


CONTENTS

Preface  xiil

FOrRMATION OF MINERALS [

CHAPTER ].

ATOMS, IONS, AND AQUEOUS SOLUTIONS 3

Chapter Objectives 3
Chapter Preview 4
Elements in the Natural Environment 4
Native Elements 4
Chemical Compounds 5
Electrochemical Properties of the Elements 5
The Nature of Chemical Bonding 3
Types of Chemical Bonds and their Bond
Strengths 7
Electrochemical Factors in Chemical Bonding 8
Goldschmidt’s Classification of the Elements 9
Radii and Coordination of Atoms and Ions 10
The Size of Atoms and Tons 10
Radius Ratio and Coordination 10
Bonded Radii of Atoms and Electron Density
Distribution 73
Formation of Chemical Compounds 13
Chemical Reaction in Aqueous Solutions 13
Equilibrium in Relation to Both Eh {or pe) and pH 23

CHAPTER 2

CHEMICAL THERMODYNAMICS 26

Chapter Objectives 26

Chapter Preview 27

Energy Changes in Chemical Reactions 27
Enthalpy and the First Law of Thermodynamics 27
Entropy and the Second Law of Thermodynamics 28
Gibbs Free Energy 29
Equations of State 30

Reaction Rate, Thermodynamic Equilibrium, and Mineral
Stability 30

CHAPTER 3

CRYSTAL STRUCTURE 32

Chapter Objectives 32
Chapter Preview 33
The Crystalline State 33
The Crystal Lattice and the Unit Cell 35
Motifs as Building Units of Crystal Structures 37
Crystal Systems and Bravais Lattices 38
Variable Chemical Composition of Minerals and Structural
Limits 42
Ionic Substitution 42
Feldspar Solid Solution and Exsolation 43
Ion Exchange in Clay and Zeolite Minerals 45
The Effect of Pressure and Temperature on Crystal
Structure and Lattice Type 48
Mineral Stability 48
Mineral Metastability 48
Polymorphic Transformations 49
Ton Interchange Order-Disorder 32
Stacking Sequence Order-Disorder 54
Deviations from Ideal Crystal Structures 54
Crystal Structures [lustrating Crystal Systems, Bravais
Lattices, Coordinated Motifs, and Z Numbers 35

CHAPTER 4‘

CRYSTALLIZATION AND DISSOLUTION
OF MINERALS 66

Chapter Objectives 66
Chapter Preview 67
Phase States and their Transformations 67
Gases, Liquids, and Solids 67
Some Variations of Phase State 67
The Solid-Fluid Interface 68
Interface Activity 68
Crystal Surfaces——A Very Close Look 69
Nucleation in Fluids 6%

vil



vifi Contents

Crystal Growth in Fluids 71
Reasons for Crystal Growth 71
Mechanisms of Crystal Growth 73
Rates of Crystal Growth 73
Other Growth Morphologies 76
Substrate Growth 78
The Effect of Microgravity on Growth Morphology 79
Growth Zoning 80

Recrystallization in Solids 80
Nucleation, Subgrain Migration, and Subgrain

Rotation &0

Morphology of Recrystallized Minerals 82
Recrysiallization Growth Rate  §2

Crystal Dissolution &3

The Timing of Crystallization and Dissolution in

Multiphase Systems 83

Bioerystallization and Biodissolution of Minerals 84
Mineralogically Induced Organic Processes 83
Biolegically Induced Mineralization 85
Biologically Controlled Mineralization 86
Biodissolution 86

PHYSICAL ASPECTS OF MINERALS &9

CHAPTER 5

CrYSTAL MORPHOLOGY 90

Chapter Objectives 90

Chapter Preview 91

Milier Indices 9/

Crystal Forms 94

Crystal Orientation 94

Identification of Forins 97

Crystal Habit 99
Nontwinned Crystals 99
Twinned Crystals [0/
Crystal Aggregates 105

The Making of Stereograms 106
Stereographic Projection 706
Plotting Poles to Planar Surfaces on the Stereographic

Net 107

Source of Angular Data 713

cusrrrr O

PHYSICAL PROPERTIES OF MINERALS 116

Chapter Objectives 116

Chapter Preview 117

Optical Properties of Minerals 117
Diaphaneity 117
Color of Minerals 718
Origin of Color and Floorescence Color 118
Streak of Minerals 120
Luster and Reflectance of Minerals 120

viii

Mechanical Properties of Minerals 121
Deformation and Fragmentation of Minerals 127
Practure of Minerals 123
Cleavage of Minerals 124
Parting of Minerals /28
Hardness of Minerals 130
Wear of Minerals 134
Feel of Minerals 134
Density of Minerals 135

Electromagnetic Properties of Minerals 135
Electrical and Thermal Properties 135
Magnetic Properties of Minerals 135

[1I

CRYSTALLOGRAPHIC CLASSIFICATION OF
MINERALS 139

CHAPTER 7

CRYSTAL CLASSES AND POINT GROUPS 141

Chapter Objectives 147

Chapter Preview 142

Point Group Symmetry 142

Symmetry Elements {42

Symmetry Content and the Hermann-Mauguin
Symbols 145

Crystal Forms {486

The 32 Classes and Point Groups 149

CHAPTER 8

Space Groups 175

Chapter Objectives 175

Chapter Preview 170

The Space Lattice 176

The Internal Symmetry of Minerals 175

Fractional Coordinates 780

The Space Groups 184

Motif Symmetry in Selected Primitive Space Lattices 187
Examples of Minerals in Selected Space Groups 189

I\Y

MINERALS IN THE GEOLOGIC
ENVIRONMENT 207

CHAPTER 9

GEOTHERMOMETERS, GEOBAROMETERS, AND
GEOCHRONOMETERS 209

Chapter Objectives 209
Chapter Preview 210
Elements and Isotopes in Minerals and Rocks 270



Elements and their Isotopes 270
Radioactive (Unstable) Isotopes 211
Stable Isotopes 273
Geothermometry 2[5
Mineral Phase Geothermometry 215
Solid-Solution Geothermometry 216
Trace Element Partitioning Geothermometry 277
Isotope Partitioning Geothermometry 220
Fluid Inclusion Geothermometry 220
Smectite/INlite Geothermometry 221
Geobarometry 222
Geochronology 222
Dating Techniques Based on Radioactive Decay . 222
Dating Techniques Based on Radiation Exposure 227
Nonisotopic, Nonirradiation Methods of Dating 230

CHAPTER ].0

MINERALS OF MAGMATIC SYSTEMS 231

Chapter Objectives 231
Chapter Preview 232
Magma Composition 232
Partial Melting of Source Rock 232
Separation of Magma from Its Source 232
Modification of Magma Composition 232
Crystallization of Magma 233
Reasons for Solidification of Magma 233
Fractional Crystallization 233
Magmatic Minerals 238
Temperature and Pressure Controls on Magmatic
Minerals 238
Morphology of Magmatic Minerals 239

CHATPTEYER ].].

MINERALS OF GRANITIC PEGMATITE
SYsTEMS 242

Chapter Objectives 242
Chapter Preview 243
The Nature of Granitic Pegmatites 243
Mineral Distribution in Pegmatites 246
Conditions of Crystallization 249
Magma, Hydrous Magma, and Hydrothermal
Solutions 249
Temperature and Pressure 250
Static or Dynamic Environment During Pegmatite
Consolidation? 252
How Much Time Is Required for Pegmatite
Consolidation? 252
Where Do Pegmatite Fluids Originate? 252
Paragenetic Sequence of Crystallization 233

CHAPTER 12

MINERALS OF HYDROTHERMAL AND FUMAROLIC
SYSTEMS 254

Chapter Objectives 254
Chapter Preview 253

Contents ix

Hydrothermal Processes 255
Hot Aqueous Solutions 255
Precipitation of Minerals from Hydrothermal

Solutions 256

Hydrothermal Mineral Paragenesis 258

The Ore Deposit Connection 262

The Environments of Hydrothermal Activity 263
The Fumarolic Environment 263
The Hot-Spring Environment 263
The Subaqueous Exhalative Environment 264
The Shallow Subsurface Environment 265
The Endomagmatic Volcanic Environment 267
The Subvolcanic Environment 268

CHAPTIER 13

MINERALS OF SURFACE AND SUBSURFACE WATER
SysTteEmMs 271

Chapter Objectives 277
Chapter Preview 272
Minerals of Freshwater Lacustrine Environments 272
Minerals of Saline and Alkaline Lacustrine
Environments 272
Chioride/Sulfate/Borate Materials 272
Carbonate Materials 275
Minerals of the Open Marine Environments 276
Phosphatic Materials 276
Siliceous Materials 277
Manganiferous Materials 277
Carbonaceous Materials 277
Sulfide/Sulfate Materials 277
Minerals of the Restricted Marine Environment 278
Chloride/Sulfate Matertals 278
Carbonate Materials 279
Minerals of the Subsurface Water Environments 279
Chloride/Sulfate Materials 280
Carbonate Materials 282
Phosphatic Materials 284
Siliceous Materials 285
Aluminous Materials 287
Ferruginous Materials 289
Manganiferous Materials 29/
Carbonaceous Materials 29/
Sulfurous Materials 292
Materials Restricted to the Vadose (Unsaturated)
Subsurface Environment 292
Chloride/Sulfate Materials 292
Carbonate Materials 294
Siliceous Materials 294
Phosphatic, Aluminous, Ferruginous, Manganiferous,
and Carbonaceous Materials 294
Sulfurous Materials 294
Industrial Applications and Environmental Hazards 304
Natural Fixation of Heavy Metals by Tron
Oxyhydroxides 304
Clay Minerals in the Anthropogenic Environment 305
Puiting Bacteria to Work 305



X Contents

CHAPTER 14

MINERALS OF METAMORPHIC AND
PARAMETAMORPHIC SYSTEMS 307

Chapter Objectives 307
Chapter Preview 308
Protoliths of Metamorphism 308
Metamorphic Recrystallization 308
Metamorphic Mineral Assemblages 370
The Lower Limit of Metamorphism ~ 3/0
P-T Paths of Metamorphism 311
Fabric and Texture of Metamorphic Rocks 312
Importance of the Fluid Phase in Metamorphism 374
The 8i0,-Ca0-CO, System 315
Ultrahigh-Pressure (UHP) Metamorphism 315
Rates of Metamorphic Recrystallization and Reaction 317

CHAPTER 15

MINERALS OF THE MOON, METEORITES, AND
ImpacT CRATERS 319

Chapter Objectives 319
Chapter Preview 320
Meteorites—Clues to the Origin of the Solar System 321
Craters and Impactites-—A Record of Impacting
Meteoroids 323
Planetary Materials 323
A Fragmentary Record 323
Interplanetary Dust Particles (IDPsy 325
Chondrites 325
Rocks and Minerals of the Moon 327
Martian Rocks and Minerals 327
Asteroid Rocks and Minerals 328
Earth Tmpactites 328
Shock Magmatismm 328
Shock Metamorphism 330

ANALYTICAL INSTRUMENTATION AND
TECHNIQUES 335

CHAPTER 16

CHEMICAL AND PHYSICAL DETERMINATIONS 337

Chapter Objectives 337

Chapter Preview 338

Classification of Methods 338

Sample Environment and Preparation 339

Data Processing 340

Instrumentation and Applications 340
AA  Atomic Absorption Spectroscopy (AAS) 340
AES  Auger-Electron Spectroscopy 341

AFM  Atomic Force Microscopy 341

CL Cathodoluminescence Microscopy (CLM) 341

CXT Computed X-ray Tomography 34/

DD Density Determinations 342

DIC Differential Interference Contrast
Microscopy 343

DLI Differential Laser Interferometry 343

DSC  Differential Scanning Calorimetry 343

DTA Differential Thermal Analysis 344

ED Electron Diffraction 344

EELS Electron Energy-Loss Spectroscopy 344

EIS Electrochemical Imnpedance
Speciroscopy 344

EMPA Electron Microprobe Analysis 344

EPR Electron Paramagnetic Resonance Spectrometry
{EPRS) 344

ES Emission Spectroscopy 345

FFT Flame and Fusion Testing 345

FIGM Fluid Inclusion Geothermometric
Microscopy 345

FS Fluorescence Spectroscopy 343

GRS Gamma-Ray Spectrometry 348

GWCA  Gravimetric Wet Chemical Analysis 348

HDT Hardness Testing 348

ICP Inductively Coupled Plasma Analysis 349

IR Infrared Spectroscopy (IRS) 349

TLIM Laser-Interference Microscopy 351

LS Laser Scattering 351

MMA Mineralogical Modal Analysis 351

MBS Mdissbauer Spectroscopy 331

MFM  Magnetic Force Microscopy 357

MS Mass Spectrometry 351

MV  Molar Volume Calculation 353

NAA Neutron Activation Analysis 353

NMR Nuclear Magnetic Resonance Spectroscopy
(NMRS) 353

NPD Neutron Powder Diffraction 354

OM Optical Microscopy 354

(OS8M  Optical Scanning Microscopy 354

PCM  Phase Contrast Microscopy 354

PES Photo Electron Spectroscopy 354

PIGE Proton-Induced Gamma Ray Emission
Spectroscopy (PIGME) 354

PIXE Proton-Induced X-ray Emission Spectroscopy
(PIXES) 354

PS Polariscopy 355

RMM Remnant Magnetism Measurements 3355

RR Reflectance Refractometry 356

RS Raman Spectroscopy (RAS) 336

SEM  Scanning Electron Microscopy 356

SPMA  Scanning Proton-Microprobe Analysis 358

STM  Scanning Tunneling Microscopy 339

SXRT Syachrotron X-ray Topography 359

TEM Transmission Electron Microscopy 339

TGA Thermal Gravimetric Analysis 339

Ul Ultrasonic Interferometry 360

UVVS UV-Visible Spectroscopy 360



VNIRS Visible and Near-Infrared Reflectance
Spectroscopy 360

XAS X-ray Absorption Spectroscopy 360

XPS X-ray Photoelectron Spectroscopy 360

XRL X-ray Luminescence 360

XRF X-ray Fluorescence Spectroscopy
(XRFSs) 361

CHAPTER ].7

POWDER AND SINGLE-CRYSTAL X-RAY
DIFFRACTION 363

Chapter Objectives 363
Chapter Preview 364
Diffraction of X-rays by Crystalline Materials (XRD) 364
The Bragg Equation and Tts Geometric
Representation 364
Indexing Diffraction Data 365
X-ray Powder Diffraction (XRD or XRPD) 367
The Powder Methods 367
Peak Shape, Peak Position, and Background 369
Randem and Nonrandom Grain Orientation 3771
About the Powder Diffraction Data Bank 377
Examples of XRPD Mineral Identification 372
Clay Minerals—A Special Case of Great
Importance 376
Quantitative Chemical Analysis by Powder XRD 377
Modal Analysis by Powder XRD 377
Single-Crystal Diffraction and Determination of
Crystal Structure 377
Laue Patterns 377
Indexing Single-Crystal Diffraction Patterns 378
Single-Crystal Diffraction at Elevated Pressure 382

CHAPTER 18

OpTICcAL MINERALOGY 383

Chapter Objectives 383
Chapter Preview 384
Polarizing Optical Microscopy 384
Optical Determination of Minerals 384
Crystal Morphology 384
Susceptibility to Alteration 383
Apparent Hardness 385
Planar and Nonplanar Breakage 387
Exsolution Textures 387
Relative Refractive Index and Reflectance 387
Color and Pleochroism 389
Extinction and Extinction Positions 390
Twinning and Deformational Features 392
Maximum Presenting Interference Colors and Internal
Reflections 393
Length-Fast and Length-Slow Determinations 395
Conoscopic Methods of Mineral Identification 393

Contents

Vi

MINERAL SYSTEMATICS AND
DEscriprTIONS 399

CHAPTER 19

xi

CHEMICAL-STRUCTURAL CLASSIFICATION OF
MINERALS 400

Chapter Objectives 400
Chapter Preview 407
Native Elements 401
Intermetallics and Alloys 402
Antimonides 402
Arsenides 402

Carbides 403

Nitrides 403

Phosphides 403

Silicides 403

Selenides 403

Tellurides 403

Sulfides 403

Sulfosalts 403

Sulfoxides 404

Oxides : 404

Hydroxides, Hydroxyl Oxides, Hydrous Oxides 405
Halogenides (Halides) 405
Acetates 406

Antimonates 406
Antimonites 406
Arsenates 407

Arsenites 407

Borates 407

Carbonates 407
Chromates 407

Citrates 407

Germanates 407

Todates 407

Mellitates 407
Molybdates 407

Niobates 408

Nitrates 408

Organic Compounds, Hydrocarbons, Resins 408
Oxalates 409

Phosphates 409

Selenates 410

Selenites 470

Sulfates 410

Sulfites 410

Tantalates <4710

Tellurates 4710

Tellurites 410
Thiocyanates 410
Tungstates 4.0

Uranates and Uranites 470
Vanadates and Vanadine Oxides and Hydroxides 470
Silicates 411



Contents

CHAPTER 20

MINERAL DESCRIPTIONS—AN ALPHABETICAL
CaraLoc 421

Appendix A Mineral Determination Table 492

Appendix B Mineral and Rock Photography 510

Appendix C Classification of Magmatic, Granitic
Pegmatite, Hydrothermal, Metamorphic, and Clastic
Sedimentary Rocks and Minerals 513

Appendix D Chemical, Geockemical, and Biochemical
Properties of the Elements 518

Appendix E X-Ray Diffraction 20/d-Spacing
Conversion Table 527

Appendix F Geologic Time Scale 530
Appendix G Grain And Mesh Sizes 532

Appendix H Computer Programs And Software For
Crysiallography And Mineralogy 533

References 334
Subject Index 548
Mineral Index 538



