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Preface

Earth is a very small part of a vast universe, but it is our home.
It provides the resources that support our modern society and
the ingredients necessary to maintain life. Knowledge of our
physical environment is critical to our well-being and vital to
our survival. A basic geology course can help a person gain
such an understanding, and can also take advantage of the
interest and curiosity many of us have about our planet—its
landscapes and the processes that create and alter our physical
environment.

This 12th edition of Earth: An Introduction to Physical
Geology, like its predecessors, is a college-level text that is
intended to be a meaningful, nontechnical survey for students
taking their first course in geology. In addition to being
informative and up-to-date, a major goal of Earth is to meet
the need for a readable and user-friendly text, a book that is a
highly usable tool for students learning the basic principles and
concepts of geology.

Although many topical issues are examined in the 12th edition
of Earth, it should be emphasized that the main focus of this
new edition remains the same as the focus of earlier editions: to
promote student understanding of basic principles. As much as
possible, we have attempted to provide the reader with a sense
of the observational techniques and reasoning processes that
constitute the science of geology.

New and Important
Features

The 12th edition represents an extensive and thorough revision
of Earth that integrates improved textbook resources with new
online features to enhance the learning experience,

e Significant updating and revision of content. A basic
function of a college science textbook is to present material
in a clear, understandable way that is accurate, engaging, and
up-to-date. In the long history of this textbook, our number-
one goal has always been to keep Earth current, relevant,
and highly readable for beginning students. To that end,
every part of this text has been examined carefully. Many
discussions, case studies, examples, and illustrations have
been updated and revised.

¢ SmartFigures that make Earth much more than
a traditional textbook. Through its many editions,
an important strength of Earth has always been clear,
logically organized, and well-illustrated explanations. Now,
complementing and reinforcing this strength are a series
of SmartFigures. Simply by scanning a SmartFigure with a
mobile device and Pearson’s BouncePages Augmented
Reality app (FREE and available for iOS and Android),

students can link to hundreds of unique and innovative digital
learning opportunities that will increase their insight and
understanding of important ideas and concepts. We have also
placed short URLSs in the caption for every SmartFigure. This
will ensure that students who may not have a smart phone, will
have the ability to access these videos easily. SmartFigures

are truly art that teaches! This 12th edition of Earth has more
than 200 SmartFigures, of five different types:

1. SmartFigure Tutorials. Each of these 2- to 4-minute
tutorials, prepared and narrated by Professor Callan
Bentley, is a mini-lesson that examines and explains the
concepts illustrated by the figure

2. SmartFigure Mobile Field Trips. Scattered through-
out this new edition are 24 video field trips that explor
classic geologic sites from Iceland to Hawaii. On each trip
you will accompany geologist-pilot-photographer Michael
Collier in the air and on the ground to see and learn
about landscapes that relate to discussions in the chapter.

3. SmartFigure Condor Videos. The 10 Condor videos
take you to sites in the American West. By coupling aerial
footage acquired by a quadcopter aircraft with ground-
level views, effective narratives, and helpful animations,
these videos will engage you in real-life case studies.

4. SmartFigure Animations. Scanning the many figures
with this designation brings art to life. These animations
and accompanying narrations illustrate and explain many
difficult-to-visualize topics and ideas more effectively
than static art alone.

5. SmartFigure Videos. Rather than providing a single
image to illustrate an idea, these figures include short
video clips that help illustrate such diverse subjects as
mineral properties and the structure of ice sheets.

As mentioned, please visit your iOS
or Android App Stores to download the |3 __
FREE Pearson BouncePages App. By | [ E T
scanning one of the two QR codes to  puaroid store iTunes App Store
the right, you will be taken directly to
the BouncePages App.

¢ Enhanced Modular, learning objective-driven, active
learning path. Earth is designed for learning. Every chap-
ter begins with Focus on Concepts. Each numbered learning
objective corresponds to a major section in the chapter. The
statements identify the knowledge and skills students should
master by the end of the chapter and help students prioritize
key concepts. Within the chapter, each major section con-
cludes with Concept Checks that allow students to check their
understanding and comprehension of important ideas and
terms before moving on to the next section. Two end-of-chapter
features complete the learning path. Concepts in Review coor-
dinates with the Focus on Concepts at the start of the chapter
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Preface

and with the numbered sections within the chapter. Itis a
concise overview of key ideas, with photos, diagrams, and ques-
tions that help students focus on important ideas and test their
understanding of key concepts. Chapters conclude with Give

It Some Thought questions that challenge learners by involving
them in activities that require higher-order thinking skills, such
as application, analysis, and synthesis of chapter material.

* An unparalleled visual program. In addition to more than
100 new, high-quality photos and satellite images, dozens
of figures are new or have been redrawn by the gifted and
highly respected geoscience illustrator Dennis Tasa. Maps
and diagrams are frequently paired with photographs for
greater effectiveness. Further, many new and revised figures
have additional labels that narrate the process being illus-
trated and guide students as they examine the figures. Earth’s
visual program is clear and easy to understand.

» MasteringGeology. MasteringGeology delivers engaging,
dynamic learning opportunities—focused on course objec-
tives and responsive to each student’s progress—that are
proven to help students learn course material and understand
difficult concepts. Assignable activities in MasteringGeology
include SmartFigure (Tutorial, Condor, Animation, Mobile
Field Trip, Video) activities, GigaPan activities, Encounter
Earth activities using Google Earth, GeoTutor activities,
Geoscience Animation activities, GEODe tutorials, and more.
MasteringGeology also includes all instructor resources and a
robust Study Area with resources for students.

The Teaching and Learning
Package

MasteringGeology™ with Pearson eText

Used by over 1 million science students, the Mastering platform
is the most effective and widely used online tutorial, homework,
and assessment system for the sciences. Now available with
Earth, 12th edition, MasteringGeology™ offers tools for use
before, during, and after class:

e Before class: Assign adaptive Dynamic Study Modules and
reading assignments from the eText with Reading Quizzes to
ensure that students come prepared to class, having done the
reading.

* During class: Learning Catalytics, a “bring your own
device” student engagement, assessment, and classroom intel-
ligence system, allows students to use a smartphone, tablet,
or laptop to respond to questions in class. With Learning
Catalytics, you can assess students in real-time, using open-
ended question formats to uncover student misconceptions
and adjust lectures accordingly.

o After class: Assign an array of assessment resources such
as Mobile Field Trips, Project Condor tutorials, Interactive
Simulations, GeoDrone activities, Google Earth Encounter
Activities, and much more. Students receive wrong-answer

feedback personalized to their answers, which will help them
get back on track.

MasteringGeology Student Study Area also provides students
with self-study materials like geoscience animations, GEODe:
Earth activities, In the News RSS feeds, Self Study Quizzes,
Web Links, Glossary, and Flashcards.

For more information or access to MasteringGeology, please
visit www.masteringgeology.com.

Instructor’s Resource Materials
(Download Only)

The authors and publisher have been pleased to work with a
number of talented people who have produced an excellent
supplements package.

Instructor’s Resource Materials (IRM)

The IRM puts all your lecture resources in one easy-to-reach
place:

o All of the line art, tables, and photos from the text in .jpg files

¢ PowerPoint presentations

o The IRM provides three PowerPoint files for each chapter.
Cut down on your preparation time, no matter what your
lecture needs, by taking advantage of these components of
the PowerPoint files:

¢ Exclusive art. All of the photos, art, and tables from the text,
in order, loaded into PowerPoint slides.

* Lecture outlines. This set averages 50 slides per chapter
and includes customizable lecture outlines with supporting
art.

¢ Classroom Response System (CRS) questions. Authored
for use in conjunction with classroom response systems, these
PowerPoints allow you to electronically poll your class for
responses to questions, pop quizzes, attendance, and more.

Instructor Manual (Download Only)

The Instructor Manual has been designed to help seasoned and
new professors alike, offering the following for each chapter: an
introduction to the chapter, an outline, and learning objectives/
Focus on Concepts; teaching strategies; teacher resources; and
answers to Concept Checks, Eye on Earth, and Give It Some
Thought questions from the textbook.

TestGen Computerized Test Bank
(Download Only)

TestGen is a computerized test generator that lets instructors
view and edit Test Bank questions, transfer questions to tests,
and print tests in a variety of customized formats. The Test
Bank includes more than 2,000 multiple-choice, matching, and
essay questions. Questions are correlated to Bloom’s Taxonomy,
each chapter’s learning objectives, the Earth Science Learning
Objectives, and the Pearson Science Global Outcomes to help



instructors better map the assessments against both broad
and specific teaching and learning objectives. The Test Bank
is also available in Microsoft Word and can be imported into
Blackboard.

Blackboard

Already have your own website set up? We will provide a Test
Bank in Blackboard or formats for importation upon request.
Additional course resources are available on the IRC and are
available for use, with permission.
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Augmented Reality Enhances the Reading

Experience, Bringing the Textbook to Life

Using a cutting-edge technology
called augmented reality, Pearson’s

Download the FREE BP App for Android

BouncePages app launches B Google play =
engaging, interactive videos and animations hgtoe w1 | P Wil B edsooen
that bring textbook pages to life. Use your MW) Pearson BouncePages
mobile device to scan a SmartFigure identified g il i s g
by the BouncePages icon, and an animation A
or video illustrating the SmartFigure’s concept e

Editors’ Choice

launches immediately. No slow websites or
hard-to-remember logins required.
BouncePages’ augmented reality technology
transforms textbooks into convenient digital
platforms, breathes life into your learning
experience, and helps you grasp difficult
academic concepts. Learning geology from
a textbook will never be the same. T

https://play.google.com/store/apps/details?id=com
.layar.bouncepages&hl=en

Download the FREE BP App for iOS

#ee00 Verizon LTE 11:06 AM 7 - By scanning figures associated with the BouncePages icon, students
A e will be immediately connected to the digital world and will deepen their
ik — learning experience with the printed text.

Headwaters SmartFigure 16.14
CE " GET AR » Channel changes from
Layar B.V. \5\ = 5 h
IR R ead to mouth
h e o Although the gradi-
i - g, v 2 - ; ent decreases toward
b U o the mouth of a stream,

increases in discharge and
channel size and decreases

-
. in roughness more than
Mouth offset the decrease in
i slope. Consequently, flow

velocity usually increases
toward the mouth. (https://
£00.g1/65rX2s)

W

the screen 1o
scan the page.

Increase

Flow velocity

Headwaters Mouth

https://itunes.apple.com/us/app/pearson
-bouncepages/id659370955?mt=8
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Bring the Field to YOUR Teaching

and Learning Experience

NEW! SmartFigure: Condor Videos. Bringing
Physical Geology to life for GenEd students,
three geologists, using a quadcopter with a
GoPro camera mounted to it, have ventured
out into the field to film 10 key geologic
locations. These process-oriented videos,
accessed through BouncePages technology,
are designed to bring the field to the class-
room or dorm room and enhance the learning
[ANEOUS § experience in our texts.

Aol phic
T;f:smﬁ TockS

Sedimgntary
rooks

NEW! SmartFigure: Mobile Field Trips.
Scattered throughout this new edition of
Earth are 24 video field trips. On each
trip, you will accompany geologist-pilot-
photographer Michael Collier in the

air and on the ground to see and learn
about iconic landscapes that relate

to discussions in the chapter. These
extraordinary field trips are accessed by
using the BouncePages app to scan the
figure in the chapter—usually one of
Michael's outstanding photos.

Field Trip

Grand Mesa
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Visualize Processes and Tough Topics

Dip-slip fault Dip-slip fault Dip-slip fault

NEW! SmartFigure: Animations are brief videos, many created by text illustrator Dennis Tasa, [~
that animate a process or concept depicted in the textbook’s figures. This technology allows
students to view moving figures rather than static art to depict how a geologic process actually
changes through time. The videos can be accessed using Pearson’s BouncePages app for use
on mobile devices, and will also be available via MasteringGeology.

e j?é»mp;au o Callan Bentley, SmartFigure Tutorial author, is a
Chancellor's Commonwealth Professor of Geology

at Northern Virginia Community College (NOVA) in

Annandale, Virginia. Trained as a structural geologist,

Callan teaches introductory level geology at NOVA,

including field-based and hybrid courses. Callan

Maost transform faults offset
segments of a spreading
center, producing a
Zigzag-appearing plate

in. . .
= writes a popular geology blog called Mountain Beltway,
Bt = contributes cartoons, travel articles, and book reviews
. to EARTH magazine, and is a digital education leader in
b 239 N Ay the two-year college geoscience community.
. S Micp : 7 .
e + Afrea
South /‘k d
A Bk
g 3
'i{ f 7 KEY
’ Spreading centers
/ >, Fracture zones

—* 4! Transform faults, —s==—

© Pearson Education, Inc.

SmartFigure: Tutorials bring key chapter illustrations to life! Found
throughout the book, these Tutorials are sophisticated, annotated illustra-
tions that are also narrated videos. They are accessible on mobile devices
via scannable BouncePages printed in the text and through the Study Area
in MasteringGeology.
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Improved Geospatial and Data Visualizations

araphics 15.2 I. ndS|Ide RISkS ]
% United States and Worldwide GEOgraphics use contemporary,

compelling visual representations to

According to the U. S. Geological Survey, each year in the United States, landslides cost nearly $4 billion (2010 dollars) in damage repair and | | |ustrate com plex conce pts en ha nc | ng
cause between 25 and 50 deaths. All states experience rapid mass-wasting processes, but not all areas have the same landslide potential. s ™ ) ’
What's th risk where you ive? Kex students’ ability to synthesize and recall
LSCERAIERTIAL O information and important data.
@ In parts of the Seattle area, — rgﬁiﬁg}gm{mnm ,

volcanic mudfiows called lahars
are a potential threat.

@ Inthe mountainous parts of the
Pacific Northwest, heavy rains and
melting snow often trigger rapid
forms of mass wasting

© Coastal California’s steep slopes
have a high landslide potential often
triggered by winter storms or ground
shaking associated with earthquakes.

@ Strong wave activity undercuts
and oversteepens coastal cliffs.

T R T & 4 e World Population Passes 7 Billion

states are relatively flat, so landslide
potential is mostly low-to-moderate.
(© High potential occurs along steep bluffs that flank river valleys.
@ Florida and the adjacent Atlantic and Gulf coastal plains have some of the:
lowest potential because steep slopes are largely absent.

common in the Appalachian Mountains

Y s

OBAL LANDSLIDE RISKS e , ' ‘ : i
Question: . . g .

What do areas with the highest landslide - e B < )

potential have in common? MEXICO CITY, HEXICO

48480000 ~

NASA scientists compiled this
isk map based on topographic

Complicating all environmental issues is rapid world

DR
i > oK " .\ i
data, land cover classifications h - Purple and dark “ag T+ population growth and everyone's aspiration to a better
and soil types. 3 red indicate areas A N .
= I’ at highest risk. sed standard of living. There is a ballooning demand for
N ‘,) resources and a growing pressure for people to live in

Black dots identify locations of major environments having significant geologic hazards.
landslides over a four-year span
(2003-2006)

WORLD'S 10 LARGEST METRD AREAS IN 2010
. MILLIONS OF CIIZENS
LANDSLIDE RISK —
MODERATE

n December 2011 a new volcanic island formed near
the southern end of the Red Sea. Less than 2 years
later, in late October 2013, another volcanic island
emerged in the same area. These volcanic islands are
part of several small islands in the Zubair Group located

Eye on Earth features engage off the west coast of Yemen, along the Red Sea Rift.
Students in aCtiVe Ieaming QUESTION 1 What type of plate boundary produced

these new volcanic islands?

asking them to perform critical QUESTION 2 What two plates border the Red Sea Rift?
thmklng and visual al’la|ySIS QUESTION 3 Are these two plates moving toward or away New volcanic — )
tasks to evaluate data and e D island, 2013

make predictions.

Red Sea Arabian

plate
Eritrea .——New island
Yemen
African
pla!e Djibouti
Ethioia
Somalia
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Modular Approach Driven

by Learning Objectives

The new edition is The chapter-opening Focus on Concepts lists the learning objectives for each
designed to support a chapter. Each section of the chapter is tied to a specific learning objective,

. providing students with a clear learning path to the chapter content.
four-part learning path, an

innovative structure which
facilitates active learning 'l 0
and allows students to

focus on important ideas Crustal

as they pause to assess Deformation " 3
their progress at frequent

intervals.

Each chapter section

Concepts in Review, a fresh approach to the typical end- concludes with Concept 10.5 L Concept Checks
of-chapter material, provides students with a structured Checks. a feature that : :

and highly visual review of each chapter. Consistent with

lists questions tied to 1. Distingui
. guish between the two measurements used
FheRFO?US on (fonct:ept(sj and Cgr][ﬁept C?.eths_t'lthe ((;.cf[?]cepts the section’s learning to establish the orientation of deformed strata.
In Review IS structured aroun e section ttie an e ; H ;
ding | . biective f h ; objective, allowing 2. Briefly describe the method geologists use to
corresponding learning o JeCtlve or each section. students to monitor infer the orientation of rock structures that lie
their grasp of significant mainly below Earth’s surface.

facts and ideas.

KEY TERMS deformation, rock structure (geologic structure), sress,
confining pressure, differential stress, compressional stress,tensional

Give It Some

1. Is granite or mica schist more likely to fold or flow rather than
fracture when subjected to differential stress? Explain.

2. What type of deformation is illustrated by a coin that was run over by
a passing train?

10.2 How Do Rocks Deform?

Compare and contrast brittle and ductile deformation.

KEY TERMS elastic deformation, britte deformation, ductile
doformation, outerop

Location A

= %‘A

¢. What name is given to the part of the fold labeled A?

d. Is the white dot labeled B located along the fold line, hinge line, or
dip line of this particular fold:

Anthony Plevalilamy.

w |

10.3 Folds: Rock Structures Formed by Ductile
Deformation

List and describe five common folded structures.

3. Refer to the accompanying photo to answer the following questions
a. Name the type of fold shown.
b. Would you describe this fold as symmetrical or asymmetrical?

4. Refer to the accompanyir

iagrams to answer the following;

a. What type of dip-slip f:
nant forces during faulting tensional, compressional, or shear?

is shown in Diagram 1? Were the domi-
KEY TERMS fold, antiline, syncline, dome, basin, monocline

Give It Some Thought (GIST) is found at the end of each
e Doty res Formed ) Tl s m chapter and consists of questions and problems asking

’ students to analyze, synthesize, and think critically about
Geology. GIST questions relate back to the chapter’s learning
objectives, and can easily be assigned using MasteringGeology.

10.

>

KEY TERMS fault, dip-slip faul, hanging wall block, footwall black, nor-
mal fault, fault-block mountain, horst, graben, halt-graben, detachment
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Continuous Learning Before, During, and

After Class with

Geology™

MasteringGeology delivers engaging, dynamic learning
opportunities—focusing on course objectives responsive to
each student’s progress—that are proven to help students
learn geology course material and understand challenging
concepts.

Before Class

Dynamic Study Modules and eText 2.0 provide students with a preview of what'’s to come.

PEARSON AR

Crustal Deformation 111 m

LEARN
QUESTION reviewing 2ol 4 ANSWER DynamiC Study MOdUles
. T enable students to study
i effectively on their own in
® Ao an adaptive format. Stu-
dents receive an initial set
of questions with a unique
answer format asking them
to indicate their confidence.

Once completed, Dynamic
IEED TO KNOW Study Modules include

explanations using material
taken directly from the text.

P ¥ BMPM e
B et pearsen com

PEARSON Q [ i

Movement of Water Through

the Atmosphere

The continuous exchange of water among the oceans, the
atmosphere, and the continents is called the hydrologic eycle ™ (Fiy,

1.17), Water from the oceans and, to a lesser extent, from land areas

into the ph Winds port this lad
air, often over great distances, until the process of cloud formation

causes the water vapor to condense into tiny liquid cloud droplets.

SmanFigure 4.1 Earth’s hydrologic cycle

NEW! Interactive eText 2.0 complete with embedded
media. eText 2.0 is mobile friendly and ADA accessible.

» Now available on smartphones and tablets.

» Seamlessly integrated videos and other rich media.

» Accessible (screen-reader ready).

« Configurable reading settings, including resizable
type and night reading mode.

« Instructor and student note-taking, highlighting,
bookmarking, and search.

learning | catalytics"

(=T UM Ouedlions  Clasafcoms  Traming  Help  Feedback STuGENT VW

LutgensTartusck Essenlials of Geology 12¢

and bgss > Guestion 91321

During Class

Engage Students with Learning Catalytics Question

WNat MSERMOLPAIC EONGMONE MprAtAnt rQlonal matImarphim

Learning Catalytics, a “bring
your own device” student
engagement, assessment, and
classroom intelligence system,
allows students to use their
smartphone, tablet, or laptop to

respond to questions in class.

Tags

Historical Performance
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After Class

Easy-to-Assign, Customizeahle, and Automatically Graded Assignments

Condor Videos: Manocknes of the Colorado

fomes Bt crested o

rt 0f 3 Monocine

3 Manaches s shoan belos. Use shat you leamed in the videa 1 label the pans of the monocine and the dee hona

(rag the appropriate labels 10 their respective taigets. Not all labels will be used.

£3

[ sobmii R

Incarrect; Try Again

Yosa lababel 1 o 4 targats incomecty Think about wheew ihe basement rmcis would be located rwtative ko the sedmartary fayer

Part E - The San Aatas) Swel

NEW! 24 Mobile Field Trips take
students to classic geologic locations
as they accompany geologist—pilot—
photographer—author Michael Collier in
the air and on the ground to see and
learn about landscapes that relate to
concepts in the chapter. In Mastering,
these videos will be accompanied by
auto-gradable assessments that will
track what students have learned.

Part B - Matenials asaocisied with each type of mass movemsnt

difarent in 1enms of the materials they constinge, and tha diferance meulls N 3 unigus mark oo the Gndsc aps for

ing in tarms of tha matesals they =y

Dirag the appropriass labels 1o thelr respective targets.

Makenial Maberial Makesial
Lncanssidated g
e

Less ged
aradually tranepartad Semetimes ash Eroken loose and
dewmhil lidng dowek

TR e mcanawnrs

Hatenal Hateral
EMache t1 Inreek Boulders on  rocky
1l o

NEW! Project Condor Videos capture stunning footage
of the Mountain West region with a quadcopter and a
GoPro camera. A series of videos have been created
with annotations, sketching, and narration to improve
the way students learn about faults and folds, streams,
volcanoes, and so much more. In Mastering, these vid-
eos are accompanied by questions designed to assess
students on the main takeaways from each video.

I Mabile Field Trip Video Quez - The San

GeoTutor coaching activities help students master
important geologic concepts with highly visual,
kinesthetic activities focused on critical thinking
and application of core geoscience concepts.

Yo labeied 2 of § targets incomectly. Wrich type of mats movament involves the movsment of consclidated biocks of detached bedrock and has 3

sistingt 7oma of waaknass separsteg the shiss matsnal frem the mors stakls undsying matsaal?




¥ Search
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Encounter Activities provide rich, interactive explora-
tions of geology and earth science concepts using the
dynamic features of Google Earth™ to visualize and ex-
plore earth’s physical landscape. Dynamic assessment
includes questions related to core geology concepts. All
explorations include corresponding Google Earth KMZ
media files, and questions include hints and specific
wrong-answer feedback to help coach students towards
mastery of the concepts while improving students
geospatial skills.

Part D - Making Observations

After exploring the Gigapan field site, arange the following cbser i by their respective rock unit. These observationsfinferences describe the
material, appearance and weathering pattern of the respective rock units.
NEW! GigaPan Activities allow students to Drag the appropriate items into their respective bins. Each item may be used only once.
take advantage of a virtual field experience : _
with high-resolution picture technology that ( | @ ) € J € I € )
has been developed by Carnegie Mellon s () s
University in conjunction with NASA. — — — — —
RockUnit1 [l o o e s o Ruq'k"qpvtz 3 E ‘T“' E
Red and whiz i caor ) Wm'mbmmvmwmmi M il e
B e A 3
: e - - B L. u
T T [t S
=3 S | |l
(no layers) | | Sediments too small to see|
g = —

[ Suomit IO RY T ——

Incorrect; Try Again

You sorted 2 out of 8 items incorrectly. Compare the weathering pattern of rock unit #2 to the weathering pattem of rock unit #1. Which rock unit produces
large blocks?

Additional MasteringGeology
assignments available:

« SmartFigures

« Interactive Animations

» Give It Some Thought Activities
» Reading Quizzes

MapMaster Interactive Maps
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Each statement represents the primary
LEARNING OBJECTIVE for the corresponding
major heading within the chapter. After you
complete the chapter, you should be able to:

1.1 Distinguish between physical and historical
geology and describe the connections between
people and geology.

12 Summarize early and modern views on how
change occurs on Earth and relate them to the
prevailing ideas about the age of Earth.

13 Discuss the nature of scientific inquiry,
including the construction of hypotheses and
the development of theories.

1.4 List and describe Earth’s four major spheres.
Define system and explain why Earth is consid-
ered to be a system.

1.5 Ouitline the stages in the formation of our solar
system.

16 Sketch Earth’s internal structure and label and
describe the main subdivisions.

]7 Sketch, label, and explain the rock cycle.

List and describe the major features of the
continents and ocean basins.




he Spectacu lar eruption of a volcano, the terror brought by an earthquake, the
maghnificent scenery of a mountain range, and the destruction created by a landslide or
flood are all subjects for a geologist. The study of geology deals with many fascinating and
practical questions about our physical environment. What forces produce mountains? When
will the next major earthquake occur in California? What was the Ice Age like, and will there
be another? How are ore deposits formed? Where should we search for water? Will we find
plentiful oil if we drill a well in a particular location? Geologists seek to answer these and
many other questions about Earth, its history, and its resources.

1.1 | Geology: The Science of Earth

Distinguish between physical and historical geology and describe the connections
between people and geology.

The subject of this text is geology, from the Greek geo (Earth) and logos (discourse). Geology is
the science that pursues an understanding of planet Earth. Understanding Earth is challenging
because our planet is a dynamic body with many interacting parts and a complex history. Through-
out its long existence, Earth has been changing. In fact, it is changing as you read this page and
will continue to do so. Sometimes the changes are rapid and violent, as when landslides or volcanic
eruptions occur. Just as often, change takes place so slowly that it goes unnoticed during a lifetime.
Scales of size and space also vary greatly among the phenomena that geologists study. Sometimes
geologists must focus on phenomena that are microscopic, such as the crystalline structure of min-
erals, and at other times they must deal with processes that are continental or global in scale, such
as the formation of major mountain ranges.

Figure 1.1
Internal and external Physical and Historical Geology hand, is to understand Earth’s origins and its develop-

processes The processes ment through time. Thus, it strives to establish an orderly
that operate beneath and hysica] and historical. Physical | hich i chronological arrangement of the multitude of physical

) sical 4 al. / C4C ) .
upon Earth's surface are an ~ PHysicata 1storica’. Thysical geology, Wiich 1s and biological changes that have occurred in the geologic
imoortant fi f bhvsi- the primary focus of this book, examines the materials . .
Important focus of physi osing Earth and seeks to understand the man past. The study of physical geology logically precedes the
cal geology. (River photo by composmg Barth and seeks o understar . © many study of Earth history because we must first understand
Michael Collier; volcano photo processes that operate beneath and upon its surface , R

how Earth works before we attempt to unravel its past.

by AM Design/Alamy Live News/ i a3 . . ; | -
Alamy Images) (Figure 1.1). The aim of historical geology, on the other It should also be pointed out that physical and historical

Geology is traditionally divided into two broad areas—

A. B.

External processes,-such-as landslides, rivers, and glaciers;‘erode and sculpt surfébe Internal processes are those that occur beneath Earth's surface.
featufes. The.Colorado River played a major role in:creating the Grand Canyon. Sometimes they lead to the formation of major features at the
; ’ ! surface, such as Italy’s Mt. Etna.




geology are divided into many areas
of specialization. Every chapter of
this book represents one or more
areas of specialization in geology.
Geology is perceived as a sci-
ence that is done outdoors—and
rightly so. A great deal of geology
is based on observations, measure-
ments, and experiments conducted
in the field. But geologists also
work in the laboratory, where, for
example, their analysis of miner-
als and rocks provides insights
into many basic processes and the
microscopic study of
fossils unlocks clues to
past environments (Fig-
ure 1.2). Geologists must
also understand and
apply knowledge and
principles from physics,
chemistry, and biology.
Geology is a science
that seeks to expand our
knowledge of the natu-
ral world and our place
in it.

Geology,
People, and the s.
Environment

The primary focus of this book is to develop your
understanding of basic geologic principles, but along

1.1 Geology: The Science of Earth

the way, we explore numerous important
relationships between people and the natu-
ral environment. Many of the problems and
issues that geologists address are of practical
value.

Natural hazards are a part of living on
Earth. Every day they adversely affect mil-
lions of people worldwide and are responsible
for staggering damages. Among the hazard-
ous Earth processes that geologists study are
volcanoes, floods, tsunamis, earthquakes, and
landslides. Of course, geologic hazards are natural pro-
cesses. They become hazards only when people try to live
where these processes occur (Figure 1.3).

Figure 1.2

In the field and in the lab
Geology involves not only
outdoor fieldwork but work in
the laboratory as well. A. This
research team is gathering
data at Mount Nyiragongo,
an active volcano in the
Democratic Republic of the
Congo. (Carsten Peter/National
Geographic Image Collection/Alamy)
B. This researcher is using a
petrographic microscope to
study the mineral composition
of rock samples. (Photo by Jon
Wilson/Science Source)

Figure 1.3

Tsunami destruction Un-
dersea earthquakes
sometimes create large,
fast-moving ocean waves
that can cause significant
death and destruction in
coastal areas. This tsunami
= struck densely populated
Fukushima, Japan, in 2011,
. causing major damage to a
nuclear power plant. Geo-
logic hazards are natural
processes. They become
hazards only when people
try to live where these

processes occutr. (Photo by
Mainichi Newspaper/Aflo
/Newscom)
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Complicating all environmental issues is rapid world
population growth and everyone's aspiration to a better
standard of living. There is a ballooning demand for
resources and a growing pressure for people to live in g
environments having significant geologic hazards. h ¥

WORLD’S 10 LARGEST METRO AREAS IN 2010
MILLIONS OF CITIZENS

According to the United Nations, more people
live in cities than in rural areas (see GEOgraphics
1.1). This global trend toward urbanization concen-
trates millions of people into megacities, many of
which are vulnerable to natural hazards. Coastal sites
are especially vulnerable because development often
destroys natural defenses such as wetlands and sand
dunes. In addition, threats associated with human
influences on the Earth system are increasing; one
example is sea-level rise linked to global climate
change. Some megacities are exposed to seismic
(earthquake) and volcanic hazards because inap-
propriate land use and poor construction practices,
coupled with rapid population growth, increase the
risk of death and damage.

Resources are another important focus of geology that
is of great practical value to people. They include water
and soil, a great variety of metallic and nonmetallic miner-
als, and energy ( ). Together these form the very
foundation of modern civ 111Zdt10n Geology deals not onl\
with how and where these vital resources form but also with

\ MEXICO GITY HEXICI]

\ NEW YORK, USA
19,430,000

A0 PAULO, BRAZIL
20,260,000

maintaining supplies and with the environmental impacts of
their extraction and use.

Geologic processes clearly have an impact on people.
Conver seh we humans can dramatic: -ally influence geo-
logic processes. For example, landslides and river flood-
ing occur naturally, but the magnitude and frequency of
theqe processes can be affected significantly by human
activities such as clearing forests, bulldmor cities, and
constructing roads and damq Unfor tunatel\ natural
systems do not always adjust to artificial changes in ways
that we can anticipate. Thus, an alteration to the environ-
ment that was intended to benefit society sometimes has
the opposite effect.

At appropriate places throughout this book, you will
examine different aspects of our relationship w jith the
physical environment. Nearly every chapter addresses
some aspect of natural hazards, resources, and the envi-
ronmental issues associated with each. Significant parts
of some chapters provide the basic erloclc knowledge
and principles needed to under stand environmental
problems.
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Mineral resources represent an important link between
people and geology

Each year an average American requires huge quantities of
Earth materials—more than 6 tons of stone, 4.5 tons of sand
and gravel, nearly a half ton of cement, almost 400 pounds of
salt, 360 pounds of phosphate, and about a half ton of other
nonmetals. In addition, per capita consumption of metals such
as iron, aluminum, and copper exceeds 700 pounds. This
open pit copper mine is in southern Arizona. (Ball Miwako/Alamy)

1.1 | Concept Checks

. Name and distinguish between the two broad
subdivisions of geology.

. List at least three different geologic hazards.

. Aside from geologic hazards, describe another
important connection between people and

geology.
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CHAPTER 1 An Introduction to Geology

1.2 | The Development of Geology

Summarize early and modern views on how change occurs on Earth and relate them
to the prevailing ideas about the age of Earth.

The nature of our Earth—its materials and processes—has been a focus of study for centuries.
Writings about such topics as fossils, gems, earthquakes, and volcanoes date back to the early
Greeks, more than 2300 years ago.

Certainly the most influential Greek philosopher was was widely accepted by Europe’s scientific and reli-
Aristotle. Unfortunately, Aristotle’s explanations about gious leaders, and his chronology was soon printed in
the natural world were not based on keen observations the margins of the Bible itself.

and experiments. He arbitrarily stated that rocks were During the seventeenth and eighteenth centuries,
created under the “influence” of the stars and that Western thought about Earth’s features and processes
earthquakes occurred when air crowded into the ground, — was strongly influenced by Ussher’s calculation. The

was heated by central fires, and escaped explosively. result was a guiding doctrine called catastrophism.
When confronted with a fossil fish, he explained that “a Catastrophists believed that Earth’s landscapes were
great many fishes live in the earth motionless and are shaped primarily by great catastrophes. Features such as
found when excavations are made.” Although Aristotle’s mountains and canyons, which today we know take great
explanations may have been adequate for his day, they spans of time to form, were explained as resulting from
continued to be viewed as authoritative for many centu- sudden, often worldwide disasters produced by unknow-
ries, thus inhibiting the acceptance of more up-to-date able causes that no longer operate. This philosophy was

ideas. After the Renaissance of the 1500s, however, more  an attempt to fit the rates of Earth processes to then-
people became interested in finding answers to questions  current ideas about the age of Earth.

about Earth.

. The Birth of Modern Geology
cataStrophlsm Against the backdrop of Aristotle’s views and a concep-
In the mid-1600s James Ussher, Archbishop of tion of an Earth created in 4004 B.C.E., a Scottish phy-
Armagh, Primate of all Ireland, published a major sician and gentleman farmer, James Hutton, published

work that had immediate and profound influences. A Theory of the Earth in 1795. In this work, Hutton put
respected biblical scholar, Ussher constructed a chro- forth a fundamental principle that is a pillar of geology

nology of human and Earth history in which he cal- today: uniformitarianism. It states that the physical,
culated that Earth was only a few thousand years old, chemical, and biological processes that operate today
having been created in 4004 B.C.E. Ussher’s treatise have also operated in the geologic past. This means
SmartFigure 1.5 T ;
ran nyon rock n more than 1.5 hillion rs of Earth history.
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that the forces that we observe presently shaping our
planet have been at work for a very long time. Thus,
to understand ancient rocks, we must first understand
present-day processes and their results. This idea is
commonly stated as the present is the key to the past.

Prior to Hutton’s Theory of the Earth, no one had
effectively demonstrated that geologic processes occur
over extremely long periods of time. However, Hutton
persuasively argued that seemingly small forces can,
over long spans of time, produce effects that are just as
great as those resulting from sudden catastrophic events.
Unlike his predecessors, Hutton carefully cited verifiable
observations to support his ideas.

For example, when Hutton argued that mountains
are sculpted and ultimately destroyed by weathering
and the work of running water, and that their waste
materials are carried to the oceans by observable pro-
cesses, he said, “We have a chain of facts which clearly
demonstrate . . . that the materials of the wasted
mountains have traveled through the rivers” and fur-
ther, “There is not one step in all this progress . . . that
is not to be actually perceived.” He then summarized
this thought by asking a question and immediately pro-
viding the answer: “What more can we require? Noth-
ing but time.”

Geology Today

Today the basic tenets of uniformitarianism are just

as viable as in Hutton’s day. Indeed, we realize more
strongly than ever before that the present gives us insight
into the past and that the physical, chemical, and biologi-
cal laws that govern geologic processes remain unchang-
ing through time. However, we also understand that the
doctrine should not be taken too literally. To say that geo-
logic processes in the past were the same as those occur-
ring today is not to suggest that they have always had the
same relative importance or that they have operated at
precisely the same rate. Moreover, some important geo-
logic processes are not currently observable, but there is
well-established evidence that they occur. For example,
we know that Earth has experienced impacts from large
meteorites even though we have no human witnesses to
those impacts. Nevertheless, such events have altered
Earth’s crust, modified its climate, and strongly influ-
enced life on the planet.

Acceptance of uniformitarianism meant the accep-
tance of a very long history for Earth. Although Earth
processes vary in intensity, they still take a very long time
to create or destroy major landscape features. The Grand
Canyon provides a good example (Figure 1.5).

The rock record contains evidence showing that
Earth has experienced many cycles of mountain building
and erosion (Figure 1.6). Concerning the ever-changing
nature of Earth through great expanses of geologic time,
Hutton famously stated in 1788: “The results, therefore,

1.2 The Development of Geology
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Figure 1.6

Geologic time scale: A basic reference The time scale divides
the vast 4.6-billion-year history of Earth into eons, eras, periods,
and epochs. Numbers on the time scale represent time in mil-
lions of years before the present. The Precambrian accounts
for more than 88 percent of geologic time. The geologic time
scale is a dynamic tool that is periodically updated. Numerical
ages appearing on this time scale are those that were currently
accepted by the International Commission on Stratigraphy (ICS)
in 2014. The color scheme used on this chart was selected
because it is similar to that used by the ICS. The ICS is respon-
sible for establishing global standards for the time scale.
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SmartFigure 1.7
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of our present enquiry is, that we find no vestige of a begin-
ning—no prospect of an end.”

In the chapters that follow, we will examine the
materials that compose our planet and the processes
that modify it. It is important to remember that,
although many features of our physical landscape may
seem to be unchanging over the decades we observe
them, they are nevertheless changing—but on time
scales of hundreds, thousands, or even many millions
of years.

The Magnitude of Geologic Time

Among geology’s important contributions to human
knowledge is the discovery that Earth has a very long and
complex history. Although Hutton and others recognized
that geologic time is exceedingly long, they had no meth-
ods to accurately determine the age of Earth. Early time
scales simply placed the events of Earth history in the
proper sequence or order, without knowing how long ago
in years they occurred.

Today our understanding of radioactivity—and the
fact that rocks and minerals contain certain radioac-
tive isotopes having decay rates ranging from decades
to billions of years—allows us to accurately determine
numerical dates for rocks that represent important
events in Earth’s distant past (Figure 1.6). For example,

Rome rules the
Western world

/ " 12. Dec. 31
11. Dec. 31 (11:59:59.999)
(11:59:57) Turn of the

Columbus arrives millennium

in the New World

we know that the dinosaurs died out about 65 million
years ago. Today geologists put the age of Earth at
about 4.6 billion years. Chapter 9 is devoted to a much
more complete discussion of geologic time and the geo-
logic time scale.

The concept of geologic time is new to many non-
geologists. People are accustomed to dealing with
increments of time measured in hours, days, weeks, and
years. History books often examine events over spans
of centuries, but even a century is difficult to appreci-
ate fully. For most of us, someone or something that is
90 years old is very old, and a 1000-year-old artifact is
ancient.

By contrast, geologists must routinely deal with vast
time periods—millions or billions (thousands of mil-
lions) of years. When viewed in the context of Earth’s
4.6-billion-year history, a geologic event that occurred
100 million years ago may be characterized as “recent”
by a geologist, and a rock sample that has been dated at
10 million years may be called “young.” An appreciation
for the magnitude of geologic time is important in the



study of geology because many processes are so gradual
that vast spans of time are needed before significant
changes occur. How long is 4.6 billion years? If you were
to begin counting at the rate of one number per second
and continued 24 hours a day, 7 days a week and never
stopped, it would take about two lifetimes (150 years) to
reach 4.6 billion! Figure 1.7 provides another interesting
way of viewing the expanse of geologic time. Although
helpful in conveying the magnitude of geologic time,
this figure and other analogies, no matter how clever,
only begin to help us comprehend the vast expanse of
Earth history.

1.3 The Nature of Scientific Inquiry 11

1.2 | Concept Checks

1. Describe Aristotle’s influence on geology.

2. Contrast catastrophism and uniformitarianism.
How did each view the age of Earth?

3. How old is Earth?

4. Refer to Figure 1.6 and list the eon, era, period,
and epoch in which we live.

5. Why is an understanding of the magnitude of

geologic time important for a geologist?

1.3 | The Nature of Scientific Inquiry

Discuss the nature of scientific inquiry, including the construction of hypotheses and

the development of theories.

In our modern society, we are constantly reminded of the benefits derived from science. But what
exactly is the nature of scientific inquiry? Science is a process of producing knowledge, based on
making careful observations and on creating explanations that make sense of the observations.
Developing an understanding of how science is done and how scientists work is an important theme
appearing throughout this book. You will explore the difficulties in gathering data and some of the
ingenious methods that have been developed to overcome these difficulties. You will also see many
examples of how hypotheses are formulated and tested, and you will learn about the evolution and

development of some major scientific theories.

All science is based on the assumption that the natural
world behaves in a consistent and predictable manner
that is comprehensible through careful, systematic study.
The overall goal of science is to discover the underlying
patterns in nature and then use that knowledge to make

predictions about what should or should not be expected,
given certain facts or circumstances. For example, by
knowing how oil deposits form, geologists can predict the
most favorable sites for exploration and, perhaps as impor-
tantly, avoid regions that have little or no potential.

7 EYE ON EARTH 1.1

hese rock layers consist of sediments

such as sand, mud, and gravel that were

deposited by rivers, waves, wind, and
glaciers. The material was buried and eventually
compacted and cemented into solid rock. Later,
erosion uncovered the layers.

QUESTION 1 Can you establish a relative

time scale for these rocks? That is, can you
determine which one of the layers shown here
is likely oldest and which is probably youngest?

QUESTION 2 Explain the logic you used.

e “ 4

St T e

(Photo by David Carriere/AGE Fotostock)
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Figure 1.8
Observation and measure-
ment Scientific data are

gathered in many ways.
(Satellite image by NASA)

An Introduction to Geology

Instruments onboard satellites provide detailed information about the
movement of Antarctica’s Lambert Glacier. Such data are basic to
understanding glacier behavior.
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fit observations other than
those used to formulate them
in the first place. Hypotheses
that fail rigorous testing are
ultimately discarded. The
history of science is littered
with discarded hypotheses.
One of the best known is

the Earth-centered model

of the universe—a proposal
that was supported by the
apparent daily motion of the
Sun, Moon, and stars around
Earth. As mathematician
Jacob Bronowski so ably
stated, “Science is a great
many things, but in the end
they all return to this: Sci-
ence is the acceptance of

The development of new scientific knowledge involves
basic logical processes that are universally accepted. To
determine what is occurring in the natural world, scien-
tists collect data through observation and measurement
(Figure 1.8). The data collected often help answer well-
defined questions about the natural world. Because some
error is inevitable, the accuracy of a particular measure-
ment or observation is always open to question. Never-
theless, these data are essential to science and serve as a
springboard for the development of scientific theories.

Hypothesis

Once data have been gathered and principles have been
formulated to describe a natural phenomenon, investi-
gators try to explain how or why things happen in the
manner observed. They often do this by constructing

a tentative (or untested) explanation, which is called a
scientific hypothesis. It is best if an investigator can for-
mulate more than one hypothesis to explain a given set
of observations. If an individual scientist cannot devise
multiple hypotheses, others in the scientific community
will almost always develop alternative explanations. A
spirited debate frequently ensues. As a result, proponents
of opposing hypotheses conduct extensive research, and
scientific journals make the results available to the wider
scientific community.

Before a hypothesis can become an accepted part
of scientific knowledge, it must pass objective testing
and analysis. If a hypothesis cannot be tested, it is not
scientifically useful, no matter how interesting it might
seem. The verification process requires that predictions
be made, based on the hypothesis being considered, and
that the predictions be tested through comparison with
objective observations. Put another way, hypotheses must

what works and the rejection
of what does not.”

Theory

When a hypothesis has survived extensive scrutiny and
when competing hypotheses have been eliminated, it
may be elevated to the status of a scientific theory. In
everyday speech, we often hear that something is “only a
theory.” But a scientific theory is a well-tested and widely
accepted view that the scientific community agrees best
explains certain observable facts. Some theories that are
extensively documented and extremely well supported
are comprehensive in scope. For example, the theory of
plate tectonics provides a framework for understand-

ing the origins of mountains, earthquakes, and volcanic
activity. Plate tectonics also explains the evolution of the
continents and the ocean basins through time—ideas
that are explored in detail in Chapters 2, 13, and 14.

Scientific Methods

The process just described, in which researchers

gather data through observations and formulate scien-
tific hypotheses and theories, is called the scientific
method. Contrary to popular belief, the scientific
method is not a standard recipe that scientists apply in
a routine manner to unravel the secrets of our natural
world; rather, it is an endeavor that involves creativity and
insight. Rutherford and Ahlgren put it this way: “Invent-
ing hypotheses or theories to imagine how the world
works and then figuring out how they can be put to the
test of reality is as creative as writing poetry, composing
music, or designing skyscrapers.”*

*F. James Rutherford and Andrew Ahligren, Science for All Americans (New
York: Oxford University Press, 1990), p. 7.



There is no fixed path that scientists always follow that
leads unerringly to scientific knowledge. However, many
scientific investigations involve the steps outlined in Figure
1.9. In addition, some scientific discoveries result from
purely theoretical ideas that stand up to extensive exami-
nation. Some researchers use high-speed computers to cre-
ate models that simulate what is happening in the “real”
world. These models are useful when dealing with natural
processes that occur on very long time scales or take place
in extreme or inaccessible locations. Still other scientific
advancements are made when a totally unexpected hap-
pening occurs during an experiment. These serendipitous
discoveries are more than pure luck, for as the nineteenth-
century French scientist Louis Pasteur said, “In the field
of observation, chance favors only the prepared mind.”

Scientific knowledge is acquired through several ave-
nues, so it might be best to describe the nature of scien-
tific inquiry as the methods of science rather than as the
scientific method. In addition, we should always remem-
ber that even the most compelling scientific theories are
still simplified explanations of the natural world.

Plate Tectonics and Scientific Inquiry

This book offers many opportunities to develop and rein-
force your understanding of how science works and, in
particular, how the science of geology works. You will
learn about data-gathering methods and the observational
techniques and reasoning processes used by geologists.
Chapter 2 provides an excellent example. During the
past several decades, we have learned a great deal about
the workings of our dynamic planet. This period has seen
an unequaled revolution in our understanding of Earth.
The revolution began in the early part of the twentieth
century, with the radical proposal of continental drift—
the idea that the continents move about the face of the
planet. This hypothesis contradicted the established view
that the continents and ocean basins are permanent and
stationary features on the face of Earth. For that reason,
the notion of drifting continents was received with great
skepticism and even ridicule. More than 50 years passed
before enough data were gathered to transform this
controversial hypothesis into a sound theory that wove

1.4 | Earth as a System

1.4 Earth as a System
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together the basic processes known to operate on Earth.
The theory that finally emerged, called the theory of plate
tectonics, provided geologists with the first comprehensive
model of Earth’s internal workings.

In Chapter 2, you will not only gain insights into
the workings of our planet, you will also see an excellent
example of the way geologic “truths” are uncovered and
reworked.

1.3

1. How is a scientific hypothesis different from a
scientific theory?

Concept Checks

2. Summarize the basic steps followed in many
scientific investigations.

List and describe Earth’s four major spheres. Define system and explain why Earth is

considered to be a system.

Anyone who studies Earth soon learns that our planet is a dynamic body with many separate but
interacting parts, or spheres. The hydrosphere, atmosphere, biosphere, and geosphere and all of
their components can be studied separately. However, the parts are not isolated. Each is related in
some way to the others, producing a complex and continuously interacting whole that we call the

Earth system.

13

Figure 1.9

Steps frequently followed
in scientific investigations
The diagram depicts

the steps involved in the
process many refer to as
the scientific method.
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Two classic views of Earth
from space (NASA)

An Introduction to Geology

Earth’s Spheres
The images in are considered to be classics
because they let humanity see Earth differently than ever
before. These early views profoundly altered our concep-
tualizations of Earth and remain powerful images decades
after they were first viewed. Seen from space, Earth is
breathtaking in its beauty and startling in its solitude. The
photos remind us that our home is, after all, a planet—
small, self-contained, and in some ways even fragile.

As we look closely at our planet from space, it
becomes apparent that Earth is much more than rock

View called “Earthrise” that greeted
Apollo 8 astronauts as their spacecraft

December; 1968 This{classiclimage)
[g;@@@@aﬂhdﬂmmﬂmtﬁm —

This image taken from Apollo 17 in
December 1972 is perhaps the first to be
called “The Blue Marble.” The dark blue
ocean and swirling cloud patterns remind
us of the importance of the oceans and
atmosphere.

and soil. In fact, among the most conspicuous features

in both views of Earth in Figure 1.10 are swirling clouds

suspended above the surface of the vast global ocean.

These features emphasize the importance of water on our
lanet.

The closer view of Earth from space shown in Figure
1.10 helps us appreciate why the physical environment
is traditionally divided into three major parts: the water
portion of our planet, the hydrosphere; Earth’s gaseous
envelope, the atmosphere; and, of course, the solid Earth,

or geosphere. It needs to be emphasized that our envi-
ronment is highly integrated and not dominated by rock,
water, or air alone. Rather, it is characterized by continu-
ous interactions as air comes in contact with rock, rock
with water, and water with air. Moreover, the biosphere,
which is the totality of all plant and animal life on our
planet, interacts with each of the three physical realms
and is an equally integral part of the planet. Thus, Earth
can be thought of as consisting of four major spheres: the
hydrosphere, atmosphere, geosphere, and biosphere.

The interactions among Earth’s spheres are incal-
culable. provides us with one easy-to-visualize
example. The shoreline is an obvious meeting place for
rock, water, and air. In this scene, ocean waves created
by the drag of air moving across the water are breaking
against the rocky shore.

Hydrosphere Earth is sometimes called the blue
planet. Water, more than anything else, makes Earth
unique. The hydrosphere is a dynamic mass of water
that is continually on the move, evaporating from the
oceans to the atmosphere, precipitating to the land, and
running back to the ocean again. The global ocean is
certainly the most prominent feature of the hydrosphere,
blanketing nearly 71 percent of Earth’s surface to an
average depth of about 3800 meters (12,500 feet). It
accounts for about 97 percent of Earth’s water ( ).
However, the hydrosphere also includes the freshwater
found underground and in streams, lakes, and glaciers.
Moreover, water is an important component of all living
things.

Although these latter sources constitute just a tiny
fraction of the total, they are much more important than
their meager percentages indicates. In addition to provid-
ing the freshwater that is so vital to life on land, streams,
glaciers, and groundwater are responsible for sculpting
and creating many of our planet’s varied landforms.

Atmosphere Earth is surrounded by a life-giving
gaseous envelope called the atmosphere ( ).
When we watch a high-flying jet plane cross the sky,

it seems that the atmosphere extends upward for a
great distance. However, when compared to the thick-
ness (radius) of the solid Earth (about 6400 kilometers
[4000 miles]), the atmosphere is a very shallow layer.
Despite its modest dimensions, this thin blanket of



air is an integral part of the
planet. It not only provides
the air we breathe but also
protects us from the Sun’s
intense heat and dangerous
ultraviolet radiation. The
energy exchanges that con-
tinually occur between the
atmosphere and Earth’s sur-
face and between the atmo-
sphere and space produce
the effects we call weather
and climate. Climate has
a strong influence on the
nature and intensity of
Earth’s external processes.
When climate changes,
these processes respond.

If, like the Moon, Earth

1.4 Earth as a System 15

Figure 1.11

Interactions among Earth’s
spheres The shoreline is
one obvious interface—a
common boundary where
different parts of a system
interact. In this scene at
California’s Montano del Oro
State Park, ocean waves (hy-
drosphere) that were created
by the force of moving air
(atmosphere) break against a
rocky shore (geosphere). The
force of the water can be
powerful, and the erosional
work that is accomplished
can be great. (Photo by Michael

had no atmosphere, our

planet would be lifeless, and

many of the processes and interactions that make the
surface such a dynamic place could not operate. Without
weathering and erosion, the face of our planet might
more closely resemble the lunar surface, which has not
changed appreciably in nearly 3 billion years.

Biosphere The biosphere includes all life on Earth
(Figure 1.14). Ocean life is concentrated in the sunlit sur-
face waters of the sea. Most life on land is also concen-
trated near the surface, with tree roots and burrowing
animals tunneling a few
meters underground and
flying insects and birds
reaching a kilometer or

so into the atmosphere. A
surprising variety of life-
forms are also adapted to
extreme environments.
For example, on the ocean
floor, where pressures are
extreme and no light pen-
etrates, there are places
where vents spew hot,
mineral-rich fluids that
support communities of
exotic life-forms. On land,
some bacteria thrive in
rocks as deep as 4 kilome-
ters (2.5 miles) and in boil-
ing hot springs. Moreover,
air currents can carry
H?icroorgan'isms many Nearly 69% of
kilometers into the atmo- Earth's freshwater
sphere. But even when we is locked up in

Hydrosphere

- Glaciers 1.76%

Berphard E!maier/ S .' ' Jirllis fresh water.

consider these extremes, glaciers. _Science Source

Collier)
life still must be thought of as being confined to a narrow
band very near Earth’s surface.
Plants and animals depend on the physical environ-

ment for the basics of life. However, organisms do not just

respond to their physical environment. Through countless

interactions, life-forms help maintain and alter the physical

environment. Without life, the makeup and nature of the

geosphere, hydrosphere, and atmosphere would be very

different.
Streams, lakes, soil moisture, Figure 1.12 _
atmosphere, etc. account for The water planet Dis-
0.03% (3/100 of 1%) tribution of water in the

‘4 hydrosphere.

Although fresh

@2 groundwater

W represents less
! than 1% of the
hydrosphere, it
accounts for 30%
of all freshwater
and about 96%
of all liquid

Groundwater (spring)

Glaciers
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Image of the atmosphere taken from the space shuttle. The thin streaks,
called noctilucent clouds, are 80 km (50 mi) high. It is in the dense
troposphere that practically all weather phenomena occur.

Noctilucent clouds
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The biosphere The
biosphere, one of Earth’s four
spheres, includes all life.
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Geosphere Beneath the atmo-
sphere and the oceans is the

solid Earth, or geosphere. The
geosphere extends from the sur-
face to the center of the planet, a
depth of nearly 6400 kilometers
(nearly 4000 miles), making it

by far the largest of Earth’s four
spheres. Much of our study of the
solid Earth focuses on the more
accessible surface features. For-
tunately, many of these features
represent the outward expressions
of the dynamic behavior of Earth’s
interior. Examining the most
prominent surface features and
their global extent gives us clues to
the dynamic processes that have
shaped our planet. A first look at
the structure of Earth’s interior
and at the major surface features
of the geosphere comes later in the
chapter.

Soil, the thin veneer of material
at Earth’s surface that supports the
growth of plants, may be thought of
as part of all four spheres. The solid
portion is a mixture of weathered
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his jet is cruising at an altitude of 10 kilometers
(6.2 miles).

QUESTION 1 Refer to the graph in Figure 1.13. What is
the approximate air pressure at the altitude where the jet
is flying?

QUESTION 2 About what percentage of the atmosphere
is below the jet (assuming that the pressure at the
surface is 1000 millibars)?

rock debris (geosphere) and organic matter from decayed
plant and animal life (biosphere). The decomposed and
disintegrated rock debris is the product of weather-

ing processes that require air (atmosphere) and water
(hydrosphere). Air and water also occupy the open spaces
between the solid particles.

Earth System Science

A simple example of the interactions among different
parts of the Earth system occurs every winter and spring,
as moisture evaporates from the Pacific Ocean and sub-
sequently falls as rain in coastal hills and mountains, trig-
gering destructive debris flows. The processes that move
water from the hydrosphere to the atmosphere and then
to the solid Earth have a profound impact on the plants
and animals (including humans) that inhabit the affected
regions (Figure 1.15).
Scientists have recog-
nized that in order to more
fully understand our planet,
they must learn how its indi-
vidual components (land,
water, air, and life-forms)
are interconnected. This
endeavor, called Earth sys-
tem science, aims to study
Earth as a system composed
of numerous interacting
parts, or subsystems. Rather
than look through the lim-
ited lens of only one of the
traditional sciences—geol-
ogy, atmospheric science,
chemistry, biology, and
so on—Earth system sci-
ence attempts to integrate
the knowledge of several

1.4 Earth as a System 17

(Photo by interlight/Shutterstock)

academic fields. Using an interdisciplinary approach,
those engaged in Earth system science attempt to achieve
the level of understanding necessary to comprehend and
solve many of our global environmental problems.

A system is a group of interacting, or interdepen—
dent, parts that form a complex whole. Most of us hear
and use the term system frequently. We may service our
car’s cooling system, make use of the city’s transportation
system, and participate in our political system. A news
report might inform us of an approaching weather system.
Further, we know that Earth is just a small part of a larger
system known as the solar system, which in turn is a sub-
system of an even larger system, the Milky Way Galaxy.

The Earth System

The Earth system has a nearly endless array of subsystems
in which matter is recycled over and over. One familiar

Figure 1.15

Deadly debris flow This
image provides an example
of interactions among dif-
ferent parts of the Earth
system. Extraordinary rains
triggered this debris flow
(popularly called a mud-
slide) on March 22, 2014,
near Oso, Washington. The
mass of mud and debris
blocked the North Fork of
the Stillaguamish River and
engulfed an area of about
2.6 square kilometers (1
square mile). Forty-three

people perished. (Photo by
Michael Collier)
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Figure 1.16

Change is a geologic
constant When Mount

St. Helens erupted in May
1980, the area shown here
was buried by a volcanic
mudflow. Now plants are
reestablished, and new soil
is forming. (Photo by Terry
Donnelly/Alamy Images)

loop or subsystem is the hydrologic cycle. It represents the
unending circulation of Earth’s water among the hydro-
sphere, atmosphere, biosphere, and geosphere. Water
enters the atmosphere through evaporation from Earth’s
surface and transpiration from plants. Water vapor con-
denses in the atmosphere to form clouds, which in turn
produce precipitation that falls back to Earth’s surface.
Some of the rain that falls onto the land infiltrates (soaks
in) to be taken up by plants or become groundwater, and
some flows across the surface toward the ocean.

Viewed over long time spans, the rocks of the geosphere
are constantly forming, changing, and re-forming. The loop
that involves the processes by which one rock changes to
another is called the rock cycle and will be discussed at
some length later in the chapter. The cycles of the Earth
system are not independent of one another; to the contrary,
these cycles come in contact and interact in many places.

The parts of the Earth system are linked so that a
change in one part can produce changes in any or all of
the other parts. For example, when a volcano erupts, lava
from Earth’s interior may flow out at the surface and
block a nearby valley. This new obstruction influences
the region’s drainage system by creating a lake or causing
streams to change course. The large quantities of volca-
nic ash and gases that can be emitted during an eruption
might be blown high into the atmosphere and influence
the amount of solar energy that can reach Earth’s sur-
face. The result could be a drop in air temperatures over
the entire hemisphere.

Where the surface is covered by lava flows or a thick
layer of volcanic ash, existing soils are buried. This causes
soil-forming processes to begin anew to transform the
new surface material into soil (Figure 1.16). The soil that
eventually forms will reflect the interactions among many
parts of the Earth system—the volcanic parent mate-
rial, the climate, and the impact of biological activity. Of
course, there would also be significant changes in the
biosphere. Some organisms and their habitats would be
eliminated by the lava and ash, whereas new settings
for life, such as a lake formed by a lava dam, would be
created. The potential climate change could also impact
sensitive life-forms.

The Earth system is characterized by processes
that vary on spatial scales from fractions of millimeters
to thousands of kilometers. Time scales for Earth’s pro-
cesses range from seconds to billions of years. As we
learn about Earth, it becomes increasingly clear that
despite significant separations in distance or time, many
processes are connected, and a change in one component
can influence the entire system.

The Earth system is powered by energy from two
sources. The Sun drives external processes that occur
in the atmosphere, in the hydrosphere, and at Earth’s
surface. Weather and climate, ocean circulation, and
erosional processes are driven by energy from the Sun.
Earth’s interior is the second source of energy. Heat
remaining from when our planet formed and heat that is
continuously generated by radioactive decay power the



internal processes that produce volcanoes, earthquakes,
and mountains.

Humans are part of the Earth system, a system in
which the living and nonliving components are entwined
and interconnected. Therefore, our actions produce
changes in all the other parts. When we burn gasoline
and coal, dispose of our wastes, and clear the land, we
cause other parts of the system to respond, often in
unforeseen ways. Throughout this book you will learn
about many of Earth’s subsystems, including the hydro-
logic system, the tectonic (mountain-building) system,
the rock cycle, and the climate system. Remember that
these components and we humans are all part of the
complex interacting whole we call the Earth system.

1.5 Origin and Early Evolution of Earth

1.4 | Concept Checks

1. List and briefly describe the four spheres that
constitute the Earth system.

2. Compare the height of the atmosphere to the
thickness of the geosphere.

3. How much of Earth’s surface do oceans cover?
What percentage of Earth’s water supply do
oceans represent?

4. What is a system? List three examples.

5. What are the two sources of energy for the Earth
system?

1.5 | Origin and Early Evolution of Earth

Outline the stages in the formation of our solar system.

Recent earthquakes caused by displacements of Earth’s crust and lavas spewed from active volca-
noes represent only the latest in a long line of events by which our planet has attained its present
form and structure. The geologic processes operating in Earth’s interior can be best understood
when viewed in the context of much earlier events in Earth history.

Origin of Our Solar System

This section describes the most widely accepted views
on the origin of our solar system. The theory described
here represents the most consistent set of ideas we have
to explain what we know about our solar system today.
GEOgraphics 1.2 provides a useful perspective on size
and scale in our solar system. In addition, the origins of
Earth and other bodies of our solar system are discussed
in more detail in Chapters 2 and 24.

The Universe Begins Our scenario begins about 13.7
billion years ago with the Big Bang, an incomprehensibly
large explosion that sent all matter of the universe flying
outward at incredible speeds. In time, the debris from
this explosion, which was almost entirely hydrogen and
helium, began to cool and condense into the first stars
and galaxies. It was in one of these galaxies, the Milky
Way, that our solar system and planet Earth took form.

The Solar System Forms Earth is one of eight plan-
ets that, along with several dozen moons and numerous
smaller bodies, revolve around the Sun. The orderly
nature of our solar system leads researchers to conclude
that Earth and the other planets formed at essentially
the same time and from the same primordial material
as the Sun. The nebular theory proposes that the bodies
of our solar system evolved from an enormous rotating
cloud called the solar nebula (Figure 1.17). Besides the
hydrogen and helium atoms generated during the Big
Bang, the solar nebula consisted of microscopic dust
grains and the ejected matter of long-dead stars. (Nuclear

fusion in stars converts hydrogen and helium into the
other elements found in the universe.)

Nearly 5 billion years ago, this huge cloud of gases
and minute grains of heavier elements began to slowly
contract due to the gravitational interactions among its
particles. Some external influence, such as a shock wave
traveling from a catastrophic explosion (supernova),
may have triggered the collapse. As this slowly spiraling
nebula contracted, it rotated faster and faster for the
same reason ice skaters do when they draw their arms
toward their bodies. Eventually the inward pull of grav-
ity came into balance with the outward force caused by
the rotational motion of the nebula (see Figure 1.17). By
this time, the once-vast cloud had assumed a flat disk
shape with a large concentration of material at its center
called the protosun (pre-Sun). (Astronomers are fairly
confident that the nebular cloud formed a disk because
similar structures have been detected around other
stars.)

During the collapse, gravitational energy was con-
verted to thermal (heat) energy, causing the temperature
of the inner portion of the nebula to dramatically rise.

At these high temperatures, the dust grains broke up

into molecules and extremely energetic atomic particles.
However, at distances beyond the orbit of Mars, tempera-
tures probably remained quite low. At -200°C (-328°F),
the tiny particles in the outer portion of the nebula were
likely covered with a thick layer of frozen water, carbon
dioxide, ammonia, and methane. The disk-shaped cloud
also contained appreciable amounts of the lighter gases
hydrogen and helium.

19
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Nebular theory The nebu-

lar theory explains the for- y I ™ The hirth of our solar
mation of the solar system. . 7 ) system hegan as dust
(https://goo.gl/dRZJBp) _ . and gases (nebula)

collapse.

O

Cooling of the nebular
cloud caused rocks
and metallic material to
condense into tiny
particles.

The Inner Planets Form The formation of the Sun
marked the end of the period of contraction and thus the
end of gravitational heating. Temperatures in the region
where the inner planets now reside began to decline.
This decrease in temperature caused those substances
with high melting points to condense into tiny particles
that began to coalesce (join together). Materials such as
iron and nickel and the elements of which the rock-form-
ing minerals are composed—silicon, calcium, sodium,
and so forth—formed metallic and rocky clumps that
orbited the Sun (see Figure 1.17). Repeated collisions
caused these masses to coalesce into larger asteroid-size
bodies, called planetesimals, which in a few tens of mil-
lions of years accreted into the four inner planets we

call Mercury, Venus, Earth, and Mars ( ). Not
all of these clumps of matter were incorporated into

started to gravitationally

The nebula contracted into
a flattened, rotating disk
that was heated by the
conversion of gravitational
energy into thermal energy.

Repeated collisions caused the\
dust-size particles to graduall
coalesce into-asteroid-size
bodie__s__tha‘t'"accreted into-p
within a few million-years.

the planetesimals. Those rocky and metallic pieces that
remained in orbit are called meteorites when they sur-
vive an impact with Earth.

As more and more material was swept up by the
planets, the high-velocity impact of nebular debris
caused the temperatures of these bodies to rise.
Because of their relatively high temperatures and weak
gravitational fields, the inner planets were unable to
accumulate much of the lighter components of the neb-
ular cloud. The lightest of these, hydrogen and helium,
were eventually whisked from the inner solar system by
the solar wind.

The Outer Planets Develop At the same time that
the inner planets were forming, the larger outer planets
(Jupiter, Saturn, Uranus, and Neptune), along with their
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Figure 1.18

A remnant planetesi-

mal This image of Asteroid
21 Lutetia was obtained by
special cameras aboard
the Rosetta spacecraft on
July 10, 2010. Spacecraft
instruments showed that
Lutetia is a primitive body
(planetesimal) left over
from when the solar system
formed. (NASA)

An Introduction to Geology

extensive satellite systems, were also developing. Because
of low temperatures far from the Sun, the material from
which these planets formed contained a high percent-
age of ices—{rozen water, carbon dioxide, ammonia,

and methane—as well as rocky and metallic debris. The
accumulation of ices partly accounts for the large size
and low density of the outer planets. The two most mas-
sive planets, Jupiter and Saturn, had a surface gravity
sufficient to attract and hold large quantities of even the
lightest elements—hydrogen and helium.

Formation of Earth’s Layered
Structure

As material accumulated to form Earth (and for a short
period afterward), the high-velocity impact of nebular
debris and the decay of radioactive elements caused the
temperature of our planet to steadily increase. During
this time of intense heating, Earth became hot enough
that iron and nickel began to melt. Melting produced
liquid blobs of dense metal that sank toward the center
of the planet. This process occurred rapidly on the
scale of geologic time and produced Earth’s dense,
iron-rich core.

Chemical Differentiation and Earth’s Layers The
early period of heating resulted in another process
of chemical differentiation, whereby melting formed

buoyant masses of molten rock that rose toward the
surface and solidified to produce a primitive crust.
These rocky materials were enriched in oxygen and
“oxygen-seeking” elements, particularly silicon and
aluminum, along with lesser amounts of calcium,
sodium, potassium, iron, and magnesium. In addition,
some heavy metals such as gold, lead, and uranium,
which have low melting points or were highly soluble
in the ascending molten masses, were scavenged from
Earth’s interior and concentrated in the develop-

ing crust. This early period of chemical differentia-
tion established the three basic divisions of Earth’s
interior: the iron-rich core; the thin primitive crust;
and Earth’s largest layer, called the mantle, which is
located between the core and crust.

An Atmosphere Develops An important conse-
quence of the early period of chemical differentia-
tion is that large quantities of gaseous materials were
allowed to escape from Earth’s interior, as happens
today during volcanic eruptions. By this process, a
primitive atmosphere gradually evolved. It is on this
planet, with this atmosphere, that life as we know it
came into existence.

Continents and Ocean Basins Evolve Following
the events that established Earth’s basic structure, the
primitive crust was lost to erosion and other geologic
processes, so we have no direct record of its makeup.
When and exactly how the continental crust—and
thus Earth’s first landmasses—came into existence is
a matter of ongoing research. Nevertheless, there is
general agreement that the continental crust formed
gradually over the past 4 billion years. (The oldest
rocks yet discovered are isolated fragments found

in the Northwest Territories of Canada that have
radiometric dates of about 4 billion years.) In addition,
as you will see in subsequent chapters, Earth is an
evolving planet whose continents and ocean basins
have continually changed shape and even location
during much of this period.

1.5

1. Name and briefly outline the theory that describes
the formation of our solar system.

Concept Checks

2. List the inner planets and outer planets. Describe
basic differences in size and composition.

3. Explain why density and buoyancy were
important in the development of Earth’s layered
structure.
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1.6 | Earth’s Internal Structure

Sketch Earth’s internal structure and label and describe the main subdivisions.

The preceding section outlined how differentiation of material early in Earth’s history resulted in
the formation of three major layers defined by their chemical composition: the crust, mantle, and
core. In addition to these compositionally distinct layers, Earth is divided into layers based on phys-
ical properties. The physical properties used to define such zones include whether the layer is solid
or liquid and how weak or strong it is. Important examples include the lithosphere, asthenosphere,

outer core, and inner core. Knowledge of both chemical and physical layers is important to our SmartFigure 1.19
understanding of many geologic processes, including volcanism, earthquakes, and mountain build- E:E:r:h!sa)i’:t’;s:rgggje
ing. Figure 1.19 shows different views of Earth’s layered structure. on chemical composition
(right side of diagram)
How did we learn about the composition and structure  they move through zones that have different properties. |and physical properties
of Earth’s interior? The nature of Earth’s interior is Monitoring stations around the world detect and record (left side of diagram).
(https://goo.gl/70au1N)

primarily determined by analyzing seismic waves from  this energy. With the aid of computers, these data are )
earthquakes. As these waves of energy penetrate the analyzed and used to build a detailed picture of Earth’s b @ Tutorial

planet, they change speed and are bent and reflected as ~ interior. There is more about this in Chapter 12.

1
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CHAPTER 1

An Introduction to Geology

Earth’s Crust

The crust, Earth’s relatively thin, rocky outer skin, is
of two different types—continental crust and oceanic
crust. Both share the word crust, but the similarity
ends there. The oceanic crust is roughly 7 kilometers
(4.5 miles) thick and composed of the dark igneous rock
basalt. By contrast, the continental crust averages about
35 kilometers (22 miles) thick but may exceed about 70
kilometers (45 miles) in some mountainous regions such
as the Rockies and Himalayas. Unlike the oceanic crust,
which has a relatively homogeneous chemical composi-
tion, the continental crust consists of many rock types.
Although the upper crust has an average composition of
a granitic rock called granodiorite, it varies consider-
ably from place to place.

Continental rocks have an average density of about
2.7 g/em?®, and some have been discovered that are more
than 4 billion years old. The rocks of the oceanic crust
are younger (180 million years or less) and denser (about
3.0 g/cm®) than continental rocks. For comparison, lig-
uid water has a density of 1 g/em?; therefore, the density
of basalt, the primary rock composing oceanic crust, is
three times that of water.

Earth’s Mantle

More than 82 percent of Earth’s volume is contained in
the mantle, a solid, rocky shell that extends to a depth

of about 2900 kilometers (1800 miles). The boundary
between the crust and mantle represents a marked change
in chemical composition. The dominant rock type in the
uppermost mantle is peridotite, which contains minerals
richer in the metals magnesium and iron compared to the
minerals found in either the continental or oceanic crust.

The Upper Mantle The upper mantle extends from
the crust-mantle boundary down to a depth of about 660
kilometers (410 miles). The upper mantle can be divided
into three different parts. The top portion of the upper
mantle is part of the stronger lithosphere, and beneath
that is the weaker asthenosphere. The bottom part of the
upper mantle is called the transition zone.

The lithosphere (“rock sphere”) consists of the
entire crust plus the uppermost mantle and forms Earth’s
relatively cool, rigid outer shell (see Figure 1.19). Averag-
ing about 100 kilometers (60 miles) thick, the lithosphere
is more than 250 kilometers (155 miles) thick below the
oldest portions of the continents. Beneath this stiff layer
to a depth of about 410 kilometers (255 miles) lies a soft,
comparatively weak layer known as the asthenosphere
(“weak sphere”). The top portion of the asthenosphere
has a temperature/pressure regime that results in a small
amount of melting. Within this very weak zone, the litho-
sphere is mechanically detached from the layer below.
The lithosphere thus is able to move independently of the
asthenosphere, a fact we will consider in the next chapter.

It is important to emphasize here that the strength
of various Earth materials is a function of both their

composition and the temperature and pressure of their
environment. You should not get the idea that the entire
lithosphere behaves like a rigid or brittle solid similar
to rocks found on the surface. Rather, the rocks of the
lithosphere get progressively hotter and weaker (more
easily deformed) with increasing depth. At the depth of
the uppermost asthenosphere, the rocks are close enough
to their melting temperature (some melting may actu-
ally occur) that they are very easily deformed. Thus, the
uppermost asthenosphere is weak because it is near its
melting point, just as hot wax is weaker than cold wax.
From about 410 kilometers (255 miles) to about 660
kilometers (410 miles) in depth is the part of the upper
mantle called the transition zone (Figure 1.19). The top
of the transition zone is identified by a sudden increase
in density from about 3.5 to 3.7 g/cm?. This change
occurs because minerals in the rock peridotite respond
to the increase in pressure by forming new minerals with
closely packed atomic structures.

The Lower Mantle From a depth of 660 kilometers (410
miles) to the top of the core, at a depth of 2900 kilometers
(1800 miles), is the lower mantle. Because of an increase
in pressure (caused by the weight of the rock above), the
mantle gradually strengthens with depth. Despite their
strength, however, the rocks in the lower mantle are very
hot and capable of extremely gradual flow.

In the bottom few hundred kilometers of the mantle
is a highly variable and unusual layer called the D" layer
(pronounced “dee double-prime”). The nature of this
boundary layer between the rocky mantle and the hot
liquid iron outer core will be examined in Chapter 12.

Earth’s Core

The core is composed of an iron—nickel alloy with minor
amounts of oxygen, silicon, and sulfur—elements that
readily form compounds with iron. At the extreme pres-
sure found in the core, this iron-rich material has an
average density of nearly 11 g/cm® and approaches 14
times the density of water at Earth’s center.

The core is divided into two regions that exhibit very
different mechanical strengths. The outer core is a lig-
uid layer 2250 kilometers (1395 miles) thick. The move-
ment of metallic iron within this zone generates Earth’s
magnetic field. The inner core is a sphere that has a
radius of 1221 kilometers (757 miles). Despite its higher
temperature, the iron in the inner core is solid due to the
immense pressures that exist in the center of the planet.

1.6 | Concept Checks

1. Name and describe the three major layers defined
by their chemical composition.

2. Contrast the characteristics of the lithosphere
and the asthenosphere.

®

Why is the inner core solid?
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1.7 | Rocks and the Rock Cycle

Sketch, label, and explain the rock cycle.

Rock is the most common and abundant material on Earth. To a curious traveler, the variety seems
nearly endless. When a rock is examined closely, we find that it usually consists of smaller crystals
called minerals. Minerals are chemical compounds (or sometimes single elements), each with its
own composition and physical properties. The grains or crystals may be microscopically small or

easily seen with the unaided eye.

The minerals that compose a rock strongly influ-
ence its nature and appearance. In addition,
a rock’s texture—the size, shape, and/or
arrangement of its constituent minerals—
also has a significant effect on its appear-
ance. A rock’s mineral composition
and texture, in turn, reflect the geo-
logic processes that created it

(Figure 1.20). Such analyses are
critical to understanding our planet.
This understanding also has many
practical applications, includ-

ing finding energy and mineral
resources and solving environmen-
tal problems.

Geologists divide rocks into
three major groups: igneous, sedi-
mentary, and metamorphic. Figure
1.21 provides some examples. As
you will learn, each group is linked
to the others by the processes that
act upon and within the planet.

Earlier in this chapter, you learned that Earth is
a system. This means that our planet consists of many
interacting parts that form a complex whole. Nowhere
is this idea better illustrated than when we examine the
rock cycle (Figure 1.22). The rock cycle allows us to view
many of the interrelationships among different parts of
the Earth system. It helps us understand the origin of
igneous, sedimentary, and metamorphic rocks and to
see that each type is linked to the others by processes
that act upon and within the planet. Consider the rock
cycle to be a simplified but useful overview of physical
geology. Learn the rock cycle well; you will be examin-
ing its interrelationships in greater detail throughout

this book.

The Basic Cycle

Magma is molten rock that forms deep beneath Earth’s sur-
face. Over time, magma cools and solidifies. This process,
called crystallization, may occur either beneath the surface
or, following a volcanic eruption, at the surface. In either
situation, the resulting rocks are called igneous rocks.

If igneous rocks are exposed at the surface, they
undergo weathering, in which the day-in and day-
out influences of the atmosphere, hydrosphere, and

B. Basalt is rich in dark minerals. Rapid
cooling of molten rock at Earth’s
surface is responsible for the rock’s
microscopically small crystals.
Oceanic crust is composed mainly of basalt.

A. The large crystals of light-colored
minerals in granite result from the
slow cooling of molten rock deep
beneath the surface. Granite is
abundant in the continental crust.

biosphere slowly disintegrate and decompose rocks.

The materials that result are often moved downslope by
gravity before being picked up and transported by any
of a number of erosional agents, such as running water,
glaciers, wind, or waves. Eventually these particles and
dissolved substances, called sediment, are deposited.
Although most sediment ultimately comes to rest in the
ocean, other sites of deposition include river floodplains,
desert basins, swamps, and sand dunes.

Next, the sediments undergo lithification, a term
meaning “conversion into rock.” Sediment is usually
lithified into sedimentary rock when compacted by
the weight of overlying layers or when cemented as
percolating groundwater fills the pores with mineral
matter.

If the resulting sedimentary rock is buried deep
within Earth and involved in the dynamics of mountain
building or intruded by a mass of magma, it is subjected
to great pressures and/or intense heat. The sedimentary
rock reacts to the changing environment and turns into
the third rock type, metamorphic rock. When meta-
morphic rock is subjected to additional pressure changes
or to still higher temperatures, it melts, creating magma,
which eventually crystallizes into igneous rock, starting
the cycle all over again.
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Figure 1.20

Two basic rock character-
istics Texture and mineral
composition are basic rock
features. These two
samples are the common
igneous rocks granite (A)

and basalt (B). (Photo A by
geoz/alamy Images; photo B by
Tyler Boyes/Shutterstock)
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Figure 1.21

Three rock groups Geolo-

gists divide rocks into three
groups: igneous, sedimen-

tary, and metamorphic.

An Introduction to Geology

Michael Collier

Sedimentary rocks consist of
particles derived from the
weathering of other rocks.
This layer consists of durahle
sand-size grains of the glassy
mineral quartz that are
cemented into a solid rock.
The grains were once a part
of extensive dunes. This rock
layer, called the Navajo
Sandstone, is prominent in
southern Utah.

Den#is Tasa

Where does the energy that drives Earth’s rock cycle

come from? Processes driven by heat from Earth’s inte-
rior are responsible for creating igneous and metamor-
phic rocks. Weathering and erosion, external processes
powered by energy from the Sun, produce the sediment
from which sedimentary rocks form.

Alternative Paths

The paths shown in the basic cycle are not the only ones
possible. To the contrary, other paths are just as likely to
be followed as those described in the preceding section.
These alternatives are indicated by the light blue arrows
in Figure 1.22.

Igneous rocks form when
molten rock solidifies at the
surface (extrusive) or
beneath the surface
(intrusive). The lava flow in
the foreground is the
fine-grained rock basalt and
came from SP Crater in
northern Arizona.
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The metamorphic rock
pictured here, known as the
Vishnu Schist, is exposed in
the inner gorge of the Grand
Canyon. Its formation is
associated with environments
deep below Earth's surface
where temperatures and
pressures are high and with
the forces associated with
ancient mountain-building
processes that occurred in
Precambrian time.

Rather than being exposed to weathering and
erosion at Earth’s surface, igneous rocks may remain
deeply buried. Eventually these masses may be sub-
jected to the strong compressional forces and high
temperatures associated with mountain building.
When this occurs, they are transformed directly into
metamorphic rocks.

Metamorphic and sedimentary rocks, as well as sedi-
ment, do not always remain buried. Rather, overlying lay-
ers may be stripped away, exposing the once-buried rock.
This exposed material is attacked by weathering processes
and turned into new raw materials for sedimentary rocks.

Although rocks may seem to be unchanging masses,
the rock cycle shows that they are not. The changes,



