
Magnetic
Domains to

Geologic
Terra nes

ROBERT F. BUTLER
Department of Geosciences
University of Arizona
Tucson, Arizona

BOSTON
BLACKWELL SCIENTIFIC PUBUCATIONS
Oxford* London* Edinburgh
Melbourne* Paris* Berlin* Vienna



Contents

PREFACE xii

ACKNOWLEDGMENTS xv

CHAPTER 1 INTRODUCTION TO GEOMAGNETISM 1

Some Basic Definitions 1 '
Geocentric Axial Dipole Model 5
The Present Geomagnetic Field 6
Geomagnetic Secular Variation 9
Origin of the Geomagnetic Field 13
Appendix 1.1: About Units 15
Suggested Readings 19
Problems 19

CHAPTER 2 FERROMAGNETIC MINERALS 21

Magnetic Properties of Solids 21
Diamagnetism 22
Paramagnetism 22
Ferromagnetism 24

VI



CONTENTS

Mineralogy of Ferromagnetic Minerals 27
Titanomagnetites 27
Titanohematites 29
Primary FeTi oxides 33
Exsolution 33
Deuteric oxidation 35
Low-temperature oxidation 37
Iron oxyhydroxides and sulfides 37

Suggested Readings 38
Problems 39

CHAPTER 3 ORIGINS OF NATURAL REMANENT MAGNETISM 41

Ferromagnetism of Fine Particles 41
Magnetic domains 42
Single-domain grains 43
Interaction energy 43
The internal demagnetizing field 45
Shape anisotropy 46
Magnetocrystalline anisotropy 47
Hysteresis in single-domain grains 48
Hysteresis of multidomain grains 51
Pseudo-single-dqmain grains 52
Magnetic relaxation and superparamagnetism 52
Blocking temperatures 54

Natural Remanent Magnetism (NRM) 55
Thermoremanent Magnetism (TRM) 56

A theoretical model 57
Generalizing the model 60
PTRM 62
Grain-size effects 62

Chemical Remanent Magnetism (CRM) 64
Model of CRM formation 64

Detrital Remanent Magnetism (DRM) 66
Depositional DRM (the classic model) 66
Evidence for postdepositional alignment 68
Brownian motion and postdepositional alignment 71
Grain-size effects 73
Lock-in of DRM 74

Viscous Remanent Magnetism (VRM) 74
Acquisition of VRM 74
VRM in PSD and MD particles 76
Thermoviscous remanent magnetism (TVRM) 76
Caveats and summary 80

Isothermal Remanent Magnetism (IRM) 80

VII



CONTENTS

Suggested Readings 81
Problems 82

CHAPTER 4 SAMPLING, MEASUREMENT, AND DISPLAY OF
NRM 83

Collection of Paleomagnetic Samples 83
Sample collection scheme 83
Types of samples 85
Some comments on sample collection 86

Measurement of NRM 87
Display of NRM directions 89
Sample coordinates to geographic direction 91
Bedding-tilt correction 93

Evidences of Secondary NRM 94
Characteristic NRM 94
NRM distributions 95

Identification of Ferromagnetic Minerals 97
Microscopy 97
Curie temperature determination 97
Coercivity spectrum analysis 99

Suggested Readings 100
Problems 102

CHAPTER 5 PALEOMAGNETIC STABILITY 105

Partial Demagnetization Techniques 105
Theory of alternating-field demagnetization 106
Theory of thermal demagnetization 107
Chemical demagnetization 108
Progressive demagnetization techniques 109
Graphical displays 110 '
Some real examples 114
Overlapping blocking temperature or coercivity spectra 118
More than two components? 120
Principal component analysis 121
Advanced techniques 123

Field Tests of Paleomagnetic Stability 123
The fold test 123
Synfolding magnetization 125
Conglomerate test 125
Reversals test 127
Baked contact and consistency tests 128

Suggested Readings 129
Problems 130

VIII



CONTENTS

CHAPTER 6 STATISTICS OF PALEOMAGNETIC DATA 133

The Normal Distribution 134
The Fisher Distribution 136

Computing a mean direction 138
Dispersion estimates 139
A confidence limit 140
Some illustrations 141
Non-Fisherian distributions 144

Site-Mean Directions 146
Significance Tests 148

Comparing directions 150
Test of randomness 151
Comparison of precision (the fold test) 152

Suggested Readings 153
Problems 154

CHAPTER 7 PALEOMAGNETIC POLES 157

Procedure for Pole Determination 157
Types of Poles 160

Geomagnetic pole 160
Virtual geomagnetic pole 160
Paleomagnetic pole l6l

Sampling of Geomagnetic Secular Variation 162
Paleosecular variation 164
Holocene lavas of western United States 166

Example Paleomagnetic Poles 168
Paleocene intrusives of north-central Montana 168
Jurassic rocks of southeastern Arizona 169
Two problem cases 171

Caveats and Summary 174 '
Suggested Readings 175
Problems 176

CHAPTER 8 SPECIAL TOPICS IN ROCK MAGNETISM 179

Paleointensity from Thermoremanent Magnetization 179
Inclination Error of DRM 182
Biomagnetism: Birds Do It, Bees Do It 187
Marine Sediments 189

Hemipelagic sediments 190
Pelagic sediments 191
Ancient limestones 192

Magnetic Anisotropy 193
Chemical Remagnetization 195

IX



CONTENTS

The Red Bed Controversy 197
References 203

CHAPTER 9 GEOCHRONOLOGIC APPLICATIONS 209

Development of the Geomagnetic Polarity Time Scale 210
The Pliocene-Pleistocene 210
Extension into the Miocene 213
Marine magnetic anomalies 213
About nomenclature 216
Biostratigraphic calibrations 218
A Late Cretaceous-Cenozoic GPTS 221
The Late Mesozoic 224
Early Mesozoic, Paleozoic, and Precambrian 224

Magnetic Polarity Stratigraphy 226
Some general principles 226
The Pliocene-Pleistocene St. David Formation 229
SiwalikGroup deposits 231
Siwalik sedimentology 236

References 238

CHAPTER 10 APPLICATIONS TO PALEOGEOGRAPHY 241

The Geocentric Axial Dipole Hypothesis 241
The past 5 m.y. 242
Older geologic intervals 242
Second-order deviations 244
Paleomagnetic poles and paleogeographic maps 245

Apparent Polar Wander Paths 247
Constructing APW paths 249
Paleomagnetic Euler poles 251

Paleogeographic Reconstructions of the Continents 253
Some general principles 255
Europe-North America reconstruction 256
Pangea reconstructions 259
Paleozoic drift of Gondwana 261

References 264

CHAPTER 11 APPLICATIONS TO REGIONAL TECTONICS 269

Some General Principles 270
The Transverse Ranges, California: A Large, Young Rotation 274
The Goble Volcanic Series: An Older, Smaller Rotation 277
Wrangellia in Alaska: A Far-Traveled Terrane 282

Paleomagnetism of the Nikolai Greenstone 284
The hemispheric ambiguity 286



CONTENTS

Caveats and Summary 288
References 290

APPENDIX: DERIVATIONS 293

Derivation of Magnetic Dipole Equations 293
Angle Between Two Vectors (and Great-Circle Distance Between Two
Geographic Locations) 295
Law of Sines and Law of Cosines 297
Calculation of a Magnetic Pole from the Direction of the Magnetic Field 298
Confidence Limits on Poles: dp and dm 301
Expected Magnetic Field Direction 304
Rotation and Flattening in Direction Space 307
Rotation and Poleward Transport in Pole Space 308
Paleolatitudes and Confidence Limit 310

INDEX 313

XI


