Preface xiii
Meet the Authors xx

CHAPTER

Introducing Geology and an Overview
of Important Concepts 3

Who Needs Geology? 4
Supplying Things We Need 4
Protecting the Environment 5
Avoiding Geologic Hazards 5
Understanding Our Surroundings 8
Earth Systems 9
An Overview of Physical Geology—Important Concepts 10
Internal Processes: How the Earth’s Internal Heat Engine
Works 12
Earth’s Interior 12
The Theory of Plate Tectonics 13
Surficial Processes: The Earth’s External Heat Engine 16

Geologic Time 17

SUMMARY 21

CHAPTER

Earth’s Interior and Geophysical
Properties 25

Introduction 26
Evidence from Seismic Waves 26

Earth’s Internal Structure 29
The Crust 29

The Mantle 30
The Core 32
Isostasy 36
Gravity Measurements 38
Earth’s Magnetic Field 40
Magnetic Reversals 41
Magnetic Anomalies 42

Heat Within the Earth 45
Geothermal Gradient 45
Heat Flow 46

SUMMARY 47

The Sea Floor 51

Origin of the Ocean 52

Methods of Studying the Ocean Floor 52
Features of the Sea Floor 54

Continental Shelves and Continental Slopes 54

Submarine Canyons 56
Turbidity Currents 57

Passive Continental Margins 58
The Continental Rise 59
Abyssal Plains 59

Active Continental Margins 60
Oceanic Trenches 60

The Mid-Oceanic Ridge 61
Geologic Activity on the Ridge 61
Biologic Activity on the Ridge 63

Fracture Zones 63

Seamounts, Guyots, and Aseismic Ridges 64
Reefs 65

Sediments of the Sea Floor 67

Oceanic Crust and Ophiolites 67

The Age of the Sea Floor 70

The Sea Floor and Plate Tectonics 70

SUMMARY 70

CHAPTER
J

vii



viii CONTENTS

CHAPTER

Plate Tectonics 75

The Early Case for Continental Drift 77
Skepticism About Continental Drift 80

Paleomagnetism and the Revival of Continental Drift 80
Recent Evidence for Continental Drift 81
History of Continental Positions 82
Seafloor Spreading 82
Hess’s Driving Force 82
Explanations 83

Plates and Plate Motion 84

How Do We Know That Plates Move? 85
Marine Magnetic Anomalies 85
Another Test: Fracture Zones and Transform Faults 88
Measuring Plate Motion Directly 88

Divergent Plate Boundaries 89

Transform Boundaries 92

Convergent Plate Boundaries 93
Ocean-Ocean Convergence 94
Ocean-Continent Convergence 95
Continent-Continent Convergence 97

Backarc Spreading 98

The Motion of Plate Boundaries 98
Plate Size 99

The Attractiveness of Plate Tectonics 99

What Causes Plate Motions? 100
Mantle Plumes and Hot Spots 102

The Relationship Between Plate Tectonics and Ore Deposits 105
A Final Note 106

SUMMARY 107

CHAPTER

Mountain Belts and the Continental
Crust 111

Characteristics of Major Mountain Belts 114
Size and Alignment 114
Ages of Mountain Belts and Continents 115
Thickness and Characteristics of Rock Layers 116

Patterns of Folding and Faulting 116

Metamorphism and Plutonism 118

Normal Faulting 118

Thickness and Density of Rocks 118

Features of Active Mountain Ranges 119
The Evolution of a Mountain Belt 119

The Accumulation Stage 119

The Orogenic Stage 120

The Uplift and Block-Faulting Stage 123
The Growth of Continents 128

Displaced Terranes 128

SUMMARY 130

CHAPTER
=

Geologic Structures 133

Introduction 134
Tectonic Forces at Work 134
Stress and Strain in the Earth’s Crust 134
Behavior of Rocks to Stress and Strain 135
Present Deformation of the Crust 136
Structures as a Record of the Geologic Past 136
Geologic Maps and Field Methods 136
Folds 139
Geometry of Folds 139
Interpreting Folds 142
Fractures in Rock 143
Joints 143
Faults 144

SUMMARY 1539

CHAPTER

Earthquakes 157

Introduction 158
Causes of Earthquakes 160

Seismic Waves 161
Body Waves 162
Surface Waves 163



Locating and Measuring Earthquakes 163
Determining the Location of an Earthquake 163
Measuring the Size of an Earthquake 166

Location and Size of Earthquakes in the United States 169

Effects of Earthquakes 169
Tsunami 173

World Distribution of Earthquakes 177
First-Motion Studies of Earthquakes 177

Earthquakes and Plate Tectonics 179
Earthquakes at Plate Boundaries 179
Subduction Angle 181

Earthquake Prediction and Seismic Risk 181

SUMMARY 186

Time and Geology 191

The Key to the Past 192
Relative Time 193
Principles Used to Determine Relative Age 193
Unconformities 198
Correlation 199
The Standard Geologic Time Scale 203
Numerical Age 205
Isotopic Dating 205
Uses of Isotopic Dating 208
Combining Relative and Numerical Ages 210
Age of the Earth 211
Comprehending Geologic Time 213

SUMMARY 213

CHAPTER

Atoms, Elements, and Minerals 217

Introduction 218

Atoms and Elements 219
Chemical Activity 222
Tons 222

CHAPTER

CONTENTS

Chemical Composition of the Earth’s Crust 222

Crystallinity 224
The Silicon-Oxygen Tetrahedron 225
Nonsilicate Minerals 227
Minerals 227
Crystalline Solid 229
Geologic Processes 229
Specific Chemical Composition 229
The Important Minerals 229
The Physical Properties of Minerals 232
Color 232
Streak 232
Luster 232
Hardness 232
External Crystal Form 233
Cleavage 235
Fracture 236
Specific Gravity 237
Special Properties 238
Other Properties 238
Chemical Tests 239

SUMMARY 239

CHAPTER

Volcanism and Extrusive Rocks

Introduction 244

Living with Volcanoes 247
Supernatural Beliefs 247
The Growth of an Island 247
Geothermal Energy 247
Effect on Climate 247
Volcanic Catastrophes 247

Eruptive Violence and Physical Characteristics of Lava 250

Extrusive Rocks and Gases 251
Scientific Investigation of Volcanism 251
Gases 251

Extrusive Rocks 252
Composition 252
Extrusive Textures 253

Types of Volcanoes 255
Shield Volcanoes 256
Cinder Cones 258
Composite Volcanoes 260
Volcanic Domes 262

Lava Floods 265

Submarine Eruptions 266
Pillow Basalts 266

SUMMARY 268

ix



X CONTENTS

CHAPTER

Igneous Rocks, Intrusive Activity,
and the Origin of Igneous Rocks 273

The Rock Cycle 274
A Plate-Tectonic Example 275
Igneous Rocks 275
Igneous Rock Textures 277
Identification of Igneous Rocks 279
Varieties of Granite 280
Chemistry of Igneous Rocks 280
Intrusive Bodies 282
Shallow Intrusive Structures 282
Intrusives That Crystallize at Depth 283
Abundance and Distribution of Plutonic Rocks 285

How Magma Forms 286
Heat for Melting Rock 286
Factors That Control Melting Temperatures 286
How Magmas of Different Compositions Evolve 288
Sequence of Crystallization and Melting 288
Differentiation 289
Partial Melting 290
Assimilation 290
Mixing of Magmas 291
Explaining Igneous Activity by Plate Tectonics 291
Igneous Processes at Divergent Boundaries 291
Intraplate Igneous Activity 292
Igneous Processes at Convergent Boundaries 292

SUMMARY 295

CHAPTER

Weathering and Soil 299

Weathering, Erosion, and Transportation 300
Weathering and Earth Systems 300

Solar System 300

Atmosphere 301

Hydrosphere 301

Biosphere 301
How Weathering Alters Rock 301
Effects of Weathering 301
Mechanical Weathering 303

Frost Action 303

Pressure Release 303
Other Processes 304

Chemical Weathering 305
Role of Oxygen 306
Role of Acids 306
Solution Weathering 307
Chemical Weathering of Feldspar 308
Chemical Weathering of Other Minerals 308
Weathering Products 310
Weathering and Climate 310
Soil 310
Soil Horizons 311
Soil Classification 311
Residual and Transported Soils 312
Soils, Parent Material, Time, and Slope 312
Organic Activity 314
Soils and Climate 314
Buried Soils 316

SUMMARY 316

CHAPTER
-

Mass Wasting 319

Classification of Mass Wasting 320
Rate of Movement 320
Type of Material 320
Type of Movement 320

Controlling Factors in Mass Wasting 322
Gravity 324
Water 324
Triggering Mechanisms 325
Common Types of Mass Wasting 326
Creep 326
Debris Flow 327
Rockfalls and Rockslides 331
Underwater Slides 334
Preventing Landslides 335
Preventing Mass Wasting of Debris 335
Preventing Rockfalls and Rockslides on Highways 336

SUMMARY 338



CHAPTER

Sediment and Sedimentary Rocks 341

Sediment 343
Transportation 343
Deposition 344
Preservation 345
Lithification 346
Types of Sedimentary Rocks 347
Clastic Rocks 347
Breccia and Conglomerate 347
Sandstone 349
The Fine-Grained Rocks 350

Chemical Sedimentary Rocks 351
Carbonate Rocks 351
Chert 355
Evaporites 355

Organic Sedimentary Rocks 356
Coal 356

The Origin of Oil and Gas 356
Sedimentary Structures 356
Formations 361

Interpretation of Sedimentary Rocks 362
Source Area 362
Environment of Deposition 364
Plate Tectonics and Sedimentary Rocks 366

SUMMARY 367

CHAPTER
J

Metamorphism, Metamorphic Rocks,
and Hydrothermal Rocks 371

Introduction 372
Factors Controlling the Characteristics of Metamorphic

Rocks 373
Composition of the Parent Rock 374
Temperature 374
Pressure 374
Fluids 376
Time 376

CONTENTS

Classification of Metamorphic Rocks 377
Types of Metamorphism 377
Contact Metamorphism 377
Regional Metamorphism 379
Plate Tectonics and Metamorphism 383
Hydrothermal Processes 386
Hydrothermal Activity at Divergent Plate Boundaries 386
Water at Convergent Boundaries 387
Metasomatism 387
Hydrothermal Rocks and Minerals 288

SUMMARY 390

o #14
e
Streams and Floods 393

Earth Systems—The Hydrologic Cycle 395
Channel Flow and Sheet Flow 395
Drainage Basins 396

Drainage Patterns 397

Factors Affecting Stream Erosion and Deposition 397
Velocity 398
Gradient 399
Channel Shape and Roughness 399
Discharge 400
Stream Erosion 401
Stream Transportation of Sediment 402
Stream Deposition 403
Bars 403
Braided Streams 406
Meandering Streams and Point Bars 407
Flood Plains 409
Deltas 409
Alluvial Fans 412
Flooding 412
Urban Flooding 413
Flash Floods 413
Controlling Floods 417
The Great Flood of 1993 417
Stream Valley Development 419
Downcutting and Base Level 419
The Concept of a Graded Stream 419
Lateral Erosion 421
Headward Erosion 421
Stream Terraces 422
Incised Meanders 423

Superposed Streams 423
SUMMARY 425

CHAPTER
.

xi



xii CONTENTS

CHAPTER

Ground Water 429

Introduction 430

Porosity and Permeability 430

The Water Table 431

The Movement of Ground Water 433
Aquifers 434

Wells 435

Springs and Streams 436

Contamination of Ground Water 438
Balancing Withdrawal and Recharge 443

Effects of Ground-Water Action 443
Caves, Sinkholes, and Karst Topography 433
Other Effects 446

Hot Water Underground 447
Geothermal Energy 448

SUMMARY 449

CHAPTER

Deserts and Wind Action 453

Distribution of Deserts 454
Some Characteristics of Deserts 455
Desert Features in the Southwestern United States 458

Wind Action 462
Wind Erosion and Transportation 462
Wind Deposition 464

SUMMARY 474

CHAPTER
4

e e,

Glaciers and Glaciation 475

The Theory of Glacial Ages 476
Glaciers—What They Are, How They Form and Move 477
Distribution of Glaciers 477
Types of Glaciers 477
Formation and Growth of Glaciers 479
Movement of Valley Glaciers 480
Movement of Ice Sheets 484
Glacial Erosion 486
Erosional Landscapes Associated with Alpine Glaciation 486
Erosional Landscapes Associated with Continental Glaciation 489
Glacial Deposition 490
Moraines 491
Outwash 493
Glacial Lakes and Varves 494

Effects of Past Glaciation 496
The Glacial Ages 496
Direct Effects of Past Glaciation in North America 497
Indirect Effects of Past Glaciation 498
Evidence for Older Glaciation 499

SUMMARY 501

)
_J

CHAPTER

Waves, Beaches, and Coasts 505

Introduction 506

Water Waves 506
Surf 507

Near-shore Circulation 508
Wave Refraction 508
Longshore Currents 508
Rip Currents 508

Beaches 510

Longshore Drift of Sediment 511
Human Interference with Sand Drift 512
Sources of Sand on Beaches 514

Coasts and Coastal Features 514
Erosional Coasts 515
Depositional Coasts 516
Drowned Coasts 517
Uplifted Coasts 518
The Biosphere and Coasts 519

SUMMARY 522



CONTENTS xiii

\ W \ _w

CHAPTER

Geologic Resources 525

Introduction 526

Types of Resources 526
Resources and Reserves 527
Energy Use 527
Oil and Natural Gas 528
The Occurrence of Oil and Gas 528
Recovering the Oil 529
How Much Petroleum Do We Have Left? 530

Heavy Crude and Oil Sands 531
Oil Shale 531

Coal 532
Varieties of Coal 533
Occurrence of Coal 533
Environmental Effects 534
Reserves and Resources 535

Uranium 535
Alternative Sources of Energy 536
Metals and Ores 536
Origin of Metallic Ore Deposits 536
Ores Associated with Igneous Rocks 536
Ores Formed by Surface Processes 538
Mining 539
Environmental Effects 539
Some Important Minerals 540
Iron 540
Copper 540
Aluminum 540
Lead 540
Zinc 541
Silver 541
Gold 541
Other Metals 542
Nonmetallic Resources 542
Construction Materials 542
Fertilizers and Evaporites 543
Other Nonmetallics 543
Some Future Trends 544
The Human Perspective 544

SUMMARY 545

CHAPTER

The Earth’s Companions 549

The Earth in Space 550
The Sun 550
The Solar System 550
The Milky Way and the Universe 554

Origin of the Planets 554
The Solar Nebula 554
Formation of the Planets 556
Formation of Moons 557
Final Stages of Planet Formation 557
Formation of Atmospheres 557
Other Planetary Systems 557

Portraits of the Planets 558
Our Moon 558
Description of the Moon 559
Structure of the Moon 562
Origin and History of the Moon 562
Mercury 564
Venus 565
Mars 566

Why Are the Terrestrial Planets So Different? 570

Jupiter 571
Saturn 573
Uranus 574
Neptune 574
Pluto 575
Minor Objects of the Solar System 575
Meteors and Meteorites 575
Asteroids 576
Comets 576
Giant Impacts 578
Giant Meteor Impacts 578

SUMMARY 579

Appendixes A-G  A-1
Glossary G-I
Index I-1



PREFACE

XVi

9)

Fs

300 CHAPTER 12 Weathering and Soil

T this chapter, you will study several visible signs of weath-
Iering in the world around you, including the cliffs and
slopes of the Grand Canyon and the rounded edges of boul-
Kers. As you study these features, keep in mind that weathering
processes made the planet suitable for human habitation. From
he weathering of rock eventually came the development of soil,
pon which the world’s food supply depends.
How does rock weather? You learned in chapters 10 and 11
ft the minerals making up igneous rocks crystallize at rela-
ely high temperatures and sometimes at high pressures as
ma and lava cool. Although these minerals are stable when
form, most of them are not stable during prolonged expo-
at the surface. In this chapter, you see how minerals and
change when they are subjected to the physical and chem-
pnditions existing at the surface. Rocks undergo mechan-
eathering (physical disintegration) and chemical
ing (decomposition) as they are attacked by air, water,
oorganisms. Your knowledge of the chemical compo-
atomic structure of minerals will help you understand
ons that occur during chemical weathering.
ering processes create sediments (primarily mud
and soil. Sedimentary rocks, which form from sed-
discussed in chapter 14. In a general sense, weath-
es rocks for erosion and is a fundamental part of
e, transforming rocks into the raw material that
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g refers to the group of destructive
physical and chemical character of rock
(example, if you abandon a car, partic-
tually the paint will flake off and the
bathers. Similarly, the tightly bound
bosened and altered to new minerals
Water during weathering. Weathering

oeKs that are either stationary or moving.
rosion is the picking up or physical removal of rock par-
ticles by an agent such as running water or glaciers. Weathering
helps break down a solid rock into loose particles that are eas-
ily eroded. Rainwater flowing down a cliff or hillside removes
the loose particles produced by weathering. Similarly, if you

sandblast rust off of a car, erosion takes place.

Weathering
and erosion

eventually becomes sedimentary rocks. Through
there are important links between the rock cycle and the at
mosphere and biosphere.

After a rock fragment is picked up (eroded), it is transported.
Transportation is the movement of eroded particles by agents
such as rivers, waves, glaciers, or wind. Weathering processes
continue during transportation. A boulder being transported by a
stream can be physically worn down and chemically altered as it
is carried along by the water. In the car analogy, transportation
would take place when a stream of rust-bearing water flows away
from a car in which rust is being hosed off.

WEATHERING AND EARTH
SYSTEMS

Solar System

Weathering, as we know it on Earth, does not take place on any
other body in the solar system. It takes place on Earth because
of our atmosphere (which contains oxygen and carbon dioxide)
and the abundance of water. Mars has features that indicate wa-
ter flowed there in the distant past (see box 16.3). Although
Mars no longer has surface water, it does have an atmosphere.
Winds on Mars, sometimes several times faster than hurricanes
on Earth, transport fine-grained material and erode by sand-
blasting the barren surface (see box 18.3).

* In the earthquake chapter (chapter 7), we have a discussion and
photo of the November, 2002, Denali earthquake in Alaska. We
have added new information on how an earthquake-triggered sub-
marine landslide may have increased the size of the 1998 Papua,
New Guinea, tsunami. The earthquake prediction section was sub-
stantially rewritten.

e Some of the descriptions of the geologic occurrence of geologic re-
sources have been moved from chapter 21 (geologic resources) to ap-
propriate chapters. For instance, the portion on ore deposits associated
with hydrothermal activity has been moved to chapter 15. This is in re-
sponse to many instructors who don’t have time to cover chapter 21 but
nevertheless want important resources to be part of their courses.

KEY FEATURES

Features that will capture and maintain a student’s attention include:

e Each chapter begins with a statement of the purpose of the chapter and
its relationship with other chapters. This is usually followed by a section
showing how the chapter’s material relates to Earth systems.

e Geology is a visually oriented science. The book contains four hun-
dred fifty-seven photographs and four hundred fifty illustrations. The
art pieces are vital to understanding the concepts being discussed, so
they must be straightforward and uncluttered yet visually appealing.
We strive to have the best photographs possible so they are the next
best thing to seeing geology on a field trip.




e “In Greater Depth” boxes discuss phenomena that are not necessarily
covered in a geology course (e.g., Precious Gems) or present mate-

www.mhhe.com/mcgearybe xvii

e “Planetary Geology” boxes compare features elsewhere in the solar
system to their Earthly counterparts (e.g., Stream Features on the

rial in greater depth (e.g., Calculating the Age of a Rock).

153 IN GREATER DEPTH

Metamorphic Facies and the Relationship to Plate Tectonics

dinavia introduced the concept of metamorphic facies. They
noted that metamorphosed basalts contained a particular set of
fminerals in some parts of Scandinavia, but in other regions, the min-
ferals in metabasalts were quite different. As these rocks were chem-
ically similar, the different mineral assemblages were regarded as
ndicating significantly different pressure and temperature condi-
fions during metamorphism. Rocks having the same mineral assem-
blage are regarded as belonging to the same metamorphic facies,
implying that they formed under broadly similar pressure and tem-
fperature conditions. The name for each facies is based on the as-
emblage of minerals or the name of a rock common to that facies.
[For instance, a metabasalt composed mostly of the minerals chlorite,
hactinolite, and epidote (all of which are green minerals) belongs to
the greenschist facies. On the other hand, rocks of the same chemi-
Cal belonging to the amphibolite facies
hre largely made up of hornblende and garet. (Do not try to re-
fmember the names of the facies or their compositions; your aim
hould be to understand the concept.)
Based on the geologic setting, early workers inferred that the
conditions during were lower for the
lereenschist facies than for the amphibolite facies. Laboratory work
as since confirmed this as well as determined the pressure and
femperature stability fields for each of the facies (box figure 1).
The concept of metamorphic facies is analogous to defining
Llimatic zones by the combinations of plants found in each zone. A
place where ferns, palm trees, and vines flourish corresponds to a
Climate with warm temperatures and abundant rainfall. On the
bther hand, a combination of palm trees, cactus, and sagebrush im-
fpies a hot, dry climate.

Du ing the early part of the twentieth century, geologists in Scan-

B 2 ic facies of PP
but on the surface, geologists can infer, within broad limits, the depth at

hich metamorphism took place. They may also (again, within broad
limits) be able to determine the corresponding temperature.

The concept of metamorphic facies preceded plate-tectonic
heory by several decades. Although earlier geologists were able to
elate the individual facies to pressure and temperature combina-
ons, they had no satisfactory explanation for the environments
hat produced the various combinations. Figure 15.15, which re-
ates the temperatures of regional metamorphism to plate tectonics,
fmay be used to infer the environment for each of the metamorphic
acies shown in box figure 1. Box figure 2 shows the likely distri-
bution of metamorphic facies across the same converging bound-
fary as in figure 15.15. To understand the relationship, study box
ffigures 1 and 2 as well as figure 15.15.

If one were to determine the geothermal gradient repre-
ented by the three vertical lines marked 4, B, and C on figure
15.15 and box figure 2, the temperatures for particular depths
hould plot on the arrows shown in box figure 1.
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4 600 800
T T

o T T 0
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BOX 15.3 — Figure 1

The metamorphic fucies. Facies are named after minerals (prehnite, zcolite
pumpellyite) or rock types (c.g.. blueschist, granulite). Boundaries between facie:
are approximate. The armows represent increases in temperature with depth for the
three lines labeled A, B, C in figure 2 and in figure 15.15. From W. G. Emst, Meta-
morphism and Plate Tectonic Regimes. Stroudsber. P Dowden, Hutchinson &
Ross, 1975: p. 425. Reprinted by permission of the publisher
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BOX 153 — Figure 2

ary. From W. G. Emst, Metamorphism and Plate Tectonic Regimes. Stroudsberg, Pa.
Dowden, Hutchi Ross. 1975: p. 426, Reprinted by permission of the publisher)

Planet Mars).

PLANETARY GEOLOGY 14.2

Sedimentary Rocks: The Key To Mars’ Past

help geologists unravel the planet’s past. The latest images from
the Mars Orbiter Camera (MOC) aboard the Mars Global Sur-
eyor spacecraft reveal thin (a few to about 200 meters thick) re-
fpeated layers of horizontal sediment. The most extensive exposures
f the layered deposits on Mars are in the western Candor Chasma
(box figure 1), where exposures of horizontal layers have been ex-
fposed through erosion. These laterally continuous layers are similar
ko sedimentary beds that were deposited in shallow seas on Earth and
e now exposed in places like the Grand Canyon. The widespread
h layersi d low-lying areas on
ars suggests that the sediment may have been deposited by water.
[Deep seas or oceans usually deposit thick layers of sediment, whereas
lakes and shallow seas typically deposit relatively thin horizontal lay-
fers, such as those observed in the western Candor Chasma area. There
e other processes, however, that could deposit layered sediments.
uch as explosive volcanic eruptions and dust storms.
Violent volcanic eruptions of pyroclastic material can produce
horizontally layered deposits of repeated beds: however, it is un-
ikely that this type of deposition is responsible for the widespread
niformly thick layers observed on Mars because pyroclastic de-
fposits are usually quite thick near the vent and much thinner away
tom the volcano. Also, no voleanic vents have been observed
carby that would have been capable of such a large eruption.
Large dust storms occur on Mars today and undoubtedly oc-
urred in the past. If the layered sediments were deposited by the

Sedlm:mary rocks on Mars will provide the historical record to

BOX 14.2—Figure 1

wind, the layers should contain cross-bedding structures similar
those shown in figure 14.27. The fact that cross-bedding has not been|
observed and that wind usually does not deposit laterally
regularly repeated layers of sediment argue for deposition in water.

Scientists are excited by these latest images of layered sedi
‘mentary rocks from Mars that are similar to sediments deposited in
lakes or shallow seas on Earth. Was there once water and life on|
Mars? Because most of the evidence of past life, such as fossils, i
found in sedimentary rocks that formed in lakes and shallow sea
on Earth, the Candor Chasma area may be the best place to look fo
evidence that life once existed on Mars.

Additional Resources

M. C. Malin and K. S. Edgett. 2000. Sedimentary rocks of earl
Mars. Science 290 (5498): 1927-37.

Visit the NASA Science News headlines website for the latest in

formation and images from Mars

http://science.nasa.gov/headlines

Information about the Mars Global Surveyor and the latest image:
from the Mars Orbiter Camera are available at the Jet Propulsion|
Laboratory/NASA website.
http://mars.jpl.n

Visit the Malin Space Science Systems website for an extensivel
collection of archived Mars Orbiter Camera images.
WWIW.SSs.com

[Layered sedimentary rock exposed in the Candor Chasma. Each layer

I hick. Photo by NASA/JPL/Mal

“Environmental Geology” boxes discuss topics that relate the chap-
ter material to environmental issues, including impact on humans

* “Earth Systems” boxes are new in the sixth edition and highlight the
interrelationships between the geosphere, the atmosphere, and other

(e.g., Radon—A Radioactive Health Hazard).

not erupted since 1857. On March 27, 1980, ash and steam

eruptions began and continued for the next six weeks. These
were minor eruptions in which magma was not erupted. Rather.
ithey were due to exploding gas blasting out the volcano’s previ-
lously formed rock. However, the steam and the pattern of carth-
lquakes indicated magma was working its way upward beneath the
Volcano.

After several weeks, the peak began swelling—like a balloon
being inflated—indicating magma was now inside the volcano.
[The northern flank of the volcano bulged outward at a rate of 1.5
Imeters per day. Bulging continued until the surface of the northern
slope was displaced outward over a hundred meters from s origi-
Inal position. The bulge was too steep to be stable, and the U.S. Ge-
lological Survey warned of another hazard—a mammoth landslide.

On May 18, a monumental blast destroyed the summit and
Inorth flank of Mount St. Helens (sce figure 10.1). Seconds after the
leruption began, an area extending northward 10 kilometers was
stripped of all vegetation and soil.

Although the sequence of events was exceedingly rapid. it is
Inow clear what happened (box figure 1). A fairly strong earthquake
loosened the bulging north slope. triggering a landslide. The land-
slide. known as a debris avalanche, moved at speeds of over 160
Kilometers per hour (100 mph). It was one of the largest landslides
lever to occur, but it was eclipsed by the huge eruption that fol-
lowed. The landslide stripped away the lid on the magma chamber,
land because of the reduced pressure, the previously dissolved
lzases in the magma exploded (figure 10.14). The violent froth of
lzas and magma blasted away the mountain’s north flank and roared
loutward at up to 1,000 kilometers per hour (600 mph). The huge

Bcfom 1980, Mount St. Helens, in southern Washington, had

+— Steam and ash eruption

Ground water
heated by

the magma Surface before

bulging began

The buige

0X 10.1 — Figure 1 [

equence of events at Mount St. Hy
utward.

. May 18, 1980. (4) Just before the eruption. (B) The landslide relieves the pressure on the underlying magma. (C) Magma blasty
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Mount St. Helens Blows Up

lateral blast of hot gas and volcanic rock debris killed everythin
near the volcano and, beyond the 10-kilometer scorched zone]
knocked down every tree in the forest.

For the next 30 hours, exploding gases propelled frothin;
magma and volcanic ash vertically into the high atmosphere. Th
mushroom-shaped cloud of ash was blown northeastward by
winds. A rain of ash went on for days, causing damage as far away
as Montana. Volcanic mudflows also caused damage during and af]
ter the eruption. The mudflows resulted from water from melte
snow and glacier ice mixing with volcanic debris to form a slurry
having the consistency of wet cement. Mudflows flowed dow
river valleys, carrying away steel bridges and other structures.

Damage was in the hundreds of millions of dollars, and 63
people were killed. The death toll might have been much worse ha
not scientists warned public officials about the potential hazards|
causing them o evacuate the danger zone before the eruption. Fo
comparison, 29,000 people were killed during an eruption o
Mount Pelée (described later in this chapter), and 23,000 lives wer
lost in a 1985 volcanic mudflow in Colombia.

Perhaps Mount St. Helens will remain quiescent for decade:
or a century. Other volcanoes in the Pacific Northwest, however|
could erupt and be disastrous to nearby cities. Seattle and Tacom:
are close to Mount Rainier. Mount Hood is practically in Portland|
Oregon’s suburbs. Vancouver, British Columbia, could be in dan
gerif either Mount Garibaldi to the north or Mount Baker in Wash
ington to the south erupt.

Additional Resource
Mount St. Helens Home Page

Surface before
landslide

Earth systems (e.g., Oxygen Isotopes and Climate Change).

8.1 EARTH SYSTEMS

Highlights Of The Evolution Of Life Through Time

he history of the biosphere is preserved in the fossil record.
Through fossils, we can determine their place in the evolution
of plants and animals as well as get clues as to how extinct crea-
ures lived. The oldest readily identifiable fossils found are prokary-
otes—microscopic, single-celled organisms. that lack a nucleus.
[These date back to around 3.5 billion years (b.y) ago, so life on Earth
s at least that old. It s likely that even more primitive organisms date
back further in time but are not preserved in the fossil record. Fossils
f much more complex, single-celled organisms that contained a nu-
leus (eukaryotes) are found in rocks as old as 1.4 b.y. These are the
kearliest living creatures to have reproduced sexually. Colonies of uni-
ellular organisms likely evolved into multicellular organisms. Mul-
ficellular algae fossils date back at least a billion years.
Imprints of larger multicellular creatures appear in rocks of
ate Precambrian age, about 700 to 550 million years ago (m.y.).
[These resemble jellyfish and worms.
Sedimentary rocks from the Paleozoic, Mesozoic, and Cenozoic
[Eras have abundant fossils. Large numbers of fossils appeared early in
the Cambrian Period. Trilobites (figure 8.19) evolved into many
species and were particularly abundant during the Cambrian. Trilobites
ere arthropods that crawled on muddy sea floors and are the oldest
fossils with eyes. They became less significant later in the Paleozoic,
fand finally, all rilobites became extinct by the end of the Paleozoic.
‘The most primitive fish, the first vertebrates, date back to late in
the Cambrian. Fish similar to presently living species (including
harks) flourished during the Devonian (named after Devonshire,
[England). The Devonian is often called the “age of fish.” Amphibians
fevolved from fish that had developed lungs late in the Devonian.
[These were the first land vertebrates. However, invertebrate land an-
mals date back to the latest Cambrian, and land plants first appeared
in the Ordovician. Reptiles and early ancestors of mammals evolved
from amphibians in Pennsylvanian time or perhaps earlier.

The Paleozoic ended with the greatest mass extinction ever t
occur on Earth. Over 95% of species that existed died out.

During the Mesozoic, new creatures evolved to occupy eco-
logical domains left vacant by extinet creatures. Dinosaurs and
mammals evolved from the animal species that survived the great
extinction. Dinosaurs became the dominant group of land animals|
Birds likely evolved from dinosaurs in the Mesozoic. Large, nos
extinet, marine reptiles lived in Mesozoic seas. Ichtyosaurs, for ex-
ample, were up to 20 meters long, had dolphinlike bodies, and were
probably fast swimmers. Flying reptiles. pterosaurs, some of which
had wingspans of almost 10 meters, soared through the air.

The Cretaceous Period (and Mesozoic Era) ended with the
second-largest mass extinction (around 75% of species were
wiped out).

The Cenozoic is often called the age of mammals. Mammals,
which were small, insignificant creatures during the Mesozoic,
evolved into the many groups of mammals (whales, bats,
cats, elephants, primates, and so forth) that occupy Earth at pres
ent. Many species of mammals evolved and became extinc
throughout the Cenozoic. Hominids (modern humans and our ex-
tint ancestors) have a fossil record dating back 4 m.y. and likel
evolved from a now extinct ancestor common to hominids, chim.
panzees, and other apes

We tend to think of mammals’ evolution as being the great suc
cess story (because we are mammals); mammals, however, pale ir}
comparison to insects. Insects have been around far longer than|
‘mammals and now account for an estimated 1 million species.

Additional Resource

University of California Museum of Paleontology
Find the fossils mentioned here.
www.uemp.berkeley.edu/

Paleontologists, specialists in the study of fossils, have patiently
fand meticulously over the years identified many thousands of
pecies of fossils and determined the time sequence in which
hey existed. Therefore, sedimentary rock layers anywhere in
he world can be assigned to their correct place in geologic his-
ory by identifying the fossils they contain.
Ideally, a geologist hopes to find an index fossil, a fossil from
ki very short-lived, geographically widespread species known to
xist during a specific period of geologic time. A single index fos-
il allows the geologist to correlate the rock in which it is found
ith all other rock layers in the world containing that fossil.
Many fossils are of little use in time determination because
he species thrived during too large a portion of geologic time.
harks _for instance_have been in the oceans for a long time_so

discovering a shark’s tooth in a rock is not very helpful in de-
termining the rock’s relative age.

A geologist is likely to find a fossil assemblage, several
different fossil species in a rock layer. A fossil assemblage i
generally more useful for dating rocks than a single fossil is, be-
cause the sediment must have been deposited at a time when al
the species represented existed (figure 8.18).

Some fossils are restricted in geographic occurrence, repre-
senting organisms adapted to special environments. But many for-
mer organisms apparently lived over most of the Earth, and fossi
assemblages from these may be used for worldwide correlation
Fossils in the lowermost horizontal layers of the Grand Canyon|
are comparable to ones collected in Wales, Great Britain, and
many other places in the world (the trilobites in fignre 8 19 are a
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Ever wonder why your watch has “quartz” printed on it? A small

quartz causes it to vibrate at a very precise rate (close to 100,000
vibrations per second).

For the full story, go to:
www.mhhe.com/plummer10e

PREFACE

“Web” boxes summarize material that is further explained on the
book’s Online Learning Center.

On Time with
Quartz

slice of quartz in the watch works to keep incredibly accurate
time. This is because a small electric current applied to the

The Internet has revolutionized the way we obtain knowledge, and
this book makes full use of its potential to help students learn. We
have URLSs for appropriate websites throughout the book—within the
main body of text, at the end of many boxes, and at the end of chap-
ters. We have made the process student-friendly by having all web-
sites that we mention in the book posted as links in this book’s Online
Learning Center website. (We also include all URLs in the textbook
for those who wish to go directly to a site.)

Internet exercises are located on the text’s Online Learning Center and
allow students to investigate appropriate sites as well as raise interest for
further, independent exploration on a topic. The Online Learning Cen-
ter also includes additional readings and video resources. By placing
these on the website, we can update them after the book has been pub-
lished. We expect to add more sites and exercises to our website as we
discover new ones after the book has gone to press. The Online Learn-
ing Center also features online quizzes, flashcards, animations, and
other interactive items to help a student succeed in a geology course.

Chapter resources include: Summary, which brings together and sum-
marizes the major concepts of the chapter; Terms to Remember, which
has all of the boldfaced terms covered in the chapter so that students can
verify their understanding of the concepts behind each term; 7esting Your
Knowledge, a quiz that students can use to gauge their understanding of
the chapter (The answers to the multiple choice portions are posted on
the website.); Expanding Your Knowledge, which is intended to stimu-
late a student’s critical thinking by asking questions with answers that
are not found in the textbook; and Exploring Web Resources, which de-
scribes some of the best sites on the web that relate to the chapter.

Animations list the animations that were created for the chapter and
are accessible on the Online Learning Center. A special animation
icon E has been placed beside every figure that has a corresponding
animation on the Online Learning Center.

SUPPLEMENTS

The sixth edition provides a complete physical geology package for the
student and instructor.

For the Student
e Student Interactive CD-ROM

This interactive CD-ROM can be packaged with every new copy of
McGeary: Earth Revealed, 6th edition. This CD-ROM features chapter-
based quizzes, chapter-based text web exercises, student tutorial, animations
and PowerPoints of all the images found in the textbook.

e Online Learning Center at www.mhhe.com/mcgeary6e/.

This comprehensive site gives you the opportunity to further explore top-
ics presented in the book using the Internet. The site contains several types
of interactive quizzes with immediate feedback, animations, flashcards,
Internet activities, additional readings, answers to selected end-of-chapter
questions, and a career center. We’ve integrated PowerWeb.: Geology’s in-
formation and timely world news, web links, and much more into the site
to make these valuable resources easily accessible to students.

For the Instructor
e Online Learning Center at www.mhhe.com/mcgeary6e/.

Included in the password-protected Instructor’s Edition is an Instructor’s
Manual that contains a chapter overview, a list of changes, learning ob-
jectives, a list of boxes, discussion and essay questions, and selected read-
ings. The Online Learning Center also contains PowerPoint Lecture
Outlines, as well as the list of slides and transparencies that accompany the
sixth edition.



e Digital Content Manager CD-ROM
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This CD-ROM contains every illustration, photograph, and table from the
text, sixty-nine animations, active art, lecture outlines, and two hundred
additional photos. The software makes customizing your multimedia pres-
entation easy. You can organize figures in any order you want; add labels,
lines, and your own artwork; integrate material from other sources; edit
and annotate lecture notes; and have the option of placing your multime-
dia lecture into another presentation program such as PowerPoint.

e Instructor’s Testing and Resource CD-ROM

This cross-platform CD-ROM provides a wealth of resources for the in-
structor. Supplements featured on this CD-ROM include a computerized
test bank using Brownstone Diploma testing software to quickly create
customized exams. This user-friendly program allows instructors to search
for questions by topic, format, or difficulty level; edit existing questions or
add new ones; and scramble questions and answer keys for multiple ver-
sions of the same test.

Other assets on the Instructor’s Testing and Resource CD-ROM are
grouped within easy-to-use folders. The Instructor’s Manual and Test Item
File are available in both Word and PDF formats. Word files of the test
bank are included for those instructors who prefer to work outside of the
test-generator software.

e 250 Transparencies
Included are two hundred and fifty illustrations from the text, all enlarged
for excellent visibility in the classroom.

e 100 Slides

One hundred slides include illustrations and photographs from the text.

e New edition of Laboratory Manual for Physical Geology, 12th ed.,
by Zumberge, Rutford, and Carter, ISBN 0-07-282689-4

www.mhhe.com/mcgeary6e Xix

e Laboratory Manual for Physical Geology, 4th ed., by Jones and
Jones, ISBN 0-07-243655-7

e Course Management Systems

The Online Learning Center can be easily loaded into course management
systems such as:

¢ Blackboard

e WebCT
e eCollege
e PageOut
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