Drawn by User:SKopp, redrawn by User:Denelson83 and User:Zscout370

• File:Flag_of_the_United_Arab_Emirates.svg Source: http://upload.wikimedia.org/wikipedia/commons/c/cb/Flag_of_the_United_
Arab_Emirates.svg License: Public domain Contributors: ? Original artist: ?

• File:Flag_of_the_United_Kingdom.svg Source: http://upload.wikimedia.org/wikipedia/en/a/ae/Flag_of_the_United_Kingdom.svg Li-
cense: ? Contributors: ? Original artist: ?

• File:Flag_of_the_United_States.svg Source: http://upload.wikimedia.org/wikipedia/en/a/a4/Flag_of_the_United_States.svg License: ?
Contributors: ? Original artist: ?

• File:Flint_Wall_Wiltshire.JPG Source: http://upload.wikimedia.org/wikipedia/commons/e/e2/Flint_Wall_Wiltshire.JPG License: CC-
BY-2.5 Contributors: Own work Original artist: David Ansley

• File:Flint_church_in_england_arp.jpg Source: http://upload.wikimedia.org/wikipedia/commons/d/d7/Flint_church_in_england_arp.
jpg License: Public domain Contributors: ? Original artist: ?

• File:Flintbeach.jpg Source: http://upload.wikimedia.org/wikipedia/commons/2/2e/Flintbeach.jpg License: CC-BY-SA-3.0 Contributors:
en.wikipedia.org: 18:47, 14. Mai 2004 . . Yak (Talk) . . 300 x 439 (109.277 Bytes) (Pebble beach of flint nodules, Rügen, Germany in
2004) Original artist: Yak

• File:Folder_Hexagonal_Icon.svg Source: http://upload.wikimedia.org/wikipedia/en/4/48/Folder_Hexagonal_Icon.svg License: ? Con-
tributors: ? Original artist: ?

• File:Franklinit_mit_Zinkit_-_Franklin,_New_Jersey,_USA.jpg Source: http://upload.wikimedia.org/wikipedia/commons/8/8d/
Franklinit_mit_Zinkit_-_Franklin%2C_New_Jersey%2C_USA.jpg License: CC-BY-SA-3.0 Contributors: Own work Original artist:
Ra'ike (see also: de:Benutzer:Ra'ike)

• File:Fumarola_Vulcano.jpg Source: http://upload.wikimedia.org/wikipedia/commons/0/0b/Fumarola_Vulcano.jpg License: Public do-
main Contributors: Own work Original artist: Brisk g

• File:Galena-unit-cell-3D-ionic.png Source: http://upload.wikimedia.org/wikipedia/commons/7/71/Galena-unit-cell-3D-ionic.png Li-
cense: Public domain Contributors: ? Original artist: ?

• File:Galena_Limonite.jpg Source: http://upload.wikimedia.org/wikipedia/commons/8/8b/Galena_Limonite.jpg License: CC-BY-SA-
3.0 Contributors: Own work Original artist: Lloyd.james0615

• File:Gibbsite-crystal-3D-balls.png Source: http://upload.wikimedia.org/wikipedia/commons/f/f6/Gibbsite-crystal-3D-balls.png Li-
cense: Public domain Contributors: Own work Original artist: Ben Mills

• File:Gibbsite_Aluminum_hydroxide_Minas_Gerais,_Brazil_2998.jpg Source: http://upload.wikimedia.org/wikipedia/commons/9/
98/Gibbsite_Aluminum_hydroxide_Minas_Gerais%2C_Brazil_2998.jpg License: Public domain Contributors: Own work Original artist:
Dave Dyet http://www.shutterstone.com http://www.dyet.com

• File:Gizeh_Cheops_BW_1.jpg Source: http://upload.wikimedia.org/wikipedia/commons/d/d1/Gizeh_Cheops_BW_1.jpg License: CC-
BY-SA-3.0 Contributors: Own work Original artist: Berthold Werner

• File:Goethite-182557.jpg Source: http://upload.wikimedia.org/wikipedia/commons/4/44/Goethite-182557.jpg License: CC-BY-SA-3.0
Contributors: http://www.mindat.org/photo-182557.html Original artist: Rob Lavinsky / iRocks.com
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• File:Goethite_Angleterre.jpg Source: http://upload.wikimedia.org/wikipedia/commons/2/27/Goethite_Angleterre.jpg License: CC-
BY-3.0 Contributors: Own work Original artist: Didier Descouens

• File:Gold(III)_chloride_solution.jpg Source: http://upload.wikimedia.org/wikipedia/commons/d/d9/Gold%28III%29_chloride_
solution.jpg License: Public domain Contributors: ? Original artist: ?

• File:Gold-mz4b.jpg Source: http://upload.wikimedia.org/wikipedia/commons/8/8c/Gold-mz4b.jpg License: CC-BY-SA-3.0 Contribu-
tors: Image: http://www.irocks.com/db_pics/pics/mz4b.jpg, Description: http://www.mindat.org/photo-37436.html Original artist: Rob
Lavinsky / iRocks.com

• File:Gold-nominal-constant-usd.svg Source: http://upload.wikimedia.org/wikipedia/commons/f/ff/Gold-nominal-constant-usd.svg
License: CC-BY-SA-3.0 Contributors: Own work Original artist: Codehydro (Alexander Zhikun He)

• File:GoldBarAtGrandEmperorCasino.JPG Source: http://upload.wikimedia.org/wikipedia/commons/5/57/
GoldBarAtGrandEmperorCasino.JPG License: Public domain Contributors: Transferred from en.wikipedia; transferred to Com-
mons by User:Sreejithk2000 using CommonsHelper.
Original artist: Photnart (talk). Original uploader was Photnart at en.wikipedia

• File:Gold_-_world_production_trend.svg Source: http://upload.wikimedia.org/wikipedia/commons/a/aa/Gold_-_world_production_
trend.svg License: CC-BY-SA-3.0-2.5-2.0-1.0 Contributors:

• 1881-1895: Statistical abstract of the United States 1899, Johnson Reprint Corporation, p. 51, calculated with 31.1035 g/oz, http://www.
census.gov/prod/www/statistical_abstract.html Original artist: Leyo, Con-struct

• File:Gold_30g_for_a_860kg_rock.jpg Source: http://upload.wikimedia.org/wikipedia/commons/f/f9/Gold_30g_for_a_860kg_rock.
jpg License: CC-BY-SA-3.0 Contributors: Own work by uploader, Toi gold mine Original artist: PHGCOM

• File:Gold_Bars.jpg Source: http://upload.wikimedia.org/wikipedia/commons/a/a5/Gold_Bars.jpg License: CC0 Contributors: Agnico-
Eagle Mines Limited Original artist: Agnico-Eagle

• File:Gold_mine.jpg Source: http://upload.wikimedia.org/wikipedia/commons/6/61/Gold_mine.jpg License: GFDL 1.2 Contributors: ?
Original artist: ?

• File:Gold_price_in_USD.png Source: http://upload.wikimedia.org/wikipedia/commons/e/e3/Gold_price_in_USD.png License: Public
domain Contributors: Own work Original artist: Realterm

• File:Golddust.jpg Source: http://upload.wikimedia.org/wikipedia/commons/d/d8/Golddust.jpg License: Public domain Contributors:
Own work Original artist: Greenhorn1

• File:Golden_crown_Armento_Staatliche_Antikensammlungen_01.jpg Source: http://upload.wikimedia.org/wikipedia/commons/f/
f0/Golden_crown_Armento_Staatliche_Antikensammlungen_01.jpg License: CC-BY-SA-3.0 Contributors: User:MatthiasKabel, own
work, 2008-11-15 Original artist: ?

• File:GoldinPyriteDrainage_acide.JPG Source: http://upload.wikimedia.org/wikipedia/commons/9/9a/GoldinPyriteDrainage_acide.
JPG License: CC-BY-SA-3.0 Contributors: Transferred from en.wikipedia
Original artist: Original uploader was Qfl247 and Beao at en.wikipedia. Later version(s) were uploaded by Beao at en.wikipedia.

• File:Gozo,_limestone_quarry_-_cutting_the_stone.JPG Source: http://upload.wikimedia.org/wikipedia/commons/6/6a/Gozo%2C_
limestone_quarry_-_cutting_the_stone.JPG License: CC-BY-SA-3.0-2.5-2.0-1.0 Contributors: Own work Original artist: Bogdan Giușcă

• File:GranadaEZ.jpg Source: http://upload.wikimedia.org/wikipedia/commons/1/17/GranadaEZ.jpg License: CC-BY-SA-2.0-br Con-
tributors: ? Original artist: ?

• File:GraniteElephant.jpg Source: http://upload.wikimedia.org/wikipedia/commons/d/dd/GraniteElephant.jpg License: Public domain
Contributors: Original photograph Original artist: Photograph taken by Mark A. Wilson (Department of Geology, The College of Wooster).
[1]

• File:Granite_Yosemite_P1160483.jpg Source: http://upload.wikimedia.org/wikipedia/commons/0/0d/Granite_Yosemite_P1160483.
jpg License: CC-BY-SA-3.0 Contributors: Own work Original artist: David Monniaux (talk · contribs)

• File:Graphite-pV.svg Source: http://upload.wikimedia.org/wikipedia/commons/d/d8/Graphite-pV.svg License: CC-BY-SA-4.0 Contrib-
utors: Own work Original artist: TomR

• File:GraphiteUSGOV.jpg Source: http://upload.wikimedia.org/wikipedia/commons/f/f3/GraphiteUSGOV.jpg License: Public domain
Contributors: ? Original artist: ?

• File:Grossular-ww51a.jpg Source: http://upload.wikimedia.org/wikipedia/commons/7/71/Grossular-ww51a.jpg License: CC-BY-SA-
3.0 Contributors: Image: http://www.irocks.com/db_pics/pics/ww51a.jpg, Description: http://www.mindat.org/photo-121044.html Origi-
nal artist: Rob Lavinsky / iRocks.com

• File:GrusSand.JPG Source: http://upload.wikimedia.org/wikipedia/commons/4/44/GrusSand.JPG License: CC-BY-SA-3.0 Contribu-
tors: Own work Original artist: Qfl247

• File:HPHTdiamonds2.JPG Source: http://upload.wikimedia.org/wikipedia/commons/c/cc/HPHTdiamonds2.JPG License: Public do-
main Contributors: Transferred from en.wikipedia; transfer was stated to be made by User:NIMSoffice. Original artist: NIMSoffice (talk).
Subsequent edits by Materialscientist.

• File:Halite-Nahcolite-51411.jpg Source: http://upload.wikimedia.org/wikipedia/commons/4/48/Halite-Nahcolite-51411.jpg License:
CC-BY-SA-3.0 Contributors: http://www.mindat.org/photo-51411.html Original artist: Rob Lavinsky / iRocks.com

• File:HeavyMineralsBeachSand.jpg Source: http://upload.wikimedia.org/wikipedia/commons/8/81/HeavyMineralsBeachSand.jpg Li-
cense: Public domain Contributors: Original photograph Original artist: Photograph taken by Mark A. Wilson (Department of Geology,
The College of Wooster). [1]

• File:Hematite.bear.660pix.jpg Source: http://upload.wikimedia.org/wikipedia/commons/1/16/Hematite.bear.660pix.jpg License: Pub-
lic domain Contributors: Photographed by Adrian Pingstone in September 2002 and released to the public domain. Original artist: User
Arpingstone on en.wikipedia

• File:Hematite.jpg Source: http://upload.wikimedia.org/wikipedia/commons/a/ae/Hematite.jpg License: CC-BY-SA-3.0 Contributors: ?
Original artist: ?
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• File:Miorcani_flint.jpg Source: http://upload.wikimedia.org/wikipedia/commons/e/ed/Miorcani_flint.jpg License: CC-BY-SA-3.0
Contributors: Own work Original artist: Otis Crandell

• File:MocheGoldNecklace.jpg Source: http://upload.wikimedia.org/wikipedia/commons/7/7d/MocheGoldNecklace.jpg License: CC-
BY-SA-3.0 Contributors: Transferred from en.wikipedia
Original artist: Pattych (talk). Original uploader was Pattych at en.wikipedia

• File:Moissanite-USGS-20-1001d-14x-.jpg Source: http://upload.wikimedia.org/wikipedia/commons/0/05/
Moissanite-USGS-20-1001d-14x-.jpg License: Public domain Contributors: BYU Mineral Specimens 799 USGS Photographic
Library Original artist: Andrew Silver

• File:Moissanite_ring.JPG Source: http://upload.wikimedia.org/wikipedia/commons/f/f8/Moissanite_ring.JPG License: Public domain
Contributors: Own work (Own photo) Original artist: Angela

• File:Molly_Hill_molybdenite.JPG Source: http://upload.wikimedia.org/wikipedia/commons/1/12/Molly_Hill_molybdenite.JPG Li-
cense: GFDL Contributors: Own work Original artist: John Chapman (Pyrope)

• File:Molybdenit_1.jpg Source: http://upload.wikimedia.org/wikipedia/commons/4/40/Molybdenit_1.jpg License: Public domain Con-
tributors: ? Original artist: ?

• File:Molybdenite.GIF Source: http://upload.wikimedia.org/wikipedia/commons/e/e4/Molybdenite.GIF License: CC-BY-SA-3.0 Con-
tributors: Transferred from en.wikipedia; transfer was stated to be made by User:NIMSoffice.
Original artist: NIMSoffice (talk). Original uploader was NIMSoffice at en.wikipedia

• File:Moon_symbol_crescent.svg Source: http://upload.wikimedia.org/wikipedia/commons/2/2a/Moon_symbol_crescent.svg License:
Public domain Contributors: Own work Original artist: Lexicon

• File:Muscovite-Albite-122886.jpg Source: http://upload.wikimedia.org/wikipedia/commons/c/ca/Muscovite-Albite-122886.jpg Li-
cense: CC-BY-SA-3.0 Contributors: http://www.mindat.org/photo-122886.html Original artist: Rob Lavinsky / iRocks.com

• File:NaCl_polyhedra.png Source: http://upload.wikimedia.org/wikipedia/commons/c/c0/NaCl_polyhedra.png License: Public domain
Contributors: Own work Original artist: Solid State

• File:National_Museum_of_Natural_History_Gold_Colored_Diamonds.JPG Source: http://upload.wikimedia.org/wikipedia/
commons/1/19/National_Museum_of_Natural_History_Gold_Colored_Diamonds.JPG License: Public domain Contributors: Own work
Original artist: Jorfer

• File:Native_silver.JPG Source: http://upload.wikimedia.org/wikipedia/commons/f/fd/Native_silver.JPG License: CC-BY-3.0 Contribu-
tors: Transferred from en.wikipedia; transferred to Commons using CommonsHelper. Original artist: Original uploader was Teravolt at
en.wikipedia

• File:Natroliteinde1.jpg Source: http://upload.wikimedia.org/wikipedia/commons/5/5f/Natroliteinde1.jpg License: CC-BY-3.0 Contrib-
utors: Own work Original artist: Didier Descouens

• File:Nemalite.jpg Source: http://upload.wikimedia.org/wikipedia/en/e/e6/Nemalite.jpg License: ? Contributors:
http://libraryphoto.cr.usgs.gov Original artist:
Andrew Silver, USGS

• File:Nickel-arsenide-3D-unit-cell.png Source: http://upload.wikimedia.org/wikipedia/commons/2/2f/Nickel-arsenide-3D-unit-cell.
png License: Public domain Contributors: ? Original artist: ?

• File:Nickeline.jpg Source: http://upload.wikimedia.org/wikipedia/commons/0/03/Nickeline.jpg License: CC-BY-SA-3.0-2.5-2.0-1.0
Contributors: Own work Original artist: Didier Descouens

• File:Nuvola_apps_edu_science.svg Source: http://upload.wikimedia.org/wikipedia/commons/5/59/Nuvola_apps_edu_science.svg Li-
cense: LGPL Contributors: http://ftp.gnome.org/pub/GNOME/sources/gnome-themes-extras/0.9/gnome-themes-extras-0.9.0.tar.gzOrig-
inal artist: David Vignoni / ICON KING

• File:Office-book.svg Source: http://upload.wikimedia.org/wikipedia/commons/a/a8/Office-book.svg License: Public domain Contribu-
tors: This and myself. Original artist: Chris Down/Tango project

• File:Orpiment_mineral.jpg Source: http://upload.wikimedia.org/wikipedia/commons/b/bf/Orpiment_mineral.jpg License: Public do-
main Contributors: ? Original artist: ?

• File:Orthorhombic.svg Source: http://upload.wikimedia.org/wikipedia/commons/d/dd/Orthorhombic.svg License: CC-BY-SA-3.0 Con-
tributors: Crystal stucture Original artist: Original PNGs by Daniel Mayer, traced in Inkscape by User:Stannered

• File:Padlock-silver-light.svg Source: http://upload.wikimedia.org/wikipedia/commons/2/28/Padlock-silver-light.svg License: CC0
Contributors: ? Original artist: ?

• File:Padlock-silver.svg Source: http://upload.wikimedia.org/wikipedia/commons/f/fc/Padlock-silver.svg License: CC0 Contributors:
http://openclipart.org/people/Anonymous/padlock_aj_ashton_01.svg Original artist: This image file was created by AJ Ashton. Uploaded
from English WP by User:Eleassar. Converted by User:AzaToth to a silver color.

• File:Pencils_hb.jpg Source: http://upload.wikimedia.org/wikipedia/commons/0/08/Pencils_hb.jpg License: CC-BY-3.0 Contributors:
Transfered from en.wikipedia: Original artist: Original uploader was Dmgerman at en.wikipedia

• File:Peroxydisulfuric-acid-3D-balls.png Source: http://upload.wikimedia.org/wikipedia/commons/8/87/
Peroxydisulfuric-acid-3D-balls.png License: Public domain Contributors: ? Original artist: ?

• File:Pitchblende_schlema-alberoda.JPG Source: http://upload.wikimedia.org/wikipedia/commons/e/e7/Pitchblende_
schlema-alberoda.JPG License: CC-BY-SA-3.0 Contributors: Own work Original artist: Geomartin

• File:Portal-puzzle.svg Source: http://upload.wikimedia.org/wikipedia/en/f/fd/Portal-puzzle.svg License: ? Contributors: ? Original artist:
?

• File:Proustite_-_Chanarcillo,_Copiapo_Province,_Atacama_Region,_Chile.jpg Source: http://upload.wikimedia.org/wikipedia/
commons/c/c9/Proustite_-_Chanarcillo%2C_Copiapo_Province%2C_Atacama_Region%2C_Chile.jpg License: CC-BY-3.0 Contribu-
tors: http://www.mindat.org/photo-247288.html Original artist: Maurizio Dini
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• File:Pseudomalachite.jpg Source: http://upload.wikimedia.org/wikipedia/commons/e/ee/Pseudomalachite.jpg License: Public domain
Contributors: Own work Original artist: Strickja

• File:Pyragyrite09.jpg Source: http://upload.wikimedia.org/wikipedia/commons/9/95/Pyragyrite09.jpg License: Public domain Contrib-
utors: Transferred from en.wikipedia; transferred to Commons by User:Liftarn using CommonsHelper. Original artist: Original uploader
was Reno Chris at en.wikipedia

• File:Pyrite_-_disc.jpg Source: http://upload.wikimedia.org/wikipedia/commons/6/60/Pyrite_-_disc.jpg License: CC-BY-SA-2.0 Con-
tributors: http://www.flickr.com/photos/cobalt/91712254/in/set-172548/ Original artist: cobalt123

• File:Pyrite_2.jpg Source: http://upload.wikimedia.org/wikipedia/commons/1/1b/Pyrite_2.jpg License: CC-BY-SA-3.0 Contributors:
Own work Original artist: JJ Harrison (jjharrison89@facebook.com)

• File:Pyrite_elbe.jpg Source: http://upload.wikimedia.org/wikipedia/commons/5/5c/Pyrite_elbe.jpg License: CC-BY-SA-3.0-2.5-2.0-
1.0 Contributors: Own work Original artist: Didier Descouens

• File:Pyrite_from_Ampliación_a_Victoria_Mine,_Navajún,_La_Rioja,_Spain_2.jpg Source: http://upload.wikimedia.org/
wikipedia/commons/f/fd/Pyrite_from_Ampliaci%C3%B3n_a_Victoria_Mine%2C_Navaj%C3%BAn%2C_La_Rioja%2C_Spain_2.
jpg License: CC-BY-SA-3.0 Contributors: Own work Original artist: JJ Harrison (jjharrison89@facebook.com)

• File:Pyrolusite_Mineral_with_Dendrite_Macro_Digon3.jpg Source: http://upload.wikimedia.org/wikipedia/commons/4/42/
Pyrolusite_Mineral_with_Dendrite_Macro_Digon3.jpg License: CC-BY-SA-3.0 Contributors: Own work Original artist: “Jonathan
Zander (Digon3)"

• File:Pyrrhotite_Mexique.jpg Source: http://upload.wikimedia.org/wikipedia/commons/5/55/Pyrrhotite_Mexique.jpg License: CC-BY-
SA-3.0-2.5-2.0-1.0 Contributors: Own work Original artist: Didier Descouens

• File:Qapf_diagram_plutonic_05.svg Source: http://upload.wikimedia.org/wikipedia/commons/7/77/Qapf_diagram_plutonic_05.svg
License: Public domain Contributors: Own work Original artist: -xfi-

• File:Qemscan_pisoliths.png Source: http://upload.wikimedia.org/wikipedia/commons/a/a5/Qemscan_pisoliths.png License: CC-BY-
SA-3.0 Contributors: FEI Company Original artist: 03:14, 04 January 2011 (UTC)

• File:Quartz,_Tibet.jpg Source: http://upload.wikimedia.org/wikipedia/commons/1/14/Quartz%2C_Tibet.jpg License: CC-BY-SA-2.5
Contributors: Own work Original artist: JJ Harrison (jjharrison89@facebook.com)

• File:Quartz-Uvarovite-LTH15C.JPG Source: http://upload.wikimedia.org/wikipedia/commons/9/91/Quartz-Uvarovite-LTH15C.JPG
License: CC-BY-SA-3.0 Contributors: Image: http://www.irocks.com/db_pics/new2010/LTH15C.JPG, Description: http://www.irocks.
com/render.html?species=Quartz&page=36 Original artist: Rob Lavinsky / iRocks.com

• File:QuartzUSGOV.jpg Source: http://upload.wikimedia.org/wikipedia/commons/a/a5/QuartzUSGOV.jpg License: Public domain
Contributors: ? Original artist: ?

• File:Quartz_synthese.jpg Source: http://upload.wikimedia.org/wikipedia/commons/b/b1/Quartz_synthese.jpg License: CC-BY-SA-3.0
Contributors: Own work Original artist: Didier Descouens

• File:Quartz_var._Smokey_from_Morella,_Victoria.jpg Source: http://upload.wikimedia.org/wikipedia/commons/8/82/Quartz_
var._Smokey_from_Morella%2C_Victoria.jpg License: CC-BY-SA-3.0 Contributors: Own work Original artist: JJ Harrison
(jjharrison89@facebook.com)

• File:Question_book-new.svg Source: http://upload.wikimedia.org/wikipedia/en/9/99/Question_book-new.svg License: ? Contributors:
Created from scratch in Adobe Illustrator. Based on Image:Question book.png created by User:Equazcion Original artist:
Tkgd2007

• File:Realgar-229713.jpg Source: http://upload.wikimedia.org/wikipedia/commons/5/52/Realgar-229713.jpg License: CC-BY-SA-3.0
Contributors: http://www.mindat.org/photo-229713.html Original artist: Rob Lavinsky / iRocks.com

• File:Riley_(Kansas)_County_Courthouse_1.jpg Source: http://upload.wikimedia.org/wikipedia/commons/6/6a/Riley_%28Kansas%
29_County_Courthouse_1.jpg License: CC-BY-SA-3.0 Contributors: Own work Original artist: Kevin Zollman Kzollman 22:00, 4 May
2006 (UTC)

• File:Roche_Rock-by-mike-hancock.jpg Source: http://upload.wikimedia.org/wikipedia/commons/9/99/Roche_
Rock-by-mike-hancock.jpg License: CC-BY-SA-2.0 Contributors: From geograph.org.uk Original artist: mike hancock

• File:Roses_des_Sables_Tunisie.jpg Source: http://upload.wikimedia.org/wikipedia/commons/a/a7/Roses_des_Sables_Tunisie.jpg Li-
cense: CC-BY-SA-3.0 Contributors: Own work Original artist: Didier Descouens

• File:Rough_diamond.jpg Source: http://upload.wikimedia.org/wikipedia/commons/d/d7/Rough_diamond.jpg License: Public domain
Contributors: Original source: USGS “Minerals in Your World” website. Direct image link: [1] Original artist: Unknown USGS employee

• File:Rutile-122157.jpg Source: http://upload.wikimedia.org/wikipedia/commons/b/bd/Rutile-122157.jpg License: CC-BY-SA-3.0 Con-
tributors: http://www.mindat.org/photo-122157.html Original artist: Rob Lavinsky / iRocks.com

• File:Rutile-unit-cell-3D-balls.png Source: http://upload.wikimedia.org/wikipedia/commons/5/5d/Rutile-unit-cell-3D-balls.png Li-
cense: Public domain Contributors: Own work Original artist: Ben Mills

• File:Rutile@quartz.jpg Source: http://upload.wikimedia.org/wikipedia/commons/f/f7/Rutile%40quartz.jpg License: CC-BY-SA-2.0
Contributors: http://www.flickr.com/photos/unforth/2987966304/ Original artist: unforth

• File:Rutile_needles.jpg Source: http://upload.wikimedia.org/wikipedia/commons/6/62/Rutile_needles.jpg License: Public domain Con-
tributors: Own work Original artist: Aram Dulyan (User:Aramgutang)

• File:Several_corundum_crystals.jpg Source: http://upload.wikimedia.org/wikipedia/commons/9/9a/Several_corundum_crystals.jpg
License: CC-BY-SA-3.0 Contributors: Image:Sapphire01.jpg from Azuncha reduced and optical cleared Original artist: Ra'ike (see also
Ra'ike on de.wikipedia

• File:Sillimanite-199671.jpg Source: http://upload.wikimedia.org/wikipedia/commons/5/52/Sillimanite-199671.jpg License: CC-BY-
SA-3.0 Contributors: http://www.mindat.org/photo-199671.html Original artist: Rob Lavinsky / iRocks.com
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• File:Silver-Bornite-171549.jpg Source: http://upload.wikimedia.org/wikipedia/commons/0/0a/Silver-Bornite-171549.jpg License: CC-
BY-SA-3.0 Contributors: http://www.mindat.org/photo-171549.html Original artist: Rob Lavinsky / iRocks.com

• File:Silver.ogg Source: http://upload.wikimedia.org/wikipedia/commons/0/0d/Silver.ogg License: CC-BY-SA-3.0 Contributors: Deriva-
tive of Silver at Wikipedia Original artist: {{{user_name_link}}}

• File:Silver_-_world_production_trend.svg Source: http://upload.wikimedia.org/wikipedia/commons/d/d1/Silver_-_world_
production_trend.svg License: CC-BY-SA-3.0-2.5-2.0-1.0 Contributors:

• 1881-1895: Statistical abstract of the United States 1899, Johnson Reprint Corporation, p. 51, calculated with 31.1035 g/oz, http://www.
census.gov/prod/www/statistical_abstract.html Original artist: Leyo, Con-struct
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Kutn%C3%A1_Hora_1490s.jpg License: Public domain Contributors: Galerie Středočeského kraje Original artist: Unknown

• File:Silver_price_in_USD.png Source: http://upload.wikimedia.org/wikipedia/commons/f/fc/Silver_price_in_USD.png License: CC-
BY-SA-3.0 Contributors: Own work Original artist: Realterm
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? Contributors: ? Original artist: ?

• File:Skuttérudite.jpg Source: http://upload.wikimedia.org/wikipedia/commons/a/a8/Skutt%C3%A9rudite.jpg License: CC-BY-SA-
3.0-2.5-2.0-1.0 Contributors: Own work Original artist: Didier Descouens

• File:Small_gold_nugget_5mm_dia_and_corresponding_foil_surface_of_half_sq_meter.jpg Source: http://upload.wikimedia.org/
wikipedia/commons/9/91/Small_gold_nugget_5mm_dia_and_corresponding_foil_surface_of_half_sq_meter.jpg License: CC-BY-SA-
3.0 Contributors: Own work by uploader, Toi gold mine Original artist: PHGCOM

• File:Soufre_extraction_1.jpg Source: http://upload.wikimedia.org/wikipedia/commons/c/c8/Soufre_extraction_1.jpg License: Public
domain Contributors: ? Original artist: ?

• File:Soufresicile3.jpg Source: http://upload.wikimedia.org/wikipedia/commons/9/95/Soufresicile3.jpg License: CC-BY-SA-3.0-2.5-
2.0-1.0 Contributors: Own work Original artist: Didier Descouens

• File:Sound-icon.svg Source: http://upload.wikimedia.org/wikipedia/commons/4/47/Sound-icon.svg License: LGPL Contributors:
Derivative work from Silsor's versio Original artist: Crystal SVG icon set

• File:Sphalerite-221270.jpg Source: http://upload.wikimedia.org/wikipedia/commons/9/9b/Sphalerite-221270.jpg License: CC-BY-SA-
3.0 Contributors: http://www.mindat.org/photo-221270.html Original artist: Rob Lavinsky / iRocks.com
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Original artist: Rob Lavinsky / iRocks.com
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Sphalerite-unit-cell-depth-fade-3D-balls.png License: Public domain Contributors: ? Original artist: ?

• File:Spinel-4mb4c.jpg Source: http://upload.wikimedia.org/wikipedia/commons/6/6b/Spinel-4mb4c.jpg License: CC-BY-SA-3.0 Con-
tributors: Image: http://www.irocks.com/db_pics/pics/4mb4c.jpg, Description: http://www.irocks.com/render.html?species=Spinel&
page=0 Original artist: Rob Lavinsky / iRocks.com

• File:Spinel2.jpg Source: http://upload.wikimedia.org/wikipedia/commons/0/09/Spinel2.jpg License: CC-BY-SA-3.0 Contributors: ?
Original artist: ?

• File:Spinelgem.JPG Source: http://upload.wikimedia.org/wikipedia/commons/d/d3/Spinelgem.JPG License: Public domain Contribu-
tors: Own work Original artist: Humanfeather

• File:Square_and_compasses3.JPG Source: http://upload.wikimedia.org/wikipedia/commons/0/0b/Square_and_compasses3.JPG Li-
cense: CC-BY-SA-3.0 Contributors: Transferred from en.wikipedia; transferred to Commons by User:Innotata using CommonsHelper.
Original artist: Nabokov (talk).

• File:St._Louis_wharf_cobbles_20090121_1.jpg Source: http://upload.wikimedia.org/wikipedia/commons/8/85/St._Louis_wharf_
cobbles_20090121_1.jpg License: CC-BY-SA-3.0 Contributors: Own work Original artist: Kbh3rd

• File:Stawamus_Chief_South_Peak_2.JPG Source: http://upload.wikimedia.org/wikipedia/commons/9/97/Stawamus_Chief_South_
Peak_2.JPG License: CC-BY-SA-3.0 Contributors: Own work Original artist: User:Clayoquot

• File:Stibnite.jpg Source: http://upload.wikimedia.org/wikipedia/commons/c/cd/Stibnite.jpg License: Public domain Contributors: Taken
by author (User:pepperedjane) on 6 January 2007 at the Carnegie Museum of Natural History. Original artist: User:pepperedjane

• File:Stringer156_nugget.jpg Source: http://upload.wikimedia.org/wikipedia/commons/4/46/Stringer156_nugget.jpg License: Public
domain Contributors: Originally from en.wikipedia; description page is/was here. Original artist: Original uploader was Reno Chris at
en.wikipedia

• File:Sulfate-3D-vdW.png Source: http://upload.wikimedia.org/wikipedia/commons/d/d8/Sulfate-3D-vdW.png License: Public domain
Contributors: ? Original artist: ?

• File:SulfurPrice.png Source: http://upload.wikimedia.org/wikipedia/commons/a/ab/SulfurPrice.png License: CC-BY-SA-3.0 Contribu-
tors: http://minerals.usgs.gov/ds/2005/140/#sulfur Original artist: Materialscientist
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• File:Sun_symbol.svg Source: http://upload.wikimedia.org/wikipedia/commons/6/6f/Sun_symbol.svg License: Public domain Con-
tributors: Own work Original artist: <a href='//commons.wikimedia.org/wiki/File:Flecha_tesela.svg' class='image'><img alt='Flecha
tesela.svg' src='//upload.wikimedia.org/wikipedia/commons/thumb/1/12/Flecha_tesela.svg/16px-Flecha_tesela.svg.png' width='16'
height='8' srcset='//upload.wikimedia.org/wikipedia/commons/thumb/1/12/Flecha_tesela.svg/24px-Flecha_tesela.svg.png 1.5x,
//upload.wikimedia.org/wikipedia/commons/thumb/1/12/Flecha_tesela.svg/32px-Flecha_tesela.svg.png 2x' data-file-width='181' data-
file-height='90' /></a> <a href='//commons.wikimedia.org/wiki/File:Notepad_icon_small.svg' class='image'><img alt='Notepad icon
small.svg' src='//upload.wikimedia.org/wikipedia/commons/thumb/8/87/Notepad_icon_small.svg/24px-Notepad_icon_small.svg.png'
width='24' height='27' srcset='//upload.wikimedia.org/wikipedia/commons/thumb/8/87/Notepad_icon_small.svg/36px-Notepad_icon_
small.svg.png 1.5x, //upload.wikimedia.org/wikipedia/commons/thumb/8/87/Notepad_icon_small.svg/48px-Notepad_icon_small.svg.
png 2x' data-file-width='45' data-file-height='50' /></a>This vector image was first created with Adobe Illustrator by Melian, and then
manually redrawn.

• File:Sylvanite_((Au,Ag)2Te4),_Cripple_Creek_Diatreme.jpg Source: http://upload.wikimedia.org/wikipedia/commons/4/48/
Sylvanite_%28%28Au%2CAg%292Te4%29%2C_Cripple_Creek_Diatreme.jpg License: CC-BY-2.0 Contributors: Sylvanite
((Au,Ag)2Te4), Cripple Creek Diatreme (Early Oligocene, 32 Ma), central Colorado Original artist: James St. John

• File:Tanjore_big_temple.jpg Source: http://upload.wikimedia.org/wikipedia/commons/8/80/Tanjore_big_temple.jpg License: CC-BY-
SA-3.0 Contributors: By trip Original artist: Saba rathnam

• File:Tellnes.jpg Source: http://upload.wikimedia.org/wikipedia/commons/0/0e/Tellnes.jpg License: GFDLContributors: OwnworkOrig-
inal artist: Mikenorton

• File:Tetrahedrite,_Hübnerite,_Quartz_-_176605.jpg Source: http://upload.wikimedia.org/wikipedia/commons/9/98/Tetrahedrite%
2C_H%C3%BCbnerite%2C_Quartz_-_176605.jpg License: CC-BY-3.0 Contributors: http://www.mindat.org/photo-176605.html Orig-
inal artist: Carles Millan

• File:Tetrahedrite-Chalcopyrite-Sphalerite-251531.jpg Source: http://upload.wikimedia.org/wikipedia/commons/a/a6/
Tetrahedrite-Chalcopyrite-Sphalerite-251531.jpg License: CC-BY-SA-3.0 Contributors: http://www.mindat.org/photo-251531.html
Original artist: Rob Lavinsky / iRocks.com

• File:Text_document_with_red_question_mark.svg Source: http://upload.wikimedia.org/wikipedia/commons/a/a4/Text_document_
with_red_question_mark.svg License: Public domain Contributors: Created by bdesham with Inkscape; based upon Text-x-generic.svg
from the Tango project. Original artist: Benjamin D. Esham (bdesham)

• File:The_Cheesewring.jpg Source: http://upload.wikimedia.org/wikipedia/commons/c/c2/The_Cheesewring.jpg License: CC-BY-SA-
3.0 Contributors: Personal photograph taken by Mick Knapton Original artist: Mick Knapton

• File:The_Earth_seen_from_Apollo_17_with_transparent_background.png Source: http://upload.wikimedia.org/wikipedia/
commons/4/43/The_Earth_seen_from_Apollo_17_with_transparent_background.png License: Public domain Contributors:
http://nssdc.gsfc.nasa.gov/imgcat/html/object_page/a17_h_148_22727.html Original artist: NASA

• File:The_Hope_Diamond_-_SIA.jpg Source: http://upload.wikimedia.org/wikipedia/commons/2/2a/The_Hope_Diamond_-_SIA.jpg
License: Public domain Contributors: http://siarchives.si.edu/collections/siris_sic_8819 Original artist: Unknown

• File:Toi_250kg_gold_bar.jpg Source: http://upload.wikimedia.org/wikipedia/commons/4/43/Toi_250kg_gold_bar.jpg License: CC-
BY-SA-3.0 Contributors: Own work by uploader, Toi Mine Original artist: PHGCOM

• File:Topaz-235220.jpg Source: http://upload.wikimedia.org/wikipedia/commons/b/be/Topaz-235220.jpg License: CC-BY-SA-3.0 Con-
tributors: http://www.mindat.org/photo-235220.html Original artist: Rob Lavinsky / iRocks.com

• File:Topaze_Brésil2.jpg Source: http://upload.wikimedia.org/wikipedia/commons/f/f6/Topaze_Br%C3%A9sil2.jpg License: CC-BY-
SA-3.0 Contributors: Own work Original artist: Didier Descouens

• File:Torres1.jpg Source: http://upload.wikimedia.org/wikipedia/commons/3/36/Torres1.jpg License: CC-BY-SA-3.0 Contributors: ?
Original artist: ?

• File:Transparency.jpg Source: http://upload.wikimedia.org/wikipedia/commons/8/80/Transparency.jpg License: CC-BY-SA-2.0-br
Contributors: ? Original artist: ?

• File:Transparent.gif Source: http://upload.wikimedia.org/wikipedia/commons/c/ce/Transparent.gifLicense: Public domainContributors:
Own work Original artist: Edokter

• File:TurinPapyrus1.jpg Source: http://upload.wikimedia.org/wikipedia/commons/b/ba/TurinPapyrus1.jpg License: Public domain Con-
tributors: Photograph at the Turin Museum courtesy of J. Harrell Original artist: Zyzzy

• File:Tuthankhamun_Egyptian_Museum.jpg Source: http://upload.wikimedia.org/wikipedia/commons/4/47/Tuthankhamun_
Egyptian_Museum.jpg License: CC-BY-SA-3.0 Contributors: Own work by uploader, http://bjornfree.com/galleries.html Original artist:
Bjørn Christian Tørrissen

• File:Two_20kr_gold_coins.jpg Source: http://upload.wikimedia.org/wikipedia/commons/9/92/Two_20kr_gold_coins.jpg License: CC0
Contributors: Own work Original artist: Anonimski

• File:Udachnaya_pipe.JPG Source: http://upload.wikimedia.org/wikipedia/commons/8/83/Udachnaya_pipe.JPG License: CC-BY-SA-
3.0 Contributors: Own work Original artist: Stepanovas (Stapanov Alexander). Timestamp at the bottom right was removed by Michiel
Sikma in 2006.

• File:Unsustainable_Growth.webm Source: http://upload.wikimedia.org/wikipedia/commons/a/a9/Unsustainable_Growth.webm Li-
cense: CC-BY-SA-3.0 Contributors: Own work Original artist: Rahulkepapa

• File:Uraninite-usa32abg.jpg Source: http://upload.wikimedia.org/wikipedia/commons/a/a7/Uraninite-usa32abg.jpg License: CC-BY-
SA-3.0 Contributors: Image: http://www.irocks.com/db_pics/usa1/usa32abg.jpg, Description: http://www.irocks.com/render.html?
species=Uraninite&page=2 Original artist: Rob Lavinsky / iRocks.com

• File:Various_granites.jpg Source: http://upload.wikimedia.org/wikipedia/commons/3/34/Various_granites.jpg License: Public domain
Contributors: Transferred from en.wikipedia Original artist: Jstuby at en.wikipedia

• File:Vickers_anvil_diamons.jpg Source: http://upload.wikimedia.org/wikipedia/commons/d/d2/Vickers_anvil_diamons.jpg License:
CC-BY-3.0 Contributors: http://www.flickr.com/photos/fluor_doublet/6864844960/ Original artist: R. Tanaka

http://upload.wikimedia.org/wikipedia/commons/6/6f/Sun_symbol.svg
//commons.wikimedia.org/wiki/User:Melian
http://upload.wikimedia.org/wikipedia/commons/4/48/Sylvanite_%2528%2528Au%252CAg%25292Te4%2529%252C_Cripple_Creek_Diatreme.jpg
http://upload.wikimedia.org/wikipedia/commons/4/48/Sylvanite_%2528%2528Au%252CAg%25292Te4%2529%252C_Cripple_Creek_Diatreme.jpg
https://www.flickr.com/photos/jsjgeology/14733661181/
https://www.flickr.com/photos/jsjgeology/14733661181/
https://www.flickr.com/people/47445767@N05
http://upload.wikimedia.org/wikipedia/commons/8/80/Tanjore_big_temple.jpg
//commons.wikimedia.org/wiki/User:Saba_rathnam
http://upload.wikimedia.org/wikipedia/commons/0/0e/Tellnes.jpg
//commons.wikimedia.org/wiki/User:Mikenorton
http://upload.wikimedia.org/wikipedia/commons/9/98/Tetrahedrite%252C_H%25C3%25BCbnerite%252C_Quartz_-_176605.jpg
http://upload.wikimedia.org/wikipedia/commons/9/98/Tetrahedrite%252C_H%25C3%25BCbnerite%252C_Quartz_-_176605.jpg
http://www.mindat.org/photo-176605.html
http://www.mindat.org/user-12050.html#0
http://upload.wikimedia.org/wikipedia/commons/a/a6/Tetrahedrite-Chalcopyrite-Sphalerite-251531.jpg
http://upload.wikimedia.org/wikipedia/commons/a/a6/Tetrahedrite-Chalcopyrite-Sphalerite-251531.jpg
http://www.mindat.org/photo-251531.html
//commons.wikimedia.org/wiki/Commons:Robert_Lavinsky
http://www.irocks.com/
http://upload.wikimedia.org/wikipedia/commons/a/a4/Text_document_with_red_question_mark.svg
http://upload.wikimedia.org/wikipedia/commons/a/a4/Text_document_with_red_question_mark.svg
//commons.wikimedia.org/wiki/User:Bdesham
//commons.wikimedia.org/wiki/File:Text-x-generic.svg
//commons.wikimedia.org/wiki/User:Bdesham
http://upload.wikimedia.org/wikipedia/commons/c/c2/The_Cheesewring.jpg
//en.wikipedia.org/wiki/User:Mick_Knapton
http://upload.wikimedia.org/wikipedia/commons/4/43/The_Earth_seen_from_Apollo_17_with_transparent_background.png
http://upload.wikimedia.org/wikipedia/commons/4/43/The_Earth_seen_from_Apollo_17_with_transparent_background.png
http://nssdc.gsfc.nasa.gov/imgcat/html/object_page/a17_h_148_22727.html
http://upload.wikimedia.org/wikipedia/commons/2/2a/The_Hope_Diamond_-_SIA.jpg
http://siarchives.si.edu/collections/siris_sic_8819
http://upload.wikimedia.org/wikipedia/commons/4/43/Toi_250kg_gold_bar.jpg
//commons.wikimedia.org/wiki/User:PHGCOM
http://upload.wikimedia.org/wikipedia/commons/b/be/Topaz-235220.jpg
http://www.mindat.org/photo-235220.html
//commons.wikimedia.org/wiki/Commons:Robert_Lavinsky
http://www.irocks.com/
http://upload.wikimedia.org/wikipedia/commons/f/f6/Topaze_Br%25C3%25A9sil2.jpg
//commons.wikimedia.org/wiki/User:Archaeodontosaurus
http://upload.wikimedia.org/wikipedia/commons/3/36/Torres1.jpg
http://upload.wikimedia.org/wikipedia/commons/8/80/Transparency.jpg
http://upload.wikimedia.org/wikipedia/commons/c/ce/Transparent.gif
//commons.wikimedia.org/wiki/User:Edokter
http://upload.wikimedia.org/wikipedia/commons/b/ba/TurinPapyrus1.jpg
http://upload.wikimedia.org/wikipedia/commons/4/47/Tuthankhamun_Egyptian_Museum.jpg
http://upload.wikimedia.org/wikipedia/commons/4/47/Tuthankhamun_Egyptian_Museum.jpg
http://bjornfree.com/galleries.html
//commons.wikimedia.org/wiki/User:Uspn
http://upload.wikimedia.org/wikipedia/commons/9/92/Two_20kr_gold_coins.jpg
//commons.wikimedia.org/wiki/User:Anonimski
http://upload.wikimedia.org/wikipedia/commons/8/83/Udachnaya_pipe.JPG
//en.wikipedia.org/wiki/User:Stepanovas
http://upload.wikimedia.org/wikipedia/commons/a/a9/Unsustainable_Growth.webm
//commons.wikimedia.org/wiki/User:Rahulkepapa
http://upload.wikimedia.org/wikipedia/commons/a/a7/Uraninite-usa32abg.jpg
http://www.irocks.com/db_pics/usa1/usa32abg.jpg
http://www.irocks.com/render.html?species=Uraninite&page=2
http://www.irocks.com/render.html?species=Uraninite&page=2
//commons.wikimedia.org/wiki/Commons:Robert_Lavinsky
http://www.irocks.com/
http://upload.wikimedia.org/wikipedia/commons/3/34/Various_granites.jpg
http://en.wikipedia.org/
//en.wikipedia.org/wiki/User:Jstuby
http://en.wikipedia.org/
http://upload.wikimedia.org/wikipedia/commons/d/d2/Vickers_anvil_diamons.jpg
http://www.flickr.com/photos/fluor_doublet/6864844960/


15.3. CONTENT LICENSE 227

• File:VolcanicPipe.jpg Source: http://upload.wikimedia.org/wikipedia/commons/5/56/VolcanicPipe.jpg License: CC-BY-SA-3.0 Con-
tributors: http://www.premiumdiamonds.co.za/Diamonds%20Education.htm Original artist: en:User:Asbestos

• File:Vredefort_crater_cross_section_2.png Source: http://upload.wikimedia.org/wikipedia/commons/2/22/Vredefort_crater_cross_
section_2.png License: CC-BY-SA-3.0 Contributors: Own work Original artist: Oggmus

• File:WLA_hmns_Hematite.jpg Source: http://upload.wikimedia.org/wikipedia/commons/1/19/WLA_hmns_Hematite.jpg License:
CC-BY-SA-2.5 Contributors: Uploaded from the Wikipedia Loves Art photo pool on Flickr Original artist: Wikipedia Loves Art par-
ticipant "Assignment_Houston_One"

• File:Weipa-bauxite-mine.jpg Source: http://upload.wikimedia.org/wikipedia/commons/d/d3/Weipa-bauxite-mine.jpg License: CC-
BY-SA-3.0 Contributors: Own work Original artist: www.cape-york-australia.com

• File:Widmanstatten_hand.jpg Source: http://upload.wikimedia.org/wikipedia/commons/3/36/Widmanstatten_hand.jpg License: CC-
BY-2.0 Contributors: originally posted to Flickr as 090423-1080887 Original artist: Waifer X

• File:Widmanstatten_patterns_2.jpg Source: http://upload.wikimedia.org/wikipedia/commons/9/9e/Widmanstatten_patterns_2.jpg Li-
cense: Public domain Contributors: Own work Original artist: Aram Dulyan (User:Aramgutang)

• File:Wielka_kula_krzemień_pasiasty.jpg Source: http://upload.wikimedia.org/wikipedia/commons/1/15/Wielka_kula_krzemie%
C5%84_pasiasty.jpg License: GFDL Contributors: Own work Original artist: Adam Ognisty

• File:Wikibooks-logo.svg Source: http://upload.wikimedia.org/wikipedia/commons/f/fa/Wikibooks-logo.svg License: CC-BY-SA-3.0
Contributors: Own work Original artist: User:Bastique, User:Ramac et al.

• File:Wikiquote-logo.svg Source: http://upload.wikimedia.org/wikipedia/commons/f/fa/Wikiquote-logo.svg License: Public domain
Contributors: ? Original artist: ?

• File:Wikisource-logo.svg Source: http://upload.wikimedia.org/wikipedia/commons/4/4c/Wikisource-logo.svg License: CC-BY-SA-3.0
Contributors:
Original artist: Nicholas Moreau

• File:Wikiversity-logo.svg Source: http://upload.wikimedia.org/wikipedia/commons/9/91/Wikiversity-logo.svg License: CC-BY-SA-3.0
Contributors: Snorky (optimized and cleaned up by verdy_p) Original artist: Snorky (optimized and cleaned up by verdy_p)

• File:Wiktionary-logo-en.svg Source: http://upload.wikimedia.org/wikipedia/commons/f/f8/Wiktionary-logo-en.svg License: Public do-
main Contributors: Vector version of Image:Wiktionary-logo-en.png. Original artist: Vectorized by Fvasconcellos (talk · contribs), based
on original logo tossed together by Brion Vibber

• File:Woodhouseite_01.jpg Source: http://upload.wikimedia.org/wikipedia/commons/d/d5/Woodhouseite_01.jpg License: Public do-
main Contributors: Own work Original artist: Strickja

• File:World_Chromium_Production_2002.svg Source: http://upload.wikimedia.org/wikipedia/commons/2/2c/World_Chromium_
Production_2002.svg License: Public domain Contributors: :File:BlankMap-World6,_compact.svg
Original artist: stone

• File:YanagisawaA9932J.JPG Source: http://upload.wikimedia.org/wikipedia/commons/2/28/YanagisawaA9932J.JPG License: CC-
BY-SA-3.0 Contributors: Transferred from en.wikipedia; transferred to Commons by User:Kafuffle using CommonsHelper.
Original artist: Nabokov (talk). Required citation is: “Photo by Tom Oates, 2009”..

• File:Yosemite_20_bg_090404.jpg Source: http://upload.wikimedia.org/wikipedia/commons/8/87/Yosemite_20_bg_090404.jpg Li-
cense: Public domain Contributors: [1] Original artist: Jon Sullivan

• File:Yukon_chromite_prospect.jpg Source: http://upload.wikimedia.org/wikipedia/commons/0/0b/Yukon_chromite_prospect.jpg Li-
cense: CC-BY-2.0 Contributors: http://www.flickr.com/photos/31856336@N03/3006390947/ Original artist: Mike Beauregard

• File:Zincite.JPG Source: http://upload.wikimedia.org/wikipedia/commons/3/39/Zincite.JPG License: CC-BY-3.0 Contributors: Own
work (Original text: I (Teravolt (talk)) created this work entirely by myself.) Original artist: Teravolt (talk)

• File:Zincite.jpg Source: http://upload.wikimedia.org/wikipedia/commons/5/5e/Zincite.jpg License: Public domain Contributors: Origi-
nally from en.wikipedia; description page is/was here. Original artist: JA.Davidson

15.3 Content license
• Creative Commons Attribution-Share Alike 3.0

http://upload.wikimedia.org/wikipedia/commons/5/56/VolcanicPipe.jpg
http://www.premiumdiamonds.co.za/Diamonds%2520Education.htm
//en.wikipedia.org/wiki/User:Asbestos
http://upload.wikimedia.org/wikipedia/commons/2/22/Vredefort_crater_cross_section_2.png
http://upload.wikimedia.org/wikipedia/commons/2/22/Vredefort_crater_cross_section_2.png
//commons.wikimedia.org/wiki/User:Oggmus
http://upload.wikimedia.org/wikipedia/commons/1/19/WLA_hmns_Hematite.jpg
http://www.flickr.com/groups/wikipedia_loves_art/pool/
http://www.flickr.com/groups/wikipedia_loves_art/pool/tags/Assignment_Houston_One/
http://upload.wikimedia.org/wikipedia/commons/d/d3/Weipa-bauxite-mine.jpg
http://upload.wikimedia.org/wikipedia/commons/3/36/Widmanstatten_hand.jpg
http://flickr.com/photos/47327870@N00/3586244186
http://flickr.com/people/47327870@N00
http://upload.wikimedia.org/wikipedia/commons/9/9e/Widmanstatten_patterns_2.jpg
//commons.wikimedia.org/w/index.php?title=User:Aramgutang&action=edit&redlink=1
http://upload.wikimedia.org/wikipedia/commons/1/15/Wielka_kula_krzemie%25C5%2584_pasiasty.jpg
http://upload.wikimedia.org/wikipedia/commons/1/15/Wielka_kula_krzemie%25C5%2584_pasiasty.jpg
//commons.wikimedia.org/w/index.php?title=User:Adam_Ognisty&action=edit&redlink=1
http://upload.wikimedia.org/wikipedia/commons/f/fa/Wikibooks-logo.svg
//commons.wikimedia.org/wiki/User:Bastique
//commons.wikimedia.org/wiki/User:Ramac
http://upload.wikimedia.org/wikipedia/commons/f/fa/Wikiquote-logo.svg
http://upload.wikimedia.org/wikipedia/commons/4/4c/Wikisource-logo.svg
http://upload.wikimedia.org/wikipedia/commons/9/91/Wikiversity-logo.svg
//commons.wikimedia.org/wiki/User:Snorky
//commons.wikimedia.org/wiki/User:Verdy_p
//commons.wikimedia.org/wiki/User:Snorky
//commons.wikimedia.org/wiki/User:Verdy_p
http://upload.wikimedia.org/wikipedia/commons/f/f8/Wiktionary-logo-en.svg
//commons.wikimedia.org/wiki/File:Wiktionary-logo-en.png
//commons.wikimedia.org/wiki/User:Fvasconcellos
//commons.wikimedia.org/wiki/User_talk:Fvasconcellos
//commons.wikimedia.org/wiki/Special:Contributions/Fvasconcellos
//commons.wikimedia.org/wiki/User:Brion_VIBBER
http://upload.wikimedia.org/wikipedia/commons/d/d5/Woodhouseite_01.jpg
//commons.wikimedia.org/w/index.php?title=User:Strickja&action=edit&redlink=1
http://upload.wikimedia.org/wikipedia/commons/2/2c/World_Chromium_Production_2002.svg
http://upload.wikimedia.org/wikipedia/commons/2/2c/World_Chromium_Production_2002.svg
//en.wikipedia.org/wiki/File:BlankMap-World6,_compact.svg
http://upload.wikimedia.org/wikipedia/commons/2/28/YanagisawaA9932J.JPG
http://en.wikipedia.org/
//commons.wikimedia.org/wiki/User:Kafuffle
http://tools.wikimedia.de/~magnus/commonshelper.php
//en.wikipedia.org/wiki/User:Nabokov
//en.wikipedia.org/wiki/User_talk:Nabokov
http://upload.wikimedia.org/wikipedia/commons/8/87/Yosemite_20_bg_090404.jpg
http://pdphoto.org/PictureDetail.php?mat=pdef&pg=8250
//en.wikipedia.org/wiki/User:y6y6y6
http://upload.wikimedia.org/wikipedia/commons/0/0b/Yukon_chromite_prospect.jpg
http://www.flickr.com/photos/31856336@N03/3006390947/
http://www.flickr.com/people/31856336@N03
http://upload.wikimedia.org/wikipedia/commons/3/39/Zincite.JPG
//en.wikipedia.org/wiki/User:Teravolt
//en.wikipedia.org/wiki/User_talk:Teravolt
//en.wikipedia.org/wiki/User:Teravolt
//en.wikipedia.org/wiki/User_talk:Teravolt
http://upload.wikimedia.org/wikipedia/commons/5/5e/Zincite.jpg
http://en.wikipedia.org/
http://en.wikipedia.org/w/index.php?title=Image%253AZincite.jpg
//en.wikipedia.org/wiki/User:JA.Davidson
http://creativecommons.org/licenses/by-sa/3.0/

	Mineral
	Definition
	Mineral chemistry
	Physical properties of minerals
	Mineral classes
	Astrobiology
	See also
	Bibliography
	References
	External links

	Native Elements
	Native copper
	Gallery
	See also 
	References
	Further reading
	External links 

	Diamond
	History
	Material properties
	Industry
	Synthetics, simulants, and enhancements
	Stolen diamonds
	See also
	References
	Books
	External links

	Gold
	Etymology
	Characteristics
	Modern applications
	Monetary exchange (historical) 
	Cultural history
	Occurrence
	Production
	Mining
	Bioremediation
	Extraction
	Synthesis from other elements
	Consumption
	Pollution
	Chemistry
	Toxicity
	Price
	Symbolism
	State emblem
	See also
	References
	Further reading 
	External links

	Graphite
	Types or varieties 
	Occurrence
	Properties
	History of natural graphite use
	Uses of natural graphite
	Uses of synthetic graphite
	Graphite mining, beneficiation, and milling
	Graphite recycling
	See also
	References
	Further reading
	External links

	Kamacite
	See also
	References 

	Silver
	Characteristics
	Isotopes
	Compounds
	Applications
	History
	Occurrence and extraction
	Price
	Human exposure and consumption
	See also
	References
	External links

	Sulfur
	Spelling and etymology
	Characteristics
	Production
	Compounds
	History
	Applications
	Biological role
	Precautions
	See also
	References
	External links

	Taenite
	Properties
	Meteorite Localities with this Mineral
	See also
	References 


	Sulfides
	Acanthite
	Occurrence
	Gallery
	References

	Arsenopyrite
	Crystallography
	Related minerals
	See also
	References

	Bornite
	Appearance
	Mineralogy
	Occurrence
	History and etymology
	See also
	References

	Carrollite
	Unit cell 
	Linnaeite group 
	Solid solutions 
	Environment 
	Distribution 
	References 

	Chalcocite
	Occurrence
	See also
	References

	Chalcopyrite
	Chemistry 
	Paragenesis 
	Occurrence 
	Structure 
	See also
	References

	Cinnabar
	Etymology
	Structure
	Properties
	Occurrence
	Mining and extraction of mercury
	Toxicity
	Decorative use
	Other forms
	See also
	References
	External links

	Cobaltite
	References
	External links

	Dimorphite
	Properties and applications
	References

	Enargite
	Occurrence
	References
	External links

	Galena
	Lead ore deposits
	Crystal structure
	Geochemistry
	Galena uses
	Health issues
	See also
	Notes 
	References
	External links

	Marcasite
	Occurrence
	Alteration
	References
	External links

	Millerite
	Paragenesis 
	Economic importance 
	Occurrence 
	See also
	References
	External links

	Molybdenite
	Description
	Uses
	See also
	References 

	Nickeline
	Etymology and history 
	Preparation of NiAs
	Occurrence 
	Crystal structure 
	Economic Importance 
	References 

	Orpiment
	Historical uses 
	Contemporary uses 
	Physical and optical properties 
	Crystal structure 
	Gallery of orpiment specimens
	References 
	External links

	Proustite
	See also
	References

	Pyrargyrite
	External links
	References

	Pyrite
	Uses
	Formal oxidation states for pyrite, marcasite, and arsenopyrite
	Crystallography
	Crystal habit 
	Varieties
	Distinguishing similar minerals
	Hazards
	Pyritised fossils
	References
	Further reading
	External links

	Pyrrhotite
	Etymology and history
	Crystal structure
	Magnetic properties
	Occurrence
	References 
	External links 

	Realgar
	Occurrence 
	Uses
	Realgar gallery 
	See also
	References
	Further reading
	External links

	Sphalerite
	Chemistry
	Varieties
	Occurrence
	Gemstone use
	See also 
	References
	External links

	Stibnite
	Structure
	Uses
	Occurrence
	See also 
	References
	External links

	Tetrahedrite
	Applications 
	See also 
	References 
	External links 

	Skutterudite
	The skutterudite crystal structure
	Applications
	References 

	Sylvanite
	Properties
	Occurrence
	Use
	References
	External links


	Oxides
	Cassiterite
	Occurrence
	Crystallography
	Etymology
	References

	Chromite
	Occurrence
	Usage
	Mining
	References 
	External links

	Chrysoberyl
	Occurrence
	Alexandrite
	Cymophane
	See also
	References

	Corundum
	Geology and occurrence
	Synthetic corundum
	Structure and physical properties
	References

	Cuprite
	See also
	References

	Franklinite
	See also
	References
	External links

	Hematite
	Etymology and history
	Magnetism
	Discovery on Mars
	See also
	References
	External links

	Ilmenite
	Structure and properties 
	Mineral chemistry 
	Paragenesis 
	Processing and consumption 
	Feedstock Production 
	Lunar ilmenite
	References 

	Magnetite
	Properties
	Distribution of deposits
	Biological occurrences
	Synthetic magnetite
	Applications
	Gallery of magnetite mineral specimens
	See also
	References
	Further reading
	External links

	Pyrolusite
	Occurrence
	Use
	Variations in crystal habit
	See also
	References

	Rutile
	Occurrence
	Crystal structure
	Uses and economic importance
	Synthetic rutile
	See also
	References
	External links

	Spinel
	Properties of true spinel
	Occurrence
	Synthetic spinel
	See also
	References
	Bibliography
	External links

	Uraninite
	Occurrence
	See also
	References
	External links

	Zincite
	See also
	References
	External links


	Hydroxides
	Bauxite
	Formation 
	Production trends
	Processing
	See also
	References
	Further reading
	External links

	Brucite
	Discovery
	Industrial applications
	Magnesian attack of cement and concrete 
	See also
	References

	Boehmite
	References

	Diaspore
	See also
	References

	Gibbsite
	Structure
	Etymology
	References
	Further reading
	External links

	Goethite
	Composition 
	Usage 
	Formation 
	Prevalence 
	Gallery
	See also
	References
	External links

	Limonite
	Names
	Characteristics
	Formation
	Uses of limonite
	History
	Notes
	See also
	External links

	Manganite
	Occurrence
	See also
	References


	Halides
	Carbonates
	Calcite
	Properties
	Use and applications
	Natural occurrence
	Formation processes 
	In Earth history
	Gallery
	See also
	References
	Further reading
	External links


	Phosphates
	Hureaulite
	Environment
	Localities
	References

	Pseudomalachite
	Type Locality 
	Structure 
	Environment 
	Distribution 
	References 

	Woodhouseite
	Environment 
	Localities 
	Structure 
	References 


	Sulfates
	Silicates
	Ashburtonite
	Geological occurrence
	References

	Bustamite
	Cell parameters
	Type locality
	Environment
	References
	External links

	Hsianghualite
	Structure
	Environment
	Localities
	References
	External links

	Quartz
	Etymology
	Crystal habit and structure
	Varieties (according to color)
	Varieties (according to microstructure)
	Synthetic and artificial treatments
	Occurrence
	Related silica minerals
	History
	Piezoelectricity
	Gallery of quartz mineral specimens
	See also
	References
	External links


	Organic
	Hoelite
	References


	Igneous Rocks
	Granite
	Mineralogy
	Occurrence
	Origin
	Ascent and emplacement
	Weathering
	Natural radiation
	Uses
	Rock climbing
	See also
	References
	Further reading
	External links


	Sedimentary Rocks
	Flint
	Origin
	Uses 
	See also
	References
	External links

	Limestone
	Description 
	Classification
	Limestone landscape 
	Uses 
	Degradation by organisms
	Gallery
	See also 
	References 
	Further reading 


	Metamorphic Rocks
	Non classified minerals
	Coloradoite
	Introduction
	Composition
	Structure 
	Physical properties
	Geologic occurrence
	References
	External links

	Duftite
	Structure
	Environment
	Distribution
	References

	Moissanite
	Background 
	Geological occurrence 
	Meteorites
	Sources 
	Physical properties 
	Applications 
	See also
	References
	Further reading 


	Text and image sources, contributors, and licenses
	Text
	Images
	Content license


