Contents

Preface

Introduction

What are ore deposits?
Mining in the stress field between society and environment
The mineral resources conundrum

Part I Metalliferous Ore Deposits
1 Geological ore formation process systems (metallogenesis)
Synopsis

1.1 Magmatic Ore Formation Systems
1.1.1 Orthomagmatic ore formation
1.1.2  Ore deposits at mid-ocean ridges and in ophiolites
1.1.3  Ore formation related to alkaline magmatic rocks, carbonatites
and kimberlites

1.1.4  Granitoids and ore formation processes
1.1.5 Ore deposits in pegmatites
1.1.6 Hydrothermal ore formation
1.1.7 Skarn- and contact-metasomatic ore deposits
1.1.8 Porphyry copper (Mo-Au-Sn-W) deposits
1.1.9 Hydrothermal-metasomatic ore deposits

1.1.10 Hydrothermal vein deposits

1.1.11 Volcanogenic ore deposits

1.2 Supergene Ore Formation Systems
1.2.1 Residual {eluvial) ore deposits
1.2.2° Supergene enrichment by descending {vadose) solutions
1.2.3 Infiltration as an agent of ore formation

1.3 Sedimentary Ore Formation Systems
1.3.1 Black shales in metallogenesis
1.3.2 Placer deposits
1.3.3 Autochthonous iron and manganese deposits
1.3.4  Sediment-hosted, submarine-exhalative {sedex] base metal deposits

xiii

N

%))

11
18

23
25
32
35
54
56
59
62
68

76
80
82
88

92
93
94
100
107



2

CONTENTS

1.4 Diagenetic Ore Formation Systems
1.4.1 The European Copper Shale
1.4.2 Diagenetic-hydrothermal carbonate-hosted Pb-Zn (F-Ba) deposits
1.4.3 Diagenetic-hydrothermal ore formation related to salt diapirs

1.5 Metamorphic and Metamorphosed Ore Deposits
1.6 Metamorphogenic Ore Formation Systems

1.7 Metallogeny — Ore Deposit Formation in Space and Time
1.7.1 Metallogenetic epochs and provinces
1.7.2 Metallogeny and plate tectonics

1.8 Genetic Classification of Ore and Mineral Deposits
1.9 Summary and Further Reading

Economic geology of metals

Synopsis

2.1 The Iron and Steel Metals
2.1.1 Iron
2.1.2 Manganese
2.1.3 Chromium
2.1.4 Nickel
2.1.5 Cobalt
2.1.6 Molybdenum
2.1.7 Tungsten {Wolfram)
2.1.8 Vanadium

2.2 Base Metals
2.2.1 Copper
2.2.2 Lead and zinc
2.2.3 Tin

2.3 Precious Metals
2.3.1 Gold
2.3.2  Silver
2.3.3 Platinum and Platinum Group Metals

2.4 Light Metals
2.4.1 Aluminium
2.4.2 Magnesium

2.5 Minor and Speciality Metals
2.5.1 Mercury
2.5.2 Antimony

110
114
116
119

121

125

132
133
134

139

146

149

149

149
149
159
163
168
173
175
179
183

185
185
195
202

207
207
221
228

233
233
238

239
239
243



CONTENTS

2.5.3 Arsenic 245

2.5.4 By-product electronic metals {selenium, tellurium, gallium,
germanium, indium, cadmium) and silicon 247
2.5.5 Bismuth 250
2.5.6 Zirconium and hafnium 251
2.5.7 Titanium 254
2.5.8 Rare earth elements (REE, lanthanides) 257
2.5.9 Niobium and tantalum 261
2.5.10 Lithium 265
2.5.11 Beryllium 268
2.5.12  Uranium (and thorium) 270
2.6 Summary and Further Reading 283
Part I Non-Metallic Minerals and Rocks 285
3 Industrial minerals, earths and rocks 287
Synopsis 1 287
3.1 Andalusite, Kyanite and Sillimanite 288
3.1.1 Andalusite 289
3.1.2 Kyanite 290
3.1.3 Sillimanite ‘ 291
3.2 Asbestos 291
3.2.1 Asbestos mineralization types 292
3.3 Barite and Celestite 293
3.3.1 Geochemistry 294
3.3.2 Barite deposit types 296
3.4 Bentonite {Smectite Rocks) 299
3.4.1 Bentonite deposit types 301
3.5 Boron 302
3.5.1 Geochemistry 303
3.5.2 Boron deposit types 303
3.6 Carbonate Rocks: Limestone, Calcite Marble, Marlstone, Dolomite 305
3.6.1 Limestone 306
3.6.2 Metamorphic calcite {and occasionally dolomite) marbles : 306
3.6.3 Marlstone 306
3.6.4 Dolomite 307
3.7 Clay and Clay Rocks 308

3.7.1 Clay deposit types 308



CONTENTS

3.8

3.9

3.10

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

3.21

Diamond
3.8.1 Source and formation of diamonds
3.8.2 Diamond deposit types

Diatomite and Tripoli
3.9.1 Diatomite deposit types
3.9.2 Tripoli

Feldspar

Fluorite
3.11.1 Geochemistry
3.11.2 Fluorite deposit types

Graphite
3.12.1 Graphite deposit types

Gypsum and Anhydrite
3.13.1 Deposits of gypsum and anhydrite

Kaolin
3.14.1 Kaolin deposit types

Magnesite
3.15.1 Magnesite deposit types

Mica (Muscovite, Phlogopite, Vermiculite)
3.16.1 Muscovite and phlogopite
3.16.2 Vermiculite

Olivine
3.17.1 Olivine deposits

Phosphates
3.18.1 Geochemistry
3.18.2 Phosphate deposit types

Quartz and Silicon
3.19.1 Quartz deposit types

Quartzite
3.20.1 Metamorphic quartzite deposits
3.20.2 Sedimentary quartzite

Quartz Sand and Gravel
3.21.1 Industrial sand and gravel
3.21.2 Building sand and gravel

310
311
312

317
318
319

319

320
321
322

325
326

327
328

330
331

333
334

339
339
340

342
342

342
345
345

347
348

349
350
350

350
351
352



3.22

3.23

3.24

3.25

3.26

3.27

3.28

Sodium Carbonate, Sulfate and Alum
3.22.1 Sodium sulphate
3.22.2  Alum salts

Sulphur
3.23.1 Geochemistry
3.23.2 Deposit types of elementary sulphur

Talc and Pyrophyllite
3.24.1 Talc deposit types
3.24.2  Pyrophyllite

Volcaniclastic Rocks
3.25.1 Pumice
3.25.2  Perlite
3.25.3 Trass

Wollastonite
3.26.1 Wollastonite deposit formation

Zeolites
3.27.1 Zeolite deposit types

Summary and Further Reading

Salt deposits (evaporites)

Synopsis

4.1

4.2

4.3

4.4

4.5

Salt Minerals and Salt Rocks
4.1.1 Salt minerals
4.1.2. Salt rocks

The Formation of Salt Deposits
4.2.1 Salt formation today
4.2.2  Salt formation in the geological past

Post-Depositional Fate of Salt Rocks
4.3.1 Diagenesis and metamorphism of evaporites
4.3.2 Deformation of salt rocks
4.3.3 Forms and structures of salt deposits
4.3.4 Supergene alteration of salt deposits

From Exploration to Salt Mining
4.4.1 Exploration and development of salt deposits

4.4.2 Geological practice of salt mining

Summary and Further Reading

CONTENTS

354
355
355

355
356
356

358
359
361

362
362
363
363

364
364

365
366

367

369

369

371
371
371

376
376
384

394
394
397
398
403

405
405
406

409



CONTENTS

Part III The Practice of Economic Geology 411
5 Geological concepts and methods in the mining cycle: exploration,

exploitation and closure of mines 413

Synopsis 413

5.1 Economic Considerations 414

5.2 The Search for Mineral Deposits (Exploration) 416

5.2.1 The pre-exploration stage 416

5.2.2 Geological exploration 417

5.2.3 Geological remote sensing 420

5.2.4 Geochemical exploration 422

5.2.5 Geophysical exploration 428

5.2.6 Trenching and drilling 432

5.3 Development and Valuation of Mineral Deposits 437

5.3.1 Geological mapping and sampling 439

5.3.2 Ore reserve estimation and determination of grade 440

5.3.3 Valuation of mineral deposits 447

5.4 Mining and the Environment 448
5.4.1 Potential environmental problems related to mining and mine-site

processing plants 450

5.5 Deep Geological Disposal of Dangerous Waste 458

5.6 Summary and Further Reading 462

Part IV Fossil Energy Raw Materials - Coal, Oil and Gas 465

6 Coal 467

Synopsis 467

6.1 The Substance of Coal 471

6.1.1 Coal types 471

6.1.2. Petrography of coal 474

6.1.3 The chemical composition of coal 479

6.2, Peat Formation and Coal Deposits 487

6.2.1 Types and dimensions of coal seams 487

6.2.2 Concordant and discordant clastic sediments in coal seams 488

6.2.3 Peat formation environments 491

6.2.4 Host rocks of coal 495

6.2.5 Marker beds in coal formations 497

6.2.6 Coal formation in geological space and time 498



6.3 The Coalification Process

6.3.1
6.3.2
6.3.3
6.3.4
6.3.5

Biochemical peatification

Geochemical coalification

Measuring the degree of coalification

Causes of coalification

Coal maturity and diagenesis of country rocks

6.4 Post-Depositional Changes of Coal Seams

64.1
6.4.2
64.3

Tectonic deformation
Epigenetic mineralization of coal seams
Exogenic alteration of coal

6.5 Applications of Coal Geology

6.5.1
6.5.2
6.5.3
6.5.4

Exploration

Reserve estimation

Coal mining geology

Environmental aspects of coal mining

6.6 Summary and Further Reading

7 Petroleum and natural gas deposits

Synopsis

7.1 Species of Natural Bitumens, Gas and Kerogen, and their Properties

7.1.1
7.1.2
7.1.3
7.1.4
7.1.5
7.1.6
7.1.7
7.1.8

Crude oil, or petroleum

Natural gas

Natural gas hydrates (clathrates)
Tar

Earth wax (ozocerite)
Pyrobitumens

Natural asphalt

Kerogen

7.2 The Origin of Petroleum and Natural Gas

7.2.1
7.2.2
7.2.3
7.2.4

Petroleum source rocks

Dry gas source rocks

Eogenesis and catagenesis of kerogen
The oil window

7.3 Formation of Petroleum and Natural Gas Deposits

7.3.1
7.3.2
7.3.3
7.3.4
7.3.5
7.3.6

Migration

Reservoir rocks

Petroleum and gas traps

Formation and reservoir waters

Alteration of petroleum in reservoirs (degradation)
Tectonic environments and age of hydrocarbon provinces

CONTENTS

499
499
500
500
501
505

505
505
506
506

507
507
510
512
513

518

521

521

524
524
527
530
530
531
531
531
531

533
533
536
537
539

540
540
543
545
551
551
552



CONTENTS

7.4 Exploring for Petroleum and Natural Gas Deposits

7.5

7.6

7.7

7.8

7.4.1
7.4.2
7.4.3
7.4.4

The Exploitation of Petroleum and Natural Gas Deposits

7.5.1
7.5.2
7.5.3
754
7.5.5
7.5.6

Geophysical methods

Geochemical methods of hydrocarbon exploration

Exploration drilling
Geophysical borehole measurements

Reservoir conditions

Oil or gasfield development

Oil and gas production

Petroleum mining

Reserve and resource estimation
Post-production uses of oil and gas fields

Tar Sand, Asphalt, Pyrobitumen and Shungite

7.6.1
7.6.2
7.6.3
7.6.4

Tar sand
Asphalt
Pyrobitumens
Shungite

Oil Shales

Environmental Aspects of Qil and Gas Production

7.8.1
7.8.2
7.8.3
7.8.4

Water resources protection
Induced seismic activity
Tar sand mining
Hydrocarbons and climate

7.9 Summary and Further Reading

Epilogue

References

Index

This book has a companion website: www.wiley.com/go/pohl/geology

553
555
556
557
558

561
561
563
565
568
568
570

570
570
572
572
573

573
575
577
577
577
578
579
583
585

655



