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Preface

Foundations of Earth Science, eighth edition, is a college-
level text designed for an introductory course in Earth
science. It consists of seven units that emphasize broad
and up-to-date coverage of basic topics and principles in
geology, oceanography, meteorology, and astronomy. The
book is intended to be a meaningful, nontechnical survey
for undergraduate students who may have a modest sci-
ence background. Usually these students are taking an
Earth science class to meet a portion of their college’s or
university’s general requirements.

In addition to being informative and up-to-date,
Foundations of Earth Science, eighth edition, strives to
meet the need of beginning students for a readable and
user-friendly text and a highly usable tool for learning
basic Earth science principles and concepts.

New and Important Features

This eighth edition is an extensive and thorough revision
of Foundations of Earth Science that integrates improved
textbook resources with new online features to enhance
the learning experience:

* 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 Foundations of Earth Science current, relevant,
and highly readable for beginning students. To that
end, every part of this text has been examined care-
fully. Many discussions, case studies, examples, and
illustrations have been updated and revised.

* SmartFigures that make Foundations much more
than a traditional textbook. Through its many edi-
tions, an important strength of Foundations of Earth
Science 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 (available for iOS and Android), students
can follow hundreds of unique and innovative avenues
that will increase their insight and understanding of
important ideas and concepts. SmartFigures are truly
art that teaches! This eighth edition of Foundations has
more than 200 SmartFigures, of five different types:

1. SmartFigure Tutorials. Each of these 2- to 4-min-
ute features, 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
throughout this new edition are 24 video field trips that
explore classic sites from Iceland to Hawaii. On each
trip you will accompany geologist-pilot-photographer
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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 locations in the American West.
By coupling aerial footage acquired by a drone air-
craft 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 provide 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.

* Revised active learning path. Foundations of Earth
Science is designed for learning. Every chapter begins
with Focus on Concepts. Each numbered learning
objective corresponds to a major section in the chapter.
The statements identify the knowledge and skills stu-
dents should master by the end of the chapter and help
students prioritize key concepts. Within the chapter,
each major section concludes 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 fea-
tures complete the learning path. Concepts in Review
coordinates with the Focus on Concepts at the start of
the chapter and with the numbered sections within the
chapter. It is a readable and concise overview of key
ideas, with photos, diagrams, and questions that also
help students focus on important ideas and test their
understanding of key concepts. Chapters conclude with
Give It Some Thought. The questions and problems
in this section 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 satel-
lite images, dozens of figures are new or have been
redrawn by the gifted and highly respected geosci-
ence illustrator Dennis Tasa. Maps and diagrams are
frequently paired with photographs for greater effec-
tiveness. Further, many new and revised figures have
additional labels that narrate the process being illus-
trated and guide students as they examine the figures.
Overall, the visual program of this text is clear and easy
to understand.

* MasteringGeology™. MasteringGeology delivers
engaging, dynamic learning opportunities—focused
on course objectives and responsive to each student’s
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progress—that have been proven to help students learn

course material and understand difficult concepts.
Assignable activities in MasteringGeology include
SmartFigure (Tutorial, Condor, Animation, Mobile
Field Trip, and 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 more than 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 Foundations of Earth Sci-
ence, eighth edition, MasteringGeology™ offers tools
for use before, during, and after class:

* Before class: Assign adaptive Dynamic Study Mod-
ules and reading assignments {rom the eText with
Reading Quizzes to ensure that students come pre-
pared to class, having done the reading.

° During class: Learning Catalytics, a “bring your own
device” student engagement, assessment, and class-
room intelligence system, allows students to use a
smartphone, tablet, or laptop to respond to questions
in class. With Learning Catalytics, you can assess stu-
dents in real-time, using open-ended question formats
to determine student misconceptions, and adjust lec-
tures accordingly.

° After class: Assign an array of assessment resources
such as Mobile Field Trips, Project Condor videos,
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 including all of the
SmartFigures, geoscience animations, GEODe: Earth
Science tutorials, 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:

* The IRM provides all of the line art, tables, and photos
from the text in .jpg files.

* 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 70 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 ques-
tions, pop quizzes, attendance, and more.

Instructor Manual (Download Only)

The Instructor Manual has been designed to help
seasoned and new professors alike, and it offers the fol-
lowing 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, Concepts in Review, 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 custom-
ized formats. The Test Bank includes approximately
1,200 multiple-choice, matching, and essay questions.
Questions are correlated to Bloom’s Taxonomy, each
chapter’s learning objectives, the Earth Science Literacy
Initiative Big Ideas, 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. www
.pearsonhighered.com/irc

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

Experience, Bringing the Texthook to Life

Using a cutting-edge technology
B called augmented reality, Pearson’s
BouncePages app launches
engaging, interactive videos and animations
that bring textbook pages to life. Use your
mobile device to scan a SmartFigure identified
by the BouncePages icon, and an animation
or video illustrating the SmartFigure’s concept
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.

Download the FREE BP App for iOS
saaco Vigizon LTE 108 AM ¥ & -

. bounce pages 1 Aasuatt @

Prarson BouncePages

Layar BV |i

https://itunes.apple.com/us/app/pearson
-bouncepages/id659370955?mt=8

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

By scanning figures associated with the BouncePages icon, students
will be immediately connected to the digital world and will deepen their
learning experience with the printed text.

SmartFigure 2.31 Confining pressure and
differential stress

w

Download the FREE BP App for Android

Pearson BouncePages
Layer  Caucalior i 2

4 In a depositional
* environment, as confining
pressure increases, rocks
deform by decreasing in
volume.

Increasing

o i . confining
. _ pressure

- -
High confining
pressure

During mountain building, rocks subjected to
differential stress are shortened in the direction
of maximum stress and lengthened in the
direction of minimum stress.
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Bring the Field to YOUR Teaching
and Learning Experience

Olaramide Compression
-l

NEW! SmartFigure: Mobile Field Trips.
Scattered throughout this new edition

of Foundations of Earth Science 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.

l’\( Mobile
Field Trip

NEW! SmartFigure: Condor Videos. Bringing
Physical Geology to life for GenEd students,
three geologists, using a GoPro camera
mounted to a quadcopter, 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
experience in our texts.




Visualize Processes and Tough Topics

Dip-slip fanlt Dip-slip fanlt

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.

Inactive Transform I'au Inactive
lactive) zone

Most transform faults offset
segments of a spreading
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zigzag-appearing plate
margin.
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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.

D0
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o
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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

writes a popular geology blog called Mountain Beltway,
contributes cartoons, travel articles, and book reviews
to EARTH magazine, and is a digital education leader in
the two-year college geoscience community.




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 that
facilitates active learning b i
and allows students to
focus on important ideas
as they pause to assess
their progress at frequent
intervals.

Each chapter section
Concepts in Review, a fresh approach to the typical end- concludes with Concept CONCEPT CHECKS

Checks, a feature that 1. Distinguish between numerical dates and relative
lists questions tied to dates.
the section’s learning 2. Sketch and label five simple diagrams that
objective, allowing illustrate each of the following: superposition,

! . original horizontality, lateral continuity, cross-
students to monitor cutting relationships, and inclusions.
their grasp of significant 3. What is the significance of an unconformity?
facts and ideas. 4. Distinguish among angular unconformity,
[N CONCEPTS IN REVIEW I disconformity, and nonconformity.

Geologic Time

of-chapter material, provides students with a structured
and highly visual review of each chapter. Consistent with
the Focus on Concepts and Concept Checks, the Concepts
in Review is structured around the section title and the
corresponding learning objective for each section.

8.1 A Brief History of Geology 8.3 Fossils: Evidence of Past Life I G Iv E IT s 0 M E T H 0 U G H T
Explain the principle of uniformitarianism and discuss how it difers rom | Define fossil and discuss the conditions that favor the presarvation of
catastrophism. organisms as fossil. List and describe various fossil types.
KEY TERMS: catastrophism, unfformitarianism KEY TERMS: foss, paleontok i . .
sirophis i fass, paleoriology 1 image shows the rock gneiss, a ba- 7. 1f a radioactive isotope of thorium (atomic number 90, mass number

© Early ideas about t of Earth were based on religious traditions "

res in their prope

se- alpha particles and 4 beta particles during the course of
1 third) and explain your logic. i

decay, what are the atomic number and mass number of
the stable daughter product?

s in contact with a layer of sandstone. Using a

bed in this chapte vou might determine
whether the sandstone was depo
the magma that formed the granite
was deposited

ndforms

I's rocks, mountai !
lod o this princile botag called

processes over vast spans of t
uniformitarianism,

®

Ahypothetica
ratio of radioa
as intruded after the sandstone the rock that contains (I\

oactive isotope has a half-life of 10,000 years. If the
table daughter product is 1:3, how old is
oactive material?

©

v
decomposes m‘m"\ in most

8.2 Creating a Time Scale—Relative
Dating Principles 6] ' y

Solve the problems below that relate to the magnitude of Earth his-
tory. To make caleulations e round Earths age to 5 billion

w

“This scenic image is from Monument Valley in the northeastern comer

IR O it satng it oy e descrive how it formed. of Arizona. The bedrock in this region cc a. What percentage of geologic time is represented by recorded his-
dating principles ime sequence. rocks. Although the prominent rock exposus tory? (Assume 5000 years for cl.( length of umnlull..\nm)

i photo are widely separated, we can infer that they rep X
KEY TERMS: numerical cate,relatve date, principe of superpasiton, princiole | 8.4 Correlation of Rock Layers P e D i e that allows nerto soae h b i e
of original horizontaity, principle of ateral continuity, principle of cross-culting of o places can be continuous layer. Discuss the principle that allows us to make this ml\"l\l\'5 million years \\1\ at lxmm age m geologic mm is repre-
relaionships,inclusion, conformabie, unconformiy, angulr unconformi, | matched up inference. by the history of this g ).,mup"

disconformity, nonconformity

IS

of sedimentary rock. The

a. Note the old river
leposited. Above is
rs conformable?

MS: correlation, principle of fossil succession, index fossi, fossil

e ‘The accompanying photo sho
s use to interpret Earth history assemb‘agg

lower layer is shale from the I
channel that was carved into the sh,
a younger layer nl boulder-rich b

* The two types of dates that geolo

s

re de\nled to Precambrian time. By cont
ages) focus on the most recent 23 million
p\g.,ud(mtul to the Holocene Epoch, which

onformitic s the o fecord. may b
d during the relative-

@

Refer to Figure 8.9, which shows the historic angular unconformity at
Scotlands Siccar Point that James Hutton studied in the late 17005
Refer to this photo for the following exercises.

a. Describe in general what occurred to produce this feature.

ast three of Earth’s four spheres could

10,000 years ago.
. Conpre the percentage of ages devated o the Precambrian o

arth system is powered by energy from two sources. How are
urces represented in the ar Point unconformity?

an iple fossis.
© Fossils may be used to establish ancient environmental conditions that
existed when sediment was depsited.

. Suggest some vhy the text seems to have such an unequal
treatment of Earth ]ml()n

e polished stones are called wmmhtln

1 how such objects
e they? Name an-

8.5 Determining Numerical Dates with
Radioactivity

Discuss three types of radioactive decay and explain how radioactive
o] isotopes are used

r———————— s oty s g s i, o, Give It Some Thought (GIST) is found at the end of each
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.

other example of a fosl in this categor:




Continuous Learning Before, During, and

After Class with

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.
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o effectively on their own in
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to indicate their confidence.
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Once completed, Dynamic
Study Modules include
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taken directly from the text.
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NEWT! 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.
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During Class

Engage Students with Learning Catalytics aweriza
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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.
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After Class

Easy-to-Assign, Customizeable, and Automatically Graded Assignments
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NEWT! 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.
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NEW! 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.
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GeoTutor coaching activities help students master
important geologic concepts with highly visual,
kinesthetic activities focused on critical thinking
and application of core geoscience concepts.
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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
explore earth’s physical landscape. Dynamic assess-
ment includes questions related to core concepts. All
explorations include corresponding Google Earth KMZ
media files, and questions include hints and specific
wrong-answer feedback to help coach students toward
mastery of the concepts while improving students’
geospatial skills.
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NEW! GigaPan Activities allow students to Drag che agpecpriae il s buic their reapectivs bins. [ach ivem may Be wassd snly oace.
take advantage of a virtual field experience
with high-resolution picture technology that
has been developed by Carnegie Mellon
University in conjunction with NASA.
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Additional MasteringGeology
assignments available:

» SmartFigures

« Interactive Animations
» Give It Some Thought Activities
» Reading Quizzes

» MapMaster Interactive Maps
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he spectacular eruption of a volcano, the magnificent scenery of a rocky coast, and the

destruction created by a hurricane are all subjects for the Earth scientist. The study of Earth

science deals with many fascinating and practical questions about our environment. What forces

produce mountains? Why is our daily weather so variable? Is climate really changing? How old is
Earth, and how is it related to the other planets in the solar system? What causes ocean tides? What
was the Ice Age like? Will there be another? Can a successful well be located at a particular site?

The subject of this text is Earth science. To understand Earth is not an easy task because our

planet is not a static and unchanging mass. Rather, it is a dynamic body with many interacting parts

and a long and complex history.

@ What Is Earth Science? s

List and describe the sciences that collectively make up Earth science. Discuss the
scales of space and time in Earth science.

Earth science is the name for all the sciences that col-
lectively seek to understand Earth and its neighbors in
space. It includes geology, oceanography, meteorology,
and astronomy. Throughout its long existence, Earth
has been changing. In fact, it is changing as you read
this page and will continue to do so into the foreseeable
future. Sometimes the changes are rapid and violent, as
when severe storms, landslides, and volcanic eruptions
occur. Conversely, many changes take place so gradually
that they go unnoticed during a lifetime. Scales of size
and space also vary greatly among the phenomena stud-
ied in Earth science.

Earth science is often perceived as science that is
performed in the out of doors—and rightly so. A great
deal of an Earth scientist’s study is based on observations
and experiments conducted in the field. But Earth sci-
ence is also conducted in the laboratory, where, for exam-
ple, the study of various Earth materials provides insights
into many basic processes, and the creation of complex
computer models allows for the simulation of our planet’s
complicated climate system. Frequently, Earth scientists
require an understanding and application of knowledge
and principles from physics, chemistry, and biology. Geol-
ogy, oceanography, meteorology, and astronomy are sci-
ences that seek to expand our knowledge of the natural
world and our place in it.

Geology

In this text, Units 1-4 focus on the science of geology,
a word that literally means “study of Earth.” Geology is
traditionally divided into two broad areas: physical and
historical.

Physical geology examines the materials compos-
ing Earth and seeks to understand the many processes

that operate beneath and upon its surface. Earth is a
dynamic, ever-changing planet. Internal processes cre-
ate earthquakes, build mountains, and produce volcanic
structures (Figure 1.1). At the surface, external processes
break rock apart and sculpt a broad array of landforms.
The erosional effects of water, wind, and ice result in a
great diversity of landscapes. Because rocks and minerals
form in response to Earth’s internal and external pro-
cesses, their interpretation is basic to an understanding of
our planet.

In contrast to physical geology, the aim of histori-
cal geology is to understand the origin of Earth and
the development of the planet through its 4.6-billion-
year history (Figure 1.2). It strives to establish an orderly
chronological arrangement of the multitude of physical
and biological changes that have occurred in the geologic
past. The study of physical geology logically precedes the
study of Earth history because we must first understand
how Earth works before we attempt to unravel its past.

Oceanography

Earth is often called the “water planet” or the “blue
planet.” Such terms relate to the fact that more than

70 percent of Earth’s surface is covered by the global
ocean. If we are to understand Earth, we must learn
about its oceans. Unit 5, The Global Ocean, is devoted to
oceanography.

Oceanography is actually not a separate and distinct
science. Rather, it involves the application of all sciences in
a comprehensive and interrelated study of the oceans in all
their aspects and relationships. Oceanography integrates
chemistry, physics, geology, and biology. It includes the study
of the composition and movements of seawater, as well as
coastal processes, seafloor topography, and marine life.



Meteorology

The continents and oceans are surrounded by an atmo-
sphere. Unit 6, Earth’s Dynamic Atmosphere, examines
the mixture of gases that is held to the planet by gravity
and thins rapidly with altitude. Acted on by the com-
bined effects of Earth’s motions and energy from the
Sun, and influenced by Earth’s land and sea surface,
the formless and invisible atmosphere reacts by produc-
ing an infinite variety of weather, which in turn creates
the basic pattern of global climates. Meteorology is the
study of the atmosphere and the processes that produce
weather and climate. Like oceanography, meteorology
involves the application of other sciences in an integrated
study of the thin layer of air that surrounds Earth.

Astronomy

Unit 7, Earth’s Place in the Universe, demonstrates that
an understanding of Earth requires that we relate our
planet to the larger universe. Because Earth is related
to all the other objects in space, the science of astron-
omy—the study of the universe—is very useful in prob-
ing the origins of our own environment. Because we are
so closely acquainted with the planet on which we live,
it is easy to forget that Earth is just a tiny object in a vast
universe. Indeed, Earth is subject to the same physical
laws that govern the many other objects populating the
great expanses of space. Thus, to understand explana-
tions of our planet’s origin, it is useful to learn something

I.1 What Is Earth Science?

Figure 1.1 Volcanic
eruption Molten lava from
Hawaii’s Kilauea volcano
is spilling into the Pacific
Ocean. Internal processes
are those that occur
beneath Earth’s surface.
Sometimes they lead to
the formation of major
features at the surface.
(Photo by Stuart Westmoreland/
Cultura/ Getty Images)

SmartFigure 1.2 Arizona’s
Grand Canyon The
erosional work of the
Colorado River along with
other external processes
created this natural
wonder. For someone
studying historical geology,
hiking down the South
Kaibab Trail in Grand
Canyon National Park is a
trip through time. These
rock layers hold clues to
millions of years of Earth
history. (Photo by Michael
Collier) (http:/goo.gl/7KwQLk)

Mobile
Field Trip



http://goo.gl/7KwQLk

6 Introduction

Figure 1.3 From atoms to
galaxies Earth science
involves investigations of
phenomena that range in
size from atoms to galax-
ies and beyond.

The circumference of
Earth is slightly more
than 40,000 km (nearly
25,000 mi). It would take
a jet plane traveling at
1000 km/hr (620 mi/hr) 40
hours (1.7 days) to circle
the planet.

Introduction to Earth Science

Earth science involves investigations of phenomena that
range in size from the atomic level to those that involve

"

Mountain

about the other members of our solar system. Moreover,
it is helpful to view the solar system as a part of the great
assemblage of stars that comprise our galaxy, which is but
one of many galaxies.

Scales of Space and Time in Earth
Science

When we study Earth, we must contend with a broad
array of space and time scales (Figure 1.3). Some phenom-
ena are relatively easy for us to imagine, such as the size
and duration of an afternoon thunderstorm or the dimen-
sions of a sand dune. Other phenomena are so vast or
so small that they are difficult to imagine. The number
of stars and distances in our galaxy (and beyond!) or the
internal arrangement of atoms in a mineral crystal are
examples of such phenomena.

Some of the events we study occur in fractions of
a second. Lightning is an example. Other processes ex-
tend over spans of tens or hundreds of millions of years.

The lofty Himalaya Mountains began forming about
45 million years ago, and they continue to develop today.

The concept of geologic time, the span of time
since the formation of Earth, is new to many nonscien-
tists. People are accustomed to dealing with increments
of time that are measured in hours, days, weeks, and
years. Our 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, those who study Earth science must
routinely deal with vast time periods—millions or bil-
lions (thousands of millions) of years. When viewed in the
context of Earth’s nearly 4.6-billion-year history, an event
that occurred 100 million years ago may be character-
ized 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 our planet because many pro-
cesses are so gradual that vast spans of time are needed



What if we compress the 4.6 hillion years of
Earth history into a single year?
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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 life-
times (150 years) to reach 4.6 billion!

The previous is just one of many analogies that have
been conceived in an attempt to convey the magnitude
of geologic time. Although helpful, all of them, no matter
how clever, only begin to help us comprehend the vast
expanse of Earth history. Figure 1.4 provides another inter-
esting way of viewing the age of Earth. 3

Over the past 200 years or so, Earth scientists
have developed a geologic time scale of Earth history.
It subdivides the 4.6-billion-year history of Earth
into many different units and provides a meaningful
time frame within which the events of the geologic

it are examined in Chapter 8.

. How old is Earth?

oA

arrived in the New World?

7 Dinosaurs dominate

. If you compress geologic time into a single year,
how much time has elapsed since Columbus
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SmartFigure 1.4
Magnitude of geologic time
(https://goo.gl/odwyUE)
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6. December 15 to 26

7. December 31
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12. Dec. 31
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Turn of the
millennium

past are arranged (see Figure 8.23, page 266). The
geologic time scale and the principles used to develop

@ CONCEPT CHECKS I

. List and briefly describe the sciences that
collectively make up Earth science.
2. Name the two broad subdivisions of geology and
distinguish between them.
. List two examples of size/space scales in Earth
science that are at opposite ends of the spectrum.

The Sun contains 99.86
percent of the mass of
the solar system, and

its circumference is 109
times that of Earth. A jet
plane traveling at 1000
km/hr (620 mi/hr) would
require nearly 182 days to
circle the Sun.


https://goo.gl/odwyUE
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Figure 1.5

(Johnson Space Center/NASA)

The volume of ocean
water is so large that if
Earth’s solid mass were
perfectly smooth (level)
and spherical, the oceans
would cover Earth’s en-
tire surface to a uniform
depth of more than 2000
m (1.2 mi)!
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1.2 | Earth’s Spheres

Describe the four “spheres” that comprise Earth’s natural environment.

The images in Figure 1.5 are considered classics because

they let humanity see Earth differently than ever before.

These early views profoundly altered our conceptual-
izations of Earth and remain powerful images decades
after they were first viewed. Such images remind us that
our home is, after all, a planet—small, self-contained,
and in some ways even fragile. Bill Anders, the Apollo 8

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

astronaut who took the “Earthrise” photo, expressed it
this way: “We came all this way to explore the Moon,
and the most important thing is that we discovered the
Earth.”

As we look closely at our planet from space, it be-
comes clear that Earth is much more than rock and soil.
In fact, the most conspicuous features in Figure I.5A are
not continents but swirling clouds suspended above the
surface and the vast global ocean. These features empha-
size the importance of air and water to our planet.

The closer view of Earth from space shown in
Figure 1.5B helps us appreciate why traditionally the
physmdl environment is divided into three major parts:
the water portion of our planet, called the hydrosphere;

Earth’s gaseous envelope, called the atmosphere; and, of
course, the solid Earth, or geosphere.

It should be emphasized that our environment is
highly integrated and not dominated by water, air, or rock
alone. Rather, it is characterized by continuous interac-
tions as air comes in contact with rock, rock with water,
and water with air. Moreover, the biosphere, the total-
ity of life-forms on our planet, extends into 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, geo-
sphere, and biosphere.

The interactions among Earth’s four spheres are in-
calculably complex. Figure 1.6 provides an easy-to-visualize
example. The shoreline is an obvious meeting place for
rock, water, and air. In this scene, ocean waves that were
created by the drag of air moving across the water are
breaking against the rocky shore. The force of the water
can be powerful, and the erosional work that is accom-

plished can be great.

Hydrosphere

Earth is sometimes called the blue planet. Water, more
than anything else, makes Earth unique. The hydro-
sphere is a dynamic mass of water that is continually
moving, evaporating from the oceans to the atmosphere,
precipitating to the land, and flowing back to the ocean.
The global ocean is certainly the most prominent fea-
ture 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 more than 96 percent of
Earth’s water (Figure 1.7). The hydrosphere also includes
the freshwater found underground and in streams, lakes,
and glaciers. Moreover, water is an imp()rtant component
of all living things.

Although freshwater accounts for just a tiny fraction
of the total, its importance goes beyond supporting life



on land. Streams,
glaciers, and ground-
water are responsible
for sculpturing and
creating many of

our planet’s varied
landforms. Water in
the atmosphere, in
the form of clouds
and water vapor,
plays a critical role in
weather and climate
processes.

Atmosphere

Earth is surrounded
by a life-giving gas-
eous envelope called
the atmosphere
(Figure 1.8). 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 nevertheless an integral part of the planet. It not

Hydrosphere

Groundwater
%

Saline
groundwater
and lakes
0.9%

Berfihard Edmaier/-Science Source Michael Collier

freshwater is locked
up in glaciers.

Freshwater
2.5%

0.

Glaciers and dl = \‘Ib
_ jce sheets Groundwater,

(spting)+
1 I '_..

Nearly 69% of Earth's  Although fresh groundwater
represents less than 1%
of the hydrosphere, it
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Figure 1.6 Interactions
among Earth’s spheres
The shoreline is one obvi-
ous interface—a common
boundary where different
parts of a system interact.
In this scene, ocean waves
(hydrosphere) 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 ero-
sional work that is accom-
plished can be great. (Photo
by Michael Collier)

only provides the air we breathe but also acts to protect
us from the dangerous radiation emitted by the Sun.
The energy exchanges that continually occur between
the atmosphere and Earth’s surface, as well as between
the atmosphere and space, produce the effects we call
weather and climate. Climate has a strong influence on

Figure 1.7 The water
planet Distribution of
water in the hydrosphere.

All other
eshwater

Since the mid-1970s, the
global average surface
temperature has in-
creased by about 0.6°C
(1°F). By the end of the
twenty-first century, the
global average sur-

face temperature may

Streams, lakes, soil
moisture, atmosphere,
etc. account for 0.03%

accounts for 30% of all
freshwater and about 96%
of all liquid freshwater.

(3/100 of 1%)

increase by an additional
2°1t0 4.5°C (3.5° to 8.1°F).
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Figure 1.8 A shallow
layer The atmosphere is
an integral part of the
planet. (NASA)

Figure .9 The bio-
sphere The biosphere,
one of Earth’s four
spheres, includes all life.
A. Tropical rain forests
are teeming with life

and occur in the vicinity
of the equator. (Photo by
Korup Cameroon/AGE Fotostock/
SuperStock) B. Some life
occurs in extreme envi-
ronments such as the
absolute darkness of the
deep ocean. (Photo by Verena
Tunnicliffe/Uvic/Fisheries and
Ocean Canada/Newscom)
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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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and interactions that make Earth’s surface such a dy-
namic place could not operate. Without weathering and
erosion, the face of our planet might more closely re-
semble the surface of the Moon, which has not changed
appreciably in nearly 3 billion years.

the nature and intensity of Earth’s surface processes.
When climate changes, these processes respond.

If, like the Moon, Earth had no atmosphere, our
planet would be lifeless because many of the processes

Biosphere

The biosphere includes all life on Earth (Figure 1.9).
Ocean life is concentrated in the sunlit upper

Tubeworms
— Deep-sea vent

A. Tropical rain forests are characterized
by hundreds of different species per
square kilometer.

| Lk i
B. Microorganisms are nourished by hot, mineral-rich fluids spewing
from vents on the deep-ocean floor. The microbes support larger
organisms such as tube worms.




waters. Most life on land is also concentrated near the
surface; tree roots and burrowing animals reach a few
meters underground, and flying insects and birds mostly
stay within a kilometer or so above the surface (Figure
1.9R). A surprising variety of life-forms are also adapted to
extreme environments. For example, on the deep 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
(Figure 1.9B). On land, some bacteria thrive in rocks as

deep as 4 kilometers (2.5 miles) and in boiling hot springs.

Moreover, air currents can carry microorganisms many
kilometers into the atmosphere. But even when we con-
sider these extremes, 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 more
than just respond to this environment. Through count-
less interactions, life-forms help maintain and alter their

Layering by
Chemical Composition
The left side of this cross section shows

that there are three different layers based
on differences in composition.

Crust
(low density rock —
7-70 km thick)
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physical environment. Without life, the makeup and
nature of the geosphere, hydrosphere, and atmosphere
would be very different.

Geosphere

Lying beneath the atmosphere and the ocean is the solid
Earth, or geosphere, extending from the surface to the
center of the planet, at a depth of nearly 6400 kilometers
(4000 miles)—by far the largest of Earth’s spheres. Much
of our study of the solid Earth focuses on the more ac-
cessible surface and near-surface features, but it is worth
noting that many of these features are linked to the dy-
namic behavior of Earth’s interior. As you can see from
Figure 110, Earth’s interior is layered. The figure shows
that we can think of this layering as being due to differ-
ences in both chemical composition and physical proper-
ties. On the basis of chemical composition, the Earth has
three layers: a dense inner sphere called the core, the

Layering by -
Physical Properties
Layers on the right side are based on

factors such as whether the layer is_
liquid or solid, weak or strong...
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Earth’s layers Structure of
Earth’s interior, based on
chemical composition and
physical properties. (https:/
g00.gl/70aulN)

o
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(solid and rigid
100 km thick)

| Upper
mantle
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We have never sampled
the mantle or core
directly. The structure

of Earth’s interior is
determined by analyz-
ing seismic waves from
earthquakes. As these
waves of energy pen-
etrate Earth’s interior,
they change speed and
are bent and reflected as
they move through zones
having different proper-
ties. Monitoring stations
around the world detect
and record this energy.

Figure .11 Deadly debris
flow This image provides
an example of interac-
tions among different
parts of the Earth system.
Extraordinary rains trig-
gered 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 kilome-
ters (1 square mile). Forty-
three people perished.
(Photo by Michael Collier)
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less dense mantle, and the crust, which is the light and
very thin outer skin of Earth. The crust is not a layer of
uniform thickness. It is thinnest beneath the oceans and
thickest where continents exist. Although the crust may
seem insignificant when compared with the other layers
of the geosphere, which are much thicker, it was created
by the same general processes that formed Earth’s pres-
ent structure. Thus, the crust is important in understand-
ing the history and nature of our planet.

The layering of Earth in terms of physical proper-
ties reflects the way the Earth’s materials behave when
various forces and stresses are applied. The term litho-
sphere refers to the rigid outer layer that includes the
crust and uppermost mantle. Beneath the rigid rocks
that compose the lithosphere, the rocks of the astheno-
sphere are weak and are able to slowly flow in response
to the uneven distribution of heat deep within Earth.

The two principal divisions of Earth’s surface are
the continents and the ocean basins. The most obvious
difference between these two provinces is their relative
levels. The average elevation of the continents above sea
level is about 840 meters (2750 feet), whereas the average
depth of the oceans is about 3800 meters (12,500 feet).

@ Earth as a System

Thus, the continents stand an average of 4640 meters
(about 4.6 kilometers [nearly 3 miles]) above the level of
the ocean floor.

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 rock debris (geosphere) and organic matter
from decayed plant and animal life (biosphere). The de-
composed and disintegrated rock debris is the product of
weathering processes that require air (atmosphere) and
water (hydrosphere). Air and water also occupy the open
spaces between solid particles.

@ CONCEPT CHECKS I
1.

List and briefly define the four “spheres” that
constitute our environment.

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

3. How much of Earth’s surface do oceans cover?
How much of the planet’s total water supply do
oceans represent?

4. Briefly summarize Earth’s layered structure.

5. To which sphere does soil belong?

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,
geosphere, and all of their components can be studied
separately. However, the parts are not isolated. Each is
related in many ways to the others, producing a com-
plex and continuously interacting whole that we call the
Earth system.

A simple example of the interactions among differ-
ent parts of the Earth system occurs every winter and
spring as moisture evaporates from the Pacific Ocean
and subsequently falls as rain in coastal hills and moun-
tains, triggering destructive debris flows (Figure 1.11). The
processes that move water from the hydrosphere to the
atmosphere and then to the geosphere have a profound
impact on the physical landscape and on the plants and




animals (including humans)
that inhabit the affected
regions.

Earth System ®
Science '

Snowmelt i
Scientists have recognized that s -
in order to more fully under-
stand our planet, they must
learn how its individual com-
ponents (land, water, air, and
life-forms) are interconnected.
This endeavor, called Earth
system science, aims to study
Earth as a system composed of
numerous interacting parts, or
subsystems. Rather than look-
ing through the limited lens
of only one of the traditional
sciences—geology, atmospheric science, chemistry, biology,
and so on—Earth system science attempts to integrate the
knowledge of several academic fields. Using an interdisci-
plinary 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 be a participant in the 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 subsystem of an even larger system called the
Milky Way Galaxy.

The Earth System

The Earth system has a nearly endless array of subsys-
tems in which matter is recycled over and over. One
familiar loop, or subsystem, is the hydrologic cycle. Tt
represents the unending circulation of Earth’s water
among the hydrosphere, atmosphere, biosphere, and geo-
sphere (Figure 1.12). Water enters the atmosphere through
evaporation from Earth’s surface and transpiration from
plants. Water vapor condenses 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 sinks in and then is taken up by plants or
becomes groundwater, and some flows across the surface
toward the ocean.

Viewed over long time spans, the rocks of the geo-
sphere are constantly forming, changing, and re-forming.
The loop that involves the processes by which one rock

@aHydrologic C-.y@
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changes to another is called the rock cycle and is dis-
cussed at some length in Chapter 2. The cycles of the
Earth system are not independent of one another. To the
contrary, there are many places where the cycles come in
contact and interact.

The Parts Are Linked 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 surface. 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
the soil-forming processes to begin anew to transform
the new surface material into soil (Figure 1.13). The soil
that eventually forms will reflect the interactions among
many parts of the Earth system—the volcanic parent ma-
terial, 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, and 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.

Time and Space Scales The Earth system is character-
ized by processes that vary on spatial scales from fractions
of millimeters to thousands of kilometers. Time scales for
Earth’s processes range from milliseconds to billions of

13

Figure 1.12 The hydrologic
cycle Earth’s surface
offers temperatures and
pressures that allow water
to change readily among
three states—Iliquid,

gas (water vapor), and
solid (ice). This cycle
traces the movements of
water among Earth’s four
spheres. It is one of many
subsystems that collec-
tively make up the Earth
system.
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Figure .13 Change is a

constant When Mount St.

Helens erupted in May
1980, the area shown

here was buried by a vol-
canic mudflow. Now plants
are reestablished, and new

soil is forming. (Photo by
Terry Donnelly/Alamy)
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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.

Energy for the Earth System The Earth system is
powered by energy from two sources. The Sun drives ex-
ternal processes that occur in the atmosphere, in the hy-
drosphere, 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 radio-
active decay power the internal processes that produce
volcanoes, earthquakes, and mountains.

People and the Earth System 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 text, you will
learn about many of
Earth’s subsystems,
including the hy-
drologic 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.

The organization of this text involves traditional
groupings of chapters that focus on closely related topics.
Nevertheless, the theme of Earth as a system keeps recur-
ring through all major units of this text. It is a thread that
weaves through the chapters and helps tie them together.

@ CONCEPT CHECKS I

1. What is a system? List three examples of systems.

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

3. Predict how a change in the hydrologic cycle,
such as increased rainfall in an area, might
influence the biosphere and geosphere in that
area.

4. Are humans part of the Earth system? Briefly
explain.

Resources and Environmental Issues mmm

Summarize some important connections between people and the physical

environment.

Environment refers to everything that surrounds and
influences an organism. Some of these things are biologi-
cal and social, but others are nonliving. The factors in
this latter category are collectively called our physical
environment. The physical environment encompasses
water, air, soil, and rock, as well as conditions such as
temperature, humidity, and sunlight. The phenomena
and processes studied by the Earth sciences are basic to
an understanding of the physical environment. In this

sense, most of Earth science may be characterized as en-
vironmental science.

However, when the term environmental is applied
to Earth science today, it often refers to relationships
between people and the physical environment. Applica-
tion of the Earth sciences is necessary to understand and
solve problems that arise from these interactions.

We can dramatically influence natural processes. For
example, river flooding is natural, but the magnitude and



1.4 Resources and Environmental Issues 15

Figure .15 Wind energy

is renewable These wind
turbines are operating
near Tehachapi Pass in
Kern County, California.
California was the first
state to develop significant
wind power, but today
Texas is the state with the
greatest installed capacity.
(Photo by Dazzo/Radius Images/
Getty Images)

frequency of flooding can be changed significantly by
human activities such as clearing forests, building cities,
and constructing dams. Unfortunately, natural systems
do not always adjust to artificial changes in ways we can
anticipate. Thus, an alteration to the environment that
was intended to benefit society may have the opposite
effect.

Resources

Resources are an important focus of the Earth sciences
that is of great value to people. Resources include water
and soil, a great variety of metallic and nonmetallic
minerals, and energy. Together, they form the very
foundation of modern civilization. The Earth sciences
deal not only with the formation and occurrence of these
vital resources but also with maintaining supplies and the
environmental impact of their extraction and use.

Few people who live in highly industrialized nations
realize the quantity of resources needed to maintain
their present standard of living. Figure 1.14 shows the an-
nual per capita consumption of energy resources and
several important metallic and nonmetallic mineral

Metallic Resources

i |
|'.l 1 6 kg (13 Ibs)

35 kg (77 Ibs) 6 kg (14 Ibs) Manganese

resources for the United States. This is each person’s

Aluminum Lead
1 I"l prorated share of the materials required by industry to
249 kg (553 Ibs) 11kg(251bs) 5kg (111bs) 9 kg (20 Ibs) provide the vast array of products modern society de-
Iron Copper Zinc Other metals mands. Figures for other highly industrialized countries

are comparable.

Resources are commonly divided into two broad
categories. Some are classified as renewable, which
means that they can be replenished over relatively short
time spans. Common examples are plants and animals for
food, natural fibers for clothing, and forest products for

Nonmetallic Resources

360 k (790 Ibs) lumber and paper. Energy from flowing water, wind, and
Cement the Sun is also considered renewable (Figure 1.15).
5713 kg (12695 Ibs) 4025 kg (8945 Ibs) By contrast, many other basic resources are classified

Stone Sand and gravel

as nonrenewable. Important metals such as iron, alu-
minum, and copper fall into this category, as do our most
important fuels: oil, natural gas, and coal. Although these

137 kg (304 Ibs) 178 kg (395 Ibs) 162 kg (361 Ibs) 302 kg (672 Ibs) and other resources continue to form, the processes that

Clays Salt Phosphate rock Other nonmetals create them are so slow that significant deposits take mil-
lions of years to accumulate. In essence, Earth contains
Energy Resources fixed quantities of these substances. When the present
- - supplies are mined or pumped from the ground, there
” IIT will be no more. Although some nonrenewable resources,
such as aluminum, can be used over and over again, oth-

3500 kg (7700 Ibs) 3700 kg (8140 Ibs) 3850 kg (8470 Ibs)

Petroleum Coal Nt ers, such as oil, cannot be recycled.

How long will the remaining supplies of basic re-
5 ' . o
Figure 114 How much do each of us use? The annual per sources last? How long can we sustain the rising standard

capita consumption of nonmetallic and metallic resources of living in t(?day’s industrial COuI.ItI'ies aT‘d still provide
for the United States is about 11,000 kilograms (12 tons). for the growing needs of developing regions? How much

About 97 percent of the materials used are nonmetallic. The ~ environmental deterioration are we willing to accept in
per capita use of oil, coal, and natural gas exceeds 11,000 pursuit of basic resources? Can alternatives be found? If

kilograms. (U.S. Geological Survey) we are to cope with an increasing demand and a growing
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Figure 1.16 People
influence the atmosphere
Smoke bellows from a
coal-fired electricity-
generating plant in New
Delhi, India, in June
2008. In addition to
smoke, this power plant
also emits gases such as
sulfur dioxide and carbon
dioxide that contribute to
air pollution and global
climate change. (Photo by
Gurinder Osan/AP Images)

Figure 1.17 Tsunami
destruction Undersea
earthquakes sometimes
create large, fast-moving
ocean waves that can
cause significant death
and destruction in coastal
areas. Natural hazards are
natural processes. They
become hazards only when
people try to live where
these processes occur.
(Photo by Mainichi Newspaper/
Aflo/Newscom)

world population, it is important that we have some un-
derstanding of our present and potential resources.

Environmental Problems

In addition to the quest for adequate mineral and energy
resources, the Earth sciences must also deal with a broad
array of environmental problems. Some are local, some
are regional, and still others are global in extent. Serious
difficulties face developed and developing nations alike.
Urban air pollution, the disposal of toxic wastes, and
global climate change are just a few that pose significant
threats (Figure 1.16). Other problems involve the loss of fer-
tile soils to erosion and the contamination and depletion
of water resources. The list continues to grow.

In addition to human-induced and human-accen-
tuated problems, people must also cope with the many
natural hazards posed by the physical environment.
Earthquakes, landslides, volcanic eruptions, floods, and
hurricanes are just five of the many risks (Figure 1.17).
Others, such as drought, although not as spectacular, are
nevertheless equally important environmental concerns.
It should be emphasized that natural hazards are natural
phenomena that only become hazards when people try
to live where these phenomena occur. In many cases, the
threat of natural hazards is aggravated by increases in
population as more people crowd into places where an
impending danger exists.

Complicating all environmental issues is rapid world
population growth and everyone’s aspiration to a better
standard of living. This means ballooning demand for
resources and growing pressure for people to dwell in




environments having significant natural hazards. There-
fore, an understanding of Earth is essential not only for
the location and recovery of basic resources but also for
dealing with the human impact on the environment and
minimizing the effects of natural hazards. Knowledge
about our planet and how it works is necessary to our sur-
vival and well-being. Earth is the only suitable habitat we
have, and its resources are limited.

The Nature of Scientific Inquiry m———
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' CONCEPT CHECKS I—

. Define physical environment.

2. Distinguish between renewable and nonrenewable
resources. What are some examples of each?

3. List at least four phenomena that can be
regarded as natural hazards.

Discuss the nature of scientific inquiry and distinguish between a

hypothesis and a theory.

As members of a modern society, we are constantly re-
minded of the benefits derived from science. But what
exactly is the nature of scientific inquiry? Science is a
process of producing knowledge. The process depends
both on making careful observations and on creating
explanations that make sense of the observations. De-
veloping an understanding of how science is done and
how scientists work is an important theme that appears
throughout this text. 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 examples of how hypotheses are formulated
and tested, as well as learn about the evolution and devel-
opment of some major scientific theories.

All science is based on the assumption that the natu-
ral world behaves in a consistent and predictable manner
that is comprehensible through careful, systematic study.
The overall goal of science is to discover the underly-
ing patterns in nature and then to use this knowledge
to make predictions about what should or should not
be expected, given certain facts or circumstances. For
example, by understanding the processes and conditions

that produce certain cloud types, meteorologists are
often able to predict the approximate time and place of
their formation.

The development of new scientific knowledge in-
volves some basic logical processes that are universally
accepted. To determine what is occurring in the natural
world, scientists collect scientific data through observa-
tion and measurement (Figure 1.18). The types of data that
are collected often seek to answer a well-defined ques-
tion about the natural world. Because some error is in-
evitable, the accuracy of a particular measurement or ob-
servation is always open to question. Nevertheless, these
data are essential to science and serve as the springboard
for the development of scientific theories.

Hypothesis

Once data have been gathered and principles have been

formulated to describe a natural phenomenon, investiga-
tors try to explain how or why things happen in the man-
ner observed. They often do this by constructing a tenta-
tive (or untested) explanation, which is called a scientific

Instruments ahoard satellites provide detailed information aboutithe
movement of Antarctica’s Lambert Glacier. Such data are hasic to)
understanding glacier behavior.

Ice Velocity (m/year)
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It took until about the
year 1800 for the world
population to reach 1
billion people. By 1927,
the number doubled to 2
billion. According to U.N.
estimates, world popula-
tion reached 7 billion in
late October 2011 and
stood at nearly 7.4 billion
in 2015. We are currently
adding about 80 million
people per year to the
planet.

Figure 1.18 Observation
and measurement
Gathering data and making
careful observations are
basic parts of scientific
inquiry. Scientific data are
gathered in many ways.

A. Instruments onboard
satellites provide data

that often is not available
from any other source.
(NASA) B. Earth science
involves not only outdoor
fieldwork but work in the
laboratory. This researcher
is using a special
microscope to study the
mineral composition of
rock samples that were
collected by researchers in
the field. (Photo by Jon Wilson/
Science Source)
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A scientific law is a basic
principle that describes
a particular behavior of
nature that is generally
narrow in scope and can
be stated briefly—often
as a simple mathemati-
cal equation. Because
scientific laws have been
shown time and time
again to be consistent
with observations and
measurements, they are
rarely discarded. Laws
may, however, require
modifications to fit new
findings.

Figure 1.19 Steps fre-
quently followed in sci-
entific investigations The
diagram depicts the steps
involved in the process

many refer to as the scien-

tific method.

Introduction to Earth Science

hypothesis. It is best if an investigator can formulate
more than one hypothesis to explain a given set of obser-
vations. If an individual scientist is unable to devise mul-
tiple hypotheses, others in the scientific community will
almost always develop alternative explanations. A spirited
debate frequently ensues. As a result, extensive research
is conducted by proponents of opposing hypotheses, and
the results are made available to the wider scientific com-
munity in scientific journals.

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 by comparing them against
objective observations of nature. Put another way, hy-
potheses must fit observations other than those used to
formulate them in the first place. Those hypotheses that
fail rigorous testing are ultimately discarded. The his-
tory 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 the mathematician Jacob Bronowski so ably stated,
“Science is a great many things, but in the end they all
return to this: Science is the acceptance of what works
and the rejection of what does not.”

Theory

When a hypothesis has survived extensive scrutiny and
when competing ones have been eliminated, a hypothesis

Raise a question ahout
the natural world

<=

Background research: collect scientific
data that relate to the question

<

may answer the question

<

[ Construct a hypothesis that

Develop observations and/or
experiments that test the hypothesis

Try again

<

e

Results partially support or
do not support hypothesis

Results support
hypothesis

¥

Share with scientific community for
critical evaluation and additional testing

may be elevated to the status of a scientific theory. In ev-
eryday language we may say, “That’s 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 docu-
mented and extremely well supported are comprehensive
in scope. One example is the nebular theory discussed

in Chapter 15, which explains the formation of our solar
system. Another, called the theory of plate tectonics,
provides the framework for understanding the origin of
mountains, earthquakes, and volcanic activity—ideas
that are explored in some detail in Chapters 5, 6, and 7.

Scientific Methods

The process just described, in which researchers gather
data through observations and formulate scientific hy-
potheses 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 but an endeavor
that involves creativity and insight. Rutherford and Ahl-
gren put it this way: “Inventing 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 writ-
ing poetry, composing music, or designing skyscrapers.”®

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 1.19. In addition, some scientific discoveries
result from purely theoretical ideas that stand up to ex-
tensive examination. Some researchers use high-speed
computers to create models that simulate what is hap-
pening in the “real” world. These models are useful when
dealing with natural processes that occur on very long
time scales or that take place in extreme or inaccessible
locations. Still other scientific advancements are made
when a totally unexpected happening 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 av-
enues, 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.

@ CONCEPT CHECKS I

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

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

“F. James Rutherford and Andrew Ahlgren, Science for All Americans
(New York: Oxford University Press, 1990), p. 7.
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I CONCEPTS IN REVIEW e

I.1 What Is Earth Science?

List and describe the sciences that collectively make up Earth science.
Discuss the scales of space and time in Earth science.

KEY TERMS: Earth science, geology, oceanography, meteorology, astronomy,
geologic time

® Earth science includes geology, oceanography, meteorology, and
astronomy.

® There are two broad subdivisions of geology. Physical geology studies
Earth materials and the internal and external processes that create and
shape Earth’s landscape. Historical geology examines Earth’s history.

® The other Earth sciences seek to understand the oceans, the
atmosphere’s weather and climate, and Earth’s place in the universe.

® Earth science must deal with processes and phenomena that vary from

the subatomic scale of matter to the nearly infinite scale of the universe.

® The time scales of phenomena studied in Earth science range from tiny
fractions of a second to many billions of years.

® Geologic time, the span of time since the formation of Earth, is about
4.6 billion years, a number that is difficult to comprehend.

1.2 Earth’s Spheres

Describe the four “spheres” that comprise Earth’s natural environment.

KEY TERMS: hydrosphere, atmosphere, biosphere, geosphere, core, mantle,
crust, lithosphere, asthenosphere

® Earth’s physical environment is
traditionally divided into three
major parts: the solid Earth,
called the geosphere; the water
portion of our planet, called the
hydrosphere; and Earth’s gaseous
envelope, called the atmosphere.

® A fourth Earth sphere is the
biosphere, the totality of life
on Earth. It is concentrated
in a relatively thin zone that
extends a few kilometers into
the hydrosphere and geosphere
and a few kilometers up into the
atmosphere.

® Of all the water on Earth, more ~—0D.
than 96 percent is in the oceans,
which cover nearly 71 percent of
the planet’s surface.
5150 km
@ The diagram represents Earth’s
layered structure. Is it showing layer- <—E.
ing based on physical properties or
layering based on composition? Iden- 6371 km

tify the lettered layers.

1.3 Earth as a System

Define system and explain why Earth is considered to be a system.
KEY TERMS: Earth system, Earth system science, system

® Although each of Earth’s four spheres can be studied separately, they are
all related in a complex and continuously interacting whole that is called
the Earth system.

® Earth system science uses an interdisciplinary approach to integrate the
knowledge of several academic fields in the study of our planet and its
global environmental problems.

® The two sources of energy that power the Earth system are (1) the
Sun, which drives the external processes that occur in the atmosphere,
hydrosphere, and at Earth’s surface, and (2) heat from Earth’s
interior, which powers the internal processes that produce volcanoes,
earthquakes, and mountains.

® People are part of the Earth system; our actions can cause changes in all
the other parts.

@ Give a specific example of how people are affected by the Earth system and
another example of how humans affect the Earth system.

1.4 Resources and Environmental Issues

Summarize some important connections between people and the physical
environment.

KEY TERMS: physical environment, renewable resource, nonrenewable
resource, natural hazard

® Environment refers to everything that surrounds and influences an
organism. Nonliving components, such as air, water, soil, and rock are
collectively called the physical environment.

® Important relationships between people and the environment
include the quest for resources, the impact of people on the natural
environment, and the effects of natural hazards.

® Two broad categories of resources are (1) renewable, which means
that they can be replenished over relatively short time spans, and
(2) nonrenewable.

@ As the photo reminds us, large quantities of aluminum are recycled. Does
this mean that aluminum is a renewable resource? Explain.

Courtney Weber/Alamy
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1.5 The Nature of Scientific Inquiry

Discuss the nature of scientific inquiry and distinguish between a
hypothesis and a theory.

KEY TERMS: hypothesis, theory, scientific method

® Scientists make careful observations, construct tentative explanations
for those observations (hypotheses), and then test those hypotheses with

W GIVE IT SOME THOUGHT e

1. Is glacial ice part of the geosphere, or does it belong to the hydro-

sphere? Explain your answer.

Michael Collier

2. The average distance between Earth and the Sun is 150 million kilo-
meters (93 million miles). About how long would it take a jet plane
traveling from Earth at 1000 kilometers (620 miles) per hour to reach
the Sun?

field investigations and laboratory work. In science, a theory is a well-
tested and widely accepted explanation that the scientific community
agrees best fits certain observable facts.

® As failed hypotheses are discarded, scientific knowledge moves closer
to a correct understanding, but we can never be fully confident that we
know all the answers. Scientists must always be open to new information
that forces change in our model of the world.

3. This scene is in British Columbia’s Mount Robson Provincial Park.
The park is named for the highest peak in the Canadian Rockies. List
examples of features associated with each of Earth’s four spheres.
Which, if any, of these features was created by internal processes?
Describe the role of external processes in this scene.

Michael Wheatley/AGE Fotostock

4. Humans are part of the Earth system. List at least three examples of
how you, in particular, influence one or more of Earth’s major spheres.

5. Examine Figure 1.7 to answer these questions.
a. Where is most of Earth’s freshwater stored?
b. Where is most of Earth’s liquid freshwater found?

6. Refer to the graph in Figure 1.8 to answer the following questions.

a. If you were to climb to the top of Mount Everest, how many
breaths of air would you have to take at that altitude to equal one
breath at sea level?

b. If you were flying in a commercial jet at an altitude of 12 kilome-
ters (about 39,000 feet), about what percentage of the atmosphere
would be below the plane?



Give It Some Thought 21

7. The accompanying photo provides an example of interactions among 8. Asyou enter a dark room, you turn on a
different parts of the Earth system. It is a view of a mudflow that was wall switch, but the ceiling light does not
triggered by extraordinary rains. Which of Earth’s four “spheres” were come on. Formulate at least three hypoth-
involved in this natural disaster that buried a small town on the Philip- eses that might explain this observation.
pine island of Leyte? Describe how each contributed to the mudflow. Once you have formulated your hypoth-

eses, what should be your next step?

Pat Rodue/AP Images-
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EARTH MATERIALS

FOCUS ON CONCEPTS

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 List the main characteristics that an Earth
material must possess to be considered a
mineral and describe each characteristic.

1.2 Compare and contrast the three primary
particles contained in atoms.

1.3 Distinguish among ionic bonds, covalent
bonds, and metallic bonds.

1.4 List and describe the properties used in
mineral identification.

1.5 List the common silicate and nonsilicate
minerals and describe what characterizes
each group.

The Cave of Crystals, Chihuahua, Mexico, contains giant gypsum
crystals, some of the largest natural crystals ever found.
(Photo by Carsten Pete/Speleoresearch & Films/Getty Images)
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Archaeologists discov-
ered that more than 2000
years ago, the Romans
transported water in lead
pipes. In fact, Roman
smelting of lead and
copper ores between
500 B.c. and A.p. 300
caused a small rise in at-
mospheric pollution that
was recorded in Green-
land ice cores.

Figure 1.1 Quartz crystals
A collection of well-
developed quartz crystals
found near Hot Springs,
Arkansas. (Photo by Jeffrey
A. Scovil)

arth’s crust and oceans are home to a wide variety of useful and essential minerals. Most

people are familiar with the common uses of many basic metals, including aluminum in bever-

age cans, copper in electrical wiring, and gold and silver in jewelry. But some people are not

aware that pencil “lead” contains the greasy-feeling mineral graphite and that bath powders
and many cosmetics contain the mineral talc. Moreover, many do not know that dentists use drill bits
impregnated with diamonds to drill through tooth enamel. In fact, practically every manufactured prod-
uct contains materials obtained from minerals.

In addition to the economic uses of rocks and minerals, every geologic process in some way de-
pends on the properties of these basic Earth materials. Events such as volcanic eruptions, mountain
building, weathering and erosion, and even earthquakes involve rocks and minerals. Consequently, a
basic knowledge of Earth materials is essential to understanding all geologic phenomena.

Minerals: Building Blocks of Rocks mummmmsnn

List the main characteristics that an Earth material must possess to be considered a
mineral and describe each characteristic.

with tin to make bronze, a strong, hard alloy. Later, a
process was developed to extract iron from minerals such
as hematite—a discovery that marked the decline of the
Bronze Age. During the Middle Ages, mining of a vari-
ety of minerals became common, and the impetus for the
formal study of minerals was in place.

The term mineral is used in several different ways.
For example, those concerned with health and fitness
extol the benefits of vitamins and minerals. The min-
ing industry typically uses the word mineral to refer to
anything extracted from Earth, such as coal, iron ore, or
sand and gravel. The guessing game Twenty Questions
usually begins with the question Is it animal, veg-
etable, or mineral? What criteria do geologists
use to determine whether something is a
mineral (Figure 1.1)?

We begin our discussion of Earth materials with an
overview of mineralogy (mineral = mineral, ology =
study of) because minerals are the building blocks of
rocks. In addition, humans have used minerals for both
practical and decorative purposes for thousands of years.
For example, the common mineral quartz is the source
of silicon for computer chips. The first Earth materials
mined were flint and chert, which humans fashioned
into weapons and cutting tools. As early as 3700 B.C.E.,
Egyptians began mining gold, silver, and copper. By 2200
B.C.E., humans had discovered how to combine copper

.
N Defining a Mineral
. Geologists define mineral as any
naturally occurring inorganic
solid that possesses an orderly
crystalline structure and a defi-
nite chemical composition that al-
lows for some variation. Thus, Earth
materials that are classified as minerals
exhibit the following characteristics:

Naturally occurring. Minerals form
by natural geologic processes. Synthetic
materials, meaning those produced in a
laboratory or by human intervention, are
not considered minerals.

24
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Figure 1.2 Arrangement of
B. Basic huilding sodium and chloride ions
block of the in the mineral halite The
. mineral halite. arrangement of atoms
(ions) into basic building
blocks that have a cubic
shape results in regularly

shaped cubic crystals.
(Photo by Dennis Tasa)

2. Generally inorganic. Inorganic crystal-
line solids, such as ordinary table
salt (halite), that are found natu-
rally in the ground are considered
minerals. (Organic compounds, .
on the other hand, are generally
not. Sugar, a crystalline solid A. Sodium and chlorine ions.
like salt but extracted from
sugarcane or sugar beets, is a
common example of such an
organic compound.) Many ma-
rine animals secrete inorganic
compounds, such as calcium
carbonate (calcite), in the
form of shells and coral
reefs. If these materials
are buried and become
part of the rock record,
geologists consider them 1
minerals. D. Crystals of the mineral halite. C. Collection of hasic huilding

3. Solid substance. Only blocks (crystal).
solid crystalline substances are considered minerals.

Ice (frozen water) fits this criterion and is considered ~ minerals. The term aggregate implies that the minerals

The purity of gold is
expressed by the number
of karats. Twenty-four
karats is pure gold. Gold

a mineral, whereas liquid water and water vapor do are joined in such a way that their individual proper- )
not. ties are retained. Note that the different minerals that | 5 tha.n 24 karats is an
4. Orderly crystalline structure. Minerals are make up granite can be easily identified. However, alloy (mixture) of gold
crystalline substances, made up of atoms (or ions) some rocks are composed almost entirely of one min- and another mgtal, usu-
that are arranged in an orderly, repetitive manner eral. A common example is the sedimentary rock lime- ally copper or silver. For
(Figure 1.2). This orderly packing of atoms is reflected  stone, which is an impure mass of the mineral calcite. example, 14-karat gold
in regularly shaped objects called crystals. Some In addition, some rocks are composed of non- contains 4 parts ggld
naturally occurring solids, such as volcanic glass mineral matter. These include the volcanic rocks (by weight) mixed with 10

(obsidian), lack a repetitive atomic structure and are  obsidian and pumice, which are noncrystalline glassy parts of other metals.

not considered minerals.
5. Definite chemical composition that allows for Granite
some variation. Most minerals are chemical com- (Rock)
pounds having compositions that can be expressed
by a chemical formula. For example, the common
mineral quartz has the formula SiO,, which indicates
that quartz consists of silicon (Si) and oxygen (O)
atoms, in a 1:2 ratio. This proportion of silicon to
oxygen is true for any sample of pure quartz, regard-
less of its origin. However, the compositions of some
minerals vary within specific, well-defined limits.
This occurs because certain elements can substitute
for others of similar size without changing the min-
eral’s internal structure.

SmartFigure 1.3 Most
rocks are aggregates of
minerals Shown here is a
hand sample of the igne-
ous rock granite and three
of its major constituent
minerals. (Photos by E. J.
Tarbuck) (https://goo.gl/7cZXyr)

What Is a Rock?

In contrast to minerals, rocks are more loosely
defined. Simply, a rock is any solid mass of
mineral, or mineral-like, matter that oc-

curs naturally as part of our planet. Most |
rocks, like the sample of granite shown in Quartz Homblende Feldspar
Figure 1.3, occur as aggregates of several different (Mineral) (Mineral) (Mineral)
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Figure 1.4 Two models

of an atom A. Simplified
view of an atom having a
central nucleus composed
of protons and neutrons,
encircled by high-speed
electrons. B. This model of
an atom shows spherically
shaped electron clouds
(shells) surrounding a cen-
tral nucleus. The nucleus
contains virtually all of
the mass of the atom. The
remainder of the atom is
the space occupied by
negatively charged elec-
trons. (The relative sizes
of the nuclei shown are
greatly exaggerated.)

Matter and Minerals

substances, and coal, which consists of solid organic
debris.

Although this chapter deals primarily with the na-
ture of minerals, keep in mind that most rocks are simply
aggregates of minerals. Because the properties of rocks
are determined largely by the chemical composition and
crystalline structure of the minerals contained within
them, we will first consider these Earth materials.

CONCEPT CHECKS I

1. List five characteristics of a mineral.

2. Based on the definition of mineral, which of the
following—gold, liquid water, synthetic diamonds,
ice, and wood—are not classified as minerals?

3. Define the term rock. How do rocks differ from
minerals?

Atoms: Building Blocks of Minerals s

Compare and contrast the three primary particles contained in atoms.

When minerals are carefully examined, even under opti-
cal microscopes, the innumerable tiny particles of their
internal structures are not visible. Nevertheless, scientists
have discovered that all matter, including minerals, is

smallest particles that cannot be chemically split. Atoms,
in turn, contain even smaller particles—protons and
neutrons located in a central nucleus that is surrounded
by electrons (Figure 1.4).

Properties of Protons, Neutrons,
and Electrons

Protons and neutrons are very dense particles with al-
most identical masses. By contrast, electrons have a neg-
ligible mass, about 1/2000 that of a proton. To visualize
this difference, imagine a scale where a proton or neu-
tron has the mass of a baseball compared to an electron
that has the mass of a single grain of rice.

Both protons and electrons share a fundamental
property called electrical charge. Protons have an electri-
cal charge of +1, and electrons have a charge of -1. Neu-
trons, as the name suggests, have no charge. The charges
of protons and electrons are equal in magnitude but op-
posite in polarity, so when these two particles are paired,
the charges cancel each other out. Since matter typically
contains equal numbers of positively charged protons and

o Protons (charge +1)
o Neutrons (charge 0)
« Electrons (charge -1) |/

A.

negatively charged electrons, most substances are electri-
cally neutral.

Iustrations sometimes show electrons orbiting the
nucleus in a manner that resembles the planets of our solar
system orbiting the Sun (see Figure 1.4A). However, elec-
trons do not actually behave this way. A more realistic de-
piction would show electrons as a cloud of negative charges
surrounding the nucleus (see Figure 1.4B). Studies of the
arrangements of electrons show that they move about the
nucleus in regions called principal shells, each with an as-
sociated energy level. In addition, each shell can hold a spe-
cific number of electrons, with the outermost shell generally
containing valence electrons. These electrons can be trans-
ferred or shared with other atoms to form chemical bonds.

Most of the atoms in the universe (except hydro-
gen and helium) were created inside massive stars by
nuclear fusion and released into interstellar space during
hot, fiery supernova explosions. As this ejected material
cooled, the newly formed nuclei attracted electrons to
complete their atomic structure. At the temperatures
found at Earth’s surface, free atoms (those not bonded
to other atoms) generally have a full complement of elec-
trons—one for each proton in the nucleus.

Elements: Defined by Their Number
of Protons

The simplest atoms have only 1 proton in their nuclei,
whereas others have more than 100. The number of pro-
tons in the nucleus of an atom, called the atomic number,
determines its chemical nature. All atoms with the same

Electron cloud \

Nucleus




Figure 1.5 Periodic table of the elements
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Nonmetals
Lanthanide series
| Actinide series
number of protons have the same chemi- o Figure 1.6 Examples of

cal and physical properties; collectively
they constitute an element. There !
are about 90 naturally occurring
elements, and several more have
been synthesized in the laboratory.
You are probably familiar with the
names of many elements, includ-
ing carbon, nitrogen, and oxygen.
All carbon atoms have six protons,
whereas all nitrogen atoms have seven protons, and all oxy-
gen atoms have eight.

The periodic table, shown in Figure 1.5, organizes el-
ements so those with similar properties line up in columns,
referred to as groups. Each element is assigned a one- or
two-letter symbol. The atomic number and atomic mass
for each element are also included in the periodic table.

Atoms of the naturally occurring elements are the
basic building blocks of Earth’s minerals. Most elements
join with atoms of other elements to form chemical
compounds. Therefore, most minerals are chemical
compounds composed of atoms of two or more elements.

—

A. Gold on quartz

B. Sulfur C. Copper

These include the minerals quartz (SiO,), halite (NaCl),
and calcite (CaCO,). However, a few minerals, such as di-
amonds, sulfur, gold, and native copper, are made entirely
of atoms of only one element (Figure 1.6). (Copper is called
“native” when it is found in its pure form in nature.)

CONCEPT CHECKS I——

1. Make a simple sketch of an atom and label its
three main particles. Explain how these particles
differ from one another.

2. What is the significance of valence electrons?

minerals composed of a
single element (Photos by
Dennis Tasa)
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One of the world’s
heaviest cut and pol-
ished gemstones is a
22,892.5-carat golden-
yellow topaz. Currently
housed in the Smith-
sonian Institution, this
roughly 10-Ib gem is
about the size of an
automobile headlight and
could hardly be used as
a piece of jewelry, except
perhaps by an elephant.

Figure 1.7 Dot diagrams
for certain elements Each
dot represents a valence
electron found in the out-
ermost principal shell.

Matter and Minerals

Why Atoms Bond

Distinguish among ionic bonds, covalent bonds, and metallic bonds.

Under the temperature and pressure conditions found on
Earth, most elements do not occur in the form of individ-
ual atoms—instead, their atoms bond with other atoms.
(A group of elements known as the noble gases are an
exception.) Some atoms bond to form ionic compounds,
some form molecules, and still others form metallic sub-
stances. Why does this happen? Experiments show that
electrical forces hold atoms together and bond them to
each other. These electrical attractions lower the total
energy of the bonded atoms, and this, in turn, generally
makes them more stable. Consequently, atoms that are
bonded in compounds tend to be more stable than atoms
that are free (not bonded).

The Octet Rule and Chemical Bonds

As noted earlier, valence (outer shell) electrons are gen-
erally involved in chemical bonding. Figure 1.7 shows a
shorthand way of representing the number of valence
electrons for some selected elements. Notice that the
elements in Group I have one valence electron, those in
Group II have two valence electrons, and so on, up to
eight valence electrons in Group VIIL

The noble gases (except helium) have very stable
electron arrangements with eight valence electrons and,
therefore, tend to lack chemical reactivity. Many other
atoms gain, lose, or share electrons during chemical
reactions, ending up with electron arrangements of the
noble gases. This observation led to a chemical guide-
line known as the octet rule: Atoms tend to gain, lose,
or share electrons until they are surrounded by eight
valence electrons. Although there are exceptions to the
octet rule, it is a useful rule of thumb for understanding
chemical bonding.

When an atom’s outer shell does not contain eight
electrons, it is likely to chemically bond to other atoms to
achieve an octet in its outer shell. A chemical bond is a
transfer or sharing of electrons that allows each atom to
attain a full valence shell of electrons. Some atoms do this

Electron Dot Diagrams for Some Representative Elements
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by transferring all their valence electrons to other atoms,
so that an inner shell becomes the full valence shell.

When the valence electrons are transferred between
the elements to form ions, the bond is an ionic bond.
When the electrons are shared between the atoms, the
bond is a covalent bond. When the valence electrons are
shared among all the atoms in a substance, the bonding
is metallic.

lonic Bonds: Electrons Transferred

Perhaps the easiest type of bond to visualize is the ionic
bond, in which one atom gives up one or more valence
electrons to another atom to form ions—positively and
negatively charged atoms. The atom that loses electrons
becomes a positive ion, and the atom that gains electrons
becomes a negative ion. Oppositely charged ions are
strongly attracted to one another and join to form ionic
compounds.

Consider the ionic bonding that occurs between
sodium (Na) and chlorine (Cl) to produce the solid ionic
compound sodium chloride—the mineral halite (common
table salt). Notice in Figure 1.8A that a sodium atom gives
up its single valence electron to chlorine and, as a result,
becomes a positively charged sodium ion (Na*). Chlorine,
on the other hand, gains one electron and becomes a
negatively charged chloride ion (CI7). We know that ions
having unlike charges attract. Thus, an ionic bond is an
attraction of oppositely charged ions to one another that
produces an electrically neutral ionic compound.

Figure 1.8B illustrates the arrangement of sodium and
chlorine ions in ordinary table salt. Notice that salt con-
sists of alternating sodium and chlorine ions, positioned
in such a manner that each positive ion is attracted to and
surrounded on all sides by negative ions and vice versa.
This arrangement maximizes the attraction between ions
with opposite charges while minimizing the repulsion be-
tween ions with identical charges. Thus, ionic compounds
consist of an orderly arrangement of oppositely charged
ions assembled in a definite ratio that provides overall
electrical neutrality.

The properties of a chemical compound are dra-
matically different from the properties of the various
elements comprising it. For example, sodium is a soft
silvery metal that is extremely reactive and poisonous. If
you were to consume even a small amount of elemental
sodium, you would need immediate medical attention.
Chlorine, a green poisonous gas, is so toxic that it was
used as a chemical weapon during World War I. To-
gether, however, these elements produce sodium chlo-
ride, a harmless flavor enhancer that we call table salt.



A. The transfer of an electron from a sodium (Na) atom to a chlorine (CI)

atom leads to the formation of a Na* ion and a CI” ion.

11 protons
Loses an
—_
electron
10
Na atom Na* ion
Electron
17 protons

Cl™ion

Cl atom

Thus, when elements combine to form compounds, their
properties change significantly.

Covalent Bonds: Electron Sharing

Sometimes the forces that hold atoms together cannot
be understood on the basis of the attraction of oppositely
charged ions. One example is the hydrogen molecule
(H,), in which the two hydrogen atoms are held together
tightly, and no ions are present. The strong attractive
force that holds two hydrogen atoms together results
from a covalent bond, a chemical bond formed by the
sharing of one or more valance electrons between a pair
of atoms. (Hydrogen is one of the exceptions to the octet
rule: Its single shell is full with just two electrons.)
Imagine two hydrogen atoms (each with one proton
and one electron) approaching one another, as shown in
Figure 1.9. Once they meet, the electron configuration
will change so that both electrons will primarily occupy
the space between the atoms. In other words, the two
electrons are shared by both hydrogen atoms and are
attracted simultaneously by the positive charge of the
proton in the nucleus of each atom. Although hydro-
gen atoms do not form ions, the force that holds these
atoms together arises from the attraction of oppositely
charged particles—positively charged protons in the
nuclei and negatively charged electrons that surround
these nuclei.

Metallic Bonds: Electrons Free to Move

In metallic bonds, the valence electrons are free to
move from one atom to another so that all atoms share
the available valence electrons. This type of bonding is
found in metals such as copper, gold, aluminum, and
silver and in alloys such as brass and bronze. Metallic

17 protons

Gains an
—>
electron
1
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B. The arrangement of Na* and CI~
in the solid ionic compound sodium
chloride (NaCl), table salt.

11 protons

Two hydrogen atoms combine to form a hydrogen molecule,
held together by the attraction of oppositely charged
particles—positively charged protons in each nucleus and
negatively charged electrons that surround these nuclei.

H-+H:- — H:H

1el

1 proton 1 proton

tron

—_—

H H
Hydrogen atom Hydrogen atom

1 proto 1 proton

H2
Hydrogen molecule

bonding accounts for the high electrical conductivity of
metals, the ease with which metals can be shaped, and
numerous other special properties.

CONCEPT CHECKS I——

1. What is the difference between an atom and an ion?

2. How does an atom become a positive ion? A
negative ion?

3. Briefly distinguish between ionic and covalent
bonding and discuss the role that electrons play
in both.

Figure 1.8 Formation
of the ionic compound
sodium chloride

Figure 1.9 Formation of
a covalent bond When
hydrogen atoms bond,
the negatively charged
electrons are shared by
both hydrogen atoms and
attracted simultaneously
by the positive charge of
the proton in the nucleus
of each atom.
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Properties of Minerals mme

List and describe the properties used in mineral identification.

A. This freshly broken sample
of galena displays a metallic
luster.

Minerals have definite crystalline structures and chemi-
cal compositions that give them unique sets of physical
and chemical properties shared by all specimens of that
mineral, regardless of when or where they formed. For
example, two samples of the mineral quartz will be
equally hard and equally dense, and they will break in
a similar manner. However, the physical properties of
individual samples may vary within specific limits due
to ionic substitutions, inclusions of foreign elements
(impurities), and defects in the crystalline structure.
Some mineral properties, called diagnostic
properties, are particularly useful in identifying
an unknown mineral. The mineral halite, for ex-
ample has a salty taste. Because so few minerals share
this property, a salty taste is considered a diagnostic prop-
erty of halite. Other properties of certain minerals vary
among different specimens of the same mineral. These
properties are referred to as ambiguous properties.

Metallic

B. This sample of galena
is tarnished and has a
submetallic luster.

Optical Properties

Of the many optical properties of minerals, their luster,
their ability to transmit light, their color, and their streak
are most frequently used for mineral identification.

Luster The appearance or quality of light reflected from
the surface of a mineral is known as luster. Minerals that
have the appearance of a metal, regardless of color, are
said to have a metallic luster (Figure 1.10A). Some metal-
lic minerals, such as native copper and galena, develop a
dull coating or tarnish when exposed to the atmosphere.
Because they are not as shiny as samples with freshly
broken surfaces, these samples are often said to exhibit a
submetallic luster (Figure 1.10B).

Most minerals have a nonmetallic luster and are
described using various adjectives such as vitreous, or
glassy. Other nonmetallic minerals are described as hav-
ing a dull, or earthy, luster
(a dull appearance like soil)
or a pearly luster (such as a
pearl or the inside of a clam-
shell). Still others exhibit a
silky luster (like satin cloth)
or a greasy luster (as though
coated in oil).

Submetallic

Figure 1.10 IVetallic versus
submetallic luster (Photo
courtesy of E. J. Tarbuck)

SmartFigure 1.11 Color
variations in miner-

als Some minerals, such
as fluorite and quartz,
exhibit a variety of colors.
(Photo by E. J. Tarbuck) (https://
g00.gl/wznOpk)
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A. Fluorite

Color Although color is
generally the most conspicu-
ous characteristic of any
mineral, it is considered a
diagnostic property of only a
few minerals. Slight impuri-
ties in the common minerals

B. Quartz

fluorite and quartz, for example, give them a variety of
tints, including pink, purple, yellow, white, gray, and even
black (Figure 1.11). Other minerals, such as tourmaline,
also exhibit a variety of hues, with multiple colors some-
times occurring in the same sample. Thus, the use of
color as a means of identification is often ambiguous or
even misleading.

Streak The color of a mineral in powdered form, called
streak, is often useful in identification. A mineral’s
streak is obtained by rubbing it across a streak plate (a
piece of unglazed porcelain) and observing the color of
the mark it leaves (Figure 1.12). Although a mineral’s color
may vary from sample to sample, its streak is usually
consistent in color. (Note that not all minerals produce a
streak when rubbed across a streak plate. Quartz, for ex-
ample, is harder than a porcelain streak plate and there-
fore leaves no streak.)

Streak can also help distinguish between minerals
with metallic luster and those with nonmetallic luster.
Metallic minerals generally have a dense, dark streak,
whereas minerals with nonmetallic luster typically have a
light-colored streak.

Ability to Transmit Light Another optical property used
to identify minerals is the ability to transmit light. When
no light is transmitted through a mineral sample, that
mineral is described as opague; when light, but not an
image, is transmitted, the mineral is said to be translu-
cent. When both light and an image are visible through
the sample, the mineral is described as transparent.

Mineral
(Pyrite)

Streak
(Black)
Color
(Brass yellow)

Although the color of a mineral is not
always helpful in identification, the streak, which is
the color of the powdered mineral, can be very useful.

SmartFigure 1.12 Streak (https:/goo.gl/ULVLM4)
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Figure 1.13 Common crystal
shapes of pyrite

Crystal Shape, or Habit

Mineralogists use the term crystal shape, or habit, to
refer to the common or characteristic shape of indi-
vidual crystals or aggregates of crystals. Some min-
erals tend to grow equally in all three dimensions,
whereas others tend to be elongated in one direc-

tion or flattened if growth in one dimension is sup-
pressed. A few minerals have crystals that exhibit
regular polygons that are helpful in their identifica-
tion. For example, magnetite crystals sometimes occur
as octahedrons, garnets often form dodecahedrons,
and halite and fluorite crystals tend to grow as cubes  Although most minerals
or near-cubes. Most minerals have just one common  exhibit only one common
crystal shape, but a few, such as the pyrite samples crystal shape, some, such
shown in Figure 1.13, have two or more characteristic S Pyrite, have two or more
crystal shapes. characteristic habits.

In addition, some mineral samples consist of

Dennis Tasa

numerous intergrown crystals exhibiting characteristic a hardness of 1, like talc. In fact, gypsum is only slightly

shapes that are useful for identification. Terms commonly  harder than talc, as Figure 1.15B indicates.

used to describe these and other crystal habits include In the laboratory, common objects used to deter- The name crystal is

equant (equidimensional), bladed, fibrous, tabular, pris- mine the hardness of a mineral can include a human derived from the Greek

matic, platy, blocky, cubic, and banded. Some of these fingernail, which has a hardness of about 2.5, a cop- (krystallos = ice) and

habits are pictured in Figure 1.14. per penny (3.5), and a piece of glass (5.5). The min- was originally applied
eral gypsum, which has a hardness of 2, can be easily to quartz crystals. The

Mineral Strength sc?atched wi'th a figgernail. On the other hagd, the ancient Greeks thought
mineral calcite, which has a hardness of 3, will scratch ' quartz was water that

How easily minerals break or deform under stress is de- ~ a fingernail but will not scratch glass. Quartz, one of had crystallized at high

termined by the type and strength of the chemical bonds  the hardest common minerals, will easily scratch glass. = pressures deep inside

that hold the crystals together. Mineralogists use terms Diamonds, hardest of all, scratch anything, including Earth.

including hardness, cleavage, fracture, and tenacity to other diamonds.

describe mineral strength
and how minerals break
when stress is applied.

SmartFigure 1.14

Some common crystal
habits A. Thin, rounded
crystals that break into
fibers. B. Elongated crys-
tals that are flattened in
one direction. C. Minerals
that have stripes or bands
of different color or tex-
ture. D. Groups of crystals
that are cube shaped.
(https://goo.gl/IBw40J)

Hardness One of the most
useful diagnostic properties
is hardness, a measure of
the resistance of a mineral
to abrasion or scratching.
This property is determined
by rubbing a mineral of un-
known hardness against one
of known hardness or vice
versa. A numerical value of
hardness can be obtained

by using the Mohs scale

of hardness, which consists
of 10 minerals arranged in
order from 1 (softest) to 10
(hardest), as shown in Figure
1.15A. It should be noted that
the Mohs scale is a relative
ranking and does not imply
that a mineral with a hard- LT - W

ness of 2, such as gypsum, is gL '1' L W, Denpis Tasa
twice as hard as mineral with €. Banded D. Cubic crystals

B. Bladed
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SmartFigure 1.15 Hardness
scales A. The Mohs scale

of hardness, with the hard-
nesses of some common
objects. B. Relationship
between the Mohs relative
hardness scale and an abso-
lute hardness scale. (https://
800.gl/ZNODAG)

0B
5

Clay minerals are some-
times used as an additive
to thicken milkshakes in
fast-food restaurants.

SmartFigure 1.16 Micas
exhibit perfect cleavage
The thin sheets shown
here exhibit one plane

of cleavage. (Photo by Chip
Clark/Fundamental Photographs)
(https://goo.gl/JYCISi)

B
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A. Mohs scale (Relative hardness)

Diamond — 10
Corundum — 9
Topaz 8
Quartz 7

— Streak plate (6.5)
Orthoclase — 6

— Glass & knife blade (5.5)
Apatite 5

— Wire nail (4.5)
Fluorite —— 4

— Copper penny (3.5)
Calcite 3

— Fingernail (2.5)
Gypsum —— 2
Tale— 1 ‘
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B. Comparison of Mohs scale and an absolute scale
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Cleavage In the crystal structure of many minerals,
some atomic bonds are weaker than others. It is along
these weak bonds that minerals tend to break when they
are stressed. Cleavage (kleiben = carve) is the tendency
of a mineral to break (cleave) along planes of weak bond-
ing. Not all minerals have cleavage, but those that do can
be identified by the relatively smooth, flat surfaces that
are produced when the mineral is broken.

The simplest type of cleavage is exhibited by the
micas (Figure 1.16). Because these minerals have very
weak bonds in one direction, they cleave to form thin,
flat sheets. Some minerals have excellent cleavage in one,
two, three, or more directions, whereas others exhibit fair
or poor cleavage, and still others have no cleavage at all.
When minerals break evenly in more than one direction,
cleavage is described by the number of cleavage direc-
tions and the angle(s) at which they meet (Figure 1.17).

<>
Strong bonds

Each cleavage surface that has a different orienta-
tion is counted as a different direction of cleavage. For
example, some minerals, such as halite, cleave to form
six-sided cubes. Because cubes are defined by three dif-
ferent sets of parallel planes that intersect at 90-degree
angles, cleavage for the mineral halite is described as
three directions of cleavage that meet at 90 degrees.

Do not confuse cleavage with crystal shape. When a
mineral exhibits cleavage, it will break into pieces that all
have the same geometry. By contrast, the smooth-sided
quartz crystals shown in Figure 1.1 do not have cleavage.
If broken, they fracture into shapes that do not resemble
one another or the original crystals.

Fracture Minerals having chemical bonds that are
equally, or nearly equally, strong in all directions exhibit
a property called fracture (Figure 1.18A). When miner-
als fracture, most produce uneven surfaces and are de-
scribed as exhibiting irregular fracture. However, some
minerals, including quartz, sometimes break into smooth,
curved surfaces resembling broken glass. Such breaks
are called conchoidal fractures (Figure 1.18B). Still other
minerals exhibit fractures that produce splinters or fibers
referred to as splintery fracture and fibrous fracture,
respectively.

Tenacity The term tenacity describes a mineral’s re-
sistance to breaking, bending, cutting, or other forms of
deformation. As mentioned earlier, nonmetallic miner-
als such as quartz and halite tend to be brittle and will
fracture or exhibit cleavage when struck. Minerals that
are ionically bonded, such as fluorite and halite, tend

to be brittle and shatter into small pieces when struck.
By contrast, native metals, such as copper and gold, are
malleable, which means they can be hammered without
breaking. In addition, minerals that can be cut into thin
shavings, including gypsum and talc, are described as
sectile. Still others, notably the micas, are elastic and will
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Fractur

e not
cleavage
A. Cleavage in one direction. B. Cleavage in two directions at 90° angles.
Example: Muscovite Example: Feldspar

Fracture not
cleavage

C. Cleavage in two directions not at
90° angles. Example: Hornblende

E. Cleavage in three directions not at 90° angles.
Example: Calcite

bend and snap back to their original shape after stress is

released.

Density and Specific Gravity

Density, an important property of matter, is defined as
mass per unit volume. Mineralogists often use a related
measure called specific gravity to describe the density
of minerals. Specific gravity is a number representing the

ratio of a mineral’s weight to the weight of an equal
volume of water.

Most common minerals have a specific grav-
ity between 2 and 3. For example, quartz has a
specific gravity of 2.65. By contrast, some me-
tallic minerals, such as pyrite, native copper,
and magnetite, are more than twice as dense
and thus have more than twice the specific
gravity of quartz. Galena, an ore from which
lead is extracted, has a specific gravity of roughly
7.5, whereas 24-karat gold has a specific gravity of
approximately 20.

With a little practice, you can estimate the spe-
cific gravity of a mineral by hefting it in your hand.

D. Cleavage in three directions at
90° angles. Example: Halite

F. Cleavage in four directions.

Example: Fluorite
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SmartFigure 1.17 Cleavage
directions exhibited by min-
erals (Photos by E. J. Tarbuck
and Dennis Tasa) (https://goo.
gl/51kkd6)

Does this mineral feel about as “heavy” as similarly sized

rocks you have handled? If the answer is “yes,” the specific
gravity of the sample will likely be between 2.5 and 3.

Other Properties of Minerals

In addition to the properties discussed thus far, some

A. Irregular fracture
(Quartz)

minerals can be recognized by other distinctive prop-
erties. For example, halite is ordinary salt, so it can be

B. Conchoidal fracture
(Quartz)

The mineral pyrite is
commonly called “fool’s
gold” because its golden-
yellow color closely re-
sembles gold. The name
pyrite is derived from the
Greek pyros (“fire”) be-
cause it gives off sparks
when struck sharply.

Figure 1.18 Irregular versus
conchoidal fracture (Photo
by E. J. Tarbuck)
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Figure 1.19 Double refrac-
tion This sample of calcite
exhibits double refraction.
(Photo by Chip Clark/Fundamental
Photographs)

Figure 1.21 The eight
most abundant elements in
the continental crust The
numbers represent per-
centages by weight.

Matter and Minerals

quickly identified through taste. Talc and graphite both
have distinctive feels: Talc feels soapy, and graphite feels
greasy. Further, the streaks of many sulfur-bearing min-
erals smell like rotten eggs. A few minerals, such as mag-
netite, have high iron content and can be picked up with
a magnet, while some varieties (such as lodestone) are
themselves natural magnets and will pick up small iron-
based objects such as pins and paper clips (see Figure
1.30F, page 39).

Moreover, some minerals exhibit special optical
properties. For example, when a transparent piece of

Suble R ‘1’

Mineral Groups

calcite is placed over printed text, the
letters appear twice. This optical
property is known as double re-
fraction (Figure 1.19).

One very simple chemi-
cal test to detect carbonate
mineral involves placing a
drop of dilute hydrochloric
acid from a dropper bottle
onto a freshly broken mineral
surface. Samples contain-
ing carbonate minerals will
effervesce (fizz) as carbon
dioxide gas is released (Figure
1.20). This test is especially
useful in identifying calcite, a
common carbonate mineral.

SmartFigure 1.20 Calcite
reacting with a weak
acid (Photo by Chip Clark/
Fundamental Photographs)
(https://goo.gl/pnGkML)

ONCEPT CHECKS I

Define luster.

2. Why is color not always a useful property in min-
eral identification? Give an example of a mineral
that supports your answer.

3. What differentiates cleavage from fracture?

4. What is meant by a mineral’s tenacity? List three
terms that describe tenacity.

5. Describe a simple chemical test that is useful in

identifying the mineral calcite.

List the common silicate and nonsilicate minerals and describe what characterizes

each group.

More than 4000 minerals have been named, and several
new ones are identified each year. Fortunately for stu-
dents who are beginning to study minerals, no more than
a few dozen are abundant. Collectively, these few make

Others
1.5%

L Calcium (Ca)
Sodium (Na) 3.6%

2.8%

Iron (Fe)
5.0%

Potassium (K) ——

2.6% Magnesium (Mg)
2.1%

up most of the rocks of Earth’s crust and are therefore
generally known as the rock-forming minerals.

Although less abundant, many other minerals are
used extensively in the manufacture of products; these
are called economic minerals. However, rock-forming
minerals and economic minerals are not mutually exclu-
sive groups. When found in large deposits, some rock-
forming minerals are economically significant. One ex-
ample is calcite, a mineral that is the primary component
of the sedimentary rock limestone. Calcite’s many uses
include cement production.

It is worth noting that only eight elements make
up the vast majority of the rock-forming minerals and
represent more than 98 percent (by weight) of the con-
tinental crust (Figure 1.21). These elements, in order of
most to least abundant, are oxygen (O), silicon (Si),
aluminum (Al), iron (Fe), calcium (Ca), sodium (Na),
potassium (K), and magnesium (Mg). As shown in
Figure 1.21, oxygen and silicon are by far the most
common elements in Earth’s crust. Furthermore,
these two elements readily combine to form the basic
“building block” for the most common mineral group,
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the silicates. More than 800 silicate minerals are
known, and they account for more than 90 percent of
Earth’s crust.

Because other mineral groups are far less abun-
dant in Earth’s crust than the silicates, they are often
grouped together under the heading nonsilicates.
Although not as common as silicates, some nonsilicate
minerals are very important economically. They pro-
vide us with iron and aluminum to build automobiles,
gypsum for plaster and drywall for home construction,
and copper wire that carries electricity and connects
us to the Internet. Common nonsilicate mineral groups
include the carbonates, sulfates, and halides. In addi-
tion to their economic importance, these groups include
minerals that are major constituents in sediments and
sedimentary rocks.

Silicate Minerals

Every silicate mineral contains oxygen and silicon atoms.
Except for a few silicate minerals such as quartz, most
silicate minerals also contain one or more additional ele-
ments in their crystalline structure. These elements give
rise to the great variety of silicate minerals and their var-
ied properties.

All silicates have the same fundamental building
block, the silicon-oxygen tetrahedron (SiO,*). This
structure consists of four oxygen ions that are covalently
bonded to a comparatively smaller silicon ion, forming a
tetrahedron—a pyramid shape with four identical faces
(Figure 1.22). In some minerals, the tetrahedra are joined
into chains, sheets, or three-dimensional networks by
sharing oxygen atoms (Figure 1.23). These larger silicate
structures are then connected to one another by other
elements. The primary elements that join silicate struc-
tures are iron (Fe), magnesium (Mg), potassium (K), so-
dium (Na), and calcium (Ca).

Major groups of silicate minerals and common ex-
amples are given in Figure 1.23. The feldspars are by far
the most plentiful group, comprising over 50 percent of
Earth’s crust. Quartz, the second-most-abundant min-
eral in the continental crust, is the only common mineral
made completely of silicon and oxygen.

Notice in Figure 1.23 that each mineral group
has a particular silicate structure. A relationship exists
between this internal structure of a mineral and the
cleavage it exhibits. Because the silicon—oxygen bonds
are strong, silicate minerals tend to cleave between
the silicon—oxygen structures rather than across them.
For example, the micas have a sheet structure and thus
tend to cleave into flat plates (see muscovite in Figure
1.17A). Quartz has equally strong silicon—oxygen bonds
in all directions; therefore, it has no cleavage but frac-
tures instead.

How do silicate minerals form? Most of them
crystallize from molten rock as it cools. This cooling
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Sig*+
A. Silicon-oxygen
tetrahedron

B. Expanded view of
silicon—oxygen
tetrahedron

can occur at or near Earth’s surface (low temperature
and pressure) or at great depths (high temperature and
pressure). The environment during crystallization and
the chemical composition of the molten rock mainly
determine which minerals are produced. For example,
the silicate mineral olivine crystallizes at high tem-
peratures (about 1200°C [2200°F]), whereas quartz
crystallizes at much lower temperatures (about 700°C
[1300°F]).

In addition, some silicate minerals form at Earth’s
surface from the weathered (disintegrated) products of
other silicate minerals. Clay minerals are an example.
Still other silicate minerals are formed under the ex-
treme pressures associated with mountain building.
Each silicate mineral, therefore, has a structure and
a chemical composition that indicate the conditions
under which it formed. Thus, by carefully examin-
ing the mineral makeup of rocks, geologists can often
determine the circumstances under which the rocks
formed.

We will now examine some of the most common sili-
cate minerals, which are divided into two major groups
based on their chemical makeup.

Common Light Silicate Minerals The most common
light silicates are the feldspars, quartz, muscovite, and
the clay minerals. Generally light in color and having a
specific gravity of about 2.7, light silicate minerals con-
tain varying amounts of aluminum, potassium, calcium,
and sodium.

The most abundant mineral group, the feldspars, are
found in many igneous, sedimentary, and metamorphic
rocks. One group of feldspar minerals containing potas-
sium ions in its crystalline structure is called potassium
feldspar (Figure 1.24A, B). The other group, called
plagioclase feldspar, contains calcium and/or sodium
ions (Figure 1.24C, D). All feldspar minerals have two direc-
tions of cleavage that meet at 90-degree angles and are

Figure 1.22 Two represen-
tations of the silicon—oxy-
gen tetrahedron

The names of precious
gems often differ from
the names of parent
minerals. For example,
sapphire is one of two
gems that are variet-

ies of the same mineral,
corundum. Tiny amounts
of the elements titanium
and iron in corundum
produce the most prized
blue sapphires. When
the mineral corundum
contains chromium, it
exhibits a brilliant red
color, and the gem is
called ruby.
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SmartFigure 1.23 Common
silicate minerals Note that
the complexity of the sili-
cate structure increases
from the top of the chart
to the bottom. (Photos by
Dennis Tasa and E. J. Tarbuck)
(https://goo.gl/xpaEPC)
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Mineral/Formula

Cleavage

Silicate Structure Example |

Olivine group
(Mg,Fe),SiO,

None

Pyroxene group
(Augite)
(Mg,Fe,Ca,Na)AISiO,

Two planes at
90°

Amphibole group
(Hornblende)

Ca, (Fe,Mg)-Sig0,,(0H),

Two planes at
60° and 120°

Biotite
K(Mg,Fe),AISi,0,,(0H),

Single tetrahedra

AT A

Olivine

Augrogdod

Double chains

Augite

©w
8 One plane
=
Muscovite
KAL(AISI,0,,)(OH),
Potassium feldspar Three-dimensional Potassium
(Orthoclase) networks Bllspar
(<l
S KAISi,O4 Two planes at
3 90°
= Plagioclase
(Ca,Na)AISi,O4
Qu?nz NoC
Sio,
Quartz
relatively hard (6 on the Mohs scale). The only reliable Quartz is a major constituent of many igneous,
way to physically differentiate the feldspars is to look for sedimentary, and metamorphic rocks. Found in a wide
striations (lines) that are present on some cleavage sur- variety of colors (caused by impurities), quartz is quite

faces of plagioclase feldspar (see Figure 1.24D) but do hard (7 on the Mohs scale) and exhibits conchoidal
not appear in potassium feldspar.

fracture when broken (Figure 1.25). Pure quartz is clear,
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Potassium Feldspar
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A. Potassium feldspar
crystal (orthoclase)

B. Potassium feldspar showing
cleavage (orthoclase)

Plagioclase Feldspar

C. Sodium-rich plagioclase D. Plagioclase feldspar showing
feldspar (albite) striations (labradorite)

Figure 1.24 Feldspar minerals A. Characteristic crystal form
of potassium feldspar. B. Most salmon-colored feldspar
belongs to the potassium feldspar subgroup. C. Sodium-rich
plagioclase feldspar tends to be light in color with a pearly
luster. D. Calcium-rich plagioclase feldspar tends to be gray,
blue-gray, or black in color. Labradorite, the variety shown
here, exhibits striations on one of its crystal faces. (Photos by
Dennis Tasa and E. J. Tarbuck)

A. Smoky quartz B. Rose quartz

C. Milky quartz

D. Jasper

Figure 1.25 Quartz is one of the most common minerals and
has many varieties A. Smoky quartz is commonly found in
coarse-grained igneous rocks. B. Rose quartz owes its color
to small amounts of titanium. C. Milky quartz often occurs in
veins that occasionally contain gold. D. Jasper is a variety of
quartz composed of minute crystals. (Photos by Dennis Tasa and
E. J. Tarbuck)
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Dennis Tasa

and if allowed to grow without interference, will de-
velop hexagonal crystals with pyramid-shaped ends (see
Figure 1.1, p. 24).

Another light silicate mineral, muscovite, is an
abundant member of the mica family and has excellent
cleavage in one direction. Muscovite is relatively soft (2.5
to 3 on the Mohs scale).

Clay minerals are light silicates that typically form
as products of chemical weathering of igneous rocks. They
make up much of the surface material we call soil, and
nearly half of the volume of sedimentary rocks is com-
posed of clay minerals. Kaolinite is a common clay min-
eral formed from the weathering of feldspar (Figure 1.26).

Common Dark Silicate Minerals The dark silicate
minerals contain iron and magnesium in their crystal-
line structures and include the pyroxenes, amphiboles,
olivine, biotite, and garnet. Iron gives the dark silicates
their color and contributes to their high specific gravity,
which is between 3.2 and 3.6, significantly greater than
the specific gravity of the light silicate minerals.

Olivine is an important group of dark silicate min-
erals that are major constituents of dark-colored igneous
rocks. Abundant in Earth’s upper mantle, olivine is black
to olive green in color, has a glassy luster, and often
forms small crystals, which give it a granular appearance
(Figure 1.27).

Olivine-rich peridotite
(variety dunite)

Dennis Tasa

Figure 1.26 Kaolinite
Kaolinite is a common clay
mineral formed by weath-
ering of feldspar minerals.

Most “scoopable” kitty
litter sold today contains
a naturally occurring
material called benton-
ite. Bentonite, largely
composed of highly
absorbent clay minerals
that swell and clump in
the presence of moisture,
allows kitty waste to be
isolated and scooped
out, leaving behind clean
litter.

Figure 1.27 Olivine
Commonly black to olive
green in color, olivine has
a glassy luster and is often
granular in appearance.
Olivine is commonly found
in the igneous rock basalt.
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Figure 1.28 Augite and
hornblende These dark-
colored silicate minerals
are common constituents
of a variety of igneous
rocks. (Photos by E. J. Tarbuck)

Figure 1.29 Well-formed
garnet crystal Garnets
come in a variety of colors
and are commonly found
in mica-rich metamorphic
rocks. (Photo by E. J. Tarbuck)
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A. Augite

B. Hornblende

The pyroxenes are a group of dark silicate miner-
als that are also important components of dark-colored
igneous rocks. The most common member, augite, is a
black, opaque mineral with two directions of cleavage
that meet at nearly 90-degree angles (Figure 1.28A).

The amphibole group, the most common of which
is hornblende, is usually dark green to black in color
(Figure 1.28B). Except for its cleavage angles, which are
about 60 degrees and 120 degrees, hornblende is very
similar in appearance to augite. Hornblende is common
in igneous rocks, where it often forms elongated black
crystals.

Biotite is the dark, iron-rich member of the mica
family. Like other micas, biotite possesses a sheet struc-
ture that gives it excellent cleavage in one direction.
Biotite’s shiny appearance helps distinguish it from other
dark silicate minerals. Like hornblende, biotite is a com-
mon constituent of most light-colored igneous rocks,
including granite.

Another common dark silicate is garnet, which has
a glassy luster, lacks cleavage, and exhibits conchoidal
fracture. Although garnet colors vary, the mineral is most
often brown to deep red. Well-developed garnet crystals
have 12 diamond-shaped faces and are most commonly
found in metamorphic rocks (Figure 1.29).

Important
Nonsilicate
Minerals

Although the non-
silicates make up only
about 8 percent of
Earth’s crust, some
nonsilicate miner-

als, such as gypsum,
calcite, and halite,

occur as constituents in sedimentary rocks in signifi-
cant amounts. Many nonsilicates are also economically
important.

Nonsilicate minerals are typically divided into
groups based on the negatively charged ion or complex
ion that the members have in common. For example,
the oxides contain negative oxygen ions (0%), which
bond to one or more kinds of positive ions. Thus,
within each mineral group, the basic structure and
type of bonding is similar. As a result, the minerals in
each group have similar physical properties that are
useful in mineral identification. Figure 1.30 lists some
of the major nonsilicate mineral groups and includes a
few examples of each.

Some of the most common nonsilicate minerals be-
long to one of three classes of minerals: the carbonates
(CO,*), the sulfates (SO,*), and the halides (CI', F',
Br!). The carbonate minerals are much simpler structur-
ally than the silicates. This mineral group is composed
of the carbonate ion (CO,*) and one or more kinds of
positive ions. The two most common carbonate minerals
are calcite, CaCO, (calcium carbonate), and dolomite,
CaMg(CO,), (calcium/magnesium carbonate) (see Figure
1.30A,B). Calcite and dolomite are usually found together
as the primary constituents in the sedimentary rocks
limestone and dolostone. When calcite is the dominant
mineral, the rock is called limestone, whereas dolostone
results from a predominance of dolomite. Limestone is
used in many ways; for example, it is used as road aggre-
gate and building stone, and it is the main ingredient in
Portland cement.

Two other nonsilicate minerals frequently found in
sedimentary rocks are halite and gypsum (see Figure
1.30C,I). Both of these minerals are commonly found in
thick layers that are the last vestiges of ancient seas that
have long since evaporated (Figure 1.31). Like limestone,
both halite and gypsum are important nonmetallic re-
sources. Halite is the mineral name for common table
salt (NaCl). Gypsum (CaSO, - 2H,0), which is calcium
sulfate with water bound into the structure, is the min-
eral from which plaster and other similar building mate-
rials are composed.

Most nonsilicate mineral classes contain members
that are prized for their economic value. This includes
the oxides, whose members hematite and magnetite
are important ores of iron (see Figure 1.30E F). Also
significant are the sulfides, which are basically com-
pounds of sulfur (S) and one or more metals. Important
sulfide minerals include galena (lead), sphalerite (zinc),
and chalcopyrite (copper). In addition, native ele-
ments—including gold, silver, and carbon (diamonds)—
plus a host of other nonsilicate minerals—fluorite
(flux in making steel), corundum (gemstone, abrasive),
and uraninite (a uranium source)—are economically
important.
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Chemical Formula

Mineral Group Mineral Name Economic Use Examples
(key ion(s) or element(s))
R .
/ B. Dolomite
Carhonates Calcite CaCo, Portland cement, lime -* ]
(CO%) Dolomite CaMg(co,), Portland cement, lime ...f }
SEE
A. Calcite
i Halite NaCl Common salt
Halides Fluorite CaF. Used in steelmaking
(Ch-, F1-, Bri) :
Y Sylvite KCI Used as fertilizer
C. Halite D. Fluorite
Hematite Fe,0, Ore of iron, pigment
Oxides Magnetite Fe,0, Ore of iron
(0%) Corundum AlLL0, Gemstone, abrasive
Ice H,0 Solid form of water
E. Hematite
H. Chalcopyrite
Galena PbS Ore of lead i
. Sphalerite ZnS Ore of zinc
s::lsf;(_i)es Pyrite FeS, Sulfuric acid production
Chalcopyrite CuFeS, Ore of copper
Cinnabar Hg$S Ore of mercury
). Anhydrite
Gypsum CaS0,-2H,0 Plaster .
S?;g!:?)s Anhydrite Caso, Plaster d
4 Barite Baso, Drilling mud .
) I. Gypsum
Gold Au Trade, jewelry
Copper Cu Electrical conductor
Native elements Diamond (5 Gemstone, abrasive
(single elements) Graphite c Pencil lead
Sulfur S Sulfadrugs, chemicals
Silver Ag Jewelry, photography

L. Sulfur

Figure 1.30 Important nonsilicate minerals (Photos by Dennis Tasa and E. J. Tarbuck)
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Figure 1.31 Thick bed of
halite exposed in an under-
ground mine Halite (salt)
mine in Grand Saline,
Texas. Note the person for
scale. (Photo by Tom Bochsler
/Pearson Education, Inc.)
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@ CONCEPT CHECKS I

. List the eight most common elements in Earth’s

crust.

2. Explain the difference between the terms silicon
and silicate.

3. Sketch the silicon—oxygen tetrahedron and label
its parts.

4. What is the most abundant mineral in Earth’s
crust?

5. List six common nonsilicate mineral groups and
the key ion(s) or element(s) in each group.

6. What is the most common carbonate mineral?

7. List eight common nonsilicate minerals and their
economic uses.

1.1 Minerals: Building Blocks of Rocks

List the main characteristics that an Earth material must possess to be
considered a mineral and describe each characteristic.

KEY TERMS: mineralogy, mineral, rock

® In Earth science, the word mineral refers to naturally occurring
inorganic solids that possess an orderly crystalline structure and a
characteristic chemical composition. The study of minerals is called
mineralogy.

® Minerals are the building blocks of rocks. Rocks are naturally
occurring masses of minerals or mineral-like matter, such as natural
glass or organic material.

1.2 Atoms: Building Blocks of Minerals

Compare and contrast the three primary particles contained in atoms.

KEY TERMS: atom, nucleus, proton, neutron, electron, valence electron,
atomic number, element, periodic table, chemical compound

® Minerals are composed of atoms of one or more elements. The atoms
of any element consist of the same three basic ingredients: protons,
neutrons, and electrons.

® The atomic number represents the number of protons found in the
nucleus of an atom of a particular element. For example, an oxygen atom
has eight protons, so its atomic number is eight. Protons and neutrons

are approximately the same size and mass, but protons are positively
charged, and by contrast, neutrons have no charge.

® Electrons are much smaller than both protons and neutrons; an electron
weighs about 2000 times less than a proton. Each electron has a negative
charge, equal in magnitude to a proton’s positive charge. Electrons
swarm around an atom’s nucleus at a distance, in several distinctive
energy levels called principal shells. The electrons in the outermost
principal shell, called valence electrons, are important when one atom
bonds with other atoms to form chemical compounds.

® Elements with similar numbers of valence electrons tend to behave
in similar ways. The periodic table displays these similarities in its
graphical arrangement of the elements.

@ Use the periodic table (see Figure 1.5) to identify these geologically impor-
tant elements by their number of protons: (A) 14, (B) 6, (C) 13, (D) 17, and (E) 26.

1.3 Why Atoms Bond

Distinguish among ionic bonds, covalent bonds, and metallic bonds.

KEY TERMS: octet rule, chemical bond, ionic bond, ion,
covalent bond, metallic bond

® When atoms are attracted to other atoms, they can form chemical bonds,
which generally involve the transfer or sharing of valence electrons. The
most stable arrangement for most atoms is to have eight electrons in the
outermost principal shell. This idea is called the octet rule.



(1.3 continued)

® Tonic bonds involve atoms of one element giving Cloud of electrons
up electrons to atoms of another element, forming
positively and negatively charged atoms called ions.
Positively charged ions bond with negative ions to
form ionic bonds.

® Covalent bonds involve the sharing of one or more
electrons between two adjacent atoms.

® In metallic bonds, the sharing is more extensive:
Electrons can freely move from one atom to the
next throughout the entire mass.

@ Which of the accompanying diagrams (A, B, or C) best illustrates ionic bond-
ing? What are the distinguishing characteristics of ionic versus covalent bonding?

Concepts in Review 41

. C.
B.

1.4 Properties of Minerals

List and describe the properties used in mineral identification.

KEY TERMS: diagnostic property, ambiguous property, luster, color, streak,
crystal shape (habit), hardness, Mohs scale, cleavage, fracture, tenacity, den-
sity, specific gravity

® The composition and internal crystalline structure of a mineral give
it specific physical properties. Mineral properties are useful in the
identification of minerals.

® Luster is a mineral’s ability to reflect light. The terms transparent,
translucent, and opaque describe the degree to which a mineral can
transmit light. Color can be unreliable for mineral identification, as
impurities can “stain” minerals with misleading colors. A more reliable
identifier is streak, the color of the powder generated by scraping a
mineral against a porcelain streak plate.

® Crystal shape, also referred to as crystal habit, is often useful for mineral
identification.

® Variations in the strength of chemical bonds give minerals properties
such as hardness (resistance to being scratched) and tenacity (tendency
to break in a brittle fashion or bend when stressed). Cleavage, the
preferential breakage of a mineral along planes of weakly bonded atoms,
is very useful in identifying minerals.

® The amount of matter packed into a given volume determines a mineral’s
density. To compare the densities of minerals, mineralogists use a
related quantity, known as specific gravity, which is the ratio between a
mineral’s density and the density of water.

® Other properties are diagnostic for certain minerals but rare in most
others—examples include smell, taste, feel, reaction to hydrochloric acid,
magnetism, and double refraction.

@ Research the minerals quartz and calcite. List five physical characteristics
that may be used to distinguish one from the other.

Dennis Tasa

Dennis Tasa

1.5 Mineral Groups

List the common silicate and nonsilicate minerals and describe what
characterizes each group.

KEY TERMS: rock-forming mineral, economic mineral, silicate, nonsilicate,
silicon—oxygen tetrahedron, light silicate mineral, potassium feldspar, plagio-
clase feldspar, quartz, muscovite, clay mineral, dark silicate mineral, olivine,
augite, hornblende, biotite, garnet, calcite, dolomite, halite, gypsum

® Silicate minerals have a basic building block in common: a small
pyramid-shaped structure consisting of one silicon atom surrounded by
four oxygen atoms called the silicon—oxygen tetrahedron. Neighboring
tetrahedra can share some of their oxygen atoms, causing them to
develop long chains, sheet structures, and three-dimensional networks.

® Silicate minerals are the most common mineral class on Earth. They
are subdivided into minerals that contain iron and/or magnesium (dark
silicates) and those that do not (light silicates). The light silicate minerals
are generally light in color and have relatively low specific gravities.
Feldspar, quartz, muscovite, and clay minerals are examples. The dark
silicate minerals are generally dark in color and relatively dense. Olivine,
pyroxene, amphibole, biotite, and garnet are examples.

® Nonsilicate minerals include oxides, which contain oxygen ions that bond
to other elements (usually metals); carbonates, which have CO,*~ as a
critical part of their crystal structure; sulfates, which have SO,*~ as their
basic building block; and halides, which contain a nonmetal ion such as
chlorine, bromine, or fluorine that bonds to a metal ion such as sodium
or calcium.

® Nonsilicate minerals are often economically important. Hematite is
an important source of industrial iron, while calcite is an essential
component of cement.

Quartz Calcite
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WGIVE IT SOME THOUGHT e

1. Using the geologic definition of mineral as your guide, determine 6. Each of the following statements describes a silicate mineral or min-
which of the items in this list are minerals and which are not. If some- eral group. In each case, provide the appropriate name:
thing in this list not a mineral, explain. a. The most common member of the amphibole group
a. Gold nugget b. The most common light-colored member of the mica family
b. Seawater c. The only common silicate mineral made entirely of silicon and
c. Quartz oxygen
d. Cubic zirconia d. A silicate mineral with a name based on its color
e. Obsidian e. A silicate mineral characterized by striations
f. Ruby f. Asilicate mineral that originates as a product of chemical
g. Glacial ice weathering
h. Amber

7. What mineral property is illustrated in the accompanying photo?
2. Assume that the number of protons in a neutral atom is 92 and its
atomic mass is 238.03. (Hint: Refer to the periodic table in Figure 1.5
to answer this question.)
a. What is the name of the element?
b. How many electrons does it have?
c. Given its atomic mass, how many neutrons must it have?

3. Referring to the accompanying photos of five minerals, determine
which of these specimens exhibit a metallic luster and which have a
nonmetallic luster.

8. Do an Internet search to determine which minerals are used to manu-
facture the following products:
a. Stainless steel utensils
b. Cat litter
c. Tums brand antacid tablets
d. Lithium batteries
e. Aluminum beverage cans

9. Most states have designated a state mineral, rock, or gemstone to
promote interest in that state’s natural resources. Describe your state
mineral, rock, or gemstone and explain why it was selected. If your

state does not have a state mineral, rock, or gemstone, describe one
4. Gold has a specific gravity of almost 20. A 5-gallon bucket of water from a state adjacent to yours.

weighs 40 pounds. How much would a 5-gallon bucket of gold weigh?

(Photos by Dennis Tasa)

5. Examine the accompanying photo of a
mineral that has several smooth, flat sur-
faces that resulted when the specimen was
broken.

a. How many flat surfaces are present
on this specimen?
b. How many different directions of cleav- i
age does this specimen have? Cleaved sample
c. Do the cleavage directions meet at
90-degree angles?
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EARTH MATERIALS

FOCUS ON CONCEPTS

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:

2.1 Sketch, label, and explain the rock cycle.

2.2 Describe the two criteria used to classify
igneous rocks and explain how the rate
of cooling influences the crystal size of
minerals.

2.3 Define weathering and distinguish between
the two main categories of weathering.

2.4 List and describe the different categories of
sedimentary rocks and discuss the processes
that change sediment into sedimentary rock.

2.5 Define metamorphism, explain how
metamorphic rocks form, and describe the
agents of metamorphism.

Sedimentary strata, Castle Rock, Capitol Reef National Park,
Utah. (Photo by Michael Weber/Image BROKER/AGE Fotostock)
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hy study rocks? You have already learned that some rocks and minerals have great eco-
nomic value. In addition, all Earth processes depend in some way on the properties of these

basic Earth materials. Events such as volcanic eruptions, mountain building, weathering, ero-

sion, and even earthquakes involve rocks and minerals. Consequently, a basic knowledge of

Earth materials is essential to understanding most geologic phenomena.

Every rock contains clues about the environment in which it formed. For example, some rocks are

composed entirely of small shell fragments. This tells Earth scientists that the rock likely originated in
a shallow marine environment. Other rocks contain clues indicating that they formed from a volcanic

eruption or deep in the Earth during mountain building. Thus, rocks contain a wealth of information

about events that have occurred over Earth’s long history.

@ Earth as a System: The Rock Cycle mmmam

Sketch, label, and explain the rock cycle.

Earth as a system is illustrated most vividly when we
examine the rock cycle. The rock cycle allows us to see
many of the interactions among the many components
and processes of the Earth system (Figure 2.1). It helps us
understand the origins of igneous, sedimentary, and met-
amorphic rocks and how these rocks are connected. In
addition, the rock cycle demonstrates that any rock type,
given the right sequence of events, can be transformed
into any other type.

The Basic Cycle

We begin our discussion of the rock cycle with molten
rock, called magma, which forms by melting that occurs
primarily within Earth’s crust and upper mantle (see
Figure 2.1). Once formed, a magma body rises toward
the surface because it is less dense than the surrounding
rock. If magma reaches Earth’s surface and erupts, we
call it lava. Eventually, molten rock cools and solidifies,
a process called crystallization, or solidification. Molten
rock may solidify 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, the slow disintegration and decom-
position of rocks by the daily influences of the atmo-
sphere. The loose materials that result are often moved
downslope by gravity and then picked up and transported
by one or more erosional agents—running water, gla-
ciers, wind, or waves. These rock particles and dissolved
substances, called sediment, are eventually deposited.
Although most sediment ultimately comes to rest in the
ocean, other sites of deposition include river floodplains,
desert basins, lakes, inland seas, and sand dunes.

Next, the sediments undergo lithification, a term
meaning “conversion into rock.” Sediment is usually lith-
ified into sedimentary rock when compacted by the weight

of overlying materials or when cemented by percolating
groundwater that fills the pores with mineral matter.

If the resulting sedimentary rock becomes deeply
buried or is involved in the dynamics of mountain build-
ing, it will be subjected to great pressures and intense
heat. The sedimentary rock may react to the changing
environment by turning into the third rock type, meta-
morphic rock. If metamorphic rock is subjected to still
higher temperatures, it may melt, creating magma, and
the cycle begins again.

Although rocks may appear to be stable, unchang-
ing masses, the rock cycle shows that they are not. The
changes, however, take time—sometimes millions or
even billions of years. In addition, different locations on
Earth are at different stages of the rock cycle. Today, new
magma is forming under the island of Hawaii, whereas
the rocks that comprise the Colorado Rockies are slowly
being worn down by weathering and erosion. Some of
this weathered debris will eventually be carried to the
Gulf of Mexico, where it will add to the already substan-
tial mass of sediment that has accumulated there.

Alternative Paths

Rocks do not necessarily go through the cycle in the
order just described. Other paths are also possible. For
example, rather than being exposed to weathering and
erosion at Earth’s surface, igneous rocks may remain
deeply buried (see Figure 2.1). Eventually, these masses
may be subjected to the strong compressional forces and
high temperatures associated with mountain building.
When this occurs, they are transformed directly into
metamorphic rocks.

Uplift and erosion may bring even deeply buried
rocks of any type to the surface. When this happens, the
material is attacked by weathering processes and turned
into new raw materials for sedimentary rocks. Conversely,
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ROCK CYCLE

Viewed over long time spans,
rocks are constantly forming,
changing, and re-forming.
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SmartFigure 2.1 The rock

. cycle The rock cycle helps
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Rock the three basic rock groups.
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that link each group to the
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Figure 2.2 Fluid basaltic
lava emitted from Mount
Etna, [taly (Photo by Stockteck
Images/Super Stock)

Rocks: Materials of the Solid Earth

igneous or metamorphic rocks that form at depth (deep
underground) may remain there, where the high temper-
atures and forces associated with mountain building may
metamorphose or even melt them. Over time, rocks may
be transformed into any other rock type, or even into a
different form of the original type. Rocks may take many
paths through the rock cycle.

What drives the rock cycle? Earth’s internal heat
is responsible for the processes that form igneous and
metamorphic rocks. Weathering and the transport of

weathered material are external processes, powered by
energy from the Sun. External processes produce sedi-
mentary rocks.

@ CONCEPT CHECKS I

1. Sketch and label the rock cycle. Make sure your
sketch includes alternative paths.

2. Use the rock cycle to explain the statement
“One rock is the raw material for another.”

@ Igneous Rocks: “Formed by Fire” mmm

Describe the two criteria used to classify igneous rocks and explain how the rate of
cooling influences the crystal size of minerals.

In the discussion of the rock cycle, we pointed out that
igneous rocks form as magma or lava cools and crystal-
lizes. Magma is most often generated by melting of rocks
in Earth’s mantle, although some magma originates from
the melting of crustal rock. Once formed, a magma body
buoyantly rises toward the surface because it is less dense
than the surrounding rocks.

When magma reaches the surface, it is called lava
(Figure 2.2). Sometimes, lava is emitted as fountains,
which are produced when escaping gases propel molten
rock skyward. On other occasions, magma is ejected
explosively from vents, producing a spectacular eruption
such as the 1980 eruption of Mount St. Helens. However,
most eruptions are not violent; rather, volcanoes most
often emit quiet outpourings of lava.

Molten rock may solidify at depth, or it may solidify
at Earth’s surface. When molten rock solidifies at the

surface, the resulting igneous rocks are classified as ex-
trusive rocks, or volcanic rocks (after the Roman fire
god, Vulcan). Extrusive igneous rocks are abundant in
western portions of the Americas, including the volca-
nic cones of the Cascade Range and the extensive lava
flows of the Columbia Plateau. In addition, many oceanic
islands, including the Hawaiian Islands, are composed
almost entirely of volcanic igneous rocks.

Most magma loses its mobility before reaching
Earth’s surface and eventually solidifies deep below
the surface. When magma solidifies at depth, it forms
igneous rocks known as intrusive rocks, or plutonic
rocks (after Pluto, the god of the underworld in classi-
cal mythology). Intrusive igneous rocks remain at depth
unless portions of the crust are uplifted and the overlying
rocks are stripped away by erosion. Exposures of intru-
sive igneous rocks occur in many places, including Mount
Washington, New Hampshire; Stone Mountain, Georgia;
Mount Rushmore in the Black Hills of South Dakota;
and Yosemite National Park, California (see Figure 2.8).

From Magma to Crystalline Rock

Magma is molten rock (or melt) composed of ions of the
elements found in silicate minerals, mainly silicon and
oxygen, that move about freely. Magma also contains
gases, particularly water vapor, that are confined within
the magma body by the weight (pressure) of the overlying
rocks, and it may contain some solids (mineral crystals).
As magma cools, the once-mobile ions begin to arrange
themselves into orderly patterns—a process called crys-
tallization. As cooling continues, numerous small crys-
tals develop, and ions are systematically added to these
centers of crystal growth. When the crystals grow large
enough for their edges to meet, their growth ceases.
Eventually, all the liquid melt is transformed into a solid
mass of interlocking crystals.

The rate of cooling strongly influences crystal size.
If magma cools very slowly, ions can migrate over great
distances. Consequently, slow cooling results in the



formation of fewer, larger crystals. On the other hand,

if cooling occurs rapidly, the ions lose their motion and
quickly combine. This results in a large number of tiny
crystals that all compete for the available ions. Therefore,
rapid cooling results in the formation of a solid mass of
small intergrown crystals.

If the molten material is quenched, or cooled almost
instantly, there is insufficient time for the ions to arrange
themselves into a crystalline network. Solids produced in
this manner consist of randomly distributed atoms. Such
rocks are called glass and are quite similar to ordinary
manufactured glass. “Instant” quenching often occurs
during violent volcanic eruptions that produce tiny shards
of glass called volcanic ash.

In addition to the rate of cooling, the composition
of a magma and the amount of dissolved gases influence
crystallization. Because magmas differ in each of these
aspects, the physical appearance and mineral composi-
tion of igneous rocks vary widely.

Igneous Compositions

Igneous rocks are composed mainly of silicate minerals.
Chemical analysis shows that silicon and oxygen—usually
expressed as the silica (SiO,) content of a magma—are
by far the most abundant constituents of igneous rocks.

Composition

Coarse-grained

Fine-grained
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These two elements, plus ions of aluminum (Al), calcium
(Ca), sodium (Na), potassium (K), magnesium (Mg), and
iron (Fe), make up roughly 98 percent by weight of most
magmas. Magma also contains small amounts of many
other elements, including titanium and manganese, and
trace amounts of much rarer elements, such as gold, sil-
ver, and uranium.

As magma cools and solidifies, these elements com-
bine to form two major groups of silicate minerals. The
dark silicates are rich in iron and/or magnesium and are
comparatively low in silica (SiO,). Olivine, pyroxene, am-
phibole, and biotite mica are the common dark silicate
minerals of Earth’s crust. By contrast, the light silicates
contain greater amounts of potassium, sodium, and cal-
cium and are richer in silica than dark silicates. Light
silicate minerals include quartz, muscovite mica, and the
most abundant mineral group, the feldspars. Feldspars
make up at least 40 percent of most igneous rocks. Thus,
in addition to feldspar, igneous rocks contain some combi-
nation of the other light and/or dark silicates listed earlier.

Granitic (Felsic) Versus Basaltic (Mafic) Composi-
tions Despite their great compositional diversity, igne-
ous rocks (and the magmas from which they form) can
be divided into broad groups according to their propor-
tions of light and dark minerals (Figure 2.3). Near one end
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During the catastrophic
eruption of Mount Vesu-
vius in A.D. 79, the entire
city of Pompeii (near
Naples, Italy) was com-
pletely buried by several
meters of pumice and
volcanic ash. Centuries
passed, and new towns
developed around Vesu-
vius. It was not until 1595,
during a construction
project, that the remains
of Pompeii were discov-
ered. Yearly, thousands
of tourists stroll around
the excavated remains of
ancient Pompeii’s shops,
taverns, and villas.

SmartFigure 2.3
Composition of common
igneous rocks (After Dietrich,
Daily, and Larsen) (https://goo.gl/
vST3z8)
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SmartFigure 2.4 Igneous
rock textures (Photos courtesy
of E. J. Tarbuck and Dennis Tasa)
((https://goo.gl/U00IX8))

A. Glassy texture Composed of unordered
atoms and resembles dark manufactured

glass.

B. Porphyritic texture Composed of two
distinctly different crystal sizes.

C. Coarse-grained texture Mineral grains
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of the continuum are rocks composed almost entirely of
light-colored silicates—quartz and potassium feldspar.
Igneous rocks in which these are the dominant miner-
als have a granitic composition. Geologists refer to
granitic rocks as being felsic, a term derived from feld-
spar and silica (quartz). In addition to quartz and feld-
spar, most granitic rocks contain about 10 percent dark
silicate minerals, usually biotite mica and amphibole.
Granitic rocks are major constituents of the continental
crust.

Rocks that contain at least 45 percent dark silicate
minerals and calcium-rich plagioclase feldspar (but no
quartz) are said to have a basaltic composition (see Fig-
ure 2.3). Basaltic rocks contain a high percentage of dark
silicate minerals, so geologists refer to them as mafic
(from magnesium and ferrum, the Latin word for iron).
Because of their high iron content, mafic rocks are typi-
cally darker and denser than granitic rocks. Basaltic rocks
make up the ocean floor as well as many of the volcanic
islands located within the ocean basins.

Other Compositional Groups As you can see in Figure
2.3, rocks with a composition between granitic and basal-
tic rocks are said to have an andesitic composition, or
intermediate composition, after the common volcanic
rock andesite. Intermediate rocks contain at least 25

percent dark silicate minerals, mainly amphibole, pyrox-
ene, and biotite mica, with the other dominant mineral
being plagioclase feldspar. This important category of
igneous rocks is associated with volcanic activity that is
typically confined to the seaward margins of the conti-
nents and on volcanic island arcs such as the Aleutian
chain.

At the far end of the compositional spectrum are
the ultramafic igneous rocks, composed almost entirely
of dense ferromagnesian minerals. Although ultramafic
rocks are rare at Earth’s surface, the rock peridotite,
which is composed mostly of the minerals olivine and py-
roxene, is the main constituent of the upper mantle.

What Can Igneous Textures Tell Us?

To describe the size, shape, and arrangement of the
mineral grains that make up a rock, geologists use the
word texture. Texture is an important property because
it allows geologists to make inferences about a rock’s
origin, based on careful observations of crystal size and
other characteristics (Figure 2.4). Rapid cooling produces
small crystals, whereas very slow cooling produces much
larger crystals. As you might expect, the rate of cool-

ing is slow in magma chambers that lie deep within the
crust, whereas a thin layer of lava extruded upon Earth’s

D. Vesicular texture Extrusive rock containing
voids left by gas bubbles that escape as lava
solidifies.

that are large enough to he identified

without a microscope.

E. Pyroclastic (fragmental) texture Produced by
| the consolidation of fragments that may include
U ash, once molten blobs, or angular blocks that
were ejected during an explosive volcanic
eruption.

= -

F. Fine-grained texture Crystals that are too small
for the individual minerals to be identified without
a microscope.
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surface may chill to form solid rock in a matter of hours.
Small molten blobs ejected from a volcano

during a violent eruption can solidify in
mid-air.

Fine-Grained Texture Ig-
neous rocks that form at
Earth’s surface or as small
intrusive masses within the
upper crust, where cooling

is relatively rapid, exhibit a
fine-grained texture (see
Figure 2.4F). By definition, the
crystals that make up fine-grained igneous rocks are so
small that individual minerals can be distinguished only
with the aid of a polarizing microscope or other sophisti-
cated techniques. Therefore, we commonly characterize
fine-grained rocks as being light, intermediate, or dark in
color.

Coarse-Grained Texture When large masses of magma
slowly crystallize at great depth, they form igneous rocks
that exhibit a coarse-grained texture. Coarse-grained
rocks consist of a mass of intergrown crystals that are
roughly equal in size and large enough so that the indi-
vidual minerals can be identified without the aid of a mi-
croscope (see Figure 2.4C). Geologists often use a small
magnifying lens to aid in identifying minerals in coarse-
grained igneous rocks.

Porphyritic Texture A large mass of magma may re-
quire thousands or even millions of years to solidify.
Because different minerals crystallize under different
conditions of temperature and pressure, it is possible for
crystals of one mineral to become quite large before oth-
ers even begin to form. If molten rock containing some
large crystals erupts or otherwise moves to a cooler loca-
tion, the remaining liquid portion of the lava will cool
more quickly. The resulting rock, which has large crystals
embedded in a matrix of smaller crystals, is said to have
a porphyritic texture (Figure 2.5). The large crystals in
porphyritic rocks are referred to as phenocrysts,
whereas the matrix of smaller crystals is
called groundmass.

Vesicular Texture Many
extrusive rocks exhibit voids
that represent gas bubbles
that formed as the lava solidi-
fied. These nearly spherical
openings are called vesicles,
and the rocks that contain them
are said to have a vesicular
texture. Rocks that exhibit a ve-
sicular texture often form in the
upper zone of a lava flow, where
cooling occurs rapidly enough to
preserve the openings produced by
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Groundmass

Phenocryst

lcm

the expanding gas bubbles (Figure 2.6). Another common
vesicular rock, called pumice, forms when silica-rich lava
is ejected during an explosive eruption (see Figure 2.4D).

Glassy Texture During some volcanic eruptions, molten
rock is ejected into the atmosphere, where it is quenched
and becomes a solid. Rapid cooling of this type may gener-
ate rocks having a glassy texture (see Figure 2.4A). Glass
results when unordered ions are “frozen in place” before
they are able to unite into an orderly crystalline structure.
Obsidian, a common type of natural glass, is similar in ap-
pearance to dark chunks of manufactured glass.

Pyroclastic (Fragmental) Texture Another group of
igneous rocks is formed from the consolidation of indi-
vidual rock fragments ejected during explosive volcanic
eruptions. The ejected particles might be very fine ash,
molten blobs, or large angular blocks torn from the walls
of a vent during an eruption. Igneous rocks composed
of these rock fragments are said to have a pyroclastic
texture, or fragmental texture (see Figure 2.4E). A
common type of pyroclastic rock, called welded tuff, is
composed of fine fragments of glass that remained hot
enough to eventually fuse together.

Scoria, an extrusive igneous rock
with a vesicular texture,

Figure 2.5 Porphyritic
texture The large crystals
in porphyritic rocks are
called phenocrysts, and
the small crystals con-
stitute the groundmass.
(Photos by Dennis Tasa)

A quartz watch actually
contains a quartz crystal
to keep time. Before
quartz watches, time-
pieces used some sort of
oscillating mass or tuning
fork. Cogs and wheels
converted this mechani-
cal movement to the
movement of the hand. It
turns out that if voltage is
applied to a quartz crys-
tal, it will oscillate with a
consistency that is hun-
dreds of times better for
timing than a tuning fork.
Because of this property
and modern integrated-
circuit technology, quartz
watches are now built so
inexpensively that when
they stop working, they
are typically replaced
rather than repaired.
Modern watches that em-
ploy mechanical move-
ments are very expensive
indeed.

Figure 2.6 Vesicular texture
Vesicles form as gas bub-
bles escape near the top
of a lava flow.
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SmartFigure 2.7
Classification of igneous
rocks, based on their
mineral composition and
texture Coarse-grained
rocks are plutonic, solidi-
fying deep underground.
Fine-grained rocks are
volcanic, or solidify as
shallow, thin rock bodies.
Ultramafic rocks are dark,
dense rocks, composed
almost entirely of miner-
als containing iron and
magnesium. Although
relatively rare on Earth’s
surface, ultramafic rocks
are major constituents of
the upper mantle. (Photos
by E. J. Tarbuck and Dennis Tasa)
(https://goo.gl/WiyTul)
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IGNEOUS ROCK CLASSIFICATION CHART
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Common Igneous Rocks

Geologists classify igneous rocks by their texture and min-
eral composition. The texture of an igneous rock is mainly
a result of its cooling history, whereas its mineral composi-
tion is largely a result of the chemical makeup of the par-
ent magma (Figure 2.7). Because igneous rocks are classi-
fied on the basis of both mineral composition and texture,
some rocks having similar mineral constituents but exhib-
iting different textures are given different names.

Granitic (Felsic) Rocks Granite is a coarse-grained
igneous rock that forms where large masses of granitic
magma slowly solidify at depth. Episodes of mountain
building may uplift granite and related crystalline rocks,
with the processes of weathering and erosion stripping
away the overlying crust. Areas where large quantities of
granite are exposed at the surface include Pikes Peak in
the Rockies, Mount Rushmore in the Black Hills, Stone
Mountain in Georgia, and Yosemite National Park in the
Sierra Nevada (Figure 2.8).

Granite is perhaps the best-known igneous rock, in
part because of its natural beauty, which is enhanced
when polished, and partly because of its abundance.
Slabs of polished granite are commonly used for tomb-
stones, monuments, and countertops.

Rhyolite is the extrusive equivalent of granite (same
chemical composition but different texture) and, likewise,
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Dennis Tasa

is composed essentially of light-colored silicates (see Fig-
ure 2.7). This fact accounts for its color, which is usually
buff to pink or light gray. Rhyolite is fine grained and
frequently contains glass fragments and voids, indicat-
ing rapid cooling in a surface environment. In contrast
to granite, which is widely distributed on continents as
large intrusive masses, rhyolite deposits are less com-
mon and generally less voluminous. Yellowstone Park is
one well-known exception where extensive rhyolite lava
flows are found (along with thick ash deposits of rhyolitic
composition).

Obsidian is a common type of vol-
canic glass. Although dark in color, ob-
sidian usually has a felsic composition;
its color results from small amounts
of metallic ions in an otherwise
clear, glassy substance. Because of
its excellent conchoidal fracture
and ability to hold a sharp, hard
edge, obsidian was a prized ma-
terial from which Native Ameri-
cans chipped arrowheads
and cutting tools (Figure 2.9).

Another silica-rich vol-
canic rock that exhibits a
glassy and also vesicular tex-
ture is pumice. Often found
with obsidian, pumice forms

Figure 2.9 Obsidian,

a natural glass Native
Americans used obsidian
to make arrowheads and
cutting tools. (Photo by Jeffrey
Scovil)

SmartFigure 2.8

Rocks contain informa-
tion about the processes
that formed them This
massive granitic monolith
(EI Capitan) located in
Yosemite National Park
was once a molten mass
deep within Earth. (http://
£00.g1/28XJ1i)

Field Trip

During the Stone Age,
volcanic glass (obsidian)
was used for making cut-
ting tools. Today, scalpels
made from obsidian are
used for delicate plastic
surgery because they
cause less scarring than
scalpels made from steel.
“A steel scalpel has a
rough edge, whereas

an obsidian scalpel is
smoother and sharper,”
explains Lee Green, MD,
an associate professor at
the University of Michi-
gan Medical School.
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Figure 2.10 Pumice,

a vesicular glassy

rock Pumice is very light-
weight because it contains
numerous vesicles. (Photo
by E. J. Tarbuck; inset photo

by Chip Clark/Fundamental
Photographs)

Figure 2.11 Fluid basaltic lava flowing from
Kilauea Volcano, Hawaii (Photo by David Reggie/

Perspectives/Getty Images)
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when large amounts of gas escape from molten rock to
generate a gray, frothy mass (Figure 2.10). In some sam-
ples, the vesicles are quite noticeable, whereas in others,
the pumice resembles fine shards of intertwined glass.
Because of the large volume of air-filled voids, many
samples of pumice float in water (see Figure 2.10).

Andesitic (Intermediate) Rocks Andesite is a
medium-gray extrusive rock. It may be fine-grained, or
it may have a porphyritic texture (see Figure 2.7), often
with phenocrysts of plagioclase feldspar (pale and rect-
angular) or amphibole (black and elongated). Andesite
is a major constituent of many of the volcanoes that are
found around the Pacific Rim,
including those of the Andes
Mountains (after which it is
named) and the Cascade
Range.

Diorite, the in-
trusive equivalent of
andesite, is a coarse-
grained rock that re-
sembles gray granite.
However, it

can be distinguished from granite because it contains few
or no visible quartz crystals and has a higher percentage
of dark silicate minerals.

Basaltic (Mafic) Rocks The most common extrusive
igneous rock is basalt, a very dark green to black, fine-
grained volcanic rock composed primarily of pyroxene,
olivine, and plagioclase feldspar. Many volcanic islands,
such as the Hawaiian Islands and Iceland, are composed
mainly of basalt (Figure 2.11). Furthermore, the upper lay-
ers of the oceanic crust consist of basalt. In the United
States, large portions of central Oregon and Washington
were the sites of extensive basaltic outpourings.

The coarse-grained, intrusive equivalent of basalt
is gabbro (see Figure 2.7). Gabbro is not commonly
exposed at the surface, but it makes up a significant per-
centage of the oceanic crust.

How Different Igneous Rocks Form

Because a large variety of igneous rocks exist, it is logical
to assume that an equally large variety of magmas also
exist. However, geologists have observed that a single
volcano may extrude lavas exhibiting quite different
compositions, rather than just one kind. Data of this type
led them to examine the possibility that magma might
change (evolve) and thus become the parent to a variety
of igneous rocks. To explore this idea, a pioneering in-
vestigation into the crystallization of magma was carried
out by N. L. Bowen in the first quarter of the twentieth
century.

Bowen’s Reaction Series In alaboratory setting,
Bowen demonstrated that magma, with its diverse
chemistry, crystallizes over a temperature range of at
least 200°C (360°F), unlike simple compounds (such as
water), which solidify at specific temperatures. As magma
cools, certain minerals crystallize first at relatively high
temperatures. At successively lower temperatures, other
minerals begin to crystallize. This arrangement of min-
erals, shown in Figure 2.12, became known as Bowen’s
reaction series.

Bowen discovered that the first mineral to crystallize
from a body of magma is olivine. Further cooling results
in the formation of pyroxene, as well as plagioclase feld-
spar. At intermediate temperatures, the minerals amphi-
bole and biotite begin to crystallize.

During the last stage of crystallization, after most
of the magma has solidified, the minerals muscovite and
potassium feldspar may form (see Figure 2.12). Finally,
quartz crystallizes from any remaining liquid. Olivine
and quartz are seldom found in the same igneous rock
because quartz crystallizes at much lower temperatures
than olivine.

Analysis of igneous rocks provides evidence that this
crystallization model approximates what can happen in
nature. In particular, we find that minerals that form in
the same general range on Bowen’s reaction series are



BOWEN'S REACTION SERIES

Composition
(rock types)

Temperature
Regimes

High temperatures

(~1200°C) Olivine

Ultramafic
(peridotite/
komatiite)

Mafic
(gabbro/basalt)

Sequence in which minerals crystallize from magma
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Figure 2.12 Bowen's reac-
tion series This diagram
shows the sequence in
which minerals crystallize
from a magma. Compare
this figure to the mineral
composition of the rock
groups in Figure 2.7.

Note that each rock group
consists of minerals that
crystallize in the same
temperature range.

Calcium-

Potassium feldspar

found together in the same igneous rocks. For example,
notice in Figure 2.12 that the minerals quartz, potassium
feldspar, and muscovite, located in the same region of
Bowen’s diagram, are typically found together as major
constituents of the igneous rock granite.

Magmatic Differentiation We said earlier that the com-
position of an igneous rock depends on the composition
of the magma from which it forms. However, a single vol-
cano, fed from a single magma chamber, can form rocks
of quite different composition over its lifetime. How

does this work? First, as Bowen demonstrated, different

Fluid basaltic
lava flow

A. Magma having a mafic composition
erupts fluid basaltic lavas.

olivine, pyroxene, and

calcium-rich plagioclase

to form and settle out,
crystallize along the
magma body’s cool
margins.

B. Cooling of the magma
body causes crystals of

minerals crystallize from magma according to a predict-
able pattern. As each mineral forms, it selectively re-
moves certain elements from the melt. For example, crys-
tallization of olivine and pyroxene will selectively remove
iron and magnesium, leaving the remaining melt more
felsic. If some mechanism then physically separates these
crystals from the remaining melt, the remaining melt will
crystallize to form a different, more felsic rock type.

One such mechanism is erystal settling. If early-
formed crystals are more dense (heavier) than the re-
maining melt, then they will tend to sink toward the bot-
tom of the magma chamber, as shown in Figure 2.13.

Figure 2.13 Magmatic dif-
ferentiation and crystal
settling lllustration of how
a magma evolves as the
earliest-formed miner-
als (those richer in iron,
magnesium, and calcium)
crystallize and settle to
the bottom of the magma
chamber, leaving the
remaining melt richer in
sodium, potassium, and
silica (Si0,).

Explosive
eruption of

C. The remaining melt will be enriched
with silica, and should a subsequent
eruption occur, the rocks generated will
be more silica-rich and closer to the
granitic end of the compositional range
than the initial magma.

or

Calcium-rich
plagioclase
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Consequently, the lower and upper parts of the
magma chamber will form rocks of differing composi-
tion. The formation of one or more secondary mag-
mas from a single parent magma is called magmatic
differentiation.

At any stage in the evolution of a magma, the solid
and liquid components can separate into two chemically
distinct units. Furthermore, magmatic differentiation
within the secondary magma can generate other chemi-
cally distinct masses of molten rock. Consequently,
magmatic differentiation and separation of the solid and
liquid components at various stages of crystallization
can produce several chemically diverse magmas and,
ultimately, a variety of igneous rocks.

@ CONCEPT CHECKS I——

. What is magma? How does magma differ from lava?

2. In what basic settings do intrusive and extrusive
igneous rocks originate?

3. How does the rate of cooling influence crystal
size? What other factors influence the texture of
igneous rocks?

4. What does a porphyritic texture indicate about
the history of an igneous rock?

5. List and distinguish among the four basic compo-
sitional groups of igneous rocks.

6. How are granite and rhyolite different? In what
way are they similar?

7. What is magmatic differentiation? How might
this process lead to the formation of several
different igneous rocks from a single magma?

Weathering of Rocks to Form Sediment mam

Define weathering and distinguish between the two main categories of weathering.

All materials are susceptible to weathering. Consider, for
example, the fabricated product concrete, which closely
resembles the sedimentary rock conglomerate. A newly
poured concrete sidewalk has a smooth, unweathered
look. However, after only a few years, the same sidewalk
will appear chipped, cracked, and rough, with pebbles
exposed at the surface. If a tree is nearby, its roots may
grow under the concrete, heaving and buckling it. The
same natural processes that eventually break apart a con-
crete sidewalk also act to disintegrate rocks, regardless of
their type or strength.

In the following sections, we discuss the various
modes of mechanical and chemical weathering. Although
we consider these two categories separately, keep in mind
that mechanical and chemical weathering processes usu-
ally work simultaneously in nature and reinforce each
other.

Mechanical Weathering

When a rock undergoes mechanical weathering, it is
broken into smaller and smaller pieces, each of which
retains the characteristics of the original material. The
end result is many small pieces from a single large one.
Figure 2.14 shows that breaking a rock into smaller pieces
increases the surface area available for chemical attack.
Hence, by breaking rocks into smaller pieces, mechanical
weathering increases the amount of surface area available
for chemical weathering.

In nature, four important physical processes lead
to the fragmentation of rock: frost wedging, salt crystal
growth, expansion resulting from unloading (sheeting),
and biological activity. In addition, as erosional agents such
as waves, wind, glacial ice, and running water move rock
debris, these particles are further broken and abraded.

Frost Wedging If you leave a

SmartFigure 2.14
Mechanical weathering
increases surface area
Mechanical weathering
adds to the effectiveness
of chemical weathering
because chemical weath-
ering occurs mainly on
exposed surfaces. (https:/
200.gl/XkBfd2)

As mechanical weathering breaks rock into smaller pieces,
more surface area is exposed to chemical weathering.

glass bottle filled with water in the
freezer too long, you will find the
bottle fractured, as in Figure 2.15.
The bottle breaks because water
has the unique property of expand-
ing about 9 percent when it freezes.
You might also expect this same
process to fracture rocks in na-
ture. This is, in fact, the basis

4 square
units

4 square units x

e

E13 Sidssf 1 square unit x *"@:-z-a,@
—eube= 6 sides x
24 square units 8cubes= .25 square unit x
48 square units 6 sides X
64 cubes=

96 square units

for the traditional explanation
of frost wedging. After water
works its way into the cracks in
rock, the freezing water enlarges

the cracks, and angular fragments are
eventually produced (Figure 2.16).
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More recent research has shown that frost wedging
can also occur in another way. It has long been known
that when moist soils freeze, they expand, or frost
heave, due to the growth of ice lenses. These masses of
ice grow larger because they are supplied with water
migrating from unfrozen areas as thin liquid films. As
more water accumulates and freezes, the soil is heaved
upward. A similar process occurs within the cracks and
pore spaces of rocks. Lenses of ice grow larger as they

attract liquid water from surrounding pores. The growth

of these ice masses gradually weakens the rock, causing
it to fracture.

Salt Crystal Growth Another expansive force that can
split rocks is generated by the growth of salt crystals.
Rocky shorelines and arid regions are common settings
for this process. It begins when sea spray from break-

ing waves or salty groundwater penetrates crevices and
pore spaces in rock. As this water evaporates, salt crys-
tals form. As these crystals gradually grow larger, they
weaken the rock by pushing apart the surrounding grains
or enlarging tiny cracks.

Frost wedging

| Falling/ "

rock
debris
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Figure 2.15 Ice breaks
bottle The bottle broke
because water expands
about 9 percent when it
freezes. (Photo by Martyn F.
Chillmaid/Science Source)

Sheeting When large masses of igneous rock, particu-
larly those composed of granite, are exposed by ero-
sion, concentric slabs begin to break loose. The process
generating these onion-like layers is called sheeting. It
takes place, at least in part, due to the great reduction in
pressure that occurs when the overlying rock is eroded
away, a process called unloading. Figure 2.17 illustrates
what happens: As the overburden is removed, the outer
parts of the granitic mass expand more than the rock
below and separate from the rock body. Continued
weathering eventually causes the slabs to separate and
fall off, creating exfoliation domes (ex = off, folium =
leaf). Excellent examples of exfoliation domes include

SmartFigure 2.16 Frost
wedging In mountainous
areas frost wedging cre-
ates angular rock frag-
ments that accumulate to
form steep rocky slopes.
(Photo by Marli Miller) (https://goo.
gl/5ugnS1)

" Talus slope composed of

angular rock fragments
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SmartFigure 2.17
Unloading leads to sheet-
ing Sheeting leads to the
formation of an exfoliation
dome. (Photo by Gary Moon/
AGE Fotostock) (https://goo.gl/
k4N203)

OO
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B. As erosion removes
the overlying bedrock
(unloading), the outer
parts of the igneous mass
expand. Joints form parallel
to the surface. Continued weathering .
causes thin slabs to separate and fall off.

C. The summit of Half Dome in
California’s Yosemite National Park is
an exfoliation dome and illustrates the #.
onion-like layers created by sheeting. =

Stone Mountain in Georgia and Half Dome in Yosemite
National Park.

Biological Activity The activities of organisms, includ-
ing plants, burrowing animals, and humans, can cause
weathering. Plant roots in search of minerals and water
grow into fractures, and as the roots grow, they wedge
apart the rock (Figure 2.18). Burrowing animals further
break down the rock by moving fresh material to the sur-
face, where physical and chemical processes can more ef-
fectively attack it. Decaying organisms also produce acids,
which contribute to chemical weathering. Where rock has
been blasted in search of minerals or for road construc-
tion, the impact of humans is particularly noticeable.

Chemical Weathering

In the preceding discussion you learned that breaking
rock into smaller pieces aids chemical weathering by
increasing the surface area available for chemical attack.
It should also be pointed out that chemical weather-

ing contributes to mechanical weathering. It does so by
weakening the outer portions of some rocks, which, in
turn, makes them more susceptible to being broken by
mechanical weathering processes.

Chemical weathering involves the complex pro-
cesses that alter the internal structures of minerals by re-
moving and/or adding elements. During this transforma-
tion, the original rock decomposes into substances that
are stable in the surface environment. Consequently, the

A. This large
igneous mass
formed deep
heneath the
surface, where

/' confining
| pressure is
; ‘-'I great.

products of chemical weathering will remain essentially
unchanged as long as they remain in an environment
similar to the one in which they formed.

Water and Carbonic Acid Water is by far the most
important agent of chemical weathering. Although pure
water is nonreactive, a small amount of dissolved material
is generally all that is needed to activate it. Oxygen dis-
solved in water will oxidize some materials. For example,
when an iron nail is found in moist soil, it will have a
coating of rust (iron oxide), and if the time of exposure
has been long, the nail will be so weak that it can be bro-
ken as easily as a toothpick. When rocks containing iron-
rich minerals oxidize, a yellow to reddish-brown rust will
appear on the surface.

Carbon dioxide (CO,) dissolved in water (H,0)
forms carbonic acid (H,CO,)—the same weak acid
produced when soft drinks are carbonated. Rain dis-
solves some carbon dioxide as it falls through the atmo-
sphere, and additional amounts released by decaying
organic matter are acquired as the water percolates
through the soil. Carbonic acid ionizes to form the very
reactive hydrogen ion (H*) and the bicarbonate ion
(HCO,"). Acids such as carbonic acid readily decompose
many rocks and produce certain products that are water
soluble. For example, the mineral calcite (CaCO,), which
is in the common building stones marble and limestone,
is easily attacked by even a weakly acidic solution. In
nature, over spans of thousands of years, large quanti-
ties of limestone are dissolved and carried away by
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groundwater. This activity is largely responsible for the
formation of limestone caverns.

Products of Chemical Weathering

To illustrate how a rock composed of silicate minerals
chemically weathers when attacked by carbonic acid, we
will consider the weathering of granite, a common constitu-
ent of Earth’s continental crust. Recall that granite consists
mainly of quartz and potassium feldspar. The weathering
of the potassium feldspar component of granite involves a
chemical reaction in which the hydrogen ions (H*) in car-
bonic acid replace the potassium ions (K*) in the feldspar
structure. Once removed, the potassium is available as a
nutrient for plants or becomes the soluble salt potassium bi-
carbonate, which may be incorporated into other minerals
or carried to the ocean by groundwater and streams.

The remaining elements in feldspar reorganize to
form clay minerals. Because clay minerals are the end
product of chemical weathering, they are very stable
under surface conditions. Clay minerals, which make up
a high percentage of the inorganic material found in soils,
are also found in shale, a common sedimentary rock.

In addition to forming clay minerals, this chemical
reaction also removes some silica from the feldspar struc-
ture, which tends to be carried away by groundwater.
This dissolved silica will eventually precipitate (settle out
of the solution as a solid) to produce nodules of chert, or
fill in the pore spaces between sediment grains, or be
carried to the ocean, where microscopic animals will re-
move it to build hard silica shells.

Quartz, the other main component of granite, is very
resistant to chemical weathering; it remains substantially
unaltered when attacked by weakly acidic solutions. As a
result, when granite weathers, the feldspar crystals dull
and slowly turn to clay, releasing the once-interlocked
quartz grains, which still retain their fresh, glassy ap-
pearance. Although some quartz remains in the soil,
much is transported to the sea or to other sites of deposi-
tion, where it becomes the main constituent of landforms
such as sandy beaches and sand dunes. In time it may
become lithified to form the sedimentary rock sandstone.

Table 2.1 lists the weathered products of some of the
most common silicate minerals. Remember that silicate
minerals make up most of Earth’s crust and that these
minerals are composed essentially of only eight elements.
When chemically weathered, silicate minerals yield

Table 2.1 Products of Weathering

Mineral Residual Products Material in Solution
Quartz Quartz grains Silica
Feldspars Clay minerals Silica, K*, Na*, Ca?+
Amphibole Clay minerals Silica, Ca2*, Mg?+
Iron oxides
Olivine Iron oxides Silica, Mg?+
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Plant roots'can extend |
into joints and grow in
diameter and length.

This process enlarges
fractures and breaks
rock. ;

sodium, calcium, potassium, and magnesium ions, which
form soluble products that may be removed by groundwa-
ter. The element iron combines with oxygen, producing
relatively insoluble iron oxides, which give soil a reddish-
brown or yellowish color. Under most conditions, the
three remaining elements—aluminum, silicon, and oxy-
gen—join with water to produce residual clay minerals.

@ CONCEPT CHECKS I

1. When a rock is mechanically weathered, how does
its surface area change? How does this influence
chemical weathering?

2. Explain how water can cause mechanical weath-
ering.

3. How does an exfoliation dome form?

4. How does biological activity contribute to weath-
ering?

5. How is carbonic acid formed in nature? What
products result when carbonic acid reacts with
potassium feldspar?

Figure 2.18 Plants can
break rock Root wedging
near Boulder, Colorado.
(Photo by Kristin Piljay)
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SmartFigure 2.19
Sedimentary rocks exposed
along the Waterpocket
Fold, Capitol Reef National
Park, Utah About 75 per-
cent of all rock exposures
on continents consist of
sedimentary rocks. (Photo
by Michael Collier) (http://goo.gl/
eeryMM)

Mobile
Field Trip
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' Sedimentary Rocks: Compacted and Cemented Sediment

List and describe the different categories of sedimentary rocks and discuss the
processes that change sediment into sedimentary rock.

Recall the rock cycle, which shows the origin of sedi- deposition, this sediment may become lithified, or

mentary rocks. Weathering begins the process. Next, “turned to rock.”

gravity and erosional agents remove the products of The word sedimentary indicates the nature of these

weathering and carry them to a new location, where rocks, for it is derived from the Latin sedimentum, which

they are deposited. Usually, the particles are broken means “settling,” a reference to a solid material settling

down further during this transport phase. Following out of a fluid. Most sediment is deposited in this fashion.
Weathered debris is con-

stantly being swept from
bedrock and carried away by
running water, waves, glacial
ice, or wind. Eventually,

the material is deposited in
lakes, river valleys, seas, and
countless other places. The
particles in a desert sand
dune, the mud on the floor
of a swamp, the gravels in a
streambed, and even house-
hold dust are examples of
sediment produced by this
never-ending process.

The weathering of
bedrock and the transport
and deposition of this
weathered rock material
are continuous processes.
Therefore, sediment is
found almost everywhere.
As piles of sediment accu-
mulate, the materials near
the bottom are compacted
by the weight of the overly-
ing layers. Over long peri-
ods, these sediments are
cemented together by min-
eral matter deposited from
water into the spaces be-
tween particles. This forms
solid sedimentary rock.

Geologists estimate that
sedimentary rocks account
for only about 5 percent (by
volume) of Earth’s outer 16
kilometers (10 miles). How-
ever, the importance of this
group of rocks is far greater
than this percentage implies.
If you sampled the rocks
exposed at Earth’s surface,
you would find that the
great majority are sedimen-
tary (Figure 2.19). Indeed,
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about 75 percent of all rock
outcrops on the continents
are sedimentary. Therefore,
we can think of sedimentary
rocks as comprising a rela-
tively thin and somewhat dis-
continuous layer in the up-
permost portion of the crust.
This makes sense because
sediment accumulates at the
surface.

It is from sedimentary
rocks that geologists re-
construct many details of
Earth’s history. Because
sediments are deposited in
a variety of different set-
tings at the surface, the rock
layers that they eventually
form hold many clues to past
surface environments. They
may also exhibit character-
istics that allow geologists to
decipher information about
the method and distance of
sediment transport. Fur-
thermore, sedimentary rocks
contain fossils, which are
vital evidence in the study of
the geologic past.

Finally, many sedimen-
tary rocks are important
economically. Coal, which is
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Detrital Sedimentary Rocks

Particle Size

Sediment Name

Rock Name

Coarse
(over 2 mm)

(Rounded particles)

Gravel Conglomerate

(Angular particles)

Gravel Breccia

Medium
(1/16 to 2 mm)

Sandstone

Sand

Arkose*

Fine
(1/16 to
1/256 mm)

Silt Siltstone

Very fine
(less than

burned to provide a signifi- 1/256 mm)

cant portion of U.S. electri-

Shale or
HEY) Mudstone

cal energy, is classified as

a sedimentary rock. Other
major energy resources (such
as petroleum and natural gas) occur in pores within
sedimentary rocks. Other sedimentary rocks are major
sources of iron, aluminum, manganese, and fertilizer,
plus numerous materials essential to the construction
industry.

Types of Sedimentary Rocks

Materials that accumulate as sediment have two prin-
cipal sources. First, sediments may originate as solid
particles from weathered rocks, such as the igneous rocks
described earlier. These particles are called detritus,

and the sedimentary rocks they form are called detrital
sedimentary rocks (Figure 2.20).

Detrital Sedimentary Rocks Though a wide variety

of minerals and rock fragments may be found in detrital
rocks, clay minerals and quartz dominate. As you learned
earlier, clay minerals are the most abundant product of

*If abundant feldspar is present the rock is called arkose.

the chemical weathering of silicate minerals, especially
the feldspars. Quartz, on the other hand, is abundant be-
cause it is extremely durable and very resistant to chemi-
cal weathering. Thus, when igneous rocks such as granite
are weathered, individual quartz grains are set free.
Geologists use particle size to distinguish among
detrital sedimentary rocks. Figure 2.20 presents the
four size categories for particles making up detrital
rocks. When gravel-size particles predominate, the rock
is called conglomerate if the sediment is rounded and
breccia if the pieces are angular (see Figure 2.20).
Angular fragments indicate that the particles were not
transported very far from their source prior to deposition
and so have not had corners and rough edges abraded.
Sandstone is the name given to rocks when sand-size
grains prevail. Shale (mudstone), the most common
sedimentary rock, is made of very fine-grained sediment
and composed mainly of clay minerals (see Figure 2.20).
Siltstone, another rather fine-grained rock, is composed

Figure 2.20 Detrital sedi-
mentary rocks (Photos by
Dennis Tasa and E. J. Tarbuck)
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Figure 2.21 Chemical,
biochemical, and organic
sedimentary rocks (Photos by
Dennis Tasa and E. J. Tarbuck)

The most important and
most common material
used for making glass

is silica, which is usually
obtained from the quartz
in “clean,” well-sorted
sandstones.
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Chemical, Biochemical, and Organic Sedimentary Rocks

Composition

Texture

Rock Name

Calcite,
CaCO,

Fine to coarse
crystalline

Very fine-grained
crystals

Fine to coarse
crystalline

—DO0O—S0®O=00 —W

®SO~0NDIS —r

Visible
shells and shell
fragments loosely
cemented

Various size
shells cemented
with calcite cement

Microscopic
shells and clay

Quartz,
Sio,

Very fine
crystalline

Gypsum
CaS0,¢2H,0

Fine to
coarse crystalline

Halite,
NaCl

Fine to
coarse crystalline

Altered plant
fragments
(organic matter)

Fine-grained

of clay-sized sediment inter-
mixed with slightly larger silt-
sized grains.

Particle size also pro-
vides useful information
about the environment in
which the sediment was de-
posited. Currents of water or
air sort the particles by size.
The stronger the current, the
larger the particle size car-
ried. Gravels, for example,
are moved by swiftly flowing
rivers, rockslides, and gla-
ciers. Less energy is required
to transport sand; thus, it
is common in windblown
dunes, river deposits, and
beaches. Because silts and
clays settle very slowly, accu-
mulations of these materials
are generally associated with
the quiet waters of a lake,
lagoon, swamp, or marine
environment.

Although detrital sedi-
mentary rocks are classified
by particle size, in certain
cases, the mineral composi-
tion is also part of naming
a rock. For example, most
sandstones are rich in quartz,
so they are referred to as
quartz sandstone. In ad-
dition, rocks consisting of
detrital sediments are rarely
composed of grains of just
one size. Consequently, a
rock containing quantities
of both sand and silt can be
correctly classified as sandy
siltstone or silty sandstone,
depending on which particle
size dominates.

Chemical, Biochemical,
and Organic Sedimentary
Rocks In contrast to de-
trital rocks, which are the
solid products of weather-
ing, chemical sedimentary
rocks and biochemical
sedimentary rocks are
derived from material (ions)
carried in solution to lakes
and seas (Figure 2.21). This
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body of saltwater evaporates.

Precipitation may also occur indirectly through
life processes of water-dwelling organisms that form
materials called biochemical sediments. Many aquatic
animals and plants extract the mineral matter dissolved
in the water to form shells and other hard parts. After
the organisms die, their skeletons may accumulate on
the floor of a lake or an ocean.

Limestone, an abundant sedimentary rock, is com-
posed chiefly of the mineral calcite (CaCO,). Nearly 90
percent of limestone is formed from biochemical sedi- -8
ments secreted by marine organisms, and the remaining .
amount consists of chemical sediments that £
precipitated directly from seawater.

One easily identified biochemical
limestone is coquina, a coarse rock com-
posed of loosely cemented shells and shell
fragments (Figure 2.22). Another less obvi-
ous but familiar example is chalk, a soft,
porous rock made up almost entirely of
the hard parts of microscopic organisms
that are no larger than the head of a pin.
Among the most famous chalk deposits are the
White Chalk Cliffs exposed along the southeast
coast of England (Figure 2.23).

Inorganic limestone forms when chemical changes
or high water temperatures cause
calcium carbonate (calcite) to pre-
cipitate. Travertine, the type of
limestone that decorates caverns,
is one example. Groundwater is
the source of travertine that is
deposited in caves. As water drops
reach the air in a cavern, some
of the carbon dioxide dissolved
in the water escapes, causing cal-
cium carbonate to precipitate.

Dissolved silica (SiO,) pre-
cipitates to form varieties of
microcrystalline rocks—rocks
consisting of very fine-grained
quartz crystals (Figure 2.24).
Sedimentary rocks composed of
microcrystalline quartz include
chert (light color), flint (dark),
jasper (red), and petrified wood
(multi-colored). These chemical
sedimentary rocks may have ei-
ther an inorganic or biochemical
origin, but the mode of origin is
usually difficult to determine.

The massive White Chalk Cliffs.
Chalk is a hiochemical limestone
made up almost entirely of the
tiny hard parts of microscopic
marine organisms, mainly
plankton.

View of a group of plankton called
coccolithophores from a scanning electron |
microscope. Individual plates shaped like
hubcaps are only three one-thousandths of a
millimeter in diameter; so tiny they could
pass through the eye of a needle.
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Figure 2.22 Coquina This
variety of limestone
consists of shell frag-
ments; therefore, it has a
biochemical origin. (Rock
sample photo by E. J. Tarbuck;
beach photo by Donald R. Frazier
Photolibrary, Inc./Alamy Images)

Figure 2.23 The White
Chalk Cliffs This promi-
nent deposit underlies
large portions of southern
England as well as parts
of northern France. (Photo
by David Wall/Alamy; coc-
colithophores photo by Steve
Gschmeissner/SPL/Alamy
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Figure 2.24 Colorful variet-
ies of chert Chert is the
name applied to a number
of dense, hard chemical
sedimentary rocks made
of microcrystalline quartz.
(A. and B. by E. J. Tarbuck; C, by
Daniel Sambraus/Science Source;
D, by gracious_tiger/Shutterstock)

Each year, about 30 per-
cent of the world’s supply
of salt is extracted from
seawater. The seawater
is pumped into ponds
and allowed to evaporate,
leaving behind “artificial
evaporites,” which are
harvested.

SmartFigure 2.25
Bonneville Salt Flats This
well-known Utah site was
once a large salt lake.
(Photo by Jupiter Images/Getty
Images; satellite image by NASA)
(https://goo.gl/mhgwN3)

T
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A. Flint B. Jasper

Very often, evaporation causes minerals to precipi-
tate from water. Such minerals include halite, the chief
component of rock salt, and gypsum, the main ingredi-
ent of rock gypsum. Both materials have significant
commercial importance. Halite is familiar to everyone
as the common salt used in cooking and seasoning foods.
Of course, it has many other uses and has been consid-
ered important enough that people have sought, traded,
and fought over it for much of human history. Gypsum
is the basic ingredient in plaster of Paris. This material
is used most extensively in the construction industry for
drywall and plaster.

In the geologic past, many areas that are now dry
land were covered by shallow arms of the sea that had
only narrow connections to the open ocean. Under these
conditions, water continually moved into the bay to re-
place water lost by evaporation. Eventually, the waters
of the bay became saturated, and salt deposition began.
Today, these arms of the sea are gone, and the remaining
deposits are called evaporite deposits.

Evaporite deposits are also found in enclosed basins
on land. One example is Death Valley, California, where
following periods of rainfall or snowmelt in the surround-
ing mountains, streams carry mineral-rich water into the

C. Chert arrowhead

D. Petrified wood

lowest parts of the valley. As the water in these desert
basins evaporates, materials that were dissolved in the
water are left behind, forming a white, salt-rich crust on
the ground that grows in thickness to generate a salt flat
(Figure 2.25).

Coal—An Organic Sedimentary Rock In contrast to
sedimentary rocks that are calcite or silica rich, coal con-
sists mostly of organic matter. Because coal is produced
by biochemical activity and contains organic matter, it is
often classified as a biochemical, or organic, rock. Exam-
ining a piece of lignite, also called brown coal, under a
magnifying glass reveals plant structures such as leaves,
bark, and wood that have been chemically altered but re-
main identifiable (Figure 2.26). This observation supports
the conclusion that coal is the end product of the burial
of large amounts of plant material over extended periods.
The initial stage in coal formation is the accumula-
tion of large quantities of plant remains. However, special
conditions are required for such accumulations because
dead plants normally decompose when exposed to the at-
mosphere. Ideal environments that allow plant matter to
accumulate are swamps. Stagnant swamp water is oxygen
deficient, which makes it impossible for plant material to

-

».

3 Bonneville
Salt Flats
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This extensive evaporite deposit is a
- 30,000-acre expanse of hard white salt
. that in places is nearly 2 meters thick.
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completely decay (oxidize). At various times dur-
ing Earth history, such environments have been
common.

Coal forms in a series of stages. With each
successive stage, higher temperatures and
pressures drive off impurities and volatiles, as
shown in Figure 2.26. Lignite and bituminous
coals are sedimentary rocks, but anthracite is
a metamorphic rock. Anthracite forms when
sedimentary layers are subjected to the folding and de-
formation associated with mountain building, discussed
in the final section of this chapter.

Lithification of Sediment 7,
l lCOmpactionl l '

Lithification refers to the processes by which
sediments are transformed into solid sedimen-
tary rocks. One of the most common processes
is compaction (Figure 2.27A). As sediments
accumulate through time, the weight of overly-
ing material compresses the deeper sediments. As the
grains are pressed closer and closer, pore space is greatly
reduced. For example, when clays are buried beneath
several thousand meters of material, the volume of
the clay may be reduced as much as 40 percent.
Compaction is most effective in converting very
fine-grained sediments, such as clay-size par-
ticles, into sedimentary rocks.

Because sand and coarse sediments
(gravel) are not easily compressed, they are
generally transformed into sedimentary rocks
by the process of cementation (Figure 2.27B). The
cementing materials are carried in solution by water that
percolates through the pore spaces between particles.
Over time, the cement precipitates onto the sediment
grains, fills the open spaces, and acts like glue
to join the particles together. Calcite, silica, and
iron oxide are the most common cements. The — __
cementing material is relatively easy to identify.
Calcite cement will effervesce (fizz) in contact
with dilute hydrochloric acid. Silica is the hard-
est cement and thus produces the hardest sedi-
mentary rocks. An orange or red color in a sedimen-
tary rock usually means iron oxide is present.

Greater burial

Compaction

Metéinorphism

Water filled
pore spaces

Circulation of mineral-

Pressure bearing groundwater

188888
—%_ 3 —
———

Compacted
sediment

Loosely packed .
(sedimentary rock)

clay size particles
(magnified)

Loosely packed

sand or gravel

size particles
(magnified)
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SmartFigure 2.26 From
plants to coal Successive
stages in the formation of
coal. (Photos by E. J. Tarbuck)
(https://goo.gl/EHKyKU)

OO

~ PEAT
(Partially altered plant
material)

LIGNITE
(Soft brown coal)

BITUMINOUS
(Soft black coal)

ANTHRACITE
(Hard black coal)

Figure 2.27 Compaction
and cementation

Cement

£

Gradually the cementing

material fills much of the

pore space and “glues”
the grains together
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Figure 2.28 Sedimentary
environments A. Ripple
marks preserved in sedi-
mentary rocks may indi-
cate a beach or stream
channel environment.
(Photo by Tim Graham/Alamy)
B. Mud cracks form
when wet mud or clay
dries and shrinks,
perhaps signifying

a tidal flat or desert
basin. (Photo by Marli
Miller)

The temperature of
Earth’s crust increases
with depth, an idea that
can be expressed as
“the deeper one goes,
the hotter it gets.” This
makes underground
mining complicated and
dangerous. In one of the
Western Deep Levels
mines in South Africa,
which is 4 km (2.5 mi)
deep, the temperature of
the rock is hot enough to
scorch human skin. Air
conditioning is used to
cool the mine from 55°C
(131°F) to a more toler-
able 28°C (82°F).

Rocks: Materials of the Solid Earth

example, indicates a high-energy en-
vironment, such as a rushing stream,
where only the coarse materials can set-
tle out. By contrast, both coal and black
shale (with its high carbon content) are
associated with a low-energy, organic-
rich environment, such as a swamp or
lagoon. Other features found in some
sedimentary rocks also give clues to
past environments (Figure 2.28).

Fossils, the traces or remains of
prehistoric life, are perhaps the most
important inclusions found in some
sedimentary rock. Knowing the na-
ture of the life-forms that existed at a
particular time may help answer many
questions about the environment. Was
it land or ocean, lake or swamp? Was
the climate hot or cold, rainy or dry?
Was the ocean water shallow or deep,
turbid or clear? Furthermore, fossils are important time
indicators and play a key role in matching up rocks from
different places that are the same age. Fossils are impor-
tant tools used in interpreting the geologic past and will
be examined in some detail in Chapter 8.

. |
Features of Sedimentary Rocks CONGEPT c_HECKs ,
1. Why are sedimentary rocks important?

Sedimentary rocks are particularly important in the 2. What minerals are most abundant in detrital
study of Earth history. These rocks form at Earth’s sur- sedimentary rocks? In which rocks do these sedi-
face, and as layer upon layer of sediment accumulates, ments predominate?
each records the nature of the environment at the time 3. Distinguish between conglomerate and breccia.
the sediment was deposited. These layers, called strata, 4. What are the two groups of chemical sedimentary
or beds, are the single most characteristic feature of rock? Give an example of a rock that belongs to
sedimentary rocks (see the chapter-opening photo). each group. . .
; . . . 5. How do evaporites form? Give an example.
Bed thickness ranges from microscopically thin to . ) .

f meters thick. Separatine the strata are beddin 6. Describe the two. processes by which sedlmgnts.
tens of me - Oep ) g g are transformed into sedimentary rocks. Which is
planes, flat surfaces along which rocks tend to separate

the more effective process in the lithification of
or break. Generally, each bedding plane marks the end sand- and gravel-sized sediments?

of one episode of sedimentation and the beginning of 7. List three common cements. How might each be
another. identified?
Sedimentary rocks provide geologists with evidence 8. What is the single most characteristic feature of

for deciphering past environments. A conglomerate, for sedimentary rocks?

Metamorphic Rocks: New Rock from Old mesam

Define metamorphism, explain how metamorphic rocks form, and describe the agents
of metamorphism.

Recall from the discussion of the rock cycle that meta-
morphism is the transformation of one rock type into
another. Metamorphic rocks are produced from preex-
isting igneous, sedimentary, or even other metamorphic
rocks (Figure 2.29). Thus, every metamorphic rock has a
parent rock—the rock from which it was formed.

Metamorphism, which means “to change form,” is
a process that leads to changes in the mineralogy, texture
(for example, grain size), and sometimes chemical com-
position of rocks. Metamorphism occurs most often when
rock is subjected to a significant increase in temperature
and/or pressure. In response to these new conditions, the



Parent rock
(Shale)

Metamorphic rock
(Slate)

rock gradually changes until it~ A.
reaches a state of equilibrium
with the new environment.
Most metamorphic changes
occur at the elevated tempera-

tures and pressures that exist Low-grade
in the zone beginning a few ki- metamorphlslm

lometers below Earth’s surface
and extending into the mantle.
Metamorphism often
progresses incrementally, from
slight changes (low-grade meta-

Low temperatures
and pressures

, Tillhiel
morphism) to substantial changes Tightly ||||||||| ||||||||||||||I|"|||
i ; packed ({; packed ||||||||| ||||||I|||| |||||
(high-grade metamorphism). For ex- clay chlorite and |“|||“|||”|||||||||||||”|
ample, under low-grade metamorphism, .05 mica minerals |||||||| |||||||| I

the common sedimentary rock shale
becomes the more compact
metamorphic rock slate (Figure B.
2.30A). Hand samples of shale
and slate are sometimes dif-
ficult to distinguish, illustrat-
ing that the transition from
sedimentary to metamorphic
rock is often gradual, and the
changes can be subtle.

In more extreme environ-
ments, metamorphism causes
a transformation so complete
that the identity of the parent
rock cannot be determined. In high-
grade metamorphism, such features

Parent rock
(Granodiorite)

Metamorphic rock
(Folded gneiss)

High-grade
metamorphism '
Strong
compressional
forces, high

temperatures
and pressures

oriented
minerals

segregated
minerals
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SmartFigure 2.29 Folded
and metamorphosed

rocks This rock outcrop

is in Anza-Borrego Desert
State Park, California.
(Photo by Pearson Education, Inc.)
(https://goo.gl/kkykbZ)

= ’
A2

Figure 2.30 Vietamorphic
grade A. Low-grade meta-
morphism illustrated by
the transformation of the
common sedimentary rock
shale to the more compact
metamorphic rock slate.

B. High-grade metamorphic
environments obliterate
the existing texture and
often change the mineral-
ogy of the parent rock.
High-grade metamorphism
occurs at temperatures
that approach those at
which rocks melt. (Photos by
Dennis Tasa)
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Some low-grade meta-
morphic rocks actually
contain fossils. When
fossils are present in
metamorphic rocks, they
provide useful clues for
determining the original
rock type and its depo-
sitional environment. In
addition, fossils whose
shapes have been
distorted during meta-
morphism provide insight
about the extent to
which the rock has been
deformed.

SmartFigure 2.31 Confining
pressure and differential
stress (https://goo.gl/GbqzMz)

TS
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as bedding planes, fossils, and vesicles that may have
existed in the parent rock are obliterated. Furthermore,
when rocks deep in the crust (where temperatures are
high) are subjected to directed pressure, the entire mass
may deform, producing large-scale structures such as
folds (Figure 2.30B).

By definition, rock undergoing metamorphism re-
mains essentially solid. In the most extreme metamorphic
environments, the temperatures approach those at which
rocks melt. However, if appreciable melting occurs, the
rocks have entered the realm of igneous activity.

Most metamorphism occurs in one of two settings:

1. When rock is intruded by magma, contact meta-
morphism may take place, as the magma heats the
adjacent rock to temperatures that cause metamor-
phic changes.

2. During mountain building, great quantities of rock
are subjected to pressures and high temperatures
associated with large-scale deformation called re-
gional metamorphism.

Extensive areas of metamorphic rocks are exposed
on every continent. Metamorphic rocks are an impor-
tant component of many mountain belts, where they
make up a large portion of a mountain’s crystalline core.
Even the stable continental interiors, which are gener-
ally covered by sedimentary rocks, are underlain by
metamorphic basement rocks. In each of these settings,

"’ / In a depositional

¢ environment, as confining

pressure increases, rocks

deform by decreasing in
volume.

Increasing
confining
pressure

] __‘::.'f.:
High confining
pressure

During mountain building, rocks subjected to
differential stress are shortened in the direction
of maximum stress and lengthened in the 'Y
direction of minimum stress. v V

the metamorphic rocks are usually highly deformed and
intruded by igneous masses. Consequently, significant
parts of Earth’s continental crust are composed of meta-
morphic and associated igneous rocks.

What Drives Metamorphism?

The agents of metamorphism include heat, confining
pressure, differential stress, and chemically active fluids.
During metamorphism, rocks are often subjected to all
four metamorphic agents simultaneously. However, the
degree of metamorphism and the contribution of each
agent vary greatly from one environment to another.

Heat as a Metamorphic Agent Thermal energy, com-
monly referred to as heat, is the most important factor
driving metamorphism. It triggers chemical reactions that
result in the recrystallization of existing minerals and the
formation of new minerals. Thermal energy for metamor-
phism comes mainly from two sources. Rocks experience a
rise in temperature when they are intruded by magma ris-
ing from below (contact metamorphism). In this situation,
the adjacent host rock is “baked” by the emplaced magma.
By contrast, rocks that formed at Earth’s surface will
experience a gradual increase in temperature and pres-
sure as they are taken to greater depths. In the upper
crust, this increase in temperature averages about 25°C
per kilometer. When buried to a depth of about 8 kilome-
ters (5 miles), where temperatures are between 150° and
200°C, clay minerals tend to become unstable and begin
to recrystallize into other minerals, such as chlorite and
muscovite, that are stable in this environment. (Chlorite
is a mica-like mineral formed by the metamorphism
of iron- and magnesium-rich silicates.) However, many
silicate minerals, particularly those found in crystalline
igneous rocks—quartz and feldspar, for example—re-
main stable at these temperatures. Thus, these minerals
require much higher temperatures in order to meta-
morphose and recrystallize.

Confining Pressure and Differential Stress as
Metamorphic Agents Pressure, like tempera-
ture, increases with depth as the thickness of the overly-
ing rock increases. Buried rocks are subjected to confin-
ing pressure—similar to water pressure in that the
forces are equally applied in all directions (Figure 2.31A).
The deeper you go in the ocean, the greater the confin-
ing pressure. The same is true for buried rock. Confin-
ing pressure causes the spaces between mineral
grains to close, producing a more compact rock
that has greater density. Further, at great depths,
confining pressure may cause minerals to recrys-
tallize into new minerals that display more com-
pact crystalline forms.
During episodes of mountain building, large
rock bodies become highly crumpled and metamor-
phosed (Figure 2.31B). Unlike confining pressure, which
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“squeezes” rock equally in all directions, the forces that
generate mountains are unequal in different directions
and are called differential stress. As shown in Figure
2.31B, rocks subjected to differential stress are short-
ened in the direction of greatest stress, and they are
elongated, or lengthened, in the direction perpendicular
to that stress. The deformation caused by differential
stresses plays a major role in developing metamorphic
textures.

In surface environments where temperatures are
relatively low, rocks are brittle and tend to fracture
when subjected to differential stress. (Think of a heavy
boot crushing a piece of fine crystal.) Continued defor-
mation grinds and pulverizes the mineral grains into
small fragments. By contrast, in high-temperature, high-
pressure environments deep in Earth’s crust, rocks are
ductile and tend to flow rather than break. (Think of
a heavy boot crushing a soda can.) When rocks exhibit
ductile behavior, their mineral grains tend to flatten
and elongate when subjected to differential stress. This
accounts for their ability to generate intricate folds (see
Figure 2.29).

Chemically Active Fluids as Metamorphic Agents
Ton-rich fluids composed mainly of water and other vola-
tiles (materials that readily change to gases at surface
conditions) are believed to play an important role in some
types of metamorphism. Fluids that surround mineral
grains act as catalysts that promote recrystallization by
enhancing ion migration. In progressively hotter envi-
ronments, these ion-rich fluids become correspondingly
more reactive. Chemically active fluids can produce two
types of metamorphism, explained below. The first type
changes the arrangement and shape of mineral grains
within a rock; the second type changes the rock’s chemical
composition.

When two mineral grains are squeezed together,
the parts of their crystalline structures that touch are
the most highly stressed. Atoms at these sites are read-
ily dissolved by the hot fluids and move to fill the voids
between individual grains. Thus, hot fluids aid in the
recrystallization of mineral grains by dissolving material
from regions of high stress and then precipitating (de-
positing) this material in areas of low stress. As a result,
minerals tend to recrystallize and grow longer in a di-
rection perpendicular to compressional stresses.

When hot fluids circulate freely through rocks, ionic
exchange may occur between adjacent rock layers, or
ions may migrate great distances before they are finally
deposited. The latter situation is particularly common
when we consider hot fluids that escape during the crys-
tallization of an intrusive mass of magma. If the rocks
surrounding the magma differ markedly in composition
from the invading fluids, there may be a substantial ex-
change of ions between the fluids and host rocks. When
this occurs, the overall composition of the surrounding
rock changes.
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Metamorphic Textures

The degree of metamorphism is reflected in a rock’s
texture and mineralogy. (Recall that the term texture

is used to describe the size, shape, and arrangement of
grains within a rock.) When rocks are subjected to low-
grade metamorphism, they become more compact and
thus denser. A common example is the metamorphic
rock slate, which forms when shale is subjected to tem-
peratures and pressures only slightly greater than those
associated with the compaction that lithifies sediment. In
this case, differential stress causes the microscopic clay
minerals in shale to align into the more compact arrange-
ment found in slate.

Under more extreme temperature and pressure,
stress causes certain minerals to recrystallize. In general,
recrystallization encourages the growth of larger crystals.
Consequently, many metamorphic rocks consist of visible
crystals, much like coarse-grained igneous rocks.

Foliation The term foliation refers to any nearly flat ar-
rangement of mineral grains or structural features within
arock. Although foliation may occur in some sedimentary
and even a few types of igneous rocks, it is a fundamental
characteristic of regionally metamorphosed rocks—

that is, rock units that have been strongly deformed,
mainly during folding. As we see in Figure 2.32, foliation
in metamorphic environments is ultimately driven by

FOLIATION

Before metamorphism
(Confining pressure)

After metamorphism
(Differential stress)
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When differential stress
causes rocks to flatten, the
mineral grains rotate and
align roughly perpendicular
to the direction of maximum
differential stress.

Platy and elongated mineral
grains having random
orientation.

SmartFigure 2.32 Rotation
of platy and elongated
mineral grains to produce
foliated texture When
subjected to differential
stress during metamor-
phism, some mineral
grains become reoriented
and aligned at right angles
to the stress. The result-
ing orientation of mineral
grains gives the rock a foli-
ated (layered) texture. If
the coarse-grained igneous
rock (granite) on the left
underwent intense meta-
morphism, it could end

up closely resembling the
metamorphic rock on the
right (gneiss). (Photos by E. J.
Tarbuck) (https://goo.gl/vaWvel)

I~
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Figure 2.33 Classification
of common metamorphic
rocks (Photos by E. J. Tarbuck)

Because marble can be
easily carved, it has been
used for centuries for
buildings, statues, and
memorials. Examples of
famous statues carved of
marble include Michel-
angelo’s David and an
ancient Greek stattue,
Venus de Milo, which
was carved sometime

between 130 and 100 B.c.
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COMMON METAMORPHIC ROCKS

Metamorphic Rock Texture

Comments

environments where defor-
mation is minimal and the
parent rocks are composed
of minerals that have a
relatively simple chemical

Parent

Slate

Fine-grained, tiny
chlorite and mica
flakes, breaks in flat
slabs called slaty
cleavage, smooth
dull surfaces

composition, such as quartz
or calcite. For example,
when a fine-grained lime-
stone (made of calcite) is
metamorphosed by the in-
trusion of a hot magma body

Phyllite

: Fine-grained, glossy
sheen, breaks along
wavy surfaces

(contact metamorphism),
the small calcite grains re-
crystallize and form larger
interlocking crystals. The re-
sulting rock, marble, exhib-

o@D ——0 m

Schist ©

Medium- to
coarse-grained,
scaly foliation, micas
dominate

its large, equidimensional
grains that are randomly
oriented, similar to those
ina coarse—grained igneous
rock.

Coarse-grained,
compositional
banding due to
segregation of light

Common
Metamorphic Rocks

Gneiss | and dark colored Figure 2.33 depicts the com-
minerals mon rocks produced by met-
- amorphic processes, which
Medium- to

coarse-grained,
relatively soft (3 on
the Mohs scale),
interlocking calcite
or dolomite grains

are described below.

Foliated Rocks Slate is a
very fine-grained foliated
rock composed of minute

Quartzite

M~ —=—0 -~S 0 2

I

Medium- to
coarse-grained, very
hard, massive, fused

quartz grains

mica flakes that are too
small to be visible (see Fig-
ure 2.33). A noteworthy
characteristic of slate is its
excellent rock cleavage, or
tendency to break into flat

=
o
(x)
=

compressional stresses that shorten rock units, causing
mineral grains in preexisting rocks to develop parallel, or
nearly parrllel, alignments. Examples of foliation include
the parallel alignment of platy (flat and disk-like) miner-
als such as the micas; elongated or flattened pebbles that
are characteristic of metaconglomerates; compositional
banding, in which dark and light minerals separate, gen-
erating a layered appearance; and rock cleavage, in which
rocks can be easily split into tabular slabs. It is important
to note that rock cleavage is not related to the mineral
cleavage discussed in Chapter 1.

Nonfoliated Textures Not all metamorphic rocks
exhibit a foliated texture. Those that do not are re-
ferred to as nonfoliated and typically develop in

slabs. This property has
made slate a useful rock for roof and floor tile, as well as
billiard tables (Figure 2.34). Slate is usually generated by
the low-grade metamorphism of shale. Less frequently,
it is produced when volcanic ash is metamorphosed.
Slate’s color is variable. Black slate contains organic ma-
terial, red slate gets its color from iron oxide, and green
slate is usually composed of chlorite, a greenish mica-
like mineral.

Phyllite represents a degree of metamorphism
between slate and schist. Its constituent platy minerals,
mainly muscovite and chlorite, are larger than those
in slate but not large enough to be readily identifiable
with the unaided eye. Although phyllite appears similar
to slate, it can be easily distinguished from slate by its
glossy sheen and wavy surface (see Figure 2.33).



Schists are moderately to strongly foliated rocks
formed by regional metamorphism (see Figure 2.33).
They are platy and can be readily split into thin flakes

or slabs. Many schists originate from shale parent rock.

The term schist describes the texture of a rock regard-
less of composition. For example, schists composed
primarily of muscovite and biotite are called mica
schists.

Gneiss (pronounced “nice”) is the term applied
to banded metamorphic rocks in which elongated and
granular (as opposed to platy) minerals predominate
(see Figure 2.33). The most
common minerals in gneisses
are quartz and feldspar, with
lesser amounts of muscovite,
biotite, and hornblende.
Gneisses exhibit strong seg-
regation of light and dark
silicates, giving them a char-
acteristic banded texture.
While still deep below the
surface where temperatures
and pressures are great,
banded gneisses can be de-
formed into intricate folds.

Nonfoliated Rocks Marble
is a coarse, crystalline rock
whose parent rock is limestone F
(see Figure 2.33). Marble is
composed of large interlocking
calcite crystals formed from
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Figure 2.34 Slate exhibits
rock cleavage Because
slate breaks into flat
slabs, it has many uses.
The larger image shows a
quarry near Alta, Norway.
(Photo by Fred Bruemmer/Getty
Images) In the inset photo,
slate is used to roof a
house in Switzerland. (Photo
by E. J. Tarbuck)

the recrystallization of smaller grains in the parent rock.
Because of its color and relative softness (hardness of
only 3 on the Mohs scale), marble is a popular building
stone. White marble is particularly prized as a stone from
which to carve monuments and statues, such as the Lin-
coln Memorial in Washington, DC, and the Taj Mahal
in India (Figure 2.35). Marble can also be colored—pink,
gray, green, or even black—if the parent rocks from
which it formed contain impurities that color the stone.
Quartzite is a very hard metamorphic rock most
often formed from quartz sandstone (see Figure 2.33).

Figure 2.35 Marble,
because of its workability,
is a widely used build-
ing stone The exterior

of India’s Taj Mahal is
constructed primarily of
the metamorphic rock
marble. (Photo by Sam Dcruz/
Shutterstock)
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SmartFigure 2.36 Garnet-
mica schist The dark red
garnet crystals are embed-
ded in a matrix of fine-
grained micas. (Photo by E. J.
Tarbuck) (http://goo.gl/KrkufS)

Mobile
Field Trip
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Garnet crystals

Under moderate- to high-grade metamorphism, the

quartz grains in sandstone fuse. Pure quartzite is white,

but iron oxide may produce reddish or pinkish stains,
and dark minerals may impart a gray color.

Naming Metamorphic Rocks

During intermediate- to high-grade metamorphism,
recrystallization of existing minerals often produces

newly formed minerals, commonly referred to as ac-
cessory minerals, tend to form large crystals that are
surrounded by smaller crystals of other minerals, such
as muscovite and biotite. When naming a metamorphic
rock that contains one or more easily recognizable ac-
cessory minerals, geologists add a prefix to the appro-
priate rock name. For example, Figure 2.36 shows a mica
schist that contains large dark red garnet crystals em-
bedded in a matrix of fine-grained micas; consequently
this rock is called a garnet-mica schist. The metamor-
phic rock gneiss also frequently contains accessory
minerals, including garnet and staurolite. These rocks
would be called garnet gneiss and staurolite gneiss,
respectively.

@ CONCEPT CHECKS I

1. Metamorphism means “to change form.” Describe

how a rock may change during metamorphism.

2. Explain what is meant by the statement “every
metamorphic rock has a parent rock.”

3. List the four agents of metamorphism and de-
scribe the role of each.

4. Distinguish between regional and contact meta-
morphism.

5. What feature would easily distinguish schist and
gneiss from quartzite and marble?

6. In what ways do metamorphic rocks differ from

the igneous and sedimentary rocks from which
they formed?

new minerals that are mainly associated with meta-
morphic rocks, for example the mineral garnet. These

% CONCEPTS IN REVIEW
Rocks: Materials of the Solid Earth

2.1 Earth as a System: The Rock Cycle

Sketch, label, and explain the rock cycle.
KEY TERM: rock cycle

® The rock cycle is a good model for thinking about the transformation of TS

one rock to another due to Earth processes. Igneous rocks form when
molten rock solidifies. Sedimentary rocks are made from weathered
products of other rocks. Metamorphic rocks are the products of
preexisting rocks subjected to conditions of high temperatures and/or
pressures. Given the right sequence of conditions, any rock type can be
transformed into any other type of rock.

@ Name the processes that are represented by each of the letters (A-E) in this
rock cycle diagram.

L Shutterstock
C.

Dennis Tasa \
D.

Dennis Tasa
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2.2 Igneous Rocks: “Formed by Fire”

Describe the two criteria used to classify igneous rocks and explain how the
rate of cooling influences the crystal size of minerals.

KEY TERMS: igneous rock, magma, lava, extrusive (volcanic) rock, intrusive
(plutonic) rock, granitic (felsic) composition, basaltic (mafic) composition, an-
desitic (intermediate) composition, ultramafic, peridotite, texture, fine-grained
texture, coarse-grained texture, porphyritic texture, phenocryst, groundmass,
vesicular texture, glassy texture, pyroclastic (fragmental) texture, granite,
rhyolite, obsidian, pumice, andesite, diorite, basalt, gabbro, Bowen’s reaction
series, crystal settling, magmatic differentiation

® Completely or partly molten rock is called magma if it is below Earth’s
surface and lava if it has erupted onto the surface. It consists of a liquid
melt that contains gases (volatiles) such as water vapor, and it may
contain solids (mineral crystals).

® Magmas that cool at depth produce intrusive igneous rocks, whereas
those that erupt onto Earth’s surface produce extrusive igneous rocks.

® In geology, texture refers to the size, shape, and arrangement of mineral
grains in a rock. Careful observation of the texture of igneous rocks can
lead to insights about the conditions under which they formed. Lava
on or near the surface cools rapidly, resulting in a large number of very

small crystals that gives the rock a fine-grained texture. Magma at depth
is insulated by the surrounding rock and cools very slowly. This allows
sufficient time for the magma’s ions to organize into larger crystals,
resulting in a rock with a coarse-grained texture. If crystals begin to
form at depth and then the magma rises to a shallow depth or erupts at
the surface, it will have a two-stage cooling history. The result is a rock
with a porphyritic texture.
Pioneering experimentation by N. L. Bowen revealed that as magma
cools, minerals crystallize in a specific order. The dark-colored silicate
minerals, such as olivine, crystallize first at the highest temperatures
(1250°C [2300°F]), whereas the light silicates, such as quartz, crystallize
last at the lowest temperatures (650°C [1200°F]). Separation of minerals
by mechanisms such as crystal settling results in igneous rocks having a
wide variety of chemical compositions.
® Tgneous rocks are classified into compositional groups based on the
percentage of dark and light silicate minerals they contain. Granitic (or
felsic) rocks such as granite and rhyolite are composed mostly of the
light-colored silicate minerals potassium feldspar and quartz. Rocks
of andesitic (or intermediate) composition such as andesite contain
plagioclase feldspar and amphibole. Basaltic (or mafic) rocks such as
basalt contain abundant pyroxene and calcium-rich plagioclase feldspar.

2.3 Weathering of Rocks to Form Sediment

Define weathering and distinguish between the two main categories of
weathering.

KEY TERMS: mechanical weathering, frost wedging, sheeting, exfoliation
dome, chemical weathering, carbonic acid

® Mechanical weathering is the physical breaking up of rock into smaller
pieces. Rocks can be broken into smaller fragments by frost wedging,
salt crystal growth, unloading, and biological activity. In addition, rocks
that form under high pressure deep in Earth will expand when exposed
at the surface. This can cause the rock to fracture in onion-like layers,
a process called sheeting, which can generate broad, dome-shaped
exposures of rock called exfoliation domes.

® Chemical weathering alters a rock’s chemistry, changing it into different
substances. Water is by far the most important agent of chemical
weathering. Oxygen in water can oxidize some materials, while carbon
dioxide (CO,) dissolved in water forms carbonic acid. The chemical
weathering of silicate minerals produces soluble products containing
sodium, calcium, potassium, and magnesium; insoluble iron oxides; and
clay minerals.

@ Which category of weathering is represented by the broken glass in this
image? What about the rusty cans?

Michael Collier

2.4 Sedimentary Rocks: Compacted and
Cemented Sediment

List and describe the different categories of sedimentary rocks and discuss
the processes that change sediment into sedimentary rock.

KEY TERMS: sedimentary rock, sediment, detrital sedimentary rock, conglom-
erate, breccia, sandstone, shale, siltstone, chemical sedimentary rock, bio-
chemical sedimentary rock, limestone, coquina, travertine, evaporite deposit,
coal, lithification, compaction, cementation, strata (beds), fossil

® Although igneous and metamorphic rocks make up most of Earth’s crust
by volume, sediment and sedimentary rocks are concentrated near the
surface.

® Detrital sedimentary rocks are made of solid particles, mostly quartz
grains and microscopic clay minerals. Common detrital sedimentary

rocks include shale (the most abundant sedimentary rock), sandstone,
and conglomerate.

® Chemical and biochemical sedimentary rocks are derived from mineral
matter (ions) that is carried in solution to lakes and seas. Under certain
conditions, ions in solution precipitate (settle out) to form chemical
sediments as a result of physical processes, such as evaporation.
Precipitation may also occur indirectly through life processes of water-
dwelling organisms that form materials called biochemical sediments.
Many water-dwelling animals and plants extract dissolved mineral
matter to form shells and other hard parts. After the organisms die, their
skeletons may accumulate on the floor of a lake or an ocean.

® Limestone, an abundant sedimentary rock, is composed chiefly of the
mineral calcite (CaCO,). Rock gypsum and rock salt are chemical rocks
that form as water evaporates.
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® Coal forms from the burial of large amounts of plant matter in low-
oxygen depositional environments such as swamps and bogs.

® The transformation of sediment into sedimentary rock is called
lithification. The two main processes that contribute to lithification are
compaction (a
reduction in pore
space by packing
grains more tightly
together) and
cementation (a
reduction in pore
space by adding
new mineral
material that acts
as a “glue” to bind
the grains to each
other).

@ This photo was S e - ok ;
taken in the Grand ' Dennis Tasa
Canyon. What name(s)

do geologists use for the characteristic features found in the sedimentary rocks
shown in this image?

2.5 Metamorphic Rocks: New Rock from
old

Define metamorphism, explain how metamorphic rocks form, and describe
the agents of metamorphism.

KEY TERMS: metamorphic rock, metamorphism, contact metamorphism,
regional metamorphism, confining pressure, differential stress, foliation,
nonfoliated, slate, phyllite, schist, gneiss, marble, quartzite

® When rocks are subjected to elevated temperatures and pressures, they
can change form, producing metamorphic rocks. Every metamorphic

W GIVE IT SOME THOUGHT e

1. Refer to Figure 2.1. How does the rock cycle diagram—in particular,
the labeled arrows—support the fact that sedimentary rocks are the
most abundant rock type on Earth’s surface?

2. Would you expect all the crystals in an intrusive igneous rock to be the
same size? Explain why or why not.

3. Isit possible for two igneous rocks to have the same mineral composi-
tion but be different rocks? Support your answer with an example.

4. Use your understanding of magmatic differentiation to explain how
magmas of different composition can be generated in a cooling magma
chamber.

5. Give two reasons sedimentary rocks are more likely to contain fossils
than igneous rocks.

6. If you hiked to a mountain peak and found limestone at the top, what
would that indicate about the likely geologic history of the rock there?

7. Apply your understanding of igneous rock textures to describe the
cooling history of each of the igneous rocks labeled A-D.

rock has a parent rock—the rock it used to be prior to metamorphism.
When the minerals in parent rocks are subjected to heat and pressure,
new minerals can form. Depending on the intensity of alteration,
metamorphism ranges from low grade to high grade.

® Heat, confining pressure, differential stress, and chemically active fluids
are four agents that drive metamorphic reactions. Any one alone may
trigger metamorphism, or all four may act simultaneously.

® Confining pressure results from burial. The force it exerts is the same
in all directions, like the pressure exerted by water on a diver. An
increase in confining pressure causes rocks to compact into more dense
configurations.

¢ Differential stresses, which occur during mountain building, are greater
in one direction than in others. Rocks subjected to differential stress
under ductile conditions deep in the crust tend to shorten in the direction
of greatest stress and elongate in the direction(s) of least stress, producing
flattened or stretched grains. In the shallow crust, most rocks respond to
differential stress with brittle deformation, breaking into pieces.

® A common kind of texture is foliation, the planar arrangement of
mineral grains. Common foliated
metamorphic rocks include (in order
of increasing metamorphic grade)
slate, phyllite, schist, and gneiss.

® Common nonfoliated metamorphic
rocks include quartzite and marble,
recrystallized rocks that form from
quartz sandstone and limestone
respectively.

@ Examine the photograph. Determine
whether this rock is foliated or nonfoli-
ated and then determine whether it
formed under confining pressure or from
differential stress. Which of the pairs of
arrows shows the direction of maximum
stress?

Dennis Tasa
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8. One of the accompanying photos shows an outcrop of metamorphic layers of sedimentary rocks, but if you were to hike down into what is
rock; the other two show igneous and sedimentary outcrops, respec- known as the Inner Gorge, you would encounter the Vishnu Schist,
tively. Which do you think is the metamorphic rock? Explain why you which is metamorphic rock.
ruled out the other rock bodies. (Photos by E. J. Tarbuck) a. What process might have been responsible for the formation of

the Vishnu Schist? How does this process differ from the processes
that formed the sedimentary rocks that are atop the Vishnu Schist?

b. What does the Vishnu Schist tell you about the history of the
Grand Canyon prior to the formation of the canyon itself?

c. Why is the Vishnu Schist visible at Earth’s surface?

d. Isit likely that rocks similar to the Vishnu Schist exist elsewhere
but are not exposed at Earth’s surface? Explain.

9. Dust collecting on furniture is an everyday example of a sedimentary
process. Provide another example of a sedimentary process that might
be observed in or around where you live.

10. Examine the accompanying photos, which show the geology of the

B. Close up of Vishnu Schist
Grand Canyon. Notice that most of the walls of the canyon consist of P (dark color) Dennis Tasa
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SCULPTING EARTH’S SURFACE

r S - s
FOCUS ON CONCEPTS
Each statement represents the primary learning
objective for the corresponding major heading >
within the chapter. After you complete the chapter, o
you should be able to: G -
3.1 List three important external processes and - ¥
describe where they fit into the rock cycle.
3.2 Explain the role of mass wasting in the
development of valleys and discuss the
factors that trigger and influence mass-
wasting processes. : ;
3.3 List the hydrosphere’'s major reservoirs and .
describe the different paths that water takes =
through the hydrologic cycle. r g ¥
3.4 Describe the nature of drainage basins and . it
river systems. o
3.5 Discuss streamflow and the factors that
cause it to change.
3.6 Outline the ways in which streams erode,
transport, and deposit sediment.
3.7 Contrast bedrock and alluvial stream
channels. Distinguish between two types of
alluvial channels.
3.8 Contrast narrow V-shaped valleys, broad
valleys with floodplains, and valleys that
display incised meanders.
3.9 Discuss the formation of deltas and natural
levees.
3.10 Discuss the causes of floods and some
common flood control measures.
3.11 Discuss the importance of groundwater and
describe its distribution and movement. %
3.12 Compare and contrast springs, wells, and '1-_.; . y
artesian systems. _ - T
3.13 List and discuss three important : &3 b
environmental problems associated with 3 i \
groundwater. The Colorado River winding-through Canyonlands Na.tional Park in southern Utah. When ;
3.14 Explain the formation of caverns and the this meandering path was established, the river flowed across a relatively flat landscape.
development of karst topography. Subsequently, the region was.gradually lifted upward while downward erosion lowered the

riverbed. The meandering pattern persists, but the loops, loeked within confining walls,
76 are now referred to'as incised meanders. (Photo by Michael Collier)






Although many people,
including geologists,
frequently use the word
landslide, the term has
no specific definition in
geology. Rather, it is a
popular nontechnical
term used to describe all
relatively rapid forms of
mass wasting.

arth is a dynamic planet. Internal forces such as those that create mountains elevate the land,

while opposing external processes continually wear it down. The Sun and gravity drive external

processes occurring at Earth’s surface. Rock is disintegrated and decomposed, moved to lower

elevations by gravity, and carried away by water, wind, or glacial ice. Collectively these pro-
cesses sculpt the physical landscape. This chapter deals with some of these external processes. After
a brief examination of mass wasting, we focus on the part of the hydrologic cycle in which water moves

from the land back to the sea. Some water travels quickly via rushing streams, and some moves much

more slowly, beneath the surface. When viewed as part of the Earth system, streams and groundwater

are basic links in the constant cycling of the planet’s water.

@ Earth’s External Processes mmmmmmmmmmem

List three important external processes and describe where they fit into the rock cycle.

Weathering, mass wasting, and erosion are called exter-
nal processes because they occur at or near Earth’s sur-
face and are powered by energy from the Sun. External
processes are a basic part of the rock cycle because they
are responsible for transforming solid rock into sediment.

To the casual observer, Earth’s surface may appear to
be without change, unaffected by time. In fact, 200 years
ago, most people believed that mountains, lakes, and des-
erts were permanent features of an Earth that was thought
to be no more than a few thousand years old. Today we
know Earth is about 4.6 billion years old and that moun-
tains eventually succumb to weathering and erosion, lakes
fill with sediment or are drained by streams, and deserts
come and go with changes in climate.

Earth is a dynamic body. Some parts of Earth’s
surface are gradually elevated by mountain building
and volcanic activity. These internal processes derive
their energy from Earth’s interior. Meanwhile, opposing
external processes are continually breaking rock apart
and moving the debris to lower elevations. The latter pro-
cesses include:

1. Weathering—the physical breakdown (disintegra-
tion) and chemical alteration (decomposition) of rock
at or near Earth’s surface

2. Mass wasting—the transfer of rock and soil
downslope, under the influence of gravity

3. Erosion—the physical removal of material by a
mobile agent such as flowing water, waves, wind, or
glacial ice

Weathering processes were treated in Chapter 2. In
this chapter, we will focus on mass wasting and on two
important erosional processes—erosion by running water
and by groundwater. Chapter 4 will examine the geologic
work of two other significant erosional processes—ero-
sion by glacial ice and by wind.

CONCEPT CHECKS I

1. Distinguish between internal and external
processes.
2. Contrast weathering, mass wasting, and erosion.

@ Mass Wasting: The Work of Gravity msssssam

Explain the role of mass wasting in the development of valleys and discuss the factors
that trigger and influence mass-wasting processes.

Earth’s surface is never perfectly flat but instead consists
of slopes. Some are steep and precipitous; others are
moderate or gentle. Some are long and gradual; others
are short and abrupt. Some slopes are mantled with soil
and covered by vegetation; others consist of barren rock
and rubble. Their form and variety are great.

Although most slopes appear to be stable and
unchanging, they are not static features because the

force of gravity causes material to move downslope. At
one extreme, the movement may be gradual and prac-
tically imperceptible. At the other extreme, it

may consist of a roaring debris flow or a thundering
rock avalanche. Landslides are a worldwide natural
hazard. When these natural processes lead to loss

of life and property, they become natural disasters
(Figure 3.1).



Mass Wasting and Landform
Development

Events such as the one that created the scene in Fig-
ure 3.1 are spectacular examples of a common geo-
logic process called mass wasting. Mass wasting is

the downslope movement of rock and soil under the
direct influence of gravity. It is distinct from erosional
processes because mass wasting does not require a

A. Slump: Downward sliding of a mass of rock or
uncfonsolldated material moving as a unit along a curved
surface.

Scarp

Slump

Earthflow

C. Debris flow: A flow of weathered debris containing a
large amount of water. Often confined to channels.
Sometimes called a mudflow.

B . Debris flow

transporting medium, such as water, wind, or glacial
ice. There is a broad array of mass-wasting processes.
Four of them are illustrated in Figure 3.2.

The Role of Mass Wasting Mass wasting is the step
that follows weathering in the evolution of most land-
forms. Once weathering weakens and breaks apart rock,
mass wasting transfers the debris downslope, where a
stream, acting as a conveyor belt, usually carries it away

B. Rockslide: Blocks of bedrock break loose and slide
very rapidly downslope.

Surface of
rupture

Rockslide

D. Earthflow; The tongue-like flow of water-saturated
clay-rich soil on a hillside that breaks away and moves
downslope.

Earthflow
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Figure 3.1 Watch out for
falling rocks! Road signs
in mountain areas often
warn of this mass-wasting
hazard. On February 22,
2011, rock weakened by
weathering, combined
with precipitous slopes,
and the shock of an
earthquake to produce
the rockfall pictured here
near Christchurch, New
Zealand. (Photo by Marty
Melville/AF P/Getty Images)

SmartFigure 3.2 Types of
mass wasting The four
processes illustrated here
are all considered to be
relatively rapid forms of
mass wasting. Because
the material in slumps and
rockslides moves along
well-defined surfaces, it

is said to move by sliding.
The animation illustrates
the sliding movement of a
slump. By contrast, when
material moves like a thick
fluid, it is described as

a flow. Debris flow and
earthflow are examples.
(https://goo.gl/Y604zh)

I’\
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SmartFigure 3.3
Excavating the Grand
Canyon The walls of the

canyon extend far from the

channel of the Colorado
River. This results

primarily from the transfer

of weathered debris

downslope to the river and

its tributaries by mass-

wasting processes. (Photo

by Bryan Brazil/Shutterstock)
(https://goo.gl/9geHci)

The cost of damages
by all types of mass
wasting in the United
States is conservatively
estimated to exceed

$2 billion in an average
year.

SmartFigure 3.4 Debris flow in the Colorado Front Range During
the week of September 9-13, 2013, residents in and near
Boulder, Colorado, received a harsh reminder of the dangers
posed by debris flows. During that 5-day span, nearly continu-
ous rainfall triggered numerous flash floods and more than 1100
debris flows in an area covering more than 3400 square kilome-
ters (1300 square miles). Most occurred on slopes steeper than
25 degrees. (Photo by Rick Wilking/Reuters) (http://goo.gl/M7j5H6)

Mobile
Field Trip

Landscapes Fashioned by Water

Material eroded
by running water
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building subsides, mass-wasting and erosional pro-
cesses lower the land. Over time, steep and rugged

Geologist’s Skefch

(Figure 3.3). Although there may be many intermediate
stops along the way, most of the sediment is eventually
transported to the sea. The combined effects of mass
wasting and running water produce stream valleys,
which are the most common and conspicuous landforms
at Earth’s surface and the focus of a later part of this
chapter.

If streams alone were responsible for creating the val-
leys in which they flow, valleys would be very narrow fea-
tures. However, the fact that most river valleys are much
wider than they are deep is a strong indication of the sig-
nificance of mass-wasting processes in supplying material
to streams. The walls of a canyon extend far from the river
because of the transfer of weathered debris downslope to
the river and its tributaries by mass-wasting processes. In
this manner, streams and mass wasting combine to modify
and sculpt the surface. Of course, glaciers, groundwater,
waves, and wind are also important agents in shaping land-
forms and developing landscapes.

Slopes Change Through Time Most rapid and spectac-
ular mass-wasting events occur in areas of rugged, geo-
logically young mountains. Newly formed mountains are
rapidly eroded by rivers and glaciers into regions charac-
terized by steep and unstable slopes. It is in such settings
that massive destructive landslides occur. As mountain

mountain slopes give way to gentler, more subdued

terrain. Thus, as a landscape ages, massive and
rapid mass-wasting processes give way to smaller, less
dramatic downslope movements.

Controls and Triggers of Mass Wasting
Gravity is the controlling force of mass wasting, but
several factors play important roles in overcoming iner-
tia and creating downslope movements. Long before a
landslide occurs, various processes work to weaken slope
material, gradually making it more and more susceptible
to the pull of gravity. During this span, the slope remains
stable but gets closer and closer to being unstable. Even-
tually, the strength of the slope is weakened to the point
that something causes it to cross the threshold from sta-
bility to instability. Such an event that initiates downslope
movement is called a trigger. Remember that the trigger
is not the sole cause of a mass-wasting event; it is just

the last of many causes. Among the common factors that
trigger mass-wasting processes are saturation of material
with water, oversteepening of slopes, removal of anchor-
ing vegetation, and ground vibrations from earthquakes.

The Role of Water

Mass wasting is sometimes triggered when heavy rains
or periods of snowmelt saturate surface materials. Such
a situation is shown in Figure 3.4. When the pores in
soil and sediment become filled with water, two things
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happen. First, the water reduces the cohesion among
particles, allowing them to slide past each other more
easily. For example, slightly moist sand sticks together
well, allowing you to build a sand castle, but if you add
enough water to fill the pore spaces between grains, the
sand will ooze like a fluid. Similarly, wet clay is notori-
ously slick. Second, water adds weight, making the mate-
rial likelier to slide or flow downslope.

Oversteepened Slopes If you pile up dry sand, you will
find that it forms a slope with a specific incline called
the angle of repose (Figure 3.5). Any kind of unconsoli-
dated granular material (sand size or coarser) will behave
similarly. Depending on the size and shape of the par-
ticles, the angle of repose varies from 25 to 40 degrees,
with larger or more angular particles supporting steeper
slopes. If you try to make such a slope steeper than its
angle of repose, material will eventually move downslope
until the angle is reestablished. A slope that is steeper
than its stable angle is said to be oversteepened.
Although materials such as cohesive soils and bed-
rock do not have a specific angle of repose, slopes made
of such materials can also be oversteepened, and they
will eventually respond through mass wasting. In fact,
oversteepening is a common trigger for mass wasting in
nature, as when a stream undercuts a valley wall or waves
erode the base of a cliff. Human activities can also create
oversteepened slopes.

Removal of Vegetation Plants protect against erosion and
contribute to the stability of slopes because their root sys-
tems bind soil particles together. Where plants are lacking,
mass wasting is enhanced, especially if slopes are steep and
water is plentiful. When anchoring vegetation is removed
by forest fires or by people (for timber, farming, or develop-
ment), surface materials frequently move downslope.

Earthquakes as Triggers Among the most important
and dramatic mass-wasting triggers are earthquakes. An

@ The Hydrologic Cycle

3.3 The Hydrologic Cycle 81

earthquake and its aftershocks can dislodge enormous vol-
umes of rock and unconsolidated material. In many areas
that are jolted by earthquakes, it is not ground vibrations
directly but landslides and ground subsidence triggered by
the vibrations that cause the greatest damage. The scene
in Figure 3.1 was triggered by an earthquake.

Landslides Without Triggers? Do rapid mass-wasting
events always require some sort of trigger, such as heavy
rains or an earthquake? The answer is “no.” Many rapid
mass-wasting events occur without discernible triggers.
Slope materials gradually weaken over time, under the
influence of long-term weathering, infiltration of water,
and other physical processes. Eventually, if the strength
falls below what is necessary to maintain slope stability, a
landslide will occur. The timing of such events is random,
and accurate prediction is not possible.

@ CONCEPT CHECKS I——

1. How does water affect mass-wasting processes?
2. Describe the significance of the angle of repose.
3. How might a forest fire influence mass wasting?
4. Link earthquakes and landslides.

List the hydrosphere’s major reservoirs and describe the different paths that water

takes through the hydrologic cycle.

Water is continually on the move, from the ocean to the
atmosphere to the land and back again, in an endless
cycle called the hydrologic cycle. The remainder of
this chapter deals with the part of the cycle that returns
water to the sea. Some water travels by way of rivers, and
some moves more slowly, beneath the surface. We will
examine the factors that influence the distribution and
movement of water, as well as look at how water sculpts
the landscape. The Grand Canyon, Niagara Falls, the Old
Faithful geyser, and Mammoth Cave all owe their exis-
tence to water making its way to the sea.

Earth’s Water Water is almost everywhere on Earth—in
the oceans, glaciers, rivers, lakes, air, rock, soil, and living
tissue. All of these “reservoirs” constitute Earth’s hydro-
sphere. In all, the water content of the hydrosphere is an
estimated 1.36 billion cubic kilometers (326 million cubic
miles). The vast bulk of it, about 96.5 percent, is stored in
the global ocean. Ice sheets and glaciers account for an
additional 1.76 percent, leaving just slightly more than 2
percent to be divided among lakes, streams, groundwater,
and the atmosphere (see Figure 1.7). Although the per-
centage of Earth’s total water found in each of the latter

Figure 3.5 Angle of

repose The angle of
repose is the steepest
angle at which an accumu-
lation of granular particles
remains stable. Larger,
more angular particles
maintain the steepest
slopes. (Photo by George
Leavens/Science Source)

Each year, a field of
crops may transpire the
equivalent of a water
layer 60 cm (2 ft) deep
over the entire field. The
same area of trees may
pump twice this amount
into the atmosphere.
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SmartFigure 3.6 The
hydrologic cycle The
primary movement of
water through the cycle is
shown by the large arrows.
Numbers refer to the
annual amount of water
taking a particular path.
(https://goo.gl/8IRWFJ)
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According to the Ameri-
can Water Works As-
sociation, daily indoor
per capita water use in an
average American home
is 69.3 gallons. Toilets
(18.5 gallons), clothes
washers (15 gallons), and
showers and baths (13
gallons) are the top three
uses. Leaks account for
more than 9 gallons per
home per day.

Landscapes Fashioned by Water
Hydrologic Cycle
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sources is just a small fraction of the total inventory, the
absolute quantities are great.

Water’s Paths The hydrologic cycle is a gigantic, world-
wide system powered by energy from the Sun, in which
the atmosphere provides a vital link between the oceans
and continents (Figure 3.6). Evaporation, the process by
which liquid water changes into water vapor (gas), is how
water enters the atmosphere from the ocean and, to a
much lesser extent, from the continents. Winds transport
this moisture-laden air, often great distances. Complex
processes of cloud formation eventually result in pre-
cipitation. The precipitation that falls into the ocean has
completed its cycle and is ready to begin another. The
water that falls on land, however, makes its way back to
the ocean.

What happens to precipitation once it has fallen
on land? A portion of the water soaks into the ground
(called infiltration), slowly moving downward,
then moving laterally, finally seeping into lakes, into
streams, or directly into the ocean. When the rate
of rainfall exceeds Earth’s ability to absorb it, the
surplus water flows over the surface into lakes and
streams, a process called runoff. Much of the water
that infiltrates or runs off eventually returns to the
atmosphere because of evaporation from the soil,
lakes, and streams. Also, some of the water that soaks
into the ground is absorbed by plants, which then
release it into the atmosphere. This process is called
transpiration. Because we cannot clearly distinguish
between the amount of water that is evaporated and
the amount that is transpired by plants, the term
evapotranspiration is often used for the combined
effect.

./',o
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Storage in Glaciers When
precipitation falls in very
cold places—at high eleva-
tions or high latitudes—the

water may not immediately
kD i

) soak in, run off, or evaporate.

—

Instead, it may become part
of a snowfield or a glacier. In
this way, glaciers (especially
the huge ice sheets covering
Antarctica and Greenland)
store large quantities of
water on land. As you will
see in Chapter 4, over the
past 2 million years, huge
ice sheets have formed and
melted on several occasions,
each time affecting the bal-
ance of the water cycle.

ST
Infiltration

Water Balance Figure 3.6 shows the volume of water
that passes through each part of the cycle annually. The
quantities that are cycled through the atmosphere over a
1-year period are immense—enough to cover Earth’s en-
tire surface to a depth of about 1 meter (39 inches).

The hydrologic cycle is balanced, which means
the average annual precipitation worldwide equals
the quantity of water that enters the atmosphere by
evapotranspiration. However, notice that for all land
areas taken together, precipitation exceeds evapora-
tion, whereas over the oceans, evaporation exceeds
precipitation. Because the level of the world ocean is
not dropping, the system must be in balance. Balance is
achieved because 36,000 cubic kilometers (8600 cubic
miles) of water annually makes its way from the land
back to the ocean.

About one-quarter of global precipitation falls on
land and flows on and below the surface. This water
is the most important force sculpting Earth’s land
surface. In the rest of this chapter, we will observe
the work of water running over the surface, including
floods, erosion, and the formation of valleys. Then we
will look underground at the slow labors of groundwater
as it forms springs and caverns and provides water for
people on its long migration to the sea.

CONCEPT CHECKS I

1. Describe or sketch the movement of water
through the hydrologic cycle. Once precipitation
has fallen on land, what paths might the water
take?

2. What is meant by the term evapotranspiration?

3. Over the oceans, evaporation exceeds
precipitation, yet sea level does not drop.

Explain this.


https://goo.gl/8IRwFJ

Running Water

3.4 Running Water 83

Describe the nature of drainage basins and river systems.

Recall that most of the precipitation that falls on land ei-
ther enters the soil (infiltration) or remains at the surface,
moving downslope as runoff. The amount of water that
runs off rather than soaking into the ground depends

on several factors: (1) intensity and duration of rainfall,
(2) amount of water already in the soil, (3) nature of the
surface material, (4) slope of the land, and (5) extent and
type of vegetation. When the surface material is highly
impermeable or when it becomes saturated, runoff is the
dominant process. Runoff is also high in urban areas be-
cause large areas are covered by impermeable buildings,
roads, and parking lots.

Runoff initially flows in broad, thin sheets across
hillslopes. This unconfined flow eventually develops
threads of current that form tiny channels called rills.
Where rills merge, the flowing water creates gullies,
which join to form larger stream channels. At first
streams are small, but as one intersects another, larger
and larger streams form. Eventually they merge into riv-
ers that carry water from a broad region.

Drainage Basins

The land area that contributes water to a river system
is called a drainage basin or watershed (Figure 3.7).
The drainage basin of one stream is separated from the
drainage basin of another by an imaginary line called a
divide. Divides range in scale from a ridge separating
two small gullies on a hillside to a continental divide,
which splits a whole continent into enormous drainage
basins. The Mississippi River has the largest drainage

Yellowstone River
Drainage
Basin

Overland flow

basin in North America (Figure 3.8). Extending between
the Rocky Mountains in the West and the Appalachian
Mountains in the East, the Mississippi River and its
tributaries collect water from more than 3.2 million
square kilometers (1.2 million square miles) of the
continent.

| L]

Mississippi
LR
Drainage i
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Figure 3.7 Drainage

basin and divide A drain-
age basin, also called a
watershed, is the area
drained by a stream and
its tributaries. Boundaries
between basins are called
divides.

SmartFigure 3.8
Mississippi River drainage
basin The drainage

basin of the Mississippi
River forms a funnel that
stretches from Montana
and southern Canada in
the west to New York State
in the east and runs down
to a spout in Louisiana. It
consists of many smaller
drainage basins. The
drainage basin of the
Yellowstone River is one
of many that contribute
water to the Missouri
River, which, in turn, is
one of many that make up
the drainage basin of the
Mississippi River. (https://
g00.gl/z6epSn)
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Figure 3.9 Zones of a
river Each of the three
zones is based on the
dominant process that is
operating in that part of
the river system.

North America’s largest
river is the Mississippi.
South of Cairo, lllinois,
where the Ohio River
joins it, the Mississippi
is more than 1.6 km (1
mi) wide. Each year the
“Mighty Mississippi”
carries about a half billion
tons of sediment to the
Gulf of Mexico.
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River Systems

River systems involve not only a network of stream
channels but their entire drainage basin. Based on the
dominant processes operating within them, river systems
can be divided into three zones: sediment production—
where erosion dominates—sediment transport, and sedi-
ment deposition (Figure 3.9). It is important to recognize
that sediment is being eroded, transported, and depos-
ited along the entire length of a stream, regardless of
which process is dominant within each zone.

The zone of sediment production, where most of
the water and sediment is derived, is located in the
headwaters region of the river system. Much of the
sediment carried by streams begins as bedrock that
is subsequently broken down by weathering and then
transported downslope by mass wasting and overland

Streamflow Characteristics

flow. Bank erosion can also contribute significant
amounts of sediment. In addition, scouring of the
channel bed deepens the channel and adds to the
stream’s sediment load.

Sediment acquired by a stream is then transported
through the channel network, along sections referred to
as trunk streams. When trunk streams are in balance, the
amount of sediment eroded from their banks equals the
amount deposited elsewhere in the channel. Although
trunk streams rework their channels over time, they are
not a source of sediment.

When a river reaches the ocean or another large
body of water, it slows, and the energy to transport
sediment is greatly reduced. Most of the sediments ac-
cumulate at the mouth of the river to form a delta, are
reconfigured by wave action to form a variety of coastal
features, or are moved far offshore by ocean currents.
Because coarse sediments tend to be deposited up-
stream, it is primarily the fine sediments (clay and fine
sand) that eventually reach the ocean. Taken together,
erosion, transportation, and deposition are the processes
by which rivers move Earth’s surface materials and sculpt
landscapes.

CONCEPT CHECKS I

1. List several factors that cause infiltration and
runoff to vary from place to place and from time
to time.

2. Draw a simple sketch of a drainage basin and a
divide. Label each.

3. What are the three main parts (zones) of a river
system?

Discuss streamflow and the factors that cause it to change.

Water may flow in one of two ways—either as laminar
flow or turbulent flow. In slow-moving streams, the
flow is often laminar, meaning that the water moves in
roughly straight-line paths that parallel the stream chan-
nel (Figure 3.10A). However, streamflow is usually turbu-
lent, with the water moving in an erratic fashion that can
be characterized as a swirling motion. Strong, turbulent
flow may be seen in whirlpools and eddies, as well as
rolling whitewater rapids (Figure 3.10B). Even streams that
appear smooth on the surface often exhibit turbulent
flow near the bottom and sides of the channel. Turbu-
lence contributes to a stream’s ability to erode its channel
because it acts to lift sediment from the streambed.

An important factor influencing stream turbulence
is the water’s flow velocity. As the velocity of a stream
increases, the flow becomes more turbulent. Flow

velocities can vary significantly from place to place along
a stream, as well as over time, in response to variations
in the amount and intensity of precipitation. If you have
ever waded into a stream, you may have noticed that

the strength of the current increased as you moved into
deeper parts of the channel. This is related to the fact
that frictional resistance is greatest near the banks and
bed of the stream channel.

Factors Affecting Flow Velocity

The ability of a stream to erode and transport material

is directly related to its flow velocity. Even slight varia-
tions in flow rate can lead to significant changes in the
load of sediment that water can transport. Several factors
influence flow velocity and, therefore, control a stream’s



This water is not standing still. It is moving slowly
toward the bottom of the image. The flow in the
foreground is primarily laminar.

A.

Figure 3.10 Laminar and turbulent flow Most often stream-
flow is turbulent. (Photos by Michael Collier)

potential to do “work.” These factors include (1) channel
slope, or gradient, (2) channel size and cross-sectional
shape, (3) channel roughness, and (4) the amount of water
flowing in the channel.

Gradient The slope of a stream channel expressed as
the vertical drop of a stream over a specified distance
is the gradient. Portions of the lower Mississippi River
have very low gradients of 10 centimeters per kilometer
or less. By contrast, some mountain stream channels
decrease in elevation at a rate of more than 40 meters
per kilometer—a gradient 400 times steeper than the
lower Mississippi. Gradient varies not only among dif-
ferent streams but also over a particular stream’s length.
The steeper the gradient, the more energy available for
streamflow. If two streams were identical in every re-
spect except gradient, the stream with the higher gradi-
ent would have the greater velocity.

Channel Shape, Size, and Roughness A stream’s
channel is a conduit that guides the flow of water, but
the water encounters friction as it flows. The shape,
size, and roughness of the channel affect the amount
of friction. Larger channels have more rapid flow be-
cause a smaller proportion of water is in contact with
the channel. A smooth channel promotes a more uni-
form flow, whereas an irregular channel filled with
boulders creates enough turbulence to slow the stream
significantly.

Discharge Streams vary in size from small headwater
creeks less than 1 meter wide to large rivers with widths

3.5 Streamflow Characteristics

of several kilometers. The
size of a stream channel is
largely determined by the
amount of water supplied
from the drainage basin. The
measure most often used to
compare the sizes of streams
is discharge—the volume of
water ﬂowing past a certain
point in a given unit of time.
Discharge, usually measured
in cubic meters per second
or cubic feet per second, is
determined by multiplying a
stream’s cross-sectional area by its velocity.

The largest river in North America, the Mississippi,
discharges an average of 16,800 cubic meters (nearly
600,000 cubic feet) per second (Figure 3.11). Although this
is a huge quantity of water, it is dwarfed by the mighty
Amazon in South America, the world’s largest river. Fed
by a vast rainy region that is nearly three-fourths the
size of the conterminous United States, the Amazon
discharges more than 12 times more water than the
Mississippi.

The discharges of most rivers are far from constant.
This is the case because of variables such as rainfall and
snowmelt. In areas with seasonal variations in precipita-
tion, streamflow tends to be highest during the wet season
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The Amazon River is
responsible for about 15
percent of all the fresh-
water reaching the ocean
via rivers. The Amazon’s
discharge is more than 12
times that of the Missis-
sippi River!

SmartFigure 3.11 The
Mighty Mississippi near
Helena, Arkansas The
Mississippi is North
America’s largest river.
From head to mouth, it is
nearly 3900 kilometers
(2400 miles) long. Its
watershed encompasses
about 40 percent of

the lower 48 states and
includes all or parts of
31 states and 2 Canadian
provinces. Average
discharge at its mouth

is about 16,800 cubic
meters (593,000 cubic
feet) per second. (Photo by
Michael Collier) (http://goo.gl/
LkgZXX)
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Figure 3.12 Longitudinal
profile California’s Kings
River originates high in
the Sierra Nevada and
flows into the San Joaquin
Valley.

SmartFigure 3.13 Channel
changes from head to
mouth Although the gra-
dient decreases toward
the mouth of a stream,
increases in discharge
and channel size and
decreases in rough-

ness more than offset
the decrease in slope.
Consequently, flow velocity
usually increases toward
the mouth. (https://goo.
gl/6srX2s)
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A longitudinal profile is
a cross-section along
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or during spring snowmelt, and it is lowest during the dry
season or during periods when high temperatures increase
water losses through evaporation. Streams also sometimes
dry up. Streams that exhibit flow only during wet periods
are referred to as intermittent streams. In arid climates,
many streams carry water only occasionally after a heavy
rainstorm; these are called ephemeral streams.

Headwaters

Increase

Flow velocity

Mouth

Headwaters

Changes from Upstream
to Downstream

One useful way of studying a stream is to examine its
longitudinal profile—a cross-sectional view of a
stream from its source area (called the head or headwa-
ters) to its mouth, the point downstream where the river
empties into another water body—a river, a lake, or an
ocean. As shown in Figure 3.12, the most obvious feature
of a typical profile is a constantly decreasing gradient
from the head to the mouth. Although many local ir-
regularities may exist, the overall profile is a
" Mt. Whitney relatively smooth concave curve.
iy The change in slope ob-
served on most stream pro-
files is usually accompanied
by an increase in discharge
and channel size, as well as a
reduction in sediment particle
size (Figure 3.13). Along most rivers
in humid regions, discharge increases
toward the mouth because as we move
downstream, more and more tributaries contrib-
ute water to the main channel. In order to accommo-
date the growing volume of water, channel size typically
increases downstream as well. Recall that flow velocities
are higher in large channels than in small channels. Ob-
servations also show a general decline in sediment size
downstream, making the channel smoother and more ef-
ficient (less friction).

Although the gradient decreases toward a stream’s
mouth, the flow velocity generally increases. This
contradicts our intuitive assumptions of swift, narrow
headwater streams and wide, placid rivers flowing
across more subtle topography. Increases in channel
size and discharge, as well as decreases in channel
roughness that occur downstream compensate for the
decrease in gradient, thereby making the stream more
efficient. Thus the average flow velocity is typically
lower in headwater streams than in wide, placid-
appearing rivers.

@ CONCEPT CHECKS I

1. Distinguish between laminar flow and turbulent
flow.

2. Summarize the factors that influence flow
velocity.

3. What is a longitudinal profile of a stream?

4. How do gradient, discharge, channel size, and
channel roughness typically change from the head
to the mouth of a stream?

5. Is flow velocity usually greater at the head or at
the mouth of a stream? Explain.
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3.6 The Work of Running Water

The Work of Running Water mssm

Outline the ways in which streams erode, transport, and deposit sediment.

Streams are Earth’s most important erosional agents. Not
only do they have the ability to downcut and widen their
channels, but streams also have the capacity to transport
the enormous quantities of sediment that are delivered to
them by overland flow, mass wasting, and groundwater.
Eventually, much of this material is deposited to create a
variety of depositional features.

Stream Erosion

A stream’s ability to accumulate and transport soil and
weathered rock is sometimes aided by the work of rain-
drops, which knock sediment particles loose (Figure 3.14).
When the ground is saturated, rainwater begins to flow
downslope, transporting some of the material it has
dislodged. On barren slopes the flow of muddy water
will often create small channels that grow larger as one
merges with another.

Once surface flow reaches a stream, the water’s
ability to erode is greatly enhanced by the increase in
volume. When the flow of water is sufficiently strong,
hydraulic lifting occurs, in which particles are dis-
lodged from the channel and incorporated into the
moving water. In this manner, the force of running
water swiftly erodes poorly consolidated materials on
the bed and sides of a stream channel. On occasion,
the banks of the channel may be undercut, dumping

Figure 3.14 Raindrop impact Soil dislodged by raindrops
is more easily moved by water flowing across the surface.
(USDA)

Raindrops may strike the surface at velocities approaching
35 km per hour. When a drop strikes an exposed surface, soil
particles may splash as high as one meter and land more than
a meter away from the point of raindrop impact.

brasion by long-lived
< whirlpools armed with
sand and pebbles
creates bowl-shaped
hedrock deqressions
called potholes:

Figure 3.15 Potholes The rotational motion of swirling peb-
bles acts like a drill to create potholes. (Photo by StormStudio/
Alamy)

even more loose debris into the water to be carried
downstream.

In addition to eroding unconsolidated materials,
flowing water can also cut a channel into solid bedrock.
The process by which the bed and banks of a bedrock
channel are bombarded by particles carried in the
stream is called abrasion. These particles vary in size,
from gravel in fast-flowing waters to sand in somewhat
slower flows. Just as the particles of grit on sandpaper
can wear away a piece of wood, so too can the sand and
gravel carried by a stream abrade a bedrock channel.
Moreover, pebbles caught in swirling eddies can act like
“drills” and bore circular potholes into the channel
floor (Figure 3.15).

Bedrock channels formed in soluble rock such as
limestone are susceptible to corrosion—a process in
which rock is gradually dissolved by the flowing water.
Corrosion is a type of chemical weathering that occurs
between the solutions in the stream water and the min-
eral matter composing the bedrock.
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SmartFigure 3.16
Transport of sediment
Streams transport their
load of sediment in three
ways. The dissolved and
suspended loads are
carried in the general flow.
The bed load includes
coarse sand, gravel,

and boulders that move
by rolling, sliding, and
saltation. (https://goo.gl/F9TOV1)
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Transportation of Sediment by Streams

All streams, regardless of size, transport some rock mate-
rial (Figure 3.16). Streams also sort the solid sediment they
transport because finer, lighter material is carried more
readily than larger, heavier particles. Streams transport
their load of sediment in three ways: (1) in solution (dis-
solved load), (2) in suspension (suspended load), and (3)
by sliding, skipping, or rolling along the bottom (bed load).

Dissolved Load Most of the dissolved load is brought
to a stream by groundwater and is dispersed throughout
the flow. When water percolates through the ground, it
acquires soluble soil compounds. Then it seeps through
cracks and pores in bedrock, dissolving additional min-
eral matter. Eventually, much of this mineral-rich water
finds its way into streams.

Velocity has essentially no effect on a stream’s abil-
ity to carry its dissolved load; material in solution goes
wherever the water flows. Deposition (precipitation) of
the dissolved mineral matter occurs when the chemistry
of the water changes. In arid regions, the water may enter

an inland lake or sea and evaporate, leaving behind the
dissolved load.

Suspended Load Most streams carry the largest part
of their load in suspension (Figure 3.17). The visible cloud
of sediment suspended in the water is the most obvious
portion of a stream’s load. Usually, only fine particles
consisting of silt and clay can be carried this way, but
during a flood, larger particles can also be transported in
suspension. Also during a flood, the total quantity of ma-
terial carried in suspension increases dramatically, as can
be verified by anyone whose home has been a site for the
deposition of this material.

Bed Load A portion of a stream’s load consists of sand,
gravel, and occasionally large boulders. These coarser par-
ticles, which are too large to be carried in suspension, move
along the bottom (bed) of the stream channel and constitute
the bed load. Unlike the suspended and dissolved loads,
which are constantly in motion, the bed load is in motion
only intermittently, when the force of the water is sufficient

to move the larger particles. Many smaller particles, mainly
sand and gravel, move by saltation, which resembles a series
of jumps or skips. Larger particles either roll or slide along
the bottom, depending on their shape.

Capacity and Competence A stream’s ability to carry
solid particles is described using two criteria: capacity
and competence. Capacity is the maximum load of solid
particles a stream can transport per unit of time. The
greater the discharge, the greater the stream’s capacity
for hauling sediment. Consequently, large rivers with
high flow velocities have large capacities.

Competence is a measure of a stream’s ability to
transport particles based on size rather than quantity.
Flow velocity is the key: Swift streams have greater com-
petencies than slow streams, regardless of channel size.
A stream’s competence increases proportionally to the
square of its velocity. Thus, if the velocity doubles, the
impact force of the water increases four times; if the ve-
locity triples, the force increases nine times, and so forth.
Consequently, large boulders that are often visible during
low water and seem immovable can, in fact, be trans-
ported during exceptional floods because of the stream’s
increased competence.

By now it should be clear why the greatest erosion
and transportation of sediment occur during floods. The
increase in discharge results in a greater capacity, and the
increase in velocity results in greater competence. With
rising velocity, the water becomes more turbulent, and
larger and larger particles are set in motion. In just a few

Figure 3.17 Suspended load An aerial view of the Colorado
River in the Grand Canyon. Heavy rains washed sediment
into the river. (Photo by Michael Collier)

appearanc‘é_‘i_s %

result of suspended
sediment.
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days or perhaps a few hours, a flooding stream can erode
and transport more sediment than it does during months
of normal flow.

Deposition of Sediment by Streams

When a stream slows down, the situation reverses: As its
velocity decreases, the stream’s competence is reduced,
and sediment begins to drop out, largest particles first.
Each particle size has a critical settling velocity. As
streamflow drops below the critical settling velocity of a
certain particle size, sediment in that category begins to
settle out. Thus, stream transport provides a mechanism
by which solid particles of various sizes are separated.
This process, called sorting, explains why particles of
similar size are deposited together.

Stream Channels

3.7 Stream Channels 89

The material deposited by a stream is called allu-
vium, the general term for any stream-deposited sedi-
ment. Many different depositional features are composed
of alluvium. Some occur within stream channels, some
occur on the valley floor adjacent to the channel, and
some exist at the mouth of the stream. We will consider
the nature of these features later in the chapter.

CONCEPT CHECKS I——

1. List two ways in which streams erode their
channels.

2. In what three ways does a stream transport its
load? Which part of the load moves most slowly?

3. What is the difference between capacity and
competence?

4. What is alluvium?

Contrast bedrock and alluvial stream channels. Distinguish between two types of

alluvial channels.

A basic characteristic of streamflow that distinguishes

it from overland flow is that it is confined to a channel.

A stream channel can be thought of as an open conduit
consisting of the streambed and banks that act to confine
the flow except during floods.

Although this is somewhat oversimplified, we can
divide stream channels into two types. A Bedrock chan-
nel is one in which the stream is actively cutting into solid
rock. In contrast, when the bed and banks are composed
mainly of unconsolidated sediment, the channel is called
an alluvial channel.

Bedrock Channels

In their headwaters, where the gradient is steep, many
rivers cut into bedrock. These streams typically transport
coarse particles that actively abrade the bedrock channel.
Potholes are often visible evidence of the erosional forces
at work.

Bedrock channels typically alternate between rela-
tively gently sloping segments where alluvium tends
to accumulate and steeper segments where bedrock is
exposed. These steeper areas may contain rapids or oc-
casionally a waterfall. The channel pattern exhibited by
streams cutting into bedrock is controlled by the underly-
ing geologic structure. Even when flowing over rather
uniform bedrock, streams tend to exhibit a winding or
irregular pattern rather than flow in a straight channel.
Anyone who has gone on a white-water rafting trip has
observed the steep, winding nature of a stream flowing
in a bedrock channel.

Alluvial Channels

Many stream channels are composed of loosely consol-
idated sediment (alluvium) and therefore can undergo
significant changes in shape because the sediments are
continually being eroded, transported, and redepos-
ited. The major factors affecting the shapes of these
channels are the average size of the sediment being
transported and the channel’s gradient and discharge.
Alluvial channel patterns reflect a stream’s ability
to transport its load at a uniform rate, while expend-
ing the least amount of energy. Thus, the size and type
of sediment being carried help determine the nature
of the stream channel. Two common types of allu-
vial channels are meandering channels and braided
channels.

Meandering Channels Streams that transport much
of their load in suspension generally move in sweeping
bends called meanders. These streams flow in relatively
deep, smooth channels and transport mainly mud (silt
and clay). The lower Mississippi River exhibits a channel
of this type.

Because of the cohesiveness of consolidated mud,
the banks of stream channels carrying fine particles
tend to resist erosion. As a consequence, most of the
erosion in such channels occurs on the outside of the
meander, where velocity and turbulence are greatest.
In time, the outside bank is undermined, especially
during periods of high water. Because the outside of a
meander is a zone of active erosion, it is often referred

The world’s highest unin-
terrupted waterfall is An-
gel Falls on Venezuela’s
Churun River. Named for
American aviator Jimmie
Angel, who first sighted
the falls from the air in
198383, the river plunges
979 m (3212 ft).
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SmartFigure 3.18
Formation of cut banks and
point bars By eroding its
outer bank and depositing
material on the inside of
the bend, a stream is able
to shift its channel. (https:/
200.gl/4bXxsu)
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to as the cut bank (Figure 3.18). The debris acquired
by the stream at a cut bank moves downstream, and
the coarser material is generally deposited as point
bars in zones of decreased velocity on the insides of
meanders. In this manner, meanders migrate laterally
by eroding the outside of the bends and depositing on
the inside.

In addition to migrating laterally, the bends in
a channel also migrate down the valley. This occurs
because erosion is more effective on the downstream
(downslope) side of the meander. The downstream
migration of a meander is sometimes slowed when it
reaches a more resistant material. This allows the next
meander upstream to “catch up” and overtake it, as
shown in Figure 3.19. The neck of land between the me-
anders is gradually narrowed. Eventually, the river may
erode through the narrow neck of land to the next loop.
The new, shorter channel segment is called a cutoff
and, because of its shape, the abandoned bend is called
an oxbow lake.

Maximum s
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Erosion of a
cut bank along
the Newaukum River

in southwestern
Washington State.
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Braided Channels A stream may consist of a complex
network of converging and diverging channels that
thread their way among numerous islands or gravel bars.
Because these channels have an interwoven appearance,
they are said to be braided channels. Braided channels
form where a large proportion of the stream’s load con-
sists of coarse material (sand and gravel) and the stream
has a highly variable discharge. Because the bank mate-
rial is readily erodible, braided channels are wide and
shallow.

One setting in which braided streams form is at
the end of a glacier, where there is a large seasonal
variation in discharge (Figure 3.20). During summer,
large amounts of ice-eroded sediment are dumped into
the meltwater streams flowing away from the glacier.
However, when flow is sluggish, the stream is unable
to move all the sediment and therefore deposits the
coarsest material as bars in the channel that force the
flow to split and follow several paths. Usually the later-
ally shifting channels completely rework most of the


https://goo.gl/4bXxsu
https://goo.gl/4bXxsu

Meanders — Before the
='='-'—‘-T—-___—-—‘-—‘.=_I=f0m’?ﬁ°”
e - of a
E TS cutoff

—l—-—l—ij L

o i, —.'——_—_}
ms———— Affer fhe
e formation

s of a
> cutoff

Geologist's Sketch

load.

3.7 Stream Channels 91

SmartFigure 3.19 Formation

of an oxbow lake Oxbow lakes
occupy abandoned meanders.
Aerial view of an oxbow lake cre-
ated by the meandering Green
River near Bronx, Wyoming.
(Photo by Michael Collier) (https://goo.gl/
J1KomF)

In summary, meandering channels develop where
the load consists largely of fine-grained particles that are
transported as suspended load in a deep, smooth chan-
nel. By contrast, wide, shallow braided channels develop
where coarse-grained alluvium is transported as bed

I A CONCEPT CHECKS I

1. Are bedrock channels more likely to be found near

surface sediments each year, thereby transforming the
entire streambed. In some braided streams, however,
the bars have built up to form islands that are an-
chored by vegetation.

the head or the mouth of a stream?

2. Describe or sketch the evolution of a meander,
including how an oxbow lake forms.

3. Describe a situation that might cause a stream
channel to become braided.

Figure 3.20 Braided
stream The Knik River is
a classic braided stream
with multiple channels
separated by migrating
gravel bars. The Knik is
choked with sediment
from four melting glaciers
in the Chugach Mountains
north of Anchorage,
Alaska. (Photo by Michael
Collier)
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Not all rivers have deltas.
Some streams that
transport large sediment
loads lack deltas
because ocean waves
and powerful currents
redistribute the sediment.
The Columbia River in
the Pacific Northwest is
one example. In other
cases, rivers do not carry
sufficient quantities of
sediment to build a delta.
The St. Lawrence River,
for example, does not
acquire much sediment
between Lake Ontario
and its mouth at the Gulf
of St. Lawrence.

Figure 3.21 Building

a dam The base level
upstream from the res-
ervoir is raised, which
reduces the stream’s
flow velocity and leads to
deposition and a reduced
gradient.
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Shaping Stream Valleys mm

Contrast narrow V-shaped valleys, broad valleys with floodplains, and valleys that

display incised meanders.

Streams, with the aid of weathering and mass wasting,
shape the landscape through which they flow. As a result,
streams continuously modify the valleys that they occupy.

A stream valley consists of not only the channel
but also the surrounding terrain that directly contributes
water to the stream. Thus, it includes the valley bottom,
which is the lower, flatter area that is partially or totally
occupied by the stream channel, and the sloping valley
walls that rise above the valley bottom on both sides.
Most stream valleys are much broader at the top than
they are wide at their channel at the bottom. This would
not be the case if the only agent responsible for eroding
valleys were the streams flowing through them. The sides
of most valleys are shaped by a combination of weath-
ering, overland flow, and mass wasting. In some arid
regions, where weathering is slow and where rock is par-
ticularly resistant, narrow valleys that have nearly vertical
walls are common.

Stream valleys can be divided into two general
types—narrow V-shaped valleys and wide valleys with
flat floors—with many gradations between.

Base Level and Stream Erosion

Streams cannot endlessly erode their channels deeper
and deeper. There is a lower limit to how deep a stream
can erode, and that limit is called base level. Most often,
a stream’s base level occurs where a stream enters the
ocean, a lake, or another stream.
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base level
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< _ formed by deposition
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Two general types of base level are recognized. Sea
level is considered the ultimate base level because it is
the lowest level to which stream erosion could lower the
land. Temporary, or local, base levels include lakes, re-
sistant layers of rock, and main streams that act as base
level for their tributaries. For example, when a stream
enters a lake, its velocity quickly approaches zero, and
its ability to erode ceases. Thus, the lake prevents the
stream from eroding below its level at any point up-
stream from the lake. However, because the outlet of
the lake can cut downward and drain the lake, the lake
is only a temporary hindrance to the stream’s ability to
lower its channel. In a similar manner, the layer of resis-
tant rock at the lip of a waterfall acts as a temporary base
level. Until the ledge of hard rock is eliminated, it will
limit the amount of downcutting upstream.

Any change in base level will cause a corresponding
readjustment of stream activities. When a dam is built
along a stream, the reservoir that forms behind it raises
the base level of the stream (Figure 3.21). Upstream from
the dam, the gradient is reduced, lowering the stream’s
velocity and, hence, its sediment-transporting ability.
The stream, now having too little energy to transport
its entire load, will deposit sediment. This builds up its
channel. Deposition will be the dominant process until
the stream’s gradient increases sufficiently to transport
its load.

Valley Deepening

When a stream’s gradient is steep and the
channel is well above base level, downcut-
ting is the dominant activity. Abrasion
caused by bed-load sliding and rolling
along the bottom, along with the hy-
draulic power of fast-moving water,
slowly lower the streambed. The re-
sult is usually a V-shaped valley with
steep sides. A classic example of a V-
shaped valley is located in the section
of Yellowstone River shown in Figure
3.22.
The most prominent features
of a V-shaped valley are rapids
and waterfalls. Both occur
where a stream’s gradient
increases significantly, a
situation usually caused by
variations in the erodibility
of the bedrock into which a
stream channel is cutting.
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Figure 3.22 Yellowstone River The V-shaped
valley, rapids, and waterfalls indicate that the
river is vigorously downcutting. (Photo by Charles A.
Blakeslee/AGE Fotostock)

course to be on a flood-
plain in a wide valley.
However, certain rivers
exhibit meandering chan-
nels that flow in steep,
narrow valleys. Such me-
anders are called incised
(incisum = to cut into)
meanders (see the chapter-
opening photo). How do
such features form?
Originally, the me-
anders probably devel-
oped on the floodplain
of a stream that was
relatively near base level.
Then, a change in base

Resistant beds create rapids by acting as

a temporary base level upstream while Geologist's Sketch level caused the stream
allowing downcutting to continue down- to begin downcutting.
stream. In time, erosion usually eliminates the resistant  One of two events could have occurred. Either base
rock. Waterfalls are places where the stream makes an  level dropped, or the land on which the river flowed was
abrupt vertical drop. uplifted.
An example of the first circumstance happened

va"ey Widening du.1ring the Ice Age, when large quantities f)f water were

withdrawn from the ocean and locked up in glaciers on
Once a stream has cut its channel closer to base level, land. The result was that sea level (ultimate base level)
downward erosion becomes less dominant. At this point,  dropped, causing meandering rivers flowing into the
the stream’s channel takes on a meandering pattern, ocean to downcut.

and more of the stream’s energy is directed from side to
side. The result is a widening of the valley as the river
cuts away first at one bank and then at the other (Figure V-shgat::lm\'lvalle
3.23). The continuous lateral erosion caused by shifting of P :
the stream’s meanders produces an increasingly broad,
flat valley floor covered with alluvium. This feature,
called a floodplain, is appropriately named be-
cause when a river overflows its banks during
flood stage, it inundates the floodplain.

Over time, the floodplain will widen to
the point that the stream is actively eroding
the valley walls in only a few places. In
fact, in large rivers such as the lower
Mississippi River valley, the
distance from one valley wall
to another can exceed 160
kilometers (100 miles).

SmartFigure 3.23
Development of an erosional
floodplain Continuous
side-to-side erosion by
shifting meanders gradually
produces a broad, flat
valley floor. Alluvium
deposited during floods
covers the valley floor.
(https://goo.gl/ WNfY8s)

Site of erosion

Site of
deposition

Incised Meanders
and Stream Terraces

We usually expect a stream
with a highly meandering
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SmartFigure 3.24 Stream
terraces Terraces result
when a stream adjusts to a
relative drop in base level.
(https://goo.gl/6cDynS)

Figure 3.25 Formation of a

Landscapes Fashioned by Water

Stream meandering
on its floodplain

Because of a relative drop in base level, the river erodes
downward through previously deposited alluvium. Eventually a
new floodplain forms. Terraces represent elevated remnants of
the former floodplain.

Terrace. <= Terrace

' Depositional Landforms

Discuss the formation of deltas and natural levees.

Recall that a stream continually picks up sediment in one
part of its channel and deposits it downstream. Such chan-
nel deposits are most often composed of sand and gravel,
and they are commonly referred to as bars. For example,
in Figure 3.18, material acquired at the stream’s cut bank

Distributaries

Regional uplift of the land, the second cause of incised
meanders, is exemplified by the Colorado Plateau in the
southwestern United States. As the plateau was gradually
uplifted, numerous meandering rivers adjusted to being
higher above base level by downcutting. This is what cre-
ated the incised meanders shown in the chapter opener.

Other features associated with a relative drop in
base level are stream terraces. After a river that had
been flowing on a floodplain has adjusted to a relative
drop in base level, it may once again produce a flood-
plain at a level below the old one. As shown in Figure
3.24, the remnants of the former floodplain are pres-
ent as relatively flat surfaces above the newly forming

floodplain.

CONCEPT CHECKS I——
1.

Define base level and distinguish between ultimate
base level and temporary (local) base level.

2. Explain why V-shaped valleys often contain rapids
and waterfalls.

3. Describe or sketch how an erosional floodplain
develops.

4. Relate the formation of incised meanders and
stream terraces to changes in base level.

is carried downstream and deposited as a point bar. These
deposits are only temporary because the material will be
picked up again and eventually carried to the ocean. In
addition to sand and gravel bars, streams also create depo-
sitional features that have longer life spans. These include
deltas and natural levees.

Foreset beds consist of

simple delta Structure and
growth of a simple delta
that forms in relatively
quiet waters.

coarse particles that
e S - _drop soon after entering

e, Yy water body. As the
= rows, these bheds
e r the hottomset

Topset beds are e
deposited atop the =
foreset beds during _

floods. .

Bottomset beds consist of fine silt and clay
particles that settled beyond the mouth of the river.

As the stream extends its channel, the gradient is reduced. During flood stage some of
the flow is diverted to a shorter, higher-gradient route forming a new distributary.

Deltas

A delta forms where a
sediment-charged stream
enters the relatively still wa-
ters of an ocean, a lake, or
an inland sea (Figure 3.25). As
the stream’s forward motion
slows, sediments are depos-
ited by the dying current. As
the delta grows outward, the
stream’s gradient continually
lessens. This circumstance
eventually causes the chan-
nel to become choked with
sediment deposited from
the slowing water. As a con-
sequence, the river seeks

a shorter, higher-gradient
route to base level, as illus-
trated in Figure 3.25. This


https://goo.gl/6cDynS

illustration shows the main chan-
nel dividing into several smaller
ones, called distributaries. Most
deltas are characterized by these
shifting channels that act in an op-
posite way to that of tributaries.
Rather than carry water into
the main channel, distributaries
carry water away from the main
channel. After numerous shifts
of the channel, a delta may grow
into a roughly triangular shape
like the Greek letter delta (A), for
which it is named. Note, however,
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Figure 3.26 Growth of

the Mississippi River

delta During the past
6000 years, the river has
built a series of seven
coalescing subdeltas. The
numbers indicate the order
in which the subdeltas
were deposited. The pres-
ent bird-foot delta (number
7) represents the activity
of the past 500 years. The
left inset shows the point
where the Mississippi may
sometime break through

that many deltas do not exhibit
the idealized shape. Differences
in the configurations of shorelines
and variations in the nature and
strength of wave activity result

in many shapes. Many large

rivers have deltas extending over
thousands of square kilometers.
The delta of the Mississippi River is one example. It
resulted from the accumulation of huge quantities of
sediment derived from the vast region drained by the river
and its tributaries. Today, New Orleans rests where there
was ocean less than 5000 years ago. Figure 3.26 shows the
portion of the Mississippi delta that has been built over
the past 6000 years. As you can see, the delta is actually

a series of seven coalescing subdeltas. Each formed when
the river left its existing channel for a shorter, more direct
path to the Gulf of Mexico. The individual subdeltas
interfinger and partially cover one another, producing a
very complex structure. The present subdelta, called a

Valley
wall

Coarse sediments . .
Fine sediments

(arrow) and the shorter
path it would take to the
Gulf of Mexico. (Image cour-
tesy of JPL/Cal Tech/NASA)

bird-foot delta because
of the configuration of its
distributaries, has been
built by the Mississippi in
the past 500 years.

Natural Levees

Meandering rivers that occupy valleys with broad flood-
plains tend to build natural levees that parallel their
channels on both banks (Figure 3.27). Natural levees

are built by years of successive floods. When a stream

SmartFigure 3.27
Formation of a natural
levee These gently sloping
structures that parallel a
river channel are created
by repeated floods.
Because the ground

next to the channel is
higher than the adjacent
floodplain, back swamps
and yazoo tributaries may
develop. (https://goo.gl/7ZcsY))

‘a® Animation

Fine sediments

Coarse sediments

Floodstage

Natural levees

-

Post flood

Fine sediments

Coarse sediments

Floodstage

Natural levees

Natural levee after numerous floods
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Figure 3.28 Floods are
dangerous natural haz-
ards A. Extraordinary rains
caused record flooding
along the Mississippi River
from lllinois to Louisiana
in the spring of 2011. This
scene is from Vicksburg,
Mississippi. (Photo by Scott
Olson/Getty Images) B. In most
years floods are respon-
sible for the greatest
number of storm-related
deaths. The average num-
ber of hurricane deaths
was dramatically affected
by Hurricane Katrina
(more than 1000). For all
other years on this graph,
hurricane fatalities num-
bered fewer than 20.

Landscapes Fashioned by Water

overflows onto the floodplain, the water moves over the
surface as a broad sheet. Because the flow velocity drops
significantly, the coarser portion of the suspended load
is immediately deposited adjacent to the channel. As the
water spreads across the floodplain, a thin layer of fine
sediment is laid down over the valley floor. This uneven
distribution of material produces the gentle, almost im-
perceptible, slope of the natural levee.

The natural levees of the lower Mississippi rise 6
meters (20 feet) above the floodplain. The area behind a
levee is characteristically poorly drained for the obvious
reason that water cannot flow over the levee and into the
river. Marshes called back swamps result. A tributary
stream that cannot enter a river because levees block

‘ Floods and Flood Control

the way often has to flow parallel to the river until it

can breach the levee. Such streams are called yazoo
tributaries, after the Yazoo River, which parallels the
Mississippi for more than 300 kilometers (about 190 miles).

CONCEPT CHECKS I

1. What feature may form where a stream enters the
relatively still waters of a lake, an inland sea, or
an ocean?

2. What are distributaries, and why do they form?

3. Briefly describe the formation of a natural levee.
How is this feature related to back swamps and
yazoo tributaries?

Discuss the causes of floods and some common flood control measures.

When the discharge of a stream becomes so great that it
exceeds the capacity of its channel, it overflows its banks
as a flood. Floods are among the most common and most
destructive of all natural hazards. They are, nevertheless,
simply part of the natural behavior of streams.

Causes of Floods

Rivers flood because of the weather. Rapid melting of
snow and/or major storms that bring heavy rains over
a large areas cause most regional floods. In April 2011,
unrelenting storms brought record rains to the Missis-
sippi watershed. The Ohio Valley, which

makes up the eastern portion of the Mis- B.
sissippi’s drainage basin, received nearly

A.

300 percent of its normal springtime precipitation. When
that rainfall combined with water from the past winter’s
extensive and rapidly melting snowpack, the Mississippi
River and many of its tributaries began to swell to record
levels by early May. The resulting floods were among the
largest and most damaging in nearly a century (Figure
3.28). Like most other regional floods, these were as-
sociated with weather phenomena that could be forecast
with a good deal of accuracy. This allowed adequate time
to warn and evacuate thousands of people who were in
harm’s way. Although economic losses approached $4 bil-
lion, loss of life was small.

Average Annual Storm-Related Deaths (1985-2014)




Unlike extensive re-
gional floods, flash floods
are more limited in extent.
Flash floods occur with little
warning and can be deadly
because they produce a
rapid rise in water levels
and can have a devastating
flow velocity. Several factors
influence flash flooding.
Among them are rainfall in-
tensity and duration, surface
conditions, and topography.
Urban areas are susceptible
to flash floods because a
high percentage of the sur-
face area is composed of
impervious roofs, streets,
and parking lots, where
runoff is very rapid (Figure
3.29). Mountainous areas are
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susceptible because steep
slopes can quickly funnel
runoff into narrow canyons.

Human interference with the stream system can
worsen or even cause floods. A prime example is the
failure of a dam or an artificial levee. These structures
are built for flood protection. They are designed to
contain floods of a certain magnitude. If a larger flood
occurs, the dam or levee may be overtopped. If the
dam or levee fails or is washed out, the water behind it
is released and becomes a flash flood. The bursting of a
dam in 1889 on the Little Conemaugh River caused the
devastating Johnstown, Pennsylvania, flood that took
some 3000 lives. A second dam failure occurred there in
1977, causing 77 fatalities.

Flood Control

Several strategies have been devised to eliminate or
lessen the catastrophic effects of floods. Engineering
efforts include the construction of artificial levees, the
building of flood-control dams, and river channelization.

Artificial Levees Artificial levees are earthen mounds
built on the banks of a river to increase the volume of water
the channel can hold. These most common of stream-
containment structures have been used since ancient times
and continue to be used today. Artificial levees are usu-
ally easy to distinguish from natural levees because their
slopes are much steeper. When exceptional floods threaten
to overwhelm levees in densely populated areas, water is
sometimes intentionally diverted from a river by creating
openings in artificial levees. The purpose is to spare vulner-
able urban areas by allowing water to flood sparsely popu-
lated rural areas. The areas that are intentionally flooded
are called floodways. For example, to prevent the town of

Cairo, Illinois, from being inundated during the 2011 floods
along the Mississippi River, an opening about 3 kilometers
(2 miles) wide was blasted in a levee. This allowed water to
spill into the 130,000-acre Birds Point-New Madrid Flood-
way. Similar steps were taken downstream in Louisiana to
protect the cities of Baton Rouge and New Orleans.

Flood-Control Dams Flood-control dams are built to
store floodwater and then let it out slowly. This lowers
the flood crest by spreading it out over a longer time
span. Since the 1920s, thousands of dams have been built
on nearly every major river in the United States. Many
dams have significant non-flood-related functions, such
as providing water for irrigated agriculture and for hydro-
electric power generation. Many reservoirs are also major
regional recreational facilities.

Although dams may reduce flooding and provide
other benefits, building these structures also involves
significant costs and consequences. For example, reser-
voirs created by dams may cover fertile farmland, useful
forests, historic sites, and scenic valleys. Of course, dams
trap sediment. Therefore, deltas and floodplains down-
stream erode because they are no longer replenished
with sediment during floods. Large dams can also cause
significant ecologic damage to river environments that
took thousands of years to establish.

Building a dam is not a permanent solution to flood-
ing. Sedimentation behind a dam causes the volume of its
reservoir to gradually diminish, reducing the effective-
ness of this flood-control measure.

Channelization Channelization involves altering a
stream channel to speed the flow of water to prevent
it from reaching flood height. This may simply involve

Figure 3.29 Flash

flood Although short-lived,
flash floods can be power-
ful and often occur with
little advance warning.
More than half of U.S.
flash-flood fatalities are
automobile related. (Sue
Ogrocki/AP Images)

Urban development
increases runoff. As a
result, peak discharge
and flood frequency
increase in urban areas.
Humans have covered an
amazing amount of land
with buildings, parking
lots, and roads. A recent
study indicated that the
area of such impervious
surfaces in the United
States (excluding Alaska
and Hawaii) amounts to
more than 112,600 sq

km (nearly 44,000 sq mi),
which is slightly less than
the area of the state of
Ohio.
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According to the U.S.
Geological Survey, each
day in the United States,
people use about 345 bil-
lion gallons of freshwater.
About 76 percent (262
billion gallons) comes
from surface sources.
Groundwater provides
the remaining 24 percent,
or nearly 83 billion gal-
lons per day.

Figure 3.30 Earth’s fresh-
water Groundwater is the
major reservoir of liquid
freshwater.

Landscapes Fashioned by Water

clearing a channel of obstructions or dredging a channel
to make it wider and deeper.

A more radical alteration involves straightening a
channel by creating artificial cutoffs. The idea is that by
shortening the stream, the gradient and therefore also
the velocity are increased. By increasing velocity, the
larger discharge associated with flooding can be dis-
persed more rapidly.

Beginning in the early 1930s, the U.S. Army
Corps of Engineers created many artificial cutoffs
on the Mississippi for the purpose of increasing the
efficiency of the channel and reducing the threat of
flooding. In all, the river has been shortened more
than 240 kilometers (150 miles). The program has
been somewhat successful in reducing the height of
the river in flood stage. However, because the river’s
tendency toward meandering still exists, preventing
the river from returning to its previous course has

been difficult.

A Nonstructural Approach All the flood-control
measures described so far have involved structural
solutions aimed at “controlling” a river. These solutions
are expensive and often give people residing on the
floodplain a false sense of security.

Today, many scientists and engineers advocate a non-
structural approach to flood control. They suggest that an
alternative to artificial levees, dams, and channelization
is sound floodplain management. By identifying high-
risk areas, appropriate zoning regulations can be imple-
mented to minimize development and promote more
appropriate land use.

CONCEPT CHECKS I

1. Contrast regional floods and flash floods.

2. Describe three basic flood-control strategies.

3. What is meant by a nonstructural approach to
flood control?

Groundwater: Water Beneath the Surface mm

Discuss the importance of groundwater and describe its distribution and movement.

Groundwater is one of our most important and widely
available resources. Yet people’s perceptions of the subsur-
face environment from which it comes are often unclear
and incorrect. The reason is that groundwater is hidden
from view except in caves and mines, and the impressions
people gain from these subsurface openings are often mis-
leading. Observations on the land surface give an impres-
sion that Earth is “solid.” This view is not changed very
much when we enter a cave and see water flowing in a
channel that appears to have been cut into solid rock.
Because of such observations, many people believe
that groundwater occurs only in underground “rivers.”
But actual rivers underground are extremely rare. In
reality, most of the subsurface environment is not “solid”

_ Share of all
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Ice sheets
and glaciers
68.7%

=
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at all. Rather, it includes countless tiny pore spaces
between grains of soil and sediment plus narrow joints
and fractures in bedrock. Together, these spaces add up
to an immense volume. Groundwater collects and moves
in these tiny openings.

The Importance of Groundwater

Only a tiny percentage of Earth’s water occurs under-
ground. Nevertheless, this small percentage, stored in
the rocks and sediments beneath Earth’s surface, is a vast
quantity. When the oceans are excluded and only sources
of freshwater are considered, the significance of ground-
water becomes more apparent.

Figure 3.30 shows estimates of the distribution of
freshwater in the hydrosphere. Clearly, the largest vol-
ume occurs as glacial ice. Second in rank is groundwater,
with about 30 percent of the total. However, when glacial
ice is excluded and just liquid water is considered, about
96 percent is groundwater. Without question, ground-
water represents the largest reservoir of freshwater that
is readily available to humans. Its value in terms of eco-
nomics and human well-being is incalculable.

Worldwide, wells and springs provide water for cit-
ies, crops, livestock, and industry. In the United States,
groundwater is the source of about 40 percent of the
water used for all purposes (except hydroelectric power
generation and power plant cooling). Groundwater is the
drinking water for about 44 percent of the population
and provides 40 percent of the water used for irrigation.
In some areas, however, overuse of this basic resource
has caused serious problems, including streamflow
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depletion, land subsidence, and increased pumping costs.

In addition, groundwater contamination resulting from
human activities is a real and growing threat in many
places.

Groundwater’s Geologic Roles

Geologically, groundwater is important as an erosional
agent. The dissolving action of groundwater slowly re-
moves soluble rock such as limestone, allowing surface
depressions known as sinkholes to form and creating
subterranean caverns (Figure 3.31). Groundwater is also
an equalizer of streamflow. Much of the water that flows
in rivers is not direct runoff from rain and snowmelt.
Rather, a large percentage of precipitation soaks in and
then moves slowly underground to stream channels.
Groundwater is thus a form of storage that sustains
streams during periods when rain does not fall. When
we see water flowing in a river during a dry period, it
is water from rain that fell at some earlier time and was
stored underground.

Distribution of Groundwater

When rain falls, some of the water runs off, some re-
turns to the atmosphere through evaporation
and transpiration, and the remainder soaks
into the ground. This last path is the primary
source of practically all groundwater. The
amount of water that takes each of these
paths, however, varies greatly from time to
time and place to place. Influential factors in-
clude the steepness of the slope, the nature of
the surface material, the intensity of the rain-
fall, and the type and amount of vegetation.
Heavy rains falling on steep slopes underlain
by impervious materials will obviously result
in a high percentage of the water running off.
Conversely, if rain falls steadily and gently on
more gradual slopes composed of materials
that are more easily penetrated by water, a
much larger percentage of the water soaks into
the ground.

Underground Zones Some of the water that
soaks in does not penetrate very far because

it is held by molecular attraction as a surface film on soil
particles. This near-surface zone is called the belt of soil
moisture. It is crisscrossed by roots, voids left by decayed
roots, and animal and worm burrows that enhance the
infiltration of rainwater into the soil. Soil water is used by
plants for life functions and transpiration. Some of this
water also evaporates back into the atmosphere.

Water that is not held as soil moisture moves down-
ward until it reaches a zone where all the open spaces
in sediment and rock are completely filled with water.
This is the zone of saturation. Water within it is called
groundwater. The top of this zone is known as the
water table. The area above the water table where the
soil, sediment, and rock are not saturated is called the
unsaturated zone (Figure 3.32). Although a considerable
amount of water can be present in the unsaturated zone,
this water cannot be pumped by wells because it clings
too tightly to rock and soil particles. By contrast, below
the water table, the water pressure is great enough to
allow water to enter wells, thus permitting groundwater
to be withdrawn for use. We will examine wells more
closely later in the chapter.

Water Table The water table is rarely level, as we
might expect a table to be. Instead, its shape is usually

Unsuccessful
well

Perched

water table  gyccessful

Aquitard

/ Zone of
saturation

Unsaturated
zone

Main water tahle

Figure 3.31 Caverns and
sinkholes A. A view of
the interior of Kentucky’s
Mammoth Cave. The
dissolving action of
acidic groundwater cre-
ated the caverns. Later,
groundwater deposited
the limestone decora-
tions. (Photo by Clint Farlinger)
B. Groundwater was
responsible for creating
these depressions, called
sinkholes, west of Timaru
on New Zealand'’s South
Island. The white dots

in this photo are grazing
sheep. (Photo by David Wall/
Alamy)

Figure 3.32 Water beneath
the surface This diagram
illustrates the relative
positions of many features
associated with subsurface
water.
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Figure 3.33 Porosity dem-
onstration Porosity is the
percentage of the total
volume of rock or sedi-
ment that consists of pore
spaces.

Because of its high po-
rosity, excellent perme-
ability, and great size,
the High Plains aquifer,
the largest aquifer in the
United States, accumu-
lated huge amounts of
groundwater—enough
freshwater to fill Lake
Huron.

The rate of groundwater
movement is highly
variable. One method of
measuring this movement
involves introducing

dye into a well. The time
is measured until the
coloring agent appears in
another well at a known
distance from the first.

A typical rate for many
aquifers is about 15 m
per year (slightly more
than 1.5 in per day).

Landscapes Fashioned by Water

The beaker on the left is filled with
1000 ml of sediment. The heaker on
the right is filled with 1000 ml of
water.

a subdued replica of the surface, reaching its highest
elevations beneath hills and decreasing in height toward
valleys (see Figure 3.32). The water table of a wetland
(swamp) is right at the surface. Lakes and streams gen-
erally occupy areas low enough that the water table is
above the land surface.

Several factors contribute to the irregular surface of
the water table. One important influence is the fact that
groundwater moves very slowly. Because of this, water tends
to “pile up” beneath high areas between stream valleys. If
rainfall were to cease completely, these water “hills” would
slowly subside and gradually approach the level of the adja-
cent valleys. However, new supplies of rainwater are usually
added often enough to prevent this. Nevertheless, in times
of extended drought, the water table may drop enough to
dry up shallow wells. Other causes for the uneven water
table are variations in rainfall and in the permeability of
Earth materials from place to place.

Factors Influencing the Storage and
Movement of Groundwater

The nature of subsurface materials strongly influences
the rate of groundwater movement and the amount of
groundwater that can be stored. Two factors are espe-
cially important: porosity and permeability.

Porosity Water soaks into the ground because bed-
rock, sediment, and soil contain countless voids or
openings. These openings are similar to those of a
sponge and are often called pore spaces. The quantity
of groundwater that can be stored depends on the
porosity of the material, which is the percentage of
the total volume of rock or sediment that consists of
pore spaces (Figure 3.33). Voids most often are spaces
between sedimentary particles, but also common are
joints, faults, cavities formed by the dissolving of sol-
uble rock such as limestone, and vesicles (voids left by
gases escaping from lava).

Variations in porosity can be great. Sediment is
commonly quite porous, and open spaces may occupy
10 percent to 50 percent of the sediment’s total volume.
Pore space depends on the size and shape of the grains;
how they are packed together; the degree of sorting;

The sediment-filled beaker now contains
500 ml of water. Pore spaces (porosity)
must represent 50 percent of the volume
of the sediment.

and, in sedimentary rocks,
the amount of cementing
material. Most igneous and
metamorphic rocks, as well
as some sedimentary rocks,
are composed of tightly in-
terlocking crystals, so the
voids between grains may
be negligible. In these rocks,
fractures must provide the
voids.

Permeability Porosity alone cannot measure a material’s
capacity to yield groundwater. Rock or sediment may be
very porous and still prohibit water from moving through
it. The permeability of a material indicates its ability to
transmit a fluid. Groundwater moves by twisting and turn-
ing through interconnected small openings. The smaller
the pore spaces, the slower the groundwater moves. If

the spaces between particles are too small, water cannot
move at all. For example, clay’s ability to store water can
be great, due to its high porosity, but its pore spaces are so
small that water is unable to move through it. Thus, we say
that clay is impermeable.

Aquitards and Aquifers Tmpermeable layers such as
clay that hinder or prevent water movement are termed
aquitards (aqua = water, tard = slow). In contrast, larger
particles, such as sand or gravel, have larger pore spaces.
Therefore, water moves with relative ease. Permeable
rock strata or sediments that transmit groundwater freely
are called aquifers (“water carriers”). Aquifers are im-
portant because they are the water-bearing layers sought
after by well drillers.

Groundwater Movement

The movement of most groundwater is exceedingly
slow, from pore to pore. A typical rate is a few centime-
ters per day. The energy that makes the water move is
provided by the force of gravity. In response to gravity,
water moves from areas where the water table is high to
zones where the water table is lower. This means that
water usually gravitates toward a stream channel, lake,
or spring. Although some water takes the most direct
path down the slope of the water table, much of the
water follows long, curving paths toward the zone of
discharge.

Figure 3.34 shows how water percolates into a stream
from all possible directions. Some paths clearly turn
upward, apparently against the force of gravity, and
enter through the bottom of the channel. This is easily
explained: The deeper you go into the zone of saturation,
the greater the water pressure. Thus, the looping curves
followed by water in the saturated zone may be thought
of as a compromise between the downward pull of
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Wl @ CONCEPT CHECKS I
y 1.

About what percentage of freshwater is
groundwater? How does this change if glacial ice
is excluded?

2. What are two geologic roles for groundwater?

3. When it rains, what factors influence the amount
of water that soaks in?

The looping flow lines result from the downward pull of : :
gravity and the tendency of groundwater to move toward 4 Deflme groundwater and relate it to the water
areas of reduced pressure. table. _ -
5. Distinguish between porosity and permeability.
Figure 3.34 Groundwater movement Arrows show paths Contrast aquifers and aquitards.
of groundwater movement through uniformly permeable 6. What fe_acto_rs cause water to follow the paths
material. shown in Figure 3.347

@ Springs, Wells, and Artesian Systems mmam

Compare and contrast springs, wells, and artesian systems.

A great deal of groundwater eventually makes its way to place. Even in areas underlain by impermeable crystalline
the surface. Sometimes this occurs as a naturally flow- rocks, permeable zones may exist in the form of fractures
ing spring. Much of the groundwater that people use or solution channels. If these openings fill with water and
must be brought to the surface by being pumped from intersect the ground surface along a slope, a spring results
a well. To understand these phenomena, it is necessary (Figure 3.35).
to understand Earth’s sometimes complex underground
“plumbing.”

prmbme Wells
SPrings The most common method for removing groundwater is

to use a well, a hole bored into the zone of saturation.

Springs have aroused the curiosity and wonder of people
for thousands of years. The fact that springs were (and

to some people still are) rather mysterious phenomena

is not difficult to understand because water is flowing
freely from the ground in all kinds of weather in seem-
ingly inexhaustible supply but with no obvious source.
Today, we know that the source of springs is water from
the zone of saturation and that the ultimate source of this
water is precipitation.

Whenever the water table intersects Earth’s surface,
a natural outflow of groundwater, which we call a spring,
results. Springs often form when an aquitard blocks the
downward movement of groundwater and forces it to
move laterally. Where the permeable bed (aquifer) out-
crops at the surface, one or more springs result.

Another situation that can produce a spring is illus-
trated in Figure 3.32. Here an aquitard is situated above
the main water table. As water percolates downward, a
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